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Abstract

:

This article deals with the design of a methodology for vibration and noise measurement on a six-axis collaborative robotic arm. A vibration and noise measurement methodology is proposed for six robot positions. In each position, measurements were performed under defined equal boundary conditions. The boundary conditions were related to the velocities of the joints and the load on the robotic arm. The second part of the article is an evaluation of the initial experimental results. So far, only the acceleration of the sixth joint of the robotic arm—Wrist 3—has been measured. The aim of the measurements was to verify if the methodology presented can be used for vibration measurements. From the evaluation of the experimental measurements, it was determined that the given methodology can be used for vibration measurements. It was also found that the acceleration is transmitted in the axes other than the axis of motion of the robotic arm. In future experiments, the vibration at the other joints of the robotic arm will be measured and the noise of the robotic arm will be measured to confirm whether the proposed methodology is indeed functional.
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1. Introduction


Vibrations are a phenomenon that we encounter every day, as all bodies or particles of movement are a source of larger or smaller vibrations. These vibrations are so small that they are not measurable in any available way, and their existence can only be predicted on the basis of a mathematical–physical model, as well as the vibrations that we are able to perceive simply by touch without any devices. Vibrations can be profitable for humans such as when used in mobile phones, sieving tables in mills, electric and pneumatic hammers, compaction and vibration equipment for road construction and maintenance, or loudspeakers. After all, sound is created by vibrations. However, there are often situations in which vibrations are undesirable, such as automatic washing machines, which are a source of unpleasant noise. In engineering, where noise is not so carefully handled, vibrations may be harmful, as components of different machines and devices are subject to the influence of greater loads, and with these, their limits of fatigue decrease. In several cases of bridge collapses, vibrations and an associated phenomenon—resonance—are also to blame. Last but not least is the most dangerous manifestation, an earthquake. One soon realizes that vibrations need to be understood, and their principles found and proven [1,2].



Noise and vibrations are harmful, and the majority of the contemporary human population encounters them almost every day and anywhere. They can be described as a phenomenon of the last decade, and it has been shown that their amount in the environment is constantly increasing, which is related, among other things, to the increase in new technologies, tools, or devices in society. At present, few can say that they have never felt exposed to a high amount of noise stress or vibrations. The exposure of persons to excessive noise or vibrations has caused, inter alia, an increase in legal disputes between persons harassed by noise or vibrations on the one hand, and persons producing noise or vibration as a result of their activity on the other. In such disputes, there are rights to protect the health or the environment in play along with the right to entrepreneurship or the effort for economic progress and the development of society. It follows from the above that due to the competition of these protected interests, it is necessary to offer a legal order such as one to achieve balanced protection of all concerned and concurrent rights. For this reason, the legislation on noise protection and vibrations is presented as a significant part of the European Union’s legal order [3,4,5].



Vibration in technical literature [6] is considered to move a flexible body or environment whose individual points oscillate around their equilibrium position. The definition of vibration contained in the Public Health Protection Act in Section 30 (2) deals primarily with the harmful effect of vibration on humans, and vibration is defined as follows [6]: “Vibration means vibrations transmitted by solid bodies to the human body that can Being harmful to health and whose hygienic limit is set by the implementing legal regulation”. Vibration does not spread, unlike noise, through the air, but above all, it spreads through solid structures. Vibration sources can be divided into stationary and non-stationary, depending on the type of signal. Stationary signals can then be further divided into deterministic (periodic) and random ones. For example, with vibrations from industrial production, machines that produce these vibrations can be considered stationary deterministic signal sources. A stationary random signal may be the occasional passage of a train around a human dwelling, and this passage is repeated at certain time intervals. It is these two types that are important for human protection from the adverse effects of vibration. The third type is nonstationary random signals. Mostly in terms of protection against vibrations, we do not investigate random signals causing vibrations, which include earthquakes or vibrations caused by a neighbor hammering a picture into a wall. The increase in vibrations, as well as noise, is closely related to the increase in diameter production and increasingly demanding machines and equipment. However, vibrations are not as common as noise, and we usually encounter them in connection with excessive noise. Vibration also causes negative reactions in the human body, and we can say that they participate in the development of the same diseases as noise. In combination with noise, they still show their own negative effects [5,6,7,8].



A single degree of freedom is the most common in the case of an oscillating system. For vibration measurements, the most used are so-called accelerometers that convert acceleration to an analog electrical signal. These sensors are divided according to physical phenomena that take place in active action in determining the output quantities.



The vibration of machinery can be measured by different methods that offer more or less information about the condition of the machine. The simplest and most widespread vibrodiagnostic method is to measure the total vibration value. The effective value of vibration speed in the range 10–1000 Hz (2–1000 Hz) is measured according to CSN EN ISO 8041 [9].



Vibrations are a manifestation of mechanical oscillation. When measuring, we need to know whether we want to measure absolute or relative vibrations. Absolute vibrations describe the movement of the monitored body toward the Earth relative to us due to the base created (e.g., machine frame). Mechanical oscillation expresses a relationship [10,11,12,13,14]


  m  y ¨   + b   y ˙     + k y = F   b   



(1)




where m—weight of the seismic mass of the sensor, y—deflection,    y ˙   —velocity,    y ¨   —acceleration, b—damping, k—stiffness coefficient, and Fb—excitation force.



This article is devoted to a detailed description of the proposed vibration and noise measurement methodology for the UR10 six-axis collaborative robotic arm. The first part of the proposed measurement methodology is devoted to the description of the vibration measurement of each of the six joints of the robotic arm. For each joint of the robotic arm, a measurement position is described in which only one of the six joints of the robotic arm is always under stress. Thus, a total of six measurement positions are described. The second part of the proposed methodology is devoted to the description of the measurement of the total noise of the robotic arm in two positions. These are the X-axis and Y-axis noise measurement positions. In addition, the article of the proposed methodology can be applied. These are acceleration measurements at the last joint of the robotic arm. By evaluating the measured data, it can be concluded that the proposed vibration measurement methodology should be applicable.



The article is arranged in basic chapters and subchapters. The basic chapters include the Introduction, Design of Measurement Methodology, Measurements Performed, Evaluation of Measurements, Discussion and Conclusion.




2. Design of Measurement Methodology


This chapter focuses on the description of the proposed vibration measurement methodology and noise of the six-axis collaborative robotic arm UR10. At the beginning of the chapter, a robotic arm is described, including the introduction of the basic parameters not only of the description but also the parameters important for their own subsequent measurement. The measurement methodology describes the exact procedure that is important for the successful collection and storage of the measured data during vibration and noise measurements. Within the measurement methodology, the individual boundary sub-conditions that will be used in the actual measurement are defined [15,16,17].



2.1. Six -Axis Robotic Arm of UR10


The six-axis collaborative UR10 robotic arm is one of the many products of the Universal Robots company. This robotic arm, as the UR10 indicates, at its end can carry a load of up to 10 kg. It is important to realize that the weight of the end effector must be deducted from this weight. The workspace of the robot extends 1300 mm from the base joint. The advantage of this robotic arm is the possibility of hanging it on the side of the wall and the possibility of hanging it on the ceiling.



In Figure 1a is a sample of the robotic arm of UR10 and, in Figure 1b, the axes of the joints are marked (qx).



The limits of individual joints are important parameters for experimental solutions. These not only include the maximum angles of the individual joints, but also the maximum joint velocity. On Figure 2, the maximum angles of the rotation and velocities of the individual joints are given. Each joint has its name, given by the manufacturer. For this reason, the terminology of individual joints is also described [18,19,20,21,22].




2.2. Noise Measurement Methodology and Vibrations


As already mentioned, the contribution deals with the analysis of the movements of robotic devices focusing on the investigation of side effects, especially vibrations that generate robotic devices. The six-axis collaborative robotic arm UR10 is used for the solution. Current legislation has already solved the methodology to measure and evaluate noise and vibration in the working environment, but not how to measure and evaluate noise and vibration on specific devices. This subchapter is devoted to a description of the proposed methodology for vibration measurement, which is used in specific experimental measurements on the six-axis collaborative robotic arm UR10 in the laboratory conditions of the Faculty of Mechanical Engineering.



Experimental measurement at the velocity of individual joints of the robotic arm and the measurement of the overall noise of the robotic arm will be taken in several stages. The noise and vibration of each joint will be measured separately at different loads that will form the end effector at different velocities. A total of six positions of movements are determined for measuring the noise and vibration of individual joints. There is only one joint in each position. The range of joint movement is set in the range of 0 to 90°. At the end of the last joint is the rotary part, to which the end effectors are attached. The prerequisite is that the individual loads will have a rotary shape. Each measurement defined by the combination of the ocular conditions will be measured ten times in total, of which the arithmetic average will be reported in the evaluation of the experimental measurement.



2.2.1. Joint Velocity


Each of the six joints (shown in Figure 2) has its maximum velocity. The joint velocities will be measured at 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100% of the maximum velocity. Individual joints velocities at the percentage share of maximum velocities are shown in Table 1. The reason for choosing these percentage velocities is that we should be able to see the effect of velocity on the acceleration and noise of the robotic arm from the measured values. The percentage velocities of each joint will always be set on all joints of the robotic arm for a given measurement.




2.2.2. Shoulder Load


In the subsection above, the maximum load capacity of the arm is given as 10 kg, including the weight of the end effector. This maximum load is, like velocity, divided into partial loads that are 1, 3, 5, 7 and 10 kg, including the attachment holder (effector). The measurement of the noise and vibration with individual stress will be measured again to move individual joints at the defined velocities above. Measurements will include an unprecedented arm. The reason for choosing load values is that we should be able to see the effect of the load on the acceleration and noise of the robotic arm from the measured values. We assume that the greater the load on the robotic arm, the greater the measured accelerations at each joint and the overall noise should be.




2.2.3. Shoulder Position for Experimental Measurement


There have been six measurement positions to measure the load individual joints defined. Only one joint moves in each position. The movement of each joint is always from the initial position (color model) by 90° along a quarter-circle path to the position of the contour model. The trajectory for each joint is given by the axis distances between the joints performing the movement.



	Measurement Position
	Joint movement
	Description



	1.
	 [image: Sensors 23 01629 i001]
	In the first measurement position, only the first joint of the robotic arm—the Base—moves. The axial distance between the Base and the outermost sixth joint of the arm—Wrist 3 is 1304 mm.



	2.
	 [image: Sensors 23 01629 i002]
	In this measurement position, only the second joint of the robotic arm—the Shoulder—moves. The longest distance is again 1304 mm and is determined by the axial distance between the second joint (Shoulder) and the sixth joint (Wrist 3) of the robotic arm.



	3.
	 [image: Sensors 23 01629 i003]
	The movement between the third joint—Elboe and the sixth joint—Wrist 3 is the measurement for this position. The trajectory of movement between the joints is along the axial distance of 571 mm.



	4.
	 [image: Sensors 23 01629 i004]
	The shortest axial distance of 120 mm between the fourth joint—Wrist 1 and the sixth joint—Wrist 3 is for this measurement position.



	5.
	 [image: Sensors 23 01629 i005]
	The second shortest distance of 135 mm between the fifth joint—Wrist 2, and the sixth joint—Wrist 3, is for this position



	6.
	 [image: Sensors 23 01629 i006]
	At the last sixth measurement position, the sixth joint of the robotic arm—Wrist 3—is measured.








It is important to measure the vibration not only when the joint is moving, but also on the other joints that are not performing any rotational motion at that moment. The reason for measuring vibration even on joints that do not perform motion is the transmission of vibration from the moving joint through the entire arm. Therefore, all six joints will be measured. The sensors (vibrometers, accelerometers) will be placed in the axis of the motor caps, as shown in Figure 3.



The noise from the movement of the robotic arm will be measured using two noise meters located in the X -axis at a distance of 50 cm from the most distant arm (Figure 4a) and at a height of 74 cm from the mounting foot in Figure 4b. It is approximately half of the maximum height of the arm in the Y -axis.




2.2.4. Arrangement of Noise Measurement and Vibration


Vibration and noise measurements will be measured using two independent measurement devices. The vibrations will be measured by vibrometers and the Kistler measuring apparatus, and the noise will be measured by a Brüel&Kjær noise device and a Pulse measuring apparatus.



The vibration measuring string consists of six-axis 8316A2D10 accelerometers with ±10 g that will be connected to 19 “16 channel measuring Kidaq Rack from Kistler. The measuring chain for vibration is shown in Figure 5.



The noise of the robotic arm will be measured using two ½” microphones of type 4189-A-021 with a range of 6–20 kHz. These microphones will be connected to the 6-channel measuring units Pulse 3560-B-120 from the manufacturer Brüel&Kjær. The measurement and evaluation software will be in the notebook, to which the measuring unit will be connected. The measurement chain for the noise detector is shown in Figure 6.



The vibration and noise of the robotic arm will be measured 10 times every time, and percentage velocities of each measurement are measured. The mean value will be calculated from the measured values. The sub-velocities are always set on all joints of the robotic arm for a given measurement. A total of 500 noise and vibration measurements will be made—see Table 2.






3. Measurements Performed


In order to validate the measurement methodology, we used existing measurement equipment at our disposal. These are a three-axis accelerometer with TEDS, 10mV.m−1.s−1, type 4524-B, serial number 33154, and a six-channel PUlSE 3560-B-120 measuring unit from Brüel&Kjær. Using these devices, we measured the acceleration at the end of the sixth joint—Wrist 3—according to the first measurement position from the proposed vibration measurement methodology. The aim of the acceleration measurements is to verify whether the proposed measurement methodology can actually be used.



The measuring chain for measuring the acceleration is shown on Figure 7. It consists of a three-axis piezoelectric accelerometer with TEDS, 10mV.m−1.s−1, type 4524-B, No. 33154, which is connected to a six-channel measuring unit, PUlSE 3560-B-120. The PUlSE measuring unit is connected to a notebook, in which a measuring program for each measurement axis—X, Y and Z—was created in PUlSE software. The accelerometer was attached to the end effector (two-fingered gripper RG2) attached to the end of the sixth joint of the robotic arm (Wrist 3)—see Figure 8a. This was the robotic arm loaded with the mass of the end effector, whose mass is about 1 kg.



For the correct subsequent evaluation of the measured acceleration values in individual directions, it is important to know the direction of the axes in which the measurements were made. The direction of the axes can be seen in Figure 8b.



The measurement of acceleration according to the first position of the measurement methodology (the first joint of the robotic arm—Base) was taken for three velocities—20% (26.2°/s), 60% (78.6°/s), and 100% (131.0°/s). The reason for choosing these velocities was just to check whether the methodology could be implemented. In total, 10 measurements were taken for each velocity. The arithmetic average value was calculated from the measured data using MATLAB software.




4. Evaluation of Measurements and Discussion


Based on the data shown in Table 3, Table 4 and Table 5, the acceleration progress depends on the frequency in the individual accelerometer axes for the individual movement velocities of the first joint—the Base of the robotic arm. The first three dominant frequencies are listed for each measurement direction.



The graphs presented above show that the largest vibrations are in the X-axis. This fact is logical, since in this axis, the robotic arm performs a quarter-circle motion according to the already mentioned the first position of the proposed methodology, when the first joint (Base) of the six-axis collaborative arm performs the motion. Theoretically, the accelerations in the Y and Z-axis should be zero during the motion of the first joint of the robotic arm. However, we know from practice that a small amount of the acceleration is transferred to these axes.



The transmitted vibrations in the Y- and Z-axes are caused by the oscillation of the robotic arm construction due to the X-axis movement in the gearboxes of the individual joints of the robotic arm. Depending on the curves and results of the acceleration in the Y-axis and Z-axis, there are very low accelerations, but they accuracy affections and the repeatability of the robotic arm movements cannot be confirmed.



In Figure 9, Figure 10 and Figure 11 are acceleration progress depending on the frequency of Ax, Ay and Az in X-, Y- and Z-axes for velocity 20% (26.2°/s), 60% (78.6°/s) and 100% (131.0°/s).



From the graphs above where the acceleration vs. frequency waveforms are presented in each graph for each velocities, it is evident that the largest accelerations are indeed in the X-axis, where the robotic arm is moving.



In Figure 12, Figure 13 and Figure 14, a comparison of the acceleration waveforms Ax, Ay and Az in X-, Y- and Z-axis frequencies for velocities of 20% (26.2°/s), 60% (78.6°/s) and 100% (131.0°/s) is shown.



Table 6, Table 7 and Table 8 show the evaluated frequency values and the corresponding accelerations for each velocity (20, 60 and 100%) in the X-, Y- and Z-axes.



From the evaluated measured data, it can be seen that as the velocity of the robotic arm increases, the acceleration values also increase. In the X-axis, where the acceleration values are the highest compared to the Y- and Z-axes, the difference in acceleration between 20 and 60% of the velocity is 0.13996 m/s2. Between 60 and 100 % of velocity, the difference in the X-axis is 0.72105 m/s2. In the Y-axis, the difference in acceleration between 20 and 60 % of velocity is 0.01438 m/s2. Between 60 and 100 % of velocity, the difference in the Y-axis is 0.04949 m/s2. In the Z-axis, the difference in acceleration between 20 and 60% of velocity is 0.00134 m/s2. Between 60 and 100% of velocity, the difference in the Z-axis is 0.01381 m/s2.



The differences in acceleration values between 20, 60 and 100% of velocity show that this is not a linear dependence. The dependence cannot be determined yet, given that there are not enough measured data; it is only an initial measurement to verify the proposed methodology.



When creating the methodology of measurement of vibrations, we were looking for publications of authors who also focus on the issue. Hu et al. [23] in their contribution deal with optimal sensor placement method for vibration signal acquisition in the field of industrial robot health monitoring and fault diagnosis. For optimum sensor locations, the authors used the FEM (Finite Element Method), using ANSYS Workbench software. Using this method, they numerically detected the first six of their own oscillation shapes to them. At the same time, they found out which parts of the robotic arm were the most stressed. The aim of this solution was to optimize a total of sixteen positions where to place the sensors.



In their article, Bottin et al. discuss modeling and identification of an industrial robot with a selective modal approach [24]. In their article, they measure the vibration of the robot at ten test points. Test point number 1 was located on the flange of the end effector, and test point number 10 was located on the base of the robot. They created five test configurations for the measurement. They verified their experimental measurements using numerical simulations.



The dynamic and vibration characteristics of a newly designed long-range five-axis robotic arm for farming applications were discussed in the paper by Badkoobehhezaveh et al. [25]. In the article, the five-axis robotic arm was tested using Finite Element Method (FEM) and experimentally. The FEM was performed for two different manipulator configurations (for a fully extended manipulator and a half-extended manipulator). The FEM results showed that the first six natural frequencies of the manipulator for the two configurations considered were between 4.4 and 41.6 Hz. In the experiments, the acceleration data were acquired by the sensors and were subsequently processed using Fast Fourier Transform (FFT). The results from FEM and experiments were compared with each other. It showed that the comparison results between FEM and experiments had good agreement with less than 10% difference.



Based on a study of all the literature presented in this article, we have proposed a vibration and noise measurement methodology for the UR10 six-axis collaborative robotic arm. From the evaluation of the measured data presented in the previous section, it can be concluded that the proposed vibration measurement methodology should be applicable for further experimental measurements. The noise and vibration measurements according to the proposed measurement methodology on the six-axis collaborative robotic arm will be carried out during 2023. This is due to the delivery date of the measuring equipment from Kistler, which should be in early 2023. In the next phase of the experimental measurement, we will also look at the remaining movement velocities of the individual joints of the UR10 robotic arm, and it should already be possible to determine what the dependency is. We would like to publish all the evaluated measurements in a subsequent article, which should build on this article and refer to the proposed measurement methodology presented in this article.




5. Conclusions


The first part of the article is devoted to the design of a methodology for vibration and noise measurement on the six-axis robotic arm UR10. Prior to the actual design of the methodology, a search was carried out to see if a methodology for measuring vibration and noise on robotic arms already exists. We have found that there is no comprehensive up-to-date legislative methodology that describes exactly how to deal with the issue. The legislation so far only addresses the impact of vibration and noise on personnel moving in the environment where robotic arms are working. The vibrations generated by the movements of the robotic arms have a significant impact on the accuracy and repeatability of the tasks performed by the robotic arms. The proposed methodology would experimentally determine the amount of vibration generated in each of the six joints of the robotic arm during its movements. For the experimental measurements, a total of six positions in which the vibrations will be measured under different boundary conditions have been designed. The boundary conditions include different loads on the robotic arm and different movement velocities of each joint of the robotic arm. In parallel with the vibration measurements, the overall noise of the robotic arm will be measured in two mutually perpendicular axes. As already mentioned, this article is an introduction to the subject, where the problem is described for the time being. All measurements will be performed during 2023. The results will be discussed in the following article.



In the next part of the article, the initial measurement is described. In the initial measurement, the accelerations and their corresponding frequencies were measured for the first position of the proposed vibration measurement methodology. The measurements were performed while loading the end of the robotic arm with the weight of the gripper with an approximate weight of 1 kg. The velocities of the robotic arm motion were chosen as partial percentages of 100% of the velocity of the first joint of the arm. These were 20%, 60% and 100% of the joint velocity. The choice of these velocities was only for the purpose of verifying whether the proposed methodology can be applied. As a result, the acceleration versus frequency plots were plotted for the given velocity. From the measurements, it was found that vibrations are transmitted in directions other than the direction of motion. This fact may have a significant effect on the accuracy and repeatability of the movements when manipulating the robotic arm. The largest accelerations were measured in the X-axis, where the robotic arm performed the motion. In the X-axis, the acceleration difference between 20 and 60% of the velocity is 0.13996 m/s2. Between 60 and 100% velocity, the difference in the X-axis is 0.72105 m/s2. In the Y-axis, the difference in acceleration between 20 and 60% velocity is 0.01438 m/s2. Between 60 and 100% velocity, the difference in the Y-axis is 0.04949 m/s2. In the Z-axis, the difference in acceleration between 20 and 60% velocity is 0.00134 m/s2. Between 60 and 100% velocity, the difference in the Z-axis is 0.01381 m/s2. The differences in acceleration values between the 20, 60 and 100% velocities show that this is not a linear relationship. We will hopefully find out what kind of dependence it is in further measurements.



Initial experimental measurements verified that the proposed methodology should work. However, only after all measurements will be performed it will be verified whether this is the case or not.







Author Contributions


Conceptualization, V.C. and F.K.; methodology, F.K.; validation, V.C., F.K., P.H. and M.S.; formal analysis, V.C. and P.H.; investigation, V.C. and F.K.; data curation, V.C. and M.S.; writing—original draft preparation, V.C. and F.K.; writing—review and editing, F.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Internal Grant Agency of Jan Evangelista Purkyne University in Usti nad Labem, Czech Republic, grant number UJEP-IGA-JR-2021-48-003-2.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of the Ethics Committee of Faculty of Mechanical Engineering Jan Evangelista Purkyne University in Usti nad Labem (23 December 2022).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Borys, S.; Kaczmarek, W.; Laskowski, D.; Polak, R. Experimental Study of the Vibration of the Spot Welding Gun at a Robotic Station. Appl. Sci. 2022, 12, 12209. [Google Scholar] [CrossRef]

	



Zuccon, G.; Doria, A.; Bottin, M.; Rosati, G. Planar Model for Vibration Analysis of Cable Rehabilitation Robots. Robotics 2022, 11, 154. [Google Scholar] [CrossRef]

	



Soukup, J.; Volek, J. Transversal impal of elastic rod on thin elastic isotropic and orthotropic rectangular plate. In CD-ROM National Conference with International Participation Engineering Mechanics 2003, 1st ed.; 11–15 May 2003; Institute of Theoretical and Applied Mechanics, Academy of Sciences of the Czech Republic: Svratka, Czech Republic, 2003; Volume 9, pp. 384–385. [Google Scholar]

	



Huffington, N.J.; Hoppmann, W.J. On the transverse vibrations of rectangular orthotropic bases. J. Appl. Mech. 1958, 25, 389–395. [Google Scholar] [CrossRef]

	



Leitmann, M.J. The Linear Theory of Viscoelasticity; Encyklopedia of Physics: Berlin, Germany, 1973. [Google Scholar]

	



Kučera, V. Algebraická Tezorie Diskrétního Lineárního Řízení, 1st ed.; Academia Česká republika: Praha, Czech Republic, 1978; Volume 333 s. [Google Scholar]

	



Andérez González, J.; Vescovini, R. Simplified Approach to Nonlinear Vibration Analysis of Variable Stiffness Plates. J. Compos. Sci. 2023, 7, 30. [Google Scholar] [CrossRef]

	



Blatnický, M.; Dižo, J.; Sága, M.; Gerlici, J.; Kuba, E. Design of a Mechanical Part of an Automated Platform for Oblique Manipulation. Appl. Sci. 2020, 10, 8467. [Google Scholar] [CrossRef]

	



Smutný, J. Měření a Analýza Hluku a Vibrací s Využitím Moderních Matematických Metod, 1st ed.; ECON Publishing: Brno, Česká republika, 2000; Volume 64, ISBN 80-902268-8-4. [Google Scholar]

	



ČSN EN ISO 8041; Vibrace Působící na Člověka—Měřicí přístroje. Praha, J.E.S.; Ed.; 93 s.; Třídící znak 2005364806; CSN EN ISO: Plzen, Czech Republic, 2005.

	



Apetaur, M. Akustika Strojů, Strojních Celků a Výrobních Prostor, 1st ed.; Univerzita J. E. Purkyně: Ústí nad Labem, Česká Republika, 2007; 235 s; ISBN 978-80-7044-933-2. [Google Scholar]

	



Smetana, C. Hluk a Vibrace: Měření a Hodnocení, 1st ed.; Sdělovací technika: Praha, Česká republika, 1998; 188 s; ISBN 80-901936-2-5. [Google Scholar]

	



Klimenda, F.; Cizek, R.; Suszynski, M. Measurement of a Vibration on a Robotic Vehicle. Sensors 2022, 22, 8649. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.-L.; Huang, H.-P.; Lin, C.-Y. Iterative Learning Control for Vibration Suppression of a Robotic Arm. Appl. Sci. 2023, 13, 828. [Google Scholar] [CrossRef]

	



Blatnicky, M.; Dizo, J.; Gerlici, J.; Saga, M.; Lack, T.; Kuba, E. Design of a Robotic Manipulator for Handling Products of Automotive Industry. Int. J. Adv. Robot. Syst. 2020, 17, 1729–8814. [Google Scholar] [CrossRef]

	



Klimenda, F.; Sterba, J.; Cernohlavek, V.; Ponikelsky, J.; Maran, P. Draft of robotic workstation for laser engraving. Manuf. Technol. 2021, 21, 357–363. [Google Scholar] [CrossRef]

	



Klimenda, F.; Skocilas, J.; Skocilasova, B.; Soukup, J.; Cizek, R. Vertical Oscillation of Railway Vehicle Chassis with Asymmetry Effect Consideration. Sensors 2022, 22, 4033. [Google Scholar] [CrossRef] [PubMed]

	



Sohn, J.W.; Ruth, J.S.; Yuk, D.-G.; Choi, S.-B. Application of Shape Memory Alloy Actuators to Vibration and Motion Control of Structural Systems: A Review. Appl. Sci. 2023, 13, 995. [Google Scholar] [CrossRef]

	



Lu, C.; Dashtabi, M.M.; Nikbakht, H.; Khoshmehr, M.T.; Akca, B.I. Sub-Nanometer Acoustic Vibration Sensing Using a Tapered-Tip Optical Fiber Microcantilever. Sensors 2023, 23, 924. [Google Scholar] [CrossRef] [PubMed]

	



Blatnicky, M.; Dizo, J.; Blatnická, M.; Svoboda, M. Design of a Robot Manipulator Working Screw Revolutions. In Proceedings of the 23rd International Conference Engineering Mechanics 2017, Svratka, Czech Republic, 15–18 May 2017; pp. 166–169. [Google Scholar]

	



Svoboda, M.; Chalupa, M.; Jelen, K.; Lopot, F.; Kubový, P.; Sapieta, M.; Krobot, Z.; Suszyński, M. Load Measurement of the Cervical Vertebra C7 and the Head of Passengers of a Car While Driving across Uneven Terrain. Sensors 2021, 21, 3849. [Google Scholar] [CrossRef] [PubMed]

	



UNIVERSAL ROBOTS: User Manual—UR10 CB-SERIES—SW3.15—English International (EN). Available online: https://www.universal-robots.com/download/manuals-cb-series/user/ur10/315/user-manual-ur10-cb-series-sw315-english-international-en/ (accessed on 25 December 2022).

	



Hu, Q.; Zhang, Y.; Xie, X.; Su, W.; Li, Y.; Shan, L.; Yu, X. Optimal Placement of Vibration Sensors for Industrial Robots Based on Bayesian Theory. Appl. Sci. 2022, 12, 6086. [Google Scholar] [CrossRef]

	



Bottin, M.; Cocuzza, S.; Comand, N.; Doria, A. Modeling and Identification of an Industrial Robot with a Selective Modal Approach. Appl. Sci. 2020, 10, 4619. [Google Scholar] [CrossRef]

	



Badkoobehhezaveh, H.; Fotouhi, R.; Zhang, Q.; Bitner, D. Vibration Analysis of a 5-DOF Long-Reach Robotic Arm. Vibration 2022, 5, 585–602. [Google Scholar] [CrossRef]








[image: Sensors 23 01629 g001 550] 





Figure 1. Six -axis collaborative robotic arm UR10: (a) photo of the robotic arm; (b) scheme of a robotic arm with marked joint axes. 
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Figure 2. The names of individual joints, their maximum limits of rotation and velocity. 
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Figure 3. Location of sensors for vibration measurement. 
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Figure 4. Location of noise measurement: (a) noise positions in X-axis; (b) the position of noise gauge in the Y-axis. 
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Figure 5. Measuring chain for vibration measurement. 
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Figure 6. Measuring chain for noise measurement. 






Figure 6. Measuring chain for noise measurement.



[image: Sensors 23 01629 g006]







[image: Sensors 23 01629 g007 550] 





Figure 7. Measuring chain for measuring acceleration. 
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Figure 8. Accelerometer attachment—1 on a two-fingered gripper RG2—2 (a), directions of measurement axis on accelerometer (b). 






Figure 8. Accelerometer attachment—1 on a two-fingered gripper RG2—2 (a), directions of measurement axis on accelerometer (b).



[image: Sensors 23 01629 g008]







[image: Sensors 23 01629 g009 550] 





Figure 9. Acceleration progress depending on frequency in X-, Y- and Z-axes for velocity 20% (26.2°/s). 






Figure 9. Acceleration progress depending on frequency in X-, Y- and Z-axes for velocity 20% (26.2°/s).



[image: Sensors 23 01629 g009]







[image: Sensors 23 01629 g010 550] 





Figure 10. Acceleration progress depending on frequency in X-, Y- and Z-axes for velocity 60% (78.6°/s). 
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Figure 11. Acceleration progress depending on frequency in X-, Y- and Z-axes for velocity 100% (131.0°/s). 
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Figure 12. Acceleration waveforms depending on frequency in X-axis for velocity 20, 60 and 100%. 
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Figure 13. Acceleration waveforms depending on frequency in Y-axis for velocity 20, 60 and 100%. 
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Figure 14. Acceleration waveforms depending on frequency in Z-axis for velocity 20, 60 and 100%. 
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Table 1. Percentage velocities from maximum velocity for individual joints.






Table 1. Percentage velocities from maximum velocity for individual joints.





	
Name of Joint

	
Joint Velocity [°/s]




	

	
10%

	
20%

	
30%

	
40%

	
50%

	
60%

	
70%

	
80%

	
90%

	
100%






	
Base

	
13.1

	
26.2

	
39.3

	
52.4

	
66.5

	
78.6

	
92.7

	
105.8

	
118.9

	
131.0




	
Shoulder

	
13.1

	
26.2

	
39.3

	
52.4

	
66.5

	
78.6

	
92.7

	
105.8

	
118.9

	
131.0




	
Elboe

	
19.1

	
38.2

	
57.3

	
76.4

	
96.5

	
115.6

	
134.7

	
153.8

	
172.9

	
191.0




	
Wrist 1

	
19.1

	
38.2

	
57.3

	
76.4

	
96.6

	
115.6

	
134.7

	
153.8

	
172.9

	
191.0




	
Wrist 2

	
19.1

	
38.2

	
57.3

	
76.4

	
96.6

	
115.6

	
134.7

	
153.8

	
172.9

	
191.0




	
Wrist 3

	
19.1

	
38.2

	
57.3

	
76.4

	
96.6

	
115.6

	
134.7

	
153.8

	
172.9

	
191.0











[image: Table] 





Table 2. Number of measuring the velocity and noise of the robotic arm.






Table 2. Number of measuring the velocity and noise of the robotic arm.





	
Joint Velocity

	
Arm Load

	




	
1 kg

	
3 kg

	
5 kg

	
7 kg

	
10 kg

	
Total






	
10%

	
10

	
10

	
10

	
10

	
10

	
50




	
20%

	
10

	
10

	
10

	
10

	
10

	
50




	
30%

	
10

	
10

	
10

	
10

	
10

	
50




	
40%

	
10

	
10

	
10

	
10

	
10

	
50




	
50%

	
10

	
10

	
10

	
10

	
10

	
50




	
60%

	
10

	
10

	
10

	
10

	
10

	
50




	
70%

	
10

	
10

	
10

	
10

	
10

	
50




	
80%

	
10

	
10

	
10

	
10

	
10

	
50




	
90%

	
10

	
10

	
10

	
10

	
10

	
50




	
100%

	
10

	
10

	
10

	
10

	
10

	
50




	
Total

	
100

	
100

	
100

	
100

	
100

	
500
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Table 3. The course of acceleration depending on the frequency for velocity 20 % (26.2°/s).
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Accelerometer with Marked Axes

	
Graphs

	
The Dominant Frequency and the Corresponding Acceleration






	
 [image: Sensors 23 01629 i007]

	
X-axis
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F1 = 16 Hz ≙ 0.01173 m/s2

F2 = 40 Hz ≙ 0.01187 m/s2

F3 = 84 Hz ≙= 0.06329 m/s2




	
Y-axis
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F1 = 16 Hz ≙ 0.00487 m/s2

F2 = 84 Hz ≙ 0.01064 m/s2

F3 = 160 Hz ≙= 0.00384 m/s2




	
Z-axis
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F1 = 12 Hz ≙ 0.00034 m/s2

F2 = 84 Hz ≙ 0.00031 m/s2

F3 = 564 Hz ≙= 0.00021 m/s2
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Table 4. The course of acceleration depending on the frequency for velocity 60 % (78.6°/s).
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Accelerometer with Marked Axes

	
Graphs

	
The Dominant Frequency and the Corresponding Acceleration
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X-axis
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F1 = 84 Hz ≙ 0.24648 m/s2

F2 = 400 Hz ≙ 0.11576 m/s2

F3 = 416 Hz ≙ 0.14451 m/s2




	
Y-axis

	




	
 [image: Sensors 23 01629 i013]

	
F1 = 84 Hz ≙ 0.02490 m/s2

F2 = 116 Hz ≙ 0.01214 m/s2

F3 = 148 Hz ≙ 0.02546 m/s2




	
Z-axis
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F1 = 84 Hz ≙ 0.00149 m/s2

F2 = 540 Hz ≙ 0.00131 m/s2

F3 = 552 Hz ≙ 0.00210 m/s2
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Table 5. The course of acceleration depending on the frequency for velocity 100 % (131.0°/s).
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Accelerometer with Marked Axes

	
Graphs

	
The Dominant Frequency and the Corresponding Acceleration






	
 [image: Sensors 23 01629 i015]

	
X-axis
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F1 = 100 Hz ≙ 0.56140 m/s2

F2 = 432 Hz ≙ 1.24956 m/s2

F3 = 468 Hz ≙ 0.85894 m/s2




	
Y-axis
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F1 = 88 Hz ≙ 0.06430 m/s2

F2 = 100 Hz≙= 0.07259 m/s2

F3 = 168 Hz ≙ 0.07408 m/s2




	
Z-axis
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F1 = 500 Hz ≙ 0.01424 m/s2

F2 = 532Hz ≙ 0.01439 m/s2

F3 = 568 Hz ≙ 0.01770 m/s2
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Table 6. Evaluated measured values of frequency and acceleration in X-axis for each velocity.
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20% (26.2°/s)

	
60% (78.6°/s)

	
100% (131°/s)




	
Tag.

	
Freq.

	
ø

	
Accel.

	
ø

	
Freq.

	
ø

	
Accel.

	
ø

	
Freq.

	
ø

	
Accel.

	
ø




	

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]






	
F1

	
16

	
46.66667

	
0.01173

	
0.02896

	
84

	
300.00000

	
0.24648

	
0.16891

	
100

	
333.33333

	
0.56140

	
0.88997




	
F2

	
40

	
0.01187

	
400

	
0.11576

	
432

	
1.24956




	
F3

	
84

	
0.06329

	
416

	
0.14454

	
468

	
0.85894








Legend: Freq.—Frequency, Accel.—Acceleration.
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Table 7. Evaluated measured values of frequency and acceleration in Y-axis for each velocity.
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20% (26.2°/s)

	
60% (78.6°/s)

	
100% (131°/s)

	




	
Tag.

	
Freq.

	
ø

	
Accel.

	
ø

	
Freq.

	
ø

	
Accel.

	
ø

	
Freq.

	
ø

	
Accel.

	
ø




	

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]






	
F1

	
16

	
86.66667

	
0.00487

	
0.00645

	
84

	
116.00000

	
0.02490

	
0.02083

	
88

	
118.66667

	
0.06430

	
0.07032




	
F2

	
84

	
0.01064

	
116

	
0.01214

	
100

	
0.07259




	
F3

	
160

	
0.00384

	
148

	
0.02546

	
106

	
0.07408








Legend: Freq.—Frequency, Accel.—Acceleration.
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Table 8. Evaluated measured values of frequency and acceleration in Z-axis for each velocity.






Table 8. Evaluated measured values of frequency and acceleration in Z-axis for each velocity.





	
20% (26.2°/s)

	
60 % (78.6°/s)

	
100% (131°/s)

	




	
Tag.

	
Freq.

	
ø

	
Accel.

	
ø

	
Freq.

	
ø

	
Accel.

	
ø

	
Freq.

	
ø

	
Accel.

	
ø




	

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]

	
[Hz]

	
[Hz]

	
[m/s2]

	
[m/s2]






	
F1

	
12

	
220.00000

	
0.00034

	
0.00029

	
84

	
392.00000

	
0.00149

	
0.00163

	
500

	
533.33333

	
0.01424

	
0.01544




	
F2

	
84

	
0.00031

	
540

	
0.00131

	
532

	
0.01439




	
F3

	
564

	
0.00021

	
552

	
0.00210

	
568

	
0.01770








Legend: Freq.—Frequency, Accel.—Acceleration.
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