

  applsci-14-01800




applsci-14-01800







Appl. Sci. 2024, 14(5), 1800; doi:10.3390/app14051800




Article



The Influence of the Operator’s Perception on the Energy Demand for a Hydraulic Manipulator with a Large Working Area



Karol Cieślik *, Piotr Krogul, Marian Janusz Łopatka, Mirosław Przybysz and Rafał Typiak





Faculty of Mechanical Engineering, Military University of Technology, 00-908 Warsaw, Poland









*



Correspondence: karol.cieslik@wat.edu.pl







Citation: Cieślik, K.; Krogul, P.; Łopatka, M.J.; Przybysz, M.; Typiak, R. The Influence of the Operator’s Perception on the Energy Demand for a Hydraulic Manipulator with a Large Working Area. Appl. Sci. 2024, 14, 1800. https://doi.org/10.3390/app14051800



Academic Editors: Vladan Papić and Josip Musić



Received: 30 January 2024 / Revised: 19 February 2024 / Accepted: 20 February 2024 / Published: 22 February 2024



Abstract

:

The efficient operation of hydraulic manipulators with expansive working areas is crucial in various applications such as the construction industry, the rescue service, and the military. These machines are characterized by having more capabilities than humans, and they perform tasks that are not repeated in the same environment. For this reason, they are most often controlled by a human in a teleoperation system. This research investigates the influence of the operator’s perception on the energy demand of such manipulators. Specifically, the research focused on assessing how the intuitive control systems, such as primary–secondary solutions, impact the energy consumption. Understanding the relation between the operator’s perception and the energy demand is essential for optimizing manipulator design and operation. Experimental research was conducted to analyze the velocity and acceleration of the manipulator’s effector, which is controlled by human operators under different movement ranges and size ratios. The obtained test results allow for the assessment of the dynamic loads, velocity, and energy consumption of the movement of a manipulator with a large working area due to the limitations resulting from the operator’s perception.
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1. Introduction


Nowadays, energy saving and productivity have become important problems, especially in a manipulator with a large working area. A significant problem with these types of manipulators results primarily from the high dead weight of such structures, the lifting capacity, and the drive system used. In most cases, manipulators with a large working area are equipped with a hydrostatic drive system that allows for the implementation of pick-and-place tasks by manipulating large-mass loads over long ranges. Unfortunately, hydraulic systems are characterized by significant energy consumption [1,2,3]. This is primarily related to mechanical, volumetric, and energy losses resulting from throttling and the lifted load [3,4]. The total efficiency of the drive system of a manipulator with a hydrostatic drive system can reach up to 50% and is even lower if the energy demand is not precisely estimated. This is also important from the point of view of the HMI (Human–Machine Interface) manipulator control system. Modern HMI systems are adapted to the natural predispositions of humans [5,6,7,8,9] to implement the control process more effectively, increase efficiency, and reduce dynamic loads on the manipulator. There are many different solutions for this type of HMI, in which the most important role is played by the controller, which tracks and copies the movement of the operator’s upper limb. Publications [10,11] have shown that due to the operator’s perception, it is possible to control the manipulator effector more efficiently (at higher velocities) using this type of system. One of these papers stated that the operator is able to control the effector of a manipulator moving at velocities of up to 5 m/s, which is a much higher value than currently available solutions offer. Therefore, from an energy point of view, the inclusion of intuitive HMI systems can significantly change the energy demand for large-scale manipulators. In addition to knowing the nominal values of the effector’s movement velocity, its nature is also important, especially in transient states (the acceleration and deceleration phase). This is important due to the increased demand for energy resulting from dynamic surpluses.



Taking into account the energy consumption of the control process, the authors refer to two groups of manipulators in the literature. The first of them are industrial manipulators, which replace humans to carry out repetitive manual tasks. They perform tasks in certain and structured environments, and they are always pre-programmed to repeat the same job [12,13]. The second group is teleoperated manipulators that work in unknown and less structured environments, and their tasks are not predefined [14,15]. Due to the wide scope of their application [16,17,18,19,20,21,22,23,24,25], they are characterized by a large working area (larger than the operator’s arm reach) and a hydraulic drive system, and their control method (e.g., direct or coordinated teleoperation) allows for the transfer of manipulation skills from humans to manipulators.



Regarding industrial manipulators, the literature most often contains works analyzing effector control algorithms along a trajectory with low energy consumption and productivity [16,17,18]. For example, paper [16] presents the minimization of energy demand and reduction in the work cycle time for an industrial manipulator by using an algorithm known as a teaching–learning-based optimization. Thanks to this approach, the cycle time was reduced by 20%, and the energy demand was reduced by 15%. Similar issues were discussed in ref. [17], where a reduction in energy demand by up to 20% was achieved by optimizing the trajectory in terms of energy consumption and the velocity of pick-and-place tasks. When analyzing teleoperated manipulators, in the literature, one can most often find works analyzing their energy efficiency during the operation of their drive systems, the implementation of the assumed effector trajectory, or energy recovery. In ref. [2], the authors present the solution of a wobble plate hydraulic joint with high energy efficiency instead of the classic actuator element (hydraulic cylinder). The proposed solution allows for energy savings (energy-saving) by reducing pressure losses resulting from controlling several units at the same time. In turn, in ref. [26], the authors described research allowing for minimizing the energy demand for an anthropomorphic manipulator by determining an energy-efficient trajectory when the effector avoids single spheroidal obstacles. The issue of energy efficiency is also raised when implementing the assumed trajectories of the effector of the mobile manipulator. This is particularly important from the point of view of controlling redundant manipulators. Due to the minimization of energy consumption, individual elements of the manipulator should be controlled in such a way that the effector moves along the assumed trajectory [1,3,27,28]. The issue of energy consumption is also discussed in terms of the functionality of the manipulators. In ref. [29], an attempt was made to determine the energy demand for a mobile manipulator when working on vineyards. Additionally, there are many works describing the effectiveness of energy recovery during movements with negative loads [30,31,32].



On the one hand, based on the analyzed research, it can be concluded that the issue of reducing the energy demand for manipulators is very important and widely discussed by many authors. The research most often concerns the minimization of the energy demand while implementing the assumed trajectory by the effector or the implementation of a trajectory with low energy consumption. On the other hand, the issue of energy consumption in controlling teleoperated manipulators due to the operator’s perception is no longer discussed as widely by researchers, and this is important from the point of view of designing their drive systems and increasing work efficiency. Modern manipulators should be characterized by the lowest possible energy consumption and high work efficiency. To achieve these features, it is necessary to select appropriate drive systems that will not be oversized (excessive power of the components reduces the efficiency of the system) and will enable the implementation of working movements at maximum velocities, limited only by the operator’s perception. Therefore, this work focused on assessing the energy demand when controlling manipulators with a large working area due to the operator’s perception.



The remainder of this paper is organized as follows: Section 2 presents the research methodology and experimental setting and derives the equations that are used for calculating power and energy indicators. In Section 3, the experimental results are analyzed to determine the energy demand when controlling manipulators using three size ratios and three movement ranges. Finally, conclusions and suggestions for future work are discussed in Section 4.




2. Methods


Designing a drive system that ensures high work efficiency requires knowledge of the expected velocities of the manipulator effector movements and the occurring loads. This research aimed to determine the maximum movement velocities of the effector, limited only by the operator’s perception, and the occurring accelerations, which determine the dynamic loads. Knowing them is necessary to properly estimate the power demand and energy consumption of the manipulator. Since the manipulator’s movement velocities and power requirements may depend on the size, weight, and reach of the manipulator, it is necessary to conduct tests for different ranges and size ratios. The size ratio [10] should be understood as the ratio of the effector’s displacement to the movement of the hand controlling the effector’s operation in accordance with the relationship which results from Figure 1:


  K =     A B        A ′   B ′       



(1)




where     A B     is the effector displacement; and      A ′   B ′      is the operator’s hand displacement.



Taking into account that dynamic loads (resulting from accelerations) and, consequently, the power demand and energy consumption of the manipulator’s movement depend on the inertia of the manipulator together with the transferred load, the unit energy indicator was used to assess the energy consumption of the movement, expressed as follows:


    E   k   *   =     E   k       m   z      



(2)




where mz is the equivalent mass reflecting the inertia of the manipulator and the transferred load, reduced to the local effector system; and Ek is the kinetic energy that is needed to move the manipulator effector that is determined from the following equation:


    E   k   =   1   2     m   z     v   e   2    



(3)




where ve is the effector velocity resulting from the following equation:


    v   e   = ω L  



(4)




where ω is the angular velocity of the manipulator.



The kinetic energy indicator     E   k   *     describes the amount of energy that is needed to move 1 kg of equivalent mass mz and allows for estimating the energy consumption of the movement of a manipulator with any inertia. In a similar way, the power indicator N* was defined, which determines the power demand resulting from dynamic loads.



The power indicator describes the rate of change of kinetic energy that is necessary to move 1 kg of equivalent mass mz and allows for estimating the expected drive power of a manipulator with a specific inertia. It is described by an equation:


    N   *   =   N     m   z     = a   v   e    



(5)




where a is the effector acceleration. The power that is needed to move the effector results from the force F that is needed to move the effector and the velocity of the effector ve according to the following equation:


  N = F   v   e   = a     m   z       v   e    



(6)







Energy and power indicators defined in this way allow for the assessment of the power demand and energy consumption of moving the manipulator effector based on kinematic values that should be determined experimentally.



2.1. Experimental Setting and User Task


The tests were carried out on the test stand shown in Figure 1. The station allows us to simulate the movement of the manipulator effector in the form of a laser spot in proportion to the movement of the operator’s hand. The research consisted of moving the laser spot on the screen between vertical markers (A, B) by the operator moving the lever on section A’B’, to which the laser pointer was attached (which simulated the primary controller). Each operator had to move the laser spot from A to B and back along a straight line. Because previous research [11] showed that the velocity of effector movement does not depend on the direction of the straight-line trajectory, the research was carried out only in the field of lateral movement. Depending on the distance L of the operator from the screen (corresponding to the range of the manipulator), it was possible to simulate the movement of the manipulator effector with a different working area (characterized by different kinematic amplifications).



Due to the typical ranges of manipulators with a large working area [1,11,21,33,34], the tests were carried out for three ranges L (6 m, 3 m, and 1.5 m), corresponding to the size ratio K of ×10, ×5, and ×2.5. The maximum marker spacing (effector movement range) was 8 m, 4 m, and 2 m, respectively. The range of motion of the effector was within the human color vision zone, which is approximately 60–70° and within the human stereoscopic field of vision, which is approximately 100–120° [35,36,37]. Additionally, to improve perception, operators could move their eyes or head.



The hand displacement that was necessary to induce such a movement was C1 = 0.8 m and was within the operator’s comfort zone in accordance with the requirements contained in [38,39,40].



In order to check the influence of the effector’s range of motion on the velocities, accelerations, and power and energy demand, additional tests were carried out, reducing the marker spacing by 50% and 75%, which corresponded to the hand movement at C2 = 0.4 m and C3 = 0.2 m. Table 1 lists the ranges of movements that were performed by the operator and the effector for the tested manipulator’s size ratios and ranges.



The tests were carried out for two velocities of movement of the manipulator effector: normal and fast movements [11]. Normal movements did not require special focus and maximum attention from the operator, while fast movements corresponded to the velocity at which the operator was able to perform the given task as quickly as possible.



Effector velocities and accelerations were determined based on hand movement measurements using the size ratio used. Three phases were distinguished in the analyzed movements: acceleration (ta), steady movement (ts), and braking (td) (Figure 2). The time in which the movement velocity does not differ by more than 5% from the maximum value was considered to be a steady phase. Based on the recorded data, the following were determined:




	
vs—the average effective velocity of the effector’s movement for the entire steady motion phase (PS);



	
aamax—the maximum acceleration of the effector’s movement for the acceleration phase (PA);



	
admax—the maximum acceleration of the effector’s movement for the deceleration phase (PD);



	
ts—the average steady motion phase duration;



	
ta—the average acceleration phase (PA) duration;



	
td—the average deceleration phase (PD) duration.








Based on the recorded runs, the maximum value of power indicators was determined for the following phases:




	
Acceleration phase     N   a m a x   *     according to the following equation:


    N   a m a x   *   =   max  ⁡    v ( t ) · a ( t )                   t ∈ <   t   1   ,   t   2   >  



(7)







	
Deceleration phase     N   d m a x   *     according to the following equation:


    N   d m a x   *   =   max  ⁡      v ( t )   ·   a ( t )                     t ∈ <   t   3   ,   t   4   >  



(8)












Energy consumption indicators, according to [41], were determined for the following phases:




	
Acceleration phase     E   k a   *     according to the following equation:


    E   k a   *   =   ∫    t   1       t   2      v ( t ) · a ( t ) d t    



(9)







	
Steady motion phase     E   k s   *     according to the following equation:


    E   k s   *   =   ∫    t   2       t   3      v ( t ) · a ( t ) d t    



(10)







	
Deceleration phase     E   k d   *     according to the following equation:


    E   k d   *   =   ∫    t   3       t   4      v ( t ) · a ( t ) d t    



(11)












All subjects performed normal and fast movements with their dominant hand. Each subject performed trials with six normal and six fast movements for each. Therefore, the number of recorded, normal movements was 1620 (30 subjects × 6 movements × 3 lengths of hand movement × 3 size ratio), and for fast movements, it was the same number of records, 1620 (30 subjects × 6 movements × 3 lengths of hand movement × 3 size ratio). This test was conducted after two practice trials.




2.2. Participants


Two-step human hand movement velocity testing for different size ratios was conducted in a group of 30 people (male) aged 21 to 37 years with heights of 165–194 cm. The largest group of respondents (22 people) were students aged 21–22. All of these volunteers were right-handed.





3. Results and Discussion


The Shapiro–Wilk test was used to check the normality of the distribution. The distributions of the following parameters were analyzed:




	-

	
The maximum accelerations in PA—aamax i PD—admax;




	-

	
The power indicator in PA—Namax i PD—Ndmax;




	-

	
The energy indicator in PA—Ea i PD—Ed.









They were checked for fast and normal movements, for all size ratios K = 2.5, K = 5, and K = 10 and all tested ranges of C1 movement; C2 and C3. The significance level α = 0.05 was adopted. For the 30 people tested, according to the data in the tables of coefficients for the Shapiro–Wilk test [42,43], the critical value is     W   ( 0.05 ,   30 )   = 0.927  . The results are presented in Table 2, where W is the Shapiro–Wilka test indicator, and p is the probability of occurrence of the assumed type I error [44].



Based on the conducted ANOVA analysis, it was found that the number of trials is sufficient to demonstrate the following, with a test power of over 80%:




	(a)

	
The power indicator depends on the size ratio:




	-

	
For the C1 normal movements range (α = 0.05 and RMSSE (Root Mean Square Standardized Effect) = 0.5864 and fast movements range (α = 0.05 and RMSSE = 1.0315);




	-

	
For the C2 normal movements range (α = 0.05 and RMSSE = 0.7375) and fast movements range (α = 0.05 and RMSSE = 1.0937);




	-

	
For the C3 normal movements range (α = 0.05 and RMSSE = 1.0167) and fast movements range (α = 0.05 fast RMSSE = 1.0289).










	(b)

	
The energy indicator depends on the movement range:




	-

	
For the size ratio K = 10 of normal movements (α = 0.05 and RMSSE = 0.6970) and fast movements (α = 0.05 and RMSSE = 0.4420);




	-

	
For the size ratio K = 5 of normal movements (α = 0.05 and RMSSE = 0.6235) and fast movements (α = 0.05 and RMSSE = 0.5725);




	-

	
For the size ratio K = 2.5 of normal movements (α = 0.05 and RMSSE = 0.5938) and fast movements (α = 0.05 and RMSSE = 0.5858).















Examples of waveform values of the effector’s velocity and acceleration changes for one of the operators for normal movements with three ranges of movements (C1, C2, C3) and two size ratios (K = 10 and K = 2.5) are shown in Figure 3, Figure 4, Figure 5 and Figure 6.



Analyzing the examples of waveforms (Figure 3, Figure 4 and Figure 5), it can be seen that as the range of movement decreases, the duration of the steady phase decreases, the maximum movement velocities decrease, and accelerations decrease, both in the acceleration and deceleration phases. Reducing the size ratio has a similar effect on movement parameters (Figure 6). For the movement with the smallest range (C3), the share of the steady phase (PS) is even five times smaller than for the movements with the largest range tested (C1). For movements with small ranges and low size ratios, the steady phase (PS) may be difficult to observe or may not occur. A significant share of acceleration phases (PAs) in the entire effector movement, especially for short ranges of movement (C3), may indicate a high energy demand. However, the significant share of the deceleration phase (PD) in the movement proves the validity of its regeneration and, thus, the possibility of reducing the energy consumption of the manipulator work.



Summaries of the average velocities of the effector obtained during the tests in the steady phase of V movement, for the tested size ratios (K = 10, K = 5, K = 2.5) and ranges of movement (C1, C2, C3), are presented in Figure 7, Figure 8 and Figure 9.



Analyzing the presented graphs (Figure 7, Figure 8 and Figure 9), it can be seen that the effector movement velocities have the highest values for the size ratio K = 10 and the range of movement C1. They are on average 3.8 m/s for normal movements and 7.3 m/s for fast movements (an increase of 92%). Reducing the kinematic size ratio value results in a reduction in the velocity, vs, which for K = 2.5 is 65% lower than for K = 10 and amounts to 1.3 m/s for normal movements and is 73% lower in the case of fast movements, and it is on average 2 m/s. The results obtained from the study also indicate that reducing the range of motion reduces the velocity of the effector’s vs for each of the tested size ratios and types of movement. The most visible reduction in velocity associated with the range of motion occurs for the highest size ratio value. The velocity, vs, for K = 10 and the C3 range (0.2 m) is 1.7 m/s for normal movements and 2.6 m/s for fast movements. However, the value of velocity, vs, for K = 10 and the range of movement C1 (0.8 m) is 2.3 times higher for normal movements and almost 3 times higher for fast movements. In the case of the velocity, vs, values for a size ratio K = 2.5 and the range of motion C3, it can be seen that in normal movements, this velocity is only 20% lower than in fast movements, which is the smallest difference when comparing the velocity values obtained for fast and normal movements. It should be noted that the increase in the velocity of the effector is not directly proportional to the size ratio—with larger amplifications, the movement velocities are relatively lower, although they reach very high values. For a size ratio K = 10 (range 6 m), the maximum velocities of normal movements reach 5 m/s, and with high operator concentration, they even exceed 9 m/s. It should be noted that the influence of concentration increases as the manipulator’s range increases. At low size ratios, the relative differences in normal and fast velocities are smaller. Concentration has a very large impact on the velocity of movements, work cycle time, work efficiency, and demand for power and energy. Hence, when designing manipulators for normal long-term operation, normal velocities can be taken into account, while when designing manipulators for rescue or intervention work, the possibility of developing higher s velocities should be considered.



A summary of the effector accelerations obtained during the tests in the acceleration (PA) and deceleration (PD) phases for the tested size ratios (K = 10, K = 5, K = 2.5) and ranges of movement (C1, C2, C3) is presented in Figure 10, Figure 11 and Figure 12.



Analyzing the presented graphs (Figure 10, Figure 11 and Figure 12), it can be seen that the highest accelerations occurred in the acceleration phase in fast movements with size a ratio K = 10 and amounted to 12.3 m/s2. In normal movements, the maximum accelerations for the analogous size ratio K were three times lower than in fast movements. It can also be noticed that, regardless of the tested size ratio and type of movement, the accelerations in the deceleration phase (PD) were lower than in the acceleration phase (PA). In the case of normal movements, accelerations in the deceleration phase (PD) were lower than accelerations in the acceleration phase (PA), from 23 to 44% for the C1 range of motion, 22 to 25% for the C2 range of motion, and 10 to 23% for the C3 range of motion.



In the case of fast movements, the differences were 25–26% for the C1 range of motion, 34–36% for the C2 range of motion, and 37–43% for the C3 range of movement. Analyzing the data from the graphs, it can also be seen that for normal movements with the lowest tested size ratio K = 2.5, regardless of the range of movement (C1, C2, C3), the decrease in the acceleration value in the deceleration phase in relation to the acceleration phase was very similar and amounted to 23%.



Against this background, it is worth analyzing the operator’s hand movements. The average velocities of the operator’s hand in the steady phase of the movement (PS) for fast and normal movements are presented in Table 3.



Analyzing the obtained hand movement velocities, it can be noticed that the operator obtains the highest values of hand movement velocity at the largest range of movement (C1) and for the smallest size ratios (K = 2.5), and they are 0.529 m/s for normal movements and 0.793 m/s for fast movements, respectively. These velocities, in relation to the size ratio K = 10 and the same range of C1 movement, are as much as about 40% higher for normal movements and 10% higher for fast movements. They are 0.376 m/s and 0.719 m/s, respectively. It should be noted that the velocity differences for fast movements and different size ratios are relatively small, while the normal velocities for different size ratios are significantly different. In the case of other size ratios and ranges of movement, the velocity values of fast movements are higher than for normal movements, ranging from 30% for reinforcement K = 2.5 and range of movement C3 to 78% for reinforcement K = 10 and range of movement C2. It can also be noticed that as the value of the range of motion decreases, the velocity in the steady phase decreases.



A summary of the average duration of the movement and its individual phases—acceleration (PA), steady phase (PS), and deceleration (PD)—depending on the tested size ratio, range, and type of movement, is presented in Figure 13 and Figure 14.



Analyzing the duration of individual movements, it can be noticed that in the case of normal movements (Figure 13), as the size ratio decreased, the duration of the acceleration, steady state, and deceleration phases also decreased. For example, for the C2 movement range and size ratio K = 10, the movement duration was 3.4 s; for size ratio K = 5, the movement duration was 2.7 s; and for size ratio K = 2.5, it was 2.1 s.



The deceleration phase (PD) has the largest share in the entire movement and on average constitutes 60% of the entire movement duration. The steady phase (PS) has the smallest share in the entire movement, which ranges from 15 to 20% for the C1 range of motion and 2 to 5% for the C3 range of motion.



Analyzing the duration of fast movements (Figure 14), it can be concluded that the deceleration phase has the dominant share in the entire work cycle, as in normal movements, it constitutes on average 60% of the movement duration, regardless of the length of the movement and the size ratio. The total duration of fast movements for individual reinforcements (K = 10, K = 5, K = 2.5) is at a similar level, and for the C1 range of motion, it is 2.5 s, 2.3 s, and 2.2 s, respectively. As in the case of normal movements, the duration of the steady phase in fast movements decreases as the range of movement decreases. For the C1 movement range, the duration of the steady phase constitutes 5–8% of the total movement, while for the C3 movement range, it constitutes 2–4% of the total movement.



Based on the obtained research results and Equations (7)–(11), the individual power and energy requirements of manipulators with different ranges, performing movements in the operating ranges C1, C2, and C3, were determined. The summary of the obtained power indices     N   a m a x   *     and     N   d m a x   *     for the tested size ratios, ranges, and types of movement is presented in Figure 15, Figure 16 and Figure 17.



Analyzing the presented graphs, it can be seen that the value of the power index in fast movements is from 3 (for K = 2.5) to 6 times (for K = 10) higher than in normal movements. The difference in power meter values between fast and normal movements will compound as the size ratio value and move range decrease. For example, the power index for K = 10 and the C1 range is 60% greater than the power index for K = 2.5 and the corresponding range of motion. In the case of fast movements, the difference in power indicators is much greater, and when comparing the value of the power indicator for K = 10 for the C1 range to K = 2.5 for the C1 range, the difference reaches 220%.



Comparing the power index for the acceleration and deceleration phases, it can be noticed that for both fast and normal movements, it has lower values for the deceleration phase. The difference in the case of normal movements ranges from 20 to 28% and is the smallest for movements with the smallest C3 range. In the case of fast movements, the difference is greater and amounts to up to 70%. In the case of fast movements, the greatest differences can be observed for movements with the smallest reinforcements and the smallest ranges, unlike in the case of normal movements.



A significant value of the power indicator occurring in the braking phase, regardless of the movement, indicates the validity of attempting to recover energy, store it, and use it to implement the acceleration phase when operating manipulators.



The list of energy indicators, calculated in accordance with Equations (9)–(11), in the acceleration phase—    E   k a   *    —steady phase—    E   k s   *    —and deceleration phase—    E   k d   *    —for the tested size ratios, ranges, and types of movement is presented in Figure 18 and Figure 19.



Regarding the analysis of changes in the energy index value, a similar trend of changes in the power index can be observed. The highest values of the energy index occurred for the highest values of size ratios and ranges of motion in both normal and fast movements. The maximum values of the energy index reached 0.08 m2/s2 for the longest ranges of C1 movement and size ratio K = 10 in fast movements and were almost four times higher than in the case of the analogous parameters in normal movements.



The energy index in the steady phase (PS) constitutes from 12 to 15% of the total energy index in normal movements, and in fast movements, it constitutes from 13 to 19% of the total index.




4. Conclusions


The power and energy indicators that were developed in this study allow for a clear determination of the demand for power and energy of manipulators with different control ranges, whose effector copies the movements of the operator’s hand. Therefore, they can be treated as universal indicators for assessing the demand for the unit’s power and energy of manipulators.



Knowledge of the velocity of working movements, accelerations occurring, and power and energy indicators can be very helpful in the effective design of the manipulator drive system and the selection of its components, in terms of the achieved work efficiency and the demand for power and energy.



The results of the conducted research also make it possible to determine the accelerations that are achieved by the effectors of manipulators with different ranges that are controlled by humans and at different velocities. This information may be extremely important for the assessment of the dynamic loads on the structure and the drive system and for the effective design of manipulator control systems.



The use of the developed test stand made it possible to determine the velocity and acceleration limits of the manipulator’s effector movements resulting from the operator’s perception. The tests were not burdened with errors resulting from the limitations of the manipulator related to the parameters of the drive system used, its dynamics, and the control system. Therefore, the obtained results allow for the development of new generation of drive systems and control systems that increase the efficiency of manipulators.
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Figure 1. The test stands [10]: (a) a 3D model; (b) illustration of case study. 
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Figure 2. The scheme of indicators for evaluating experimental research. 
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Figure 3. An example of changes in the effector’s displacement, velocity, and acceleration for a normal movement, size ratio K = 10 and range of movement C1. 
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Figure 4. An example of changes in the effector’s displacement, velocity, and acceleration for a normal movement, size ratio K = 10, and range of movement C2. 
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Figure 5. An example of changes in the effector’s displacement, velocity, and acceleration for a normal movement, size ratio K = 10 and range of movement C3. 
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Figure 6. An example of changes in the effector’s displacement, velocity, and acceleration for a normal movement, size ratio K = 2.5 and range of movement C1. 
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Figure 7. Effector’s RMS velocity-vs, in the steady motion phase for size ratio K = 10. 
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Figure 8. Effector’s RMS velocity-vs, in the steady motion phase for size ratio K = 5. 
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Figure 9. Effector’s RMS velocity-vs, in the steady motion phase for size ratio K = 2.5. 
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Figure 10. Effector’s accelerations for size ratio K10: (a) acceleration phase, (b) deceleration phase. 
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Figure 11. Effector’s accelerations for size ratio K = 5: (a) acceleration phase, (b) deceleration phase. 
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Figure 12. Effector’s accelerations for size ratio K = 2.5: (a) acceleration phase, (b) deceleration phase. 
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Figure 13. Average duration of movement and its phases for normal movements; ta—acceleration, ts—steady phase, td—deceleration. 
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Figure 14. Average duration of movements and their phases for fast movements; ta—acceleration, ts—steady phase, td—deceleration. 
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Figure 15. Summary of the power index obtained from the tests for the ranges of motion and size ratio K = 10. 
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Figure 16. Summary of the power index obtained from the tests for the ranges of motion and size ratio K = 5. 
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Figure 17. Summary of the power index obtained from the tests for the ranges of motion and size ratio K = 2.5. 
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Figure 18. Summary of energy index values obtained for normal movements. 
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Figure 19. Summary of energy index values obtained for fast movements. 
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Table 1. Ranges of movements carried out by the effector for the tested amplifications and ranges of the manipulator; parameter markings in accordance with Figure 1.
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Parameter Name

	
Range of Hand Movement |A′B′| [m]




	
C1 = 0.8

	
C2 = 0.4

	
C3 = 0.2




	
Size Ratio K

	
Manipulator Range L [m]

	
Effector Displacement |AB| [m]






	
×10

	
6

	
8

	
4

	
2




	
×5

	
3

	
4

	
2

	
1




	
×2.5

	
1.5

	
2

	
1

	
0.5











 





Table 2. Summary of the results of the analysis of normality distribution of the Shapiro–Wilk test.
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Parameter

	

	
Fast Movement

	
Normal Movement




	

	
K = 10

	
K = 5

	
K = 2.5

	
K = 10

	
K = 5

	
K = 2.5




	

	
C1

	
C2

	
C3

	
C1

	
C2

	
C3

	
C1

	
C2

	
C3

	
C1

	
C2

	
C3

	
C1

	
C2

	
C3

	
C1

	
C2

	
C3






	
PA

	
aamax

	
W

	
0.94138

	
0.96441

	
0.97154

	
0.97551

	
0.96476

	
0.97634

	
0.98078

	
0.98905

	
0.98001

	
0.9518

	
0.93976

	
0.94628

	
0.92714

	
0.96341

	
0.95022

	
0.95889

	
0.95109

	
0.94857




	
p

	
0.09907

	
0.39945

	
0.58222

	
0.69773

	
0.40724

	
0.72202

	
0.84586

	
0.98548

	
0.82580

	
0.1888

	
0.08961

	
0.00232

	
0.03882

	
0.37737

	
0.17134

	
0.29018

	
0.18076

	
0.01369




	
Namax

	
W

	
0.96545

	
0.98790

	
0.95028

	
0.94882

	
0.97082

	
0.98725

	
0.93295

	
0.99497

	
0.96829

	
0.93509

	
0.93027

	
0.961552

	
0.96728

	
0.94936

	
0.94517

	
0.94541

	
0.9386

	
0.94007




	
p

	
0.42315

	
0.97595

	
0.17203

	
0.15716

	
0.56172

	
0.96913

	
0.17671

	
0.99993

	
0.49361

	
0.0037

	
0.14824

	
0.00181

	
0.46779

	
0.16253

	
0.12533

	
0.12721

	
0.08339

	
0.09133




	
Ea

	
W

	
0.95353

	
0.97246

	
0.96237

	
0.96599

	
0.95571

	
0.96898

	
0.97411

	
0.98603

	
0.98407

	
0.93047

	
0.94787

	
0.95645

	
0.95711

	
0.93219

	
0.93922

	
0.96119

	
0.92874

	
0.95521




	
p

	
0.21000

	
0.60837

	
0.35571

	
0.43612

	
0.23980

	
0.51178

	
0.65667

	
0.95339

	
0.92034

	
0.05054

	
0.02726

	
0.03956

	
0.26091

	
0.0358

	
0.01422

	
0.33216

	
0.01851

	
0.23259




	
PD

	
admax

	
W

	
0.98782

	
0.95114

	
0.94581

	
0.95865

	
0.96120

	
0.98536

	
0.96046

	
0.97909

	
0.97692

	
0.98168

	
0.94798

	
0.92714

	
0.95716

	
0.94087

	
0.9497

	
0.94479

	
0.95231

	
0.93787




	
p

	
0.97515

	
0.18130

	
0.13047

	
0.28591

	
0.33229

	
0.94316

	
0.31818

	
0.80090

	
0.73913

	
0.86835

	
0.14921

	
0.03882

	
0.26164

	
0.09601

	
0.16593

	
0.12246

	
0.19491

	
0.07969




	
Ndmax

	
W

	
0.94736

	
0.97062

	
0.96677

	
0.96539

	
0.95279

	
0.98033

	
0.98972

	
0.96665

	
0.96312

	
0.92799

	
0.9333

	
0.96728

	
0.94451

	
0.93705

	
0.96098

	
0.96372

	
0.95493

	
0.9354




	
p

	
0.14359

	
0.55617

	
0.45506

	
0.42189

	
0.20067

	
0.83429

	
0.98961

	
0.45211

	
0.37125

	
0.04343

	
0.06014

	
0.46779

	
0.12032

	
0.00411

	
0.32801

	
0.38419

	
0.22873

	
0.01141




	
Ed

	
W

	
0.97833

	
0.96593

	
0.97983

	
0.97292

	
0.97682

	
0.98269

	
0.96044

	
0.97516

	
0.94096

	
0.94293

	
0.937776

	
0.95711

	
0.94573

	
0.94553

	
0.92887

	
0.95956

	
0.96768

	
0.94386




	
p

	
0.77960

	
0.43468

	
0.82101

	
0.62182

	
0.73612

	
0.89170

	
0.31794

	
0.68739

	
0.12840

	
0.10909

	
0.07915

	
0.26091

	
0.12982

	
0.12824

	
0.02507

	
0.30179

	
0.47771

	
0.1156











 





Table 3. Average velocities of the operator’s hand movement in the steady phase for the tested ranges of movement and strengthening.
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Movement Type

	
Size Ratio K

	
Parameter Name

	
Range of Hand Movement




	
C1

	
C2

	
C3






	
Normal

movement

	
×10

	
vs [m/s]

	
0.376

	
0.245

	
0.167




	
×5

	
vs [m/s]

	
0.443

	
0.307

	
0.176




	
×2.5

	
vs [m/s]

	
0.529

	
0.329

	
0.197




	
Fast

movement

	
×10

	
vs [m/s]

	
0.719

	
0.436

	
0.237




	
×5

	
vs [m/s]

	
0.743

	
0.474

	
0.241




	
×2.5

	
vs [m/s]

	
0.795

	
0.488

	
0.258
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