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Abstract

:

More and more commonly, manipulators and robots equipped with effectors are used to replace humans in the implementation of tasks that require significant working abilities or are used in dangerous zones. These constructions have considerable ranges and are capable of carrying heavy loads. The specificity of the tasks performed with the use of mentioned devices requires their control by a human. Intuitive tracking systems are used to control them. Problems in their use result from the kinematic amplification between the effector and the operator’s hand. Proper design of the drive and control systems for these manipulators requires knowledge of the maximum velocities of the manipulator’s effectors, which significantly depend on the scale ratio. The article presents the results of the effector’s velocity movements while performing a specific task by the operator’s hand with different velocities and scale ratios.
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1. Introduction


Manipulators replacing direct human activity are increasingly used in the world. They have been used both in medicine as surgical manipulators [1,2,3], and in military applications, rescue services, or the construction industry in the form of specialist manipulators or equipment [1,4,5]. In dangerous scenarios such as chemical plants [6], disaster sites [7], explosives demolition [8,9], and teleoperated manipulators are needed. Robotic teleoperation satisfies the demands of scenarios in which human access is dangerous but human intelligence is required [10,11]. For this work, the operator is required to constantly control the position of the effector using the system HMI (Human–machine Interface) consisting of visualization system (cameras and displays or goggles) and control devices.



The efficiency of teleportation dramatically depends on the quality of the control system and operation space visualization. All manipulator movements are executed on the effector placement observation, but very often the quality of the control system limits the operation speed and productivity.



As the most common human–machine interface controllers, which are easy to use to provide simple commands in teleoperation tasks, keyboards, joysticks, gamepads, mouses, or 3D mouses are used [12,13,14]. These devices force human operators to learn how to use them because their usage is unnatural. It is problematic for the operation of the manipulator with higher DOF (Degrees of Freedom) because the operators have to generate the command for every joint motion of the manipulator. It demands long operator training and limits the productivity and efficiency of operation [15]. For those reasons, more complex taskmaster–slave devices are used like master exoskeleton, optical motion capture technology, data gloves or gloves with markers, and haptic devices [13,16,17,18]. New solutions improve the control efficiency and enable higher speed of effector motions [19,20,21].



The use of this type of control is particularly desirable and important if an inexperienced operator controls the manipulator. Thanks to this, operators are able to achieve high control efficiency comparable to experienced operators in a relatively short time [22,23,24].



It is very important for operations with heavy, high lifting capacity, and long reach manipulators equipped with hydraulic drive systems. The modern control system can increase their movement velocity and overall productivity. In such construction, the speed limit should be adapted to human perception and the possibility of system control. An additional problem is the size ratio. Due to the large working area, there is a large-scale ratio between the HMI size and the effector workspace of these manipulators [25].



Knowledge of the influence of size ratio on the permissible effector velocities of these manipulators is essential for the effective design of their drive systems and power demand. This will allow to increase the velocity of movements, overall efficiency, and effector movement accuracy [26].



The main element of the intuitive control system is a suitably shaped track device with various types of construction solutions [26,27,28,29,30]. Starting from specially shaped structures with the same kinematic structure as the controlled manipulator [26], through parallel structures used in medical applications [29,30] up to those adapted to the operator’s upper limb [27,28]. The effectiveness of using this type of control systems depends on the operator’s perception and scale ratio and the velocity and acceleration of the operator’s hand [31]. According to [32] presented research involving moving the cursor on the monitor screen between points spaced every few centimeters, using a tracking device with haptic feedback for scale ratios 1:1, 1:2, and 2:1, for the 1:2 size ratio, the time increased by 30% compared to the 1:1 size ratio, while in the case of the 2:1 size ratio, there was no significant difference in this aspect. Moreover, the ability to identify obstacles when controlled with a tracking device depends on the perception and position of the operator’s hand [33].



An overlooked problem when controlling manipulators using a tracking device is the size ratio [26] between the movement of the operator’s hand and the displacement of the manipulator effector, which has a direct impact on the value of its velocity. This problem does not seem to be so important when controlling surgical manipulators. This is due to the small-scale ratio, for which the effector makes less movement in relation to the operator’s hand [29,34]. The velocity of the movements in this case is of little importance. The basic problem is to ensure the accuracy of the effector’s movement of the controlled manipulator.



It is confirmed in the research of hydraulic excavators [35], describing the efficiency of conventional control system and tracking devices. During the research, the effort of the operators was also compared using a survey NASA-TLX. On its basis, the problem of the operator’s psychophysical load due to the oscillations of the excavator’s bucket was noticed. They resulted from small, uncontrolled movements of the operator’s hand during control with the tracking device. The amplified vibration of the operator’s hand by the manipulator control system limited the efficiency of operation. On this basis, it was found that the scale ratio may have a significant impact on the efficiency of operation for manipulators with a large working area, such as foundry manipulators, EOD robot manipulators, arms of hydraulic excavators, or demolition equipment. These conclusions are confirmed by the research presented in the paper [36]. The authors compare a conventional control system of the excavator with two tracking devices using position control and rate control. They found that both systems based on a tracking device improve the velocity and accuracy of task realization more than twice as compared to the conventional type of control. However, according to the subjective assessments of the test participant, the use of the position control system is more intuitive in operation in relation to the rate control system, although the implementation of long movements may cause early stress on the user’s arm and then increase his frustration. To limit the impact of the operator’s hand vibration on the efficiency of the manipulator, a hybrid control method was proposed [26]. Rate control was used for the rotation of the excavator swing and position control was for the positioning of the working equipment. In this way, the intuitive control of the working equipment was maintained and the problem with the control of the excavator swing, whose range of movement is 360°, was eliminated. The research [31] shows that the direction of the operator’s hand movement has no significant effect on the velocity. However, there are significant differences in the maximum values of the operator’s hand velocity during reaching movements (average maximum speed 1 m/s) and precision movements (average maximum speed 0.5 m/s).



The research results so far take into account the accuracy and velocity of task execution using intuitive tracking control systems. The discussed issues concern the impact of haptic feedback on the effectiveness of control and adjusting the control using the tracking device to the operator’s hand. Most of the research on the HMI device relates to the control of manipulators with a small working area, where the size ratio does not affect their work efficiency. Manipulators with a large working area need other solutions.



Based on subjective assessments, the impact size ratio on the efficiency of work with these manipulators was found, but this information is vague and omitted in further analyses. There is also no information on the velocity of the effectors of manipulators with a large working area depending on the size ratio and the perception of the operator. In order to increase the effectiveness and efficiency of manipulators with a large working area, the operator’s perception and psycho-physical capabilities should be fully used due to the size ratio. Therefore, in the paper, an assessment of the impact of the range of the manipulator and size ratio on the velocity of the manipulator effector was undertaken, due to the perception of the operator. Research [12,13,17] shows the possibility of creating controllers that allow the manipulator to achieve speeds consistent with hand movements with imperceptible delays. The use of these possibilities requires the design of an appropriate drive system. The research results can be particularly useful for the development of human control interface, which are currently under intensive development [37].



Since the knowledge of the maximum velocities of the effector and individual components is necessary for the proper design of drive systems, the research was focused on long distance movement. In order to increase the control accuracy, according to [16], the tests were carried out using the entire range of the human hand. Determining the speed of the effector’s movements will enable the proper selection of drive system components.




2. Materials and Methods


2.1. Nomenclature


Because more specific terms, symbols, and abbreviations are utilized in the article, the nomenclature is shown in Nomenclature at below.




2.2. Experimental Setting and User Task


In order to determine the speed of the effector, a lab stand was built in which the movement of the effector (slave) was simulated by the movement of the laser spot on the screen. The operator’s task was to move the spot between the markers by hand-moving the lever with the laser pointer (Figure 1) which was imitating the master controller.



Each subject moved, using his hand, the laser spot (effector) displayed on the screen from point A to B (right to left) and back from B to A (left to right) in a straight line.



Changing the operator’s distance from the screen made it possible to change the size ratio. Horizontal, lateral movement of the operator’s hand was about 800 mm and was in the comfort zone according to [38]. During hand movement viewing angle was about αv = 60°, for which human is capable of recognizing colors [39]. The research was conducted for distances 2, 4, and 8 m, which gave size ratio K = 2.5; K = 5 and K = 10. These are typical size ratios during positional control for manipulators with a large working area [23,24,31,40,41,42,43].



In the first stage, the subjects performed manipulative tasks at a velocity they considered normal–normal movements. In the second stage, the subjects performed the tasks with the maximum velocity possible for them—fast movements. Normal movements were defined as those that allow the hand to be moved at a subjective velocity that ensures stable hand guidance during the performance of a defined task. Fast movement is considered to be one in which the hand is moved at a velocity that ensures the fastest possible execution of the task.



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 540 (30 subjects × 6 movements × 1 direction × 3 size ratio) and for fast movements was the same number of records 540 (30 subjects × 6 movements × 1 direction × 3 size ratio). This test was measured after two practice trials.



According to [31], during the realization of human hand movements the acceleration phase (pa), the steady motion phase (ps), and the deacceleration phase (pd) can be observed. Therefore, the following indicators were adopted to evaluate the research results (Figure 2):




	-

	
the maximum velocity of the operator’s hand movement for all size ratios from the entire range for normal and fast movement—   V  M A X    ,




	-

	
the average effective velocity of the operator’s hand movement for all size ratios for the steady motion phase for normal and fast movement—   V S   ;




	-

	
the average value of acceleration phase time duration (pa) for all size ratios from the entire range for normal and fast movement—   t a   ;




	-

	
the average value of steady motion phase time duration (ps) for all size ratios from the entire range for normal and fast movement—   t s   ;




	-

	
the average value of deacceleration phase time duration (pd) for all size ratios from the entire range for normal and fast movement—   t d   .









The steady motion phase (ps) is the phase during which the velocity of the operator’s hand movement does not change more than 5%.




2.3. Experimental Stand


The idea of the research stand work is to change the movement of the operator’s hand—|A′B′|, during rectilinear movement, to the movement of the laser point (effector) displayed on the screen |AB| by a constant size ratio—K value (Figure 3).



The operator, moving the joystick (5) from point A′ to B′, rigidly connected to the lever (2) along the guide (3), and forces the lever (1) to rotate in relation to point C. At the end of the lever (1) there is a laser pointer whose direction of the outgoing laser point is consistent with the longitudinal direction of the lever (1). The laser point falls on the screen (4) creating point A. The projection of the screen surface (4) onto the xy plane is parallel to the guide (3). The kinematics developed in this way allows for a proportional increase in the velocity of the laser point (effector) on the screen    v 2    relative to the velocity of the operator’s hand    v 1    according to the equation:


   v 2  = K  v 1  ,  



(1)




where K = a/b—scale ratio value.



Point D in the developed mechanism moves with a complex movement resulting from the translational movement of the lever (2) and a rotating lever (1) relative to point C.



Assuming linear velocities    v 1  ′  ,    v 2  ′   depends on the angular velocity of the lever (1) ω and distances    x 1    and    x 2    (Figure 3) according to Equations (2) and (3):


    v 1  ′  = ω  x 1  ,  



(2)






    v 2  ′  = ω  x 2  ,  



(3)




where ω—angular velocity of the lever (1),    x 1   —the distance between points C and D, and    x 2   —the distance between points C and A.



Depending on the velocities    v 1  ′  ,    v 2  ′   on    v 1   ,    v 2    and the distances    x 1    and    x 2    on the dimensions b and a (Figure 3) according to Equations (4)–(7):


    v 1  ′  =  v 1  s i n β ,  



(4)






    v 2  ′  =  v 2  s i n β ,  



(5)






   x 1  =  b  s i n β   ,  



(6)






   x 2  =  a  s i n β   ,  



(7)




and after substituting them to (2) and (3) and transforming, the equation for velocity    v 2    in function    v 1    was obtained:


   v 2  =  v 1   a b  .  



(8)







The ratio of the distance between point C and the screen surface (a) and the lever mounting point D (b) is the value of the size ratio K.



Based on the developed kinematic structure (Figure 3), a research stand was designed, and its model and idea of the operation of it are shown in Figure 4.



The constructed research stand, based on the adopted assumptions, is shown in Figure 5.



The basic measuring element of the research stand, which allowed to determine the value of the operator’s hand movement, was the absolute magnetic sensor LA10 manufactured by Kuebler with a measuring accuracy of 0.03 mm over the entire working range [44].




2.4. 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 a height of 165–194 cm. The most numerous groups of respondents (22 people) were students aged 21–22.




2.5. Statistical Analyses


The value of the operator’s hand displacement in time was obtained directly from the research. Based on the displacement, the velocity of the human hand and effector movement was determined for the normal and fast movements. The values of the velocity of the human hand and effector for both steps of research were determined based on the backward differential quotient. The relationship that allows for determining the velocity takes the form [45,46]:


  V  t  =    x i   t  −  x  i − 1    t     t i  −  t  i − 1     ,  



(9)




where xi—hand displacement, and    t i   —the time corresponding to the hand movement xi.



In order to determine the level of variability of the human hand velocity value for normal and fast movements, depending on the operator who performs the movement, the sample standard deviation—σ and the coefficient of variation—Cv were determined.



The sample standard deviation was determined using the equation [45,46]:


  σ =       ∑   i = 1  n       μ i  −  μ ¯     2    n − 1     ,  



(10)




where    μ i   —the value of a given random variable in the sample,   μ ¯  —arithmetic mean of the sample, and n—number of elements in the sample.



The coefficient of variation—   C v    was determined using the equation [45,46]:


   C v  =  σ  μ ¯   · 100 % .  



(11)









3. Results


The Shapiro–Wilk test was used to check the normality of the distribution. The significance level α = 0.05 was adopted. For 30 people tested according to the data in the tables of coefficients for the Shapiro–Wilk test [47], the critical value is    W    0.05 , 30     = 0.927  . The normality of the RMS velocity distribution for fast and normal movements was checked for size ratio K = 2.5, K = 5, K = 10. The following results were obtained:




	
fast movements:




	–

	
for K = 10: W = 0.947; p = 0.144;




	–

	
for K = 5; W = 0.952; p = 0.201;




	–

	
for K = 2.5; W = 0.964; p = 0.390;









	
normal movements:




	–

	
for K = 10; W = 0.938; p = 0.181;




	–

	
for K = 5; W = 0.957; p = 0.269;




	–

	
for K = 2.5; W = 0.964; p = 0.406.














The obtained results of the Shapiro–Wilk test indicate that the distribution of the obtained test results is close to normal. Power analysis of the ANOVA test performed for normal movements (α = 0.05 and RMSSE (Root Mean Square Standardized Effect) equal 0.9273), and fast (α = 0.05 and RMSSE = 0.6031), showed that the number of trials is sufficient to show the difference between the velocity of movement of the effector (E) and the operator’s hand (H) depending on the size ratio (K) and ensure the test power of 80%. The number of trials is also sufficient (test power over 80%) necessary to show the differences between the velocity of movement depending on its direction (from A to B or from B to A) for different size ratio of normal movements (ANOVA for α = 0.05; RMSSE = 0.8509) and fast (ANOVA for α = 0.05; RMSSE = 0.5857).



Example waveforms of velocity changes for one of the operators obtained as a result of research for normal and fast movements of the operator’s hand for three size ratio values are shown in Figure 6 and Figure 7.



Analyzing the presented waveforms (Figure 6 and Figure 7), two stages of the movement can be distinguished. The first stage is related to the movement from A to B (Figure 1)—p1(jK) and the second stage is associated with the movement from B to A (Figure 1)—p2(jK). At each stage of the movement, you can observe the acceleration phase—pAi(jK), steady motion phase—pSi(jK) and the deceleration phase—pDi(jK), where “i” is the stage of movement (1—from A to B, 2—from B to A), “j” indicates the type of movement performed (N—normal movement and F—fast movement) and “K” is the size ratio. Note that as the size ratio value decreases and the movement velocity increases the steady motion phase decreases. For fast, low-size ratio movements, it may fade away.



In order to check whether there are significant differences in the velocity of movements depending on the turn (movement from A to B compared with B to A), ANOVA F analysis was performed for the analyzed reinforcements and types of movement. The analysis showed that the direction of movement does not significantly affect the RMS velocity. In the case of ANOVA F for the RMS velocity in normal movements obtained:




	
for K = 10—F (1,118) = 0.256, p = 0.626,



	
for K = 5—F (1,118) = 0.011, p = 0.916,



	
for K = 2.5—F (1,118) = 0.050, p = 0.828.








ANOVA F for the RMS velocity in fast movements showed:




	
for K = 10—F (1,118) = 0.319, p = 0.587,



	
for K = 5—F (1,118) = 1.444, p = 0.315,



	
for K = 2.5—F (1,118) = 1.277, p = 0.291.








Due to the lack of significant differences between the RMS velocity values of the movements depending on the turn, the analysis of the significance of changes in the remaining parameters was omitted. The entire movement was subjected to further analysis, averaging the achieved velocity of movements. A summary of the time duration of the acceleration phase—ta, steady motion phase—ts, and the deceleration phase—td, depending on the scale ratio—K, is presented in Figure 8.



Based on the presented graph (Figure 8), it can be concluded that the deacceleration phase (pd) has the largest share in all completed movements. Its duration is 2.2 s for normal movement with K = 10 and 1 s for fast movement with K = 2.5. The steady motion phase duration (ps) decreases as the size ratio decreases. For normal movements, for K = 10, the average duration of the steady motion phase—ts was 0.7 s, while for fast movements with K = 2.5, this time was only 0.1 s. Therefore, it is likely that for a small size ratio, the steady motion phase may not be present, which is consistent with [31].



The list of recorded values of maximum movement velocities and effective RMS velocities in the steady motion phase obtained during the research for all size ratios in relation to the movement of the operator’s hand (H) and the movement of the effector (E) is shown in Figure 9. They used a box plot to show the distribution of a set of data. In a box plot, numerical data is divided into quartiles, and a box is drawn between the first and third quartiles, with an additional line drawn along the second quartile to mark the median. The minimums and maximums outside the first and third quartiles are depicted with lines, which are often called whiskers. The mean value is marked by “x” symbol.



Analyzing the graphs (Figure 9), it can be seen that there are clear differences in the obtained velocities for normal and fast movements. The RMS velocity in normal movements is 43 to 53% lower when comparing the values from the appropriate size ratio with fast movements. The ANOVA F analysis indicated that the value of the size ratio affects the value of the RMS velocity—F(2, 357) = 43.58 p ≈ 0 and the maximum velocity—F(2, 357) = 27.22; p ≈ 0 in normal movement. In the case of fast movements, the relation of RMS velocity—F(2, 357) = 8.16; p = 0.0006 and maximum velocity—F(2, 357) = 6.00; p = 0.004 from size ratio is also significant.



The averaged RMS velocity values for normal and fast hand movements (H) were smaller with the increase in size ratio. For size ratio K = 10, the RMS velocity of normal movements was close to 0.25 m/s, while for size ratio K = 5, this velocity was 21% higher, and for size ratio K = 2.5 it was 41% higher. In the case of fast movements, the RMS velocity for size ratio K = 10 was 0.53 m/s and was over 50% higher than for normal movements. The RMS velocity of fast movements obtained for the size ratio K = 5 was 0.55 m/s, while for the size ratio K = 2.5, it was 0.62 m/s. The maximum velocity in normal movements was 0.56 m/s and was reached for K = 2.5. The maximum velocity in fast movements was almost two times higher than in normal movements and amounted to 1.1 m/s.



In the case of the velocity of movement of the effector (E), it can be seen that the velocity of movement increases significantly with the increase in size ratio, contrary to the case in the movement of the operator’s hand (H). Comparing the value of the maximum velocities of the effector for the size ratio of K = 10 to the maximum velocities for K = 2.5, a three-fold increase can be observed. The maximum effector movement velocities obtained from the tests reach nearly 10 m/s and were recorded during the implementation of fast movements for K = 10. In the case of normal movements, the maximum obtained velocities reached 4.0 m/s and they were also obtained for the highest value of the size ratio. The movement velocity of the effector, with different size ratio, refer to the real possibilities of conscious control of the manipulators with different ranges by operators.



Based on the research results of normal and fast movements of the effector (E) and the operator’s hand (H), the average values of the maximum velocities and the average RMS velocities for the entire movement and the RMS velocities for the steady motion phase—pS. The determined parameters are shown in Table 1.



The median steady motion phase RMS velocity in the fast movement of the effector (E) is 9.13 m/s for K = 10, 4.86 m/s for K = 5, and 2.76 m/s for K = 2.5. The median steady motion phase RMS velocity in normal movements of the effector (E) is lower than the median RMS velocity in fast movements by 60% for K = 10, 54% for K = 5, and 52% for K = 2.5.



The median RMS velocity in the steady motion phase in the fast movements of the operator’s hand (H) is 0.91 m/s for K = 10, 0.97 m/s for K = 5, and 1.1 m/s for K = 2.5.



The median of maximum velocities in normal hand movements (H) is 0.4 m/s for K = 10, 0.47 m/s for K = 5, and 0.54 m/s for K = 2.5. In fast movements, the median of maximum hand velocities (H) has higher values, for size ratios K = 10, K = 5, and K = 2.5 they are, respectively 0.94 m/s, 0.99 m/s, and 1.13 m/s. The values of maximum velocities in fast movements for the 3 quartiles are higher and amount to 1.07 m/s (K = 10), 1.04 m/s (K = 5), and 1.19 m/s (K = 2.5), respectively. Maximum velocities for the 3rd quartile in normal movements of the operator’s hand (H) assume the following values: 0.44 m/s (K = 10), 0.55 m/s (K = 5), and 0.59 m/s (K = 2.5).



The median of the maximum velocities in the normal movements of the effector (E) is 3.99 m/s for K = 10, 2.34 m/s for K = 5, and 1.36 m/s for K = 2.5. In fast movements, the median of the maximum effector velocities (E) has higher values, for size ratio K = 10, K = 5, and K = 2.5 they are, respectively 9.37 m/s, 4.93 m/s, and 2.84 m/s. The values of maximum velocities in fast movements for the three quartiles are higher and amount to 10.72 m/s (K = 10), 5.19 m/s (K = 5), and 2.97 m/s (K = 2.5), respectively. Maximum velocities for the 3rd quartile in the normal movement of the effector (E) assume the following values: 4.43 m/s (K = 10), 2.77 m/s (K = 5), and 1.48 m/s (K = 2.5).



The coefficient of variation for maximum velocity and RMS velocity ranges from 12% to 22%. This indicates a high homogeneity of the tested population.




4. Discussion


The obtained test results indicate that the size ratio has little effect on hand speed when controlling effector movement. For a high size ratio (K = 10) and high distance from the effector, the hand velocity is about 30% lower for normal movement (average hand speed is changing 0.37–0.54 m/s) and only 15% higher for fast movement (average hand speed is changing 0.90–1.05 m/s) compared speed at K = 2.5. However, the speed of the effector changes almost proportionally to the kinematic amplification. For normal movements, the effector’s average speed at K = 2.5 is about 1.4 m/s and reaches a speed of 3.7 m/s at K = 10 and a distance of 8 m. The highest instantaneous speed values did not exceed the average values by more than 10%. The absence of oscillations indicates good motion control. However, the possibilities of controlling the position of the effector by a human are greater. During fast movements, the speed of the hand increased to about 0.90–1.05 m/s and the average speed of the effector in the steady state for K = 10 reached 9 m/s—it was almost 2.5 times faster than in normal movement.



Such large differences in the speed of the effector movements cause large changes in the power demand in the drive system. The observed significant increase in speed combined with the doubling of the acceleration time will also cause much greater dynamic loads. All these factors must be taken into account when designing the drive system and the control system. Achieving such high speed in a relatively short time without causing oscillations in manipulators with a long reach and high inertia will be a serious challenge for control systems.




5. Conclusions


The conducted research allows for defining more precise determination of what excitations in the form of velocity may be generated by the operator while working with manipulators with a large range, controlled by hand movements.



Knowing the velocities achieved by the effector of the manipulator that can be achieved during conscious control is extremely important from the point of view of the effective design of drive systems and control systems.



The conducted research shows that the operator’s perception allows him to control the effector, which moves at velocities close to 4 m/s for the highest tested size ratio value (K = 10) during normal operation, and with a high concentration of attention, this speed can reach 9 m/s. The increase in the speed of movements significantly affects the efficiency of the manipulator operation.



Large differences in power requirements and loads make it necessary to clearly define the manipulator’s purpose and expected capabilities. Normal speeds are likely to suffice for most applications, significantly reducing power requirements and control quality requirements. Rescue and intervention manipulators may require higher operating speeds. However, this requires further research also in the area of making precise movements.
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Nomenclature




	Symbol
	Description



	L
	Distance between operator and screen



	αv
	Viewing angle



	K
	Size ratio



	vmax
	Maximum velocity of the operator’s hand movement for all size ratio from the entire range for normal and fast movement



	vs
	Average effective velocity of the operator’s hand movement for all size ratio for the steady motion phase for normal and fast movement



	ta
	Average value of acceleration phase time duration for all size ratio from the entire range for normal and fast movement



	ts
	Average value of steady motion phase time duration for all size ratio from the entire range for normal and fast movement



	td
	Average value of deacceleration phase time duration for all size ratio from the entire range for normal and fast movement



	tl
	Average value of time during hand movement to the left for all size ratio from the entire range for normal and fast movement



	tr
	Average value of time during hand movement to the right for all size ratio from the entire range for normal and fast movement



	xi
	Hand displacement



	σ
	Standard deviation



	Cv
	Coefficient of variation



	μi
	Value of a given random variable in the sample



	   μ ¯   
	Arithmetic mean of the sample



	α
	Significance level



	F
	Fast movements



	N
	Normal movements



	H
	Hand



	E
	Effector



	pa
	Acceleration phase



	ps
	Steady motion phase



	pd
	Deceleration phase
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Figure 1. Scheme showing the idea of research on the impact of size ratio on the velocity of the operator’s hand movement, described in the main text. 
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Figure 2. The scheme of indicators to evaluate experimental research. 






Figure 2. The scheme of indicators to evaluate experimental research.



[image: Applsci 13 08908 g002]







[image: Applsci 13 08908 g003 550] 





Figure 3. The research stands kinematic scheme, described in the main text. 
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Figure 4. The research stand 3D model. 
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Figure 5. Realization of exemplary research. 
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Figure 6. An example courses of changes in displacement and velocity for the normal hand movement; (a)—an example course for K = 2.5; (b)—an example course for K = 5; (c)—an example course for K = 10; where p is the phase of the movement. 
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Figure 7. An example courses of changes in displacement and velocity for the fast hand movement; (a)—an example course for K = 2.5; (b)—an example course for K = 5; (c)—an example course for K = 10; where p is the phase of the movement. 
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Figure 8. Summary of durations ta, ts, and td in whole movement; N—normal movement, F—fast movement. 
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Figure 9. Summary of RMS velocity values in the steady motion phase: (a) normal and fast operator hand movements for the tested size ratios and (b) normal and fast effector movements for the tested size ratios. 
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Table 1. Values of the determined parameters.
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Movement Type

	
K

	
Parameter Name

	
Mean Value

	
Standard Deviation σ

	
    Coefficient   of   Variation    C v     




	
pS

	
pS

	
pS




	
H

	
E

	
H

	
E

	
H

	
E






	
NORMAL

	
K = 10

	
VMAX, m/s

	
0.40

	
3.97

	
0.06

	
0.64

	
16




	
VRMS, m/s

	
0.37

	
3.71

	
0.07

	
0.67

	
18




	
K = 5

	
VMAX, m/s

	
0.48

	
2.42

	
0.10

	
0.52

	
21




	
VRMS, m/s

	
0.45

	
2.25

	
0.09

	
0.46

	
20




	
K = 2.5

	
VMAX, m/s

	
0.56

	
1.40

	
0.08

	
0.21

	
15




	
VRMS, m/s

	
0.54

	
1.36

	
0.08

	
0.22

	
16




	
FAST

	
K = 10

	
VMAX, m/s

	
0.93

	
9.33

	
0.18

	
1.84

	
19




	
VRMS, m/s

	
0.90

	
8.99

	
0.19

	
1.94

	
22




	
K = 5

	
VMAX, m/s

	
0.97

	
4.80

	
0.19

	
0.97

	
20




	
VRMS, m/s

	
0.96

	
4.83

	
0.11

	
0.56

	
13




	
K = 2.5

	
VMAX, m/s

	
1.10

	
2.71

	
0.15

	
0.37

	
14




	
VRMS, m/s

	
1.05

	
2.64

	
0.14

	
0.35

	
12
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