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Abstract

:

This paper deals with an up-to-date topic among robotic industrial applications that require a high degree of speed, rigidity, and orientation. Currently, when technology and software applications reach a high level of performance, in various robotic industrial applications that start from certain concepts, the implementation of efficient structures has proven to be challenging. New structures such as the parallel kinematic machine (PKM) category has proven its efficiency through its structure in terms of high inertia rigidity and high speeds during processes. This paper deals with the subject of PKM-type structures in terms of the optimal design workspace of such a structure. The calculation of the workspace is considered the premise from which it starts in terms of its implementation in a robotic production line. The entire process of calculating the workspace for a given PKM structure is carried out through modern CAD applications that have specific modules in place in this direction. CATIA V5 offers the possibility through the product engineering optimizer module, simulation and calculation of different scenarios aimed at identifying the volume of the workspace for a PKM structure. In the article, we demonstrate the relations between the robot workspace and the design parameters, a method that can also be applied for other parallel structures. The method is useful for robot designers in the optimization of parallel robots with regard to the workspace by using CAD tools. Previous research in the field refers of the usage of CAD tools only for visual representation and not for optimizing the workspace, while this study and test results show that CAD tools are suitable for analyzing and optimizing the robot workspace of the 6DOF parallel robot, due to its easiness in application and fast implementation time.
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1. Introduction


The scope of the current paper is to apply advanced CAD (computer-aided design) knowledge within dedicated modules, using specific tools for simulation and calculus oriented on workspace capabilities and other aspects related to the robots having PKM (parallel kinematics machines) structures. Modern manufacturing systems, in means of structures, are designed with the aim of changing their usage domain using interchangeable end effectors. Ref. [1] underlines that before implantation, all aspects regarding processes or product validation undergo tests through simulations using digital manufacturing. In many industrial applications where robotic structures are involved, characteristics regarding the ability to change position and orientation with a high precision ability are a fundamental requisite. It is known that all these robotic tasks are performed with a limitation in terms of the range of rotation or even the workspace volume [2]. Adequate equipment meets the requirements by simply making precise movements within their range of six degrees of freedom. For the first time, as it is presented in the literature, these parallel kinematics machines were used in the aircraft industry in the tires test [3,4,5,6]. In terms of the practical applications within different industries where implemented parallel robotic architectures can be found, the following tools can be underlined: parallel machine tools [7], vibration simulators with six DOF (degrees of freedom) [8] and/or motion simulators [9].



One of the key challenges within these novel PKM structures are related to their capabilities regarding the workspace. Workspace analysis of a parallel kinematic machine (PKM) using tools from a CAD optimization software offers the possibility to identify the movements, volume, and trajectories. It also indicates if there are any problems due to kinematics that need to be calculated or identified, regarding the parallel robots’ structures that focus on inverse or forward kinematics [6]. In the article, the relations between the robot workspace and the design parameters are demonstrated, a method that can be applied for other parallel structures as well. The method is useful for robot designers in the optimization of parallel robots with regard to the workspace by using CAD tools. Previous research in the field refers of the usage of CAD tools only for visual representation and not for optimizing the workspace [10], while this study and test results show that CAD tools are suitable for analyzing and optimizing the robot workspace of the 6DOF parallel robots, due to its easiness in application and fast implementation time.



The present work is focused on the functional design of a parallel kinematic machine (PKM) with six degrees of freedom (DOF). We studied and presented the aspects regarding the workspace determination via CAD techniques as well as numerical techniques.



The present study deals with the aspects mentioned above and starts with the theoretical side that is realized in the digital CAD space, before moving to the validation area by comparison with the analytical calculation level. The motivation for this research was to develop a novel PKM structure that has six DOF capable of adapting to different types of assembly process in a manufacturing plant.




2. Theoretical Aspects


2.1. Workspace Analysis Using Computer-Aided Design Applied for Parallel Kinematic Machines


Any additional study concerning the movement behavior of the robot regarding a desired job must first determine the workspace for any moving structure. Geometrical, numerical, and analytical methodologies may all be used to establish the workspace, and each method has its own set of benefits and drawbacks depending on the required workspace parameters [10].



Each technique for determining the workspace may be achieved in a variety of methods, and depending on the implementation and accuracy aspects, some approaches are easier to achieve than others. The geometrical technique entails creating the workspace volume by intersecting each kinematic chain of the PKM, resulting in the workspace volume of the PKM’s whole structure [11]. This method is simple to perform using CAD software and CAD tools, and it generates a model of the entire theoretical workspace [12,13]. One disadvantage with using this approach in the case of PKM is that some construction factors, such as limit angles for revolute joints, can be difficult to execute, and in most PKM, the moving platform, which closes all the kinematic chains, is difficult to create independently from the kinematic chains [13,14].




2.2. The Ability to Use Multiple Types of Algorithms Using Optimization Tools from CATIA V5


Modern computer-aided design programs offer multiple numerical calculation possibilities. We can use these algorithms to calculate different optimization methods, such as minimization, maximization or even target value. In the current study, we use the CAD system CATIA V5 to maximize the workspace volume of the PKM structure. The following list introduces the possible algorithms that can be implemented:




	
Simulated annealing is a random-search technique, which was developed in 1983 to deal with highly nonlinear problems. The ability to avoid being stuck in local minima is SA’s main advantage over other approaches. The algorithm uses a random search, which accepts both modifications that decrease and some changes that enhance the objective function [13,14].



	
For the gradient algorithm without constraints, the geometry is modified to improve its performance. Considering all the factors, it is necessary to determine the variable denoted shape sensitivity of the objective function with reference to the CAD parameters [13,14].



	
The algorithm for constraints and derivative providers implements a technique for determining a viable route along which the desired function is substantially reduced. The method performs a reasonably large step length along the desired direction and utilizes the information on the optimal solution gained during the algorithm’s iterations [14].



	
The gradient algorithm with constraints searches for options on a local level. It works with non-essential conditions, or those whose failure does not cause the issue of inadequacy. Constraints are often broken during the optimization algorithm in this approach [15].



	
The improved harmony search method with global sharing factors based on natural number coding, the multi-objective method based on the adaptive harmony search algorithm with simulation and creation and the swarm intelligence optimization algorithm [16,17,18].









2.3. Presentation of the PKM Structure


The mechanical structure model was designed and created in CATIA V5 according to the kinematic scheme of the robot structure illustrated in Figure 1. Stiffness, accuracy, and other performance characteristics were used to develop the robotic manipulator. Because workspace determines the extent to which a robot may be used, it is a crucial concern in the design process [16,17,19,20]. In Figure 2, the 3D model of the PKM structure is displayed.



Increasing the workspace volume expands the robot’s capabilities by modifying the geometrical structure. The volume and form of the workspace are influenced by several geometrical design parameters, which are presented in Table 1. The product engineering optimizer module from Dassault Systems CATIA V5 seeks to maximize the workspace volume based on the constrained parameters.





3. Investigation of the Workspace Volume


The major interest in the determination of the workspace volume through analytic methods is associated with the involvement of each construction parameter of the PKM structure and the analysis of the behavior of each parameter to determine if optimal singular solutions exist and if they can be determined based on multiple requirements, such as imposed workspace volume, imposed inscribed workspace volume or geometric constraints.



3.1. Analytic Determination of the PKM Workspace Volume


Considering the kinematic structure of the six DOF PKM, the three PR(RPR)RS share predefined support planes. The actuated (RPR) kinematic chain from the PR(RPR)RS kinematic chain imposes a fixed radius between the last joint of the chain, the spherical joint S, and the first revolute joint R of the chain. Depending on the total stroke of the actuated prismatic joint P from the (RPR) chain, a minimal and maximal radius are obtained, meaning that the PR(RPR)RS chain has a circular workspace, as shown in Figure 3, inside the support plane, centered in the revolute center of the first revolute joint R [20].



Given the fact that each of the three PR(RPR)RS kinematic chains defines an individual support plane that is actuated by the first prismatic joints of the previously mentioned kinematic chains, the workspace of the PKM structure is generated by translating the resulting section, as shown in Figure 4, among the prismatic axes.



The resulting section of the workspace is constructed by the intersection of four curves, as shown in Figure 5, which resulted from the projection on the normal plane to the prismatic axis of the workspaces of the three PR(RPR)RS kinematic chains. The resulting shape is constructed on the intersection of only four ellipses by considering the symmetry of the structure that has the same tilt angle for the support plane of the first and last PR(RPR)RS kinematic chains.



The four ellipses that determine the section are as follows:


   e 1  :      y 2     R 1 2  · sin    (   φ 1   )   2    +    z 2     R 1 2    = 1  



(1)






   e 2  :      y 2     R 2 2  · sin    (   φ 1   )   2    +    z 2     R 2 2    = 1  



(2)






   e 3  :      y 2     R 1 2    +    z 2     R 1 2  · sin    (   φ 2   )   2    = 1  



(3)






   e 4  :      y 2     R 2 2    +    z 2     R 2 2  · sin    (   φ 2   )   2    = 1  



(4)




where




	
   R 1    and    R 2    are the minimal and maximal radiuses imposed by the (RPR) chains for the PR(RPR)RS chains;



	
   φ 1    is the tilt angle of the first and last support plane;



	
   φ 2    is the tilt angle of the second support plane.








For the determination of the workspace volume, it is required to determine the area of the cross section of the workspace. Considering that the section of the workspace is constructed by the intersection of four ellipses centered in the same point, the resulting geometrical shape for the section of the workspace has two-fold symmetry among the major axis of the coordinate system (OY and OZ). In the case in which the values for the tilt angles    φ 1   ,    φ 2    and    φ 3    are equal, the cross section gains symmetry, as shown in Figure 6, among the four major axes (OY, OZ, axis Y = Z and axis Y = −Z).



Considering the symmetries of the cross section, the determination of the area of the cross section for the reachable workspace, as shown in Figure 7, was implemented by using the formula for the area of an ellipse sector.



In this case, the area of the shaded region from the previous figure is as follows:


  A =   π ·  R 2 2  · sin  (   φ 1   )   2  −  R 2 2  · sin  (   φ 1   )  · atan  (    tan  ( α )    sin  (   φ 1   )     )  −  R 1 2  · sin  (   φ 2   )  · atan  (    tan  ( α )    sin  (   φ 2   )     )   



(5)






  A =  R 2 2  · sin  (   φ 1   )  ·  (   π 2  − atan  (    tan  ( α )    sin  (   φ 1   )     )   )  −  R 1 2  · sin  (   φ 2   )  · atan  (    tan  ( α )    sin  (   φ 2   )     )   



(6)






  A =  R 2 2  · sin  (   φ 1   )  · atan  (    sin  (   φ 1   )    tan  ( α )     )  −  R 1 2  · sin  (   φ 2   )  · atan  (    tan  ( α )    sin  (   φ 2   )     )   



(7)




where  α  is the angle resulting from the axis defined by the intersection points of    e 1    and    e 3   , respectively, and    e 2    and    e 4   .



The value of  α  is


  α = atan  (    tan  (   φ 2   )    tan  (   φ 1   )     )   



(8)







Therefore, the formula for the area of the cross section of the reachable workspace is as follows:


  A =  R 2 2  · sin  (   φ 1   )  · atan  (    sin  (   φ 1   )  · tan  (   φ 1   )    tan  (   φ 2   )     )  −  R 1 2  · sin  (   φ 2   )  · atan  (    tan  (   φ 2   )    sin  (   φ 2   )  · tan  (   φ 1   )     )   



(9)







For the determination of the volume of the reachable workspace for the 6DOF PKM, the integration of the cross-section area among the OX axis was used, taking into consideration the bounding planes defined by the first and last PR(RPR)RS kinematic chains. The geometry of the reachable workspace volume is two-fold symmetric, meaning that the whole workspace volume can be split into quarters, which aids the demonstration.



By evaluating only the quarter of the reachable workspace volume, as shown in Figure 8, by integration among the OX axis, the remaining area of the cross section in the regions bounded by the planes defined by the first and last PR(RPR)RS kinematic chains needs to be expressed in terms of the stroke among the OX axes.



Given the behavior of the sectioning plane, the following relations represent the variable area in terms of stroke among the OX axis:


  β = atan  (    sin  (   φ 1   )  ·    R 1 2  −    (  x · tan  (   φ 1   )   )   2      x · tan  (   φ 1   )     )   



(10)




where


   A 2   ( x )  =      (  x · tan  (   φ 1   )   )   2  · tan  ( α )  −  R 1 2  · sin  (   φ 2   )  · atan  (    tan  (   φ 2   )    sin  (   φ 2   )  · tan  (   φ 1   )     )   2   



(11)






   A 3   ( x )  =      (  x · tan  (   φ 1   )   )   2  · tan  ( γ )  −  R 2 2  · sin  (   φ 1   )  ·  (  a tan  (    sin  (   φ 1   )    tan  ( γ )     )  − a tan  (    sin  (   φ 1   )    tan  ( α )     )   )   2   



(12)




where


  γ = atan  (       R 1 2  −    (  x · tan  (   φ 1   )   )   2      x · tan  (   φ 1   )  · sin  (   φ 1   )     )   



(13)







The volume of the reachable workspace is as follows:


  V = 4 ·  (    ∫      y 0    tan  (   φ 1   )         R 1    tan  (   φ 1   )       A 1   ( x )  d x +   ∫      R 1    tan  (   φ 1   )         y 1    tan  (   φ 1   )       A 2   ( x )  d x +   ∫      y 1    tan  (   φ 1   )         R 2  · sin  (   φ 1   )    tan  (   φ 1   )       A 3   ( x )  d x + A ·  d 4   )   



(14)




where


   y 0  =  R 1  · sin  (   φ 1   )      1 − sin    (   φ 2   )   2    1 − sin    (   φ 1   )   2  · sin    (   φ 2   )   2       



(15)






   y 1  =  R 2  · sin  (   φ 1   )      1 − sin    (   φ 2   )   2    1 − sin    (   φ 1   )   2  · sin    (   φ 2   )   2       



(16)








3.2. Results of the Numerical Analysis


The main goal of this paper is to compare CAD optimization features for the generation of the reachable workspace of the 6DOF PKM and this requires the determination of the behavior of the volume, with respect to the tilt angles    φ 1    and    φ 2   , as shown in Figure 9. Due to the complexity of the previous equations, explicit differentiation is not an option and the previous relations for the volume of the reachable workspace were implemented in MathWorks MATLAB and the variation in the volume was analyzed, with respect to the tilt angles, by using numerical methods.



It was observed that the volume tends to be at its maximum around    φ 1  = 47.15 °   and    φ 2    is the maximal value of the interval of the analysis, which, in this case, is   60 °  . If the analysis interval is extended up to   90 °  , the optimal value for    φ 2    will be   90 °  , considering the behavior of the second PR(RPR)RS kinematic chain.





4. Implementation Based on CAD Optimization Tools


As presented in the previous sections, the PKM structure was designed and created in Catia V5 using design tools from the part, assembly and DMU Kinematics modules. The simulation process was also accomplished with the help of the CAD software Catia V5, because of the multiple algorithms offered in the module of product engineering optimizer.



In the optimizer module, we selected the following parameters with the aim of maximizing the workspace volume. The optimization parameter was determined with the smart volume function, which needs a single attribute of the modelled volume. The free parameters were as follows: the inf. range equal to 30°, the sup. range equal to 60° and the incrementation value was set to 1 degree for a more optimal result. The maximum number of updates was set to 450 and a safety parameter for the maximum number of updates was set to be equal to 50. The optimization was performed on a computer with the following hardware characteristics: CPU 3.30 GHz, memory 16 gigabytes [17].



The optimization was based on the simulated annealing algorithm as it is very stable and offers accurate results even in complex problems, as presented in the work of multiple researchers with a raw form or even a derived version [21]. The working principle is similar with the one used in metallurgy; more precisely, the process involves increasing the main parameter to the highest limit, then slowly decreasing it until it reaches the initial value [22,23,24,25,26,27]. The main parameter used for the optimization was the inclination φ1, which is known to be equal to φ3. Based on the selected algorithm, it was possible to obtain an extensive range, of which the most important values are presented in Table 2.



The main results summarized in Table 2 are extracted in ascending order of angle value φ1 to expose the maximum and minimum volume limits as a relation with the tilt angle. The simulation for the PKM structure starts from the initial value of 30° and almost immediately reaches the upper limit of 60°, which follows a period of descent, until it stabilizes by itself [22,23,24,25,26,27]. The results have been post-processed to present them as clearly as possible and to draw attention to the maximum value obtained for the workspace volume. As is shown in Figure 10, the volume obtained through the module of product engineering optimizer had the maximum value of 427,839,567 mm3, when the tilt angle φ1 reached the value of 47.1531 deg.




5. Conclusions


This paper presents the study that was developed to identify the working volume and its behavior based on the construction parameters of a 6-DOF parallel kinematic machine, using an analytic method and CAD optimization tools. In the article, the relations between the robot workspace and the design parameters were demonstrated, a method that can also be applied for other parallel structures. The method is useful for robot designers in the optimization of parallel robots with regard to the workspace by using CAD tools. Previous research in the field refers to the usage of CAD tools only for visual representation and not for optimizing the workspace, while this study and test results show that CAD tools are suitable for analyzing and optimizing the robot workspace of the 6DOF parallel robot, due to its easiness in application and fast time implementation time.



The result obtained from the comparison of the analytic method and the CAD optimization method showed identical behavior and almost identical results; however, due to the complexity of the analytic mathematical expressions and the way in which CatiaV5 computes volumes of bodies with complex surfaces, the optimal values obtained are approximates. The most significant results showed that there is a discrepancy between the importance of construction parameters in the case of overall reachable volume and kinematic constraints. It was determined that in order to maximize the working volume, one of the construction parameters tends to reach values at which the kinematic structure will lose degrees of freedom. Further research is proposed regarding this aspect to improve the optimization processes for the determination of the optimal working volume regarding kinematic constrains and performance indices for the PKM 6DOF structure.
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Figure 1. The kinematic scheme of the 6DOF PKM structure. 
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Figure 2. Views of the CAD model of the 6DOF PKM structure. 
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Figure 3. Representation of the workspace of each PR(RPR)RS upper view. 
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Figure 4. Representation of the resulting section of the workspace. 
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Figure 5. Representation of the four ellipses used to construct the section of the workspace (   e 1   —red,    e 2   —orange,    e 3   —black,    e 4   —blue). 
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Figure 6. Representation of the two-fold symmetry of the cross section. 
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Figure 7. Representation of reachable workspace area. 
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Figure 8. Representation of the half cross section ant the integration sectors. 
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Figure 9. Representation of the volume distribution based on the values of tilt angles    φ 1    and    φ 2   . 
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Figure 10. Graphical representation of the workspace volume optimization results from CATIA V5. 
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Table 1. PKM structure configuration parameters.
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	Parameter
	Value





	φ1
	60°



	φ2
	60°



	φ3
	60°



	d
	90 mm



	link1
	684 mm



	link2
	492.75 mm



	r1
	397.5 mm



	r2
	1172.5 mm
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Table 2. Workspace volume (mm3) results from product engineering optimizer module (CATIA V5).
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	No.
	Workspace Volume

(mm3)
	    φ 1    

(deg)





	1
	385,427,706
	30



	2
	388,184,667
	30.4437



	3
	390,941,629
	31.3132



	4
	393,698,591
	33.0176



	5
	396,455,552
	33.5412



	6
	399,212,514
	34.5126



	7
	401,969,475
	35.4840



	8
	404,726,437
	36.4554



	9
	407,483,399
	38.9554



	10
	410,240,360
	39.8426



	11
	412,997,322
	41.2579



	12
	415,754,283
	42.6731



	13
	418,511,245
	44.0884



	14
	421,268,207
	45.5037



	15
	423,898,229
	46.6783



	16
	427,839,567
	47.1531



	17
	426,356,572
	48.5324



	18
	425,435,343
	49.6785



	19
	423,847,965
	50.8246



	20
	422,363,113
	51.9707



	21
	420,879,787
	53.1168



	22
	419,393,133
	54.2629



	23
	417,917,852
	55.4090



	24
	416,427,754
	56.5551



	25
	414,944,892
	57.7012
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