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Abstract. 
This study was aimed at investigating the dynamic behaviors of the linear driven feeding stage by means of the analytical and finite element modeling approaches. To assess the dynamic characteristics of the stages with different linear guide arrangements, the finite element model of the stages was created, in which the linear components with rolling interface were accurately modeled based on the Hertzian theory. On the other hand, the analytically mathematical model was derived to determine how the linear guide arrangement affects the dynamic characteristics of the stage. Results of the modal analysis show that the vibration behaviors of the positioning stage are dominated by the rigidity of the linear components and the platform. In addition, comparisons of the results from the two approaches further indicate that the platform rigidity is an important factor determining the accuracy of the prediction of the vibration frequencies by the analytically mathematical model. As a conclusion of the study, the analytically mathematical model can approximate well to the finite element model when the linear stage is designed with appropriate structure rigidity.


1. Introduction
In recent years, high precision positioning systems constructed of various linear rolling components have been widely used in the field of CNC machine tool, semiconductor manufacturing equipment, or inspection apparatus. In these linear feeding stages, there exist rolling interfaces between the rolling balls and the raceways of the linear components. Essentially, the bearing stiffness of the rolling elements is determined by the preloaded state of the rolling balls and has been shown to have significant influences on the dynamic characteristics of the stage [1–5]. According to the study of Lai and Hung [6], the feeding stage demonstrated different dynamic behavior when it was constructed into different configurations with linear components of different specifications. On the other hand, the milling tool showed different machining performances, varying with the preloaded amount of the feeding stage of spindle head [7, 8]. Study of Kolar et al. [8] further addressed the fact that the dominant vibration behaviors of the spindle tool were partly determined by the construction of the feeding system, apart from its dynamics. Therefore, gaining accurate prediction of the dynamic characteristics is of importance for the design of the feeding system to achieve the desired performance.




Evaluation and optimization of a machining system with different configurations are complex processes in the design phase. Therefore, virtual prototyping technology is considered as a promising approach to avoid the traditionally time- and cost-consuming development process [9, 10]. With an iterative process in meeting the performance requirements, the feeding or positioning system of a machine tool or automatic apparatus can be analyzed and redesigned. However, the prototyping technology requires rapid and accurate assessment of the dynamic characteristics of the designed system with all possible design configurations. Generally, an adequate description of the dynamic behavior of a complex mechanical structure can be derived by finite element analysis (FEA) or multibody simulation (MBS) [9, 11]. The former method is widely used for predicting structural static or dynamic behaviors under various loading conditions and for optimizing the structural components in the detailed design phase [12]. The multibody simulation in terms of analytically derived model extends the possibilities for analyzing the motion dynamic characteristics in the time domain taking into account the behavior of the control loops of the drivers [13, 14].
In finite element method, the machine structure with linear components can also be appropriately modeled with sufficient accuracy by introducing the modeling schemes of the rolling elements into the analysis model [6, 7]. However, creation of the finite element models for all structure components is a complicated task, especially when the variation in dynamic characteristics with the change in configuration of the structure modules is concerned [11, 15]. The analytically mathematical model is derived based on the assumption that the structural modulus or components are considered as rigid bodies, instead of being considered as the flexible or elastic structures in finite element model. It follows that the analytical model cannot adequately reflect the dynamic characteristics of a real machine, hence leading to inaccurate modeling results, whereas, considering the efficiency in analysis in the initial design phase, development of a simplified analytically mathematical model integrated with dimensional parametric design concept for the machine structure system is necessary. This can be an effective method to help the designer to determine the candidate model from a set of possible designs.
This study was aimed at modeling the dynamic behaviors of the linear driven positioning or feeding stages by means of the finite element analysis and analytical modeling approaches. For this purpose, different finite element models of the stages with different linear components were created for modal analysis. In order for the analysis to be realistic, the interface characteristics existing between the rolling elements and the ball grooves or raceways were accurately described based on Hertzian contact theory. Then, the analytical model was proposed to serve as an alternative tool to rapidly evaluate the influence of the design change or the arrangement of the linear components on the dynamic characteristics of a positioning stage. The applicability of analytical model was validated by the simulation results of finite element modeling of the stages designed with different structure properties.
2. Finite Element Modeling Approach
2.1. Construction and Specification of the Stage Prototype
A typical feed drive servomechanism for precision positioning, such as those found in machine tools, is usually constructed of machine base, planar platform or table, and linear driven mechanisms. The platform or table is supported by the carriages or slide blocks on linear guide pairs and driven with ball screw/nut mechanism, as shown in Figure 1(a). Generally, the linear guide modulus can be arranged into different configurations that may bring the stage to show a different dynamic behavior. To examine the variation of the dynamic characteristics due to the linear guides in different arrangements, a simplified small scale stage model was designed for analysis, as shown in Figure 1(b). The planar platform was horizontally supported by four slide blocks on two guide rails, which could be secured on the base, in parallel, at span of 200 or 280 mm. The commercial linear guide blocks have four ball grooves formed as circular arc profiles with contact angle of 45 degree and are preloaded at low amount (Z0, 
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(b)
Figure 1: (a) A typical feed drive servomechanism for precision positioning; (b) a simplified small scaled stage.


2.2. Modeling of Linear Components with Rolling Elements
For linear components, such as ball screw/nut and linear guides, the rolling interfaces between rolling balls and grooves or raceways primarily contribute to the structural dynamic characteristics of the feeding stage [16]. Therefore, modeling of the rolling interface is the prerequisite for the creation of the analysis model to achieve accurate evaluation of the dynamic characteristics of a feeding system. As shown in Figure 2, the linear guide was designed with four rows of rolling balls, where the ball groove had the contact profile of a circular arc, forming a two-point contact mode [17]. The ball screw was designed with a Gothic groove, forming a four-point contact mode.





	
		
		
		
		
		
		
		
		
		
	














	
		
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	



	
		
			
		
			
		
	


	
		
		
			
		
		
			
		
	














	
		
		
	
	
		
			
		
		
		
			
		
		
	


	
		
		
	
	
		
			
		
		
		
			
		
		
	


	
		
		
	
	
		
			
		
		
		
			
		
		
	


	
		
		
	
	
		
			
		
		
		
			
		
		
	





	
		
		
	
	
		
			
		
		
		
			
		
		
	


	
		
		
	
	
		
			
		
		
		
			
		
		
	







	
		
		
	
	
		
			
		
		
		
			
		
		
	




	
		
		
	
	
		
			
		
		
		
			
		
		
	





	
		
			
		
			
		
	


	
		
			
		
			
		
	



	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	







	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
	


	
		
	


	
		
		
		
		
		
		
		
		
	


	
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	





(a) Schematic of contact geometry of a rolling guide


	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	



	
	
	
	
	
	
	



	
	



	
	



	
	



	
	



	
	



	
	
	
	
	
	
	



	
	
















	
	




	
	























(b) Modeling of linear rolling guide
Figure 2: Schematic of contact geometry of a rolling guide with four rows of rolling balls, forming a two-point contact mode within each ball groove. The contact mode can be regarded as a type of Hertzian contact mode. In the figure, 
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 are the radii of rolling ball and ball grooves, respectively. (b) Modeling of linear rolling guide.


In general, the contact force between a rolling ball and the raceway can be related to the local deformation at the contact point by the Hertzian expression [18]:
								
	
 		
 			
				(
				1
				)
			
 		
	

	
		
			
				𝑄
				=
				𝐾
			

			

				ℎ
			

			

				𝛿
			

			
				3
				/
				2
			

			

				,
			

		
	

							where 
	
		
			

				𝑄
			

		
	
 denotes the contact force and 
	
		
			

				𝛿
			

		
	
 is the elastic deformation at the contact point. 
	
		
			

				𝐾
			

			

				ℎ
			

		
	
 represents the Hertz constant, which is determined by the contact geometrical dimensions of the ball groove or raceway and the material properties of the contacting components. The details are available in the literature [19, 20] and described as follows:
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In the above equations, 
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 represents Young’s modulus; 
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							The normal stiffness at a specific preload can then be obtained as
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As revealed in (4), the contact stiffness in the normal direction is affected by the contact force; hence, the external loads imposed on the carriage block will alter the bearing stiffness of the rolling guide to deviate from the initial value that is determined by the initial preload set on the rolling ball. It can therefore be expected that the dynamic characteristic will vary with the loads acting on the positioning stage with rolling guides.
2.3. Finite Element Model of Stage
The finite element model of the feeding stages with driven ball screw mechanism was created for modal analysis, as shown in Figure 3, in which the guide rails were arranged at a span of 200 and 280 mm, respectively. The components of the driven mechanism in a positioning stage, such as ball screw, ball nut, and linear guides, were also included in the models. For the creation of the finite element model with linear components, the modeling criteria well validated in previous study [6, 7] were followed. The main bodies of the linear components were modeled as solid elements and connected with spring elements at the rolling interfaces by intentionally ignoring the effect of the rolling balls, but the spring elements at each ball groove had an overall contact stiffness equivalent to that of the original guide model.
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