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Introduction

Additive manufacturing processes allow to obtain parts or mechanical assemblies by adding material layer by layer, line by line or point by point [START_REF] Thompson | Design for additive manufacturing: trends, opportunities, considerations, and constraints[END_REF]. This relatively recent manufacturing processes require new design methods due to new constraints and possibilities. Most of the methods proposed for these processes are applicable on a single part [START_REF] Tomlin | Topology optimization of an additive layer manufactured (ALM) aerospace part[END_REF]- [START_REF] Weis | Optimization and re-design of a metallic riveting tool for selective laser melting -A case study[END_REF]. All these methods have in common a design framework with four steps: specification, topological optimization, volume reconstruction, validation. To perform the optimization of a part -during the second step-the CAD design and non-design spaces, the material, the boundary conditions, as well as the constraints and the optimization objective must be defined. The articles dealing with the design of a product or a part manufactured by AM are carried out with a specific objective. For the mechanical product design proposed in [START_REF] Orquéra | Design for additive manufacturing method for a mechanical system downsizing[END_REF], the objective was for example to apply AM capabilities to functionally improve the system. To achieve this, topological optimization (TO) and func-tional improvements were both applied on each component. Likewise Jilich et al. [START_REF] Jilich | Development of a gripper for garment handling designed for additive manufacturing[END_REF] have developed a gripper for garment handling with the objective of the diminution of part number and also functional improvement. A non-assembly additively manufactured vice was the purpose of the study presented in [START_REF] Sossou | An additive manufacturing oriented design approach to mechanical assemblies[END_REF]. The necessary clearance and the most adapted orientation were chosen before applying a TO on each part. In all these articles, the parts have low inertia and the optimization of one of them has few influences on the mechanical behavior of the system. That is probably why the variation of the boundary conditions due to the optimization has not been taken into account. However when the mass has an important influence on the mechanical behavior, new boundary conditions have to be taken into account. Our method called TOMS (Topological Optimization of a Mechanical System) and presented in detail in [START_REF] Orquéra | Some principles to optimise an additively manufactured multi-component product[END_REF] is one of the firsts for designing a mechanical product taking into account this aspect. For this, optimization loops have been developed. These loops allow a product design taking into account the variations of the boundary conditions until the optimizations converge. In this article, the TOMS method will be first briefly presented with a focus on the TO convergence. Then, the main goal of this paper is to analyze the improvements du to an adaptive convergence criterion for each part.

The TOMS method

The Topological Optimization of a Mechanical System (TOMS) corresponds to the topological optimization of each rigid body of a mechanical product by taking into account the impacts of optimizations between the rigid bodies. This method was recently proposed and is more detailed in [START_REF] Orquéra | Some principles to optimise an additively manufactured multi-component product[END_REF], [START_REF] Orquéra | Conception pour la fabrication additive : Approche méthodologique pour les systèmes mécaniques multi-corps[END_REF].

Depending on the designer's objective, an optimization path must be chosen as well as an indicator of the mechanical behavior Mb. From the CAD of the product with its design and non-design spaces, the optimization loops denoted TOL (Topological Optimization Loops) will be applied to each of the rigid bodies until the ratio used as the variation indicator R Mb belongs to [1-ε, 1+ε]; ε is called the coefficient of convergence. The TOL and the ratio R Mb are detailed in Fig. 1. 

Adaptive coefficient of convergence ε

The application of the TOMS method was performed on a robot arm following different optimization paths as shown the Fig. 2. The first path was carried out by optimizing first the part which has the greatest impact on the mechanical behavior Mb; while the second path began the optimization with the component which impacts the highest quantity of equations.

The initial mass of the robot is 16.2 kg, dispatched as followed: mass of the part 1 = 6.970 kg; mass of the part 2 = 8 kg; mass of the part 3 = 1.264 kg. The R Mb ratio is determined for the inter torque required to turn the part 1. The initial inter torque value is equal to 634 N.mm. In this section, the value of ε will be discussed for each path. ε is defined as a constant that must be imposed at the beginning of the study. The lower the convergence coefficient is, the higher the impact of the optimization will be. In this article, another way to achieve optimization convergence is suggested. It consists in modifying the value of the convergence coefficient for each optimized part according to its impact on the mechanical behavior.

In the study carried out in [START_REF] Orquéra | Some principles to optimise an additively manufactured multi-component product[END_REF], a unique value of ε was set at 0.1, which leads to carry out a certain number of optimization loops on the parts as shown in Table 1 for path 1 and 2. For the first path, in order to identified the part which has the greatest impact on the mechanical behavior Mb, a reduced sensitivity coefficient S* (see Table 2) of the chosen mechanical behavior was determined for each part i. The convergence coefficient could vary depending on this reduced sensitivity coefficient S*. Indeed, the higher the coefficient S* is, the lower ε must be. The part which has the higher reduced sensitivity coefficient is set as the reference part; its sensitivity coefficient is denoted 𝑆 0 * and is determined as shown the equation ( 1). The coefficient of convergence is set to 0.1 for the reference part and is denoted 𝜀 0 . For the robot arm, the reference part is the part 2.

𝑆 0 * = max (𝑆 𝑖 * ) (1)
Then, the 𝜀 𝑖 𝑝𝑎𝑡ℎ1 of the part i is then inversely proportional to the percentage of the impact on the mechanical behavior Mb as shown in the equation [START_REF] Tomlin | Topology optimization of an additive layer manufactured (ALM) aerospace part[END_REF].

𝜀 𝑖 𝑝𝑎𝑡ℎ1 = 𝜀 0 . 𝑆 0 * 𝑆 𝑖 * (2) 
Analogous reasoning can be established for the second path which begins the optimization of the component which impacts the highest number of equations. The part 3 has feature characteristics in nine equations. The equation (3) shows how to determinate 𝜀 𝑖 𝑝𝑎𝑡ℎ2 for each part i using the number of equation𝑛 𝑖 . In the 𝜀 0 = 0.1 0.15 0.9

For paths 1 and 2, the last optimized part, which is the support 1, will only undergo one optimization if setting ε higher than 0.3. The shaded columns of the Table 1 show which loops won't be done for a adaptive ε. In the Table 3, the gains and losses due to this new value of the convergence coefficient in terms of time, mass and torque are summarized. It can be noticed that the total mass obtained with a variable ε is higher than that obtained for an ε = 0.1 whatever the path. This is due to one less topological optimization on one or more parts.

For an on-board system used in aerospace, the addition of mass savings will represent a financial gain during operation. In this case, the value of the coefficient of convergence should be close to 0.1.

In the article [START_REF] Orquéra | Some principles to optimise an additively manufactured multi-component product[END_REF], a third path where all part are simultaneously optimized was also proposed. It can be noted that, for this path, the variation of the convergence coefficient is not applicable. 

Conclusion and perspectives

In this article the TOMS method has been briefly presented. This method is useful to topologically optimize a multi-component mechanical system. A loop denoted TOL is used with regard to the modification of the boundary conditions due to the TO. The TOL is applied on a rigid body until the optimizations converge. The coefficient of convergence has an impact on the result as it is explained in this article. The consequences of the choice of the coefficient of convergence -depending on the use of the system -are shown. For the case study of this article, the adaptive convergence coefficient for each part allows to obtain a little saving of time.

However, for a product with a large number of parts, the saving in study time could be much greater. Indeed, study time can be saved on parts with a low impact on the mechanical behavior without losing the gain of mass.

In perspective, a generalization of the choice of the coefficient of convergence will allow the designer to overcome this step.

Fig. 1 .

 1 Fig. 1. Topological optimization loop (TOL) organization chart [8].

Fig. 2 .

 2 Fig. 2. (a) Robot arm with the three CAD parts, space design in green, non-design space in orange; (b) The first optimization path; (c) The second optimization path.

Table 1 .

 1 Results of the TOMS method on the robot arm for the path 1 and 2 with ε=0.1.

		Path 1						Path 2					
	Part n°	Part 2		Part 3		Part 1		Part 3		Part 2		Part 1	
	Loop n°	1	2	1	2	1	2	1	2	1	2	1	2
	RMb	2.12 1.05 2.43 1.04 1.23 1.02 1.36 1.01 3.84 1.08 1.23 1.04
	Product mass (kg)	9.26 8.97 7.98 7.95 2.45 2.11 15.21 15.1 8.11 7.93 2.39 1.87
	Part mass (g)	1055 768 274	246 1466 1130 274	246 926	749 1434 912
	Inter torque (N.mm)	299 285 117	112 91	89	466	461 120	112 91	88
	CPU Time (h:min)	8:37 0:26 19:28 0:45 8:58 1:02 19:28 0:45 10:20 0:32 7:48 1:09
	Total Time (h:min)	39:19						40:04					

Table 2

 2 the value of 𝜀 𝑖 𝑝𝑎𝑡ℎ2 are determined for each part.

	𝜀 𝑖 𝑝𝑎𝑡ℎ2 = 𝜀 0 .	max (𝑛 𝑖 ) 𝑛 𝑖

Table 2 .

 2 Adaptive values of the coefficient of convergence for each part, for the path 1 and 2.

		Path 1				Path 2		
	Part n°	Part 2	Part 3 Part 1 Part n°	Part 3	Part 2 Part 1
	Characteristic Ci S * (𝑀 𝑏 /𝐶 𝑖 ) = 𝐶 𝑖 . 𝜕𝑀 𝑏 ∂𝐶 𝑖	m2 0.34	m3 0.21	I1(O,zo) 0.03	Number of equations 𝑛 𝑖	9	6	1
	𝜀 𝑖 𝑝𝑎𝑡ℎ1	𝜀 0 = 0.1	0.16	0.7	𝜀 𝑖 𝑝𝑎𝑡ℎ2			

Table 3 .

 3 Gain and loss compared to ε=0.1.

		Path 1	Path 2
	Mass	13.6% loss	21.5 % loss
	Inter torque (N.mm)	2.25% loss	3.4% loss
	Total CPU time (h:min)	2.6% gain	2.5% gain