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. Finally, a 3D case-study is shown as a way to illustrate the potential of the prosed integrated process.

Introduction

"Additive Manufacturing (AM) is a process of joining bulk raw materials to make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing and formative methodologies. It is an inherent phase of the parts development or production process. It is used to manufacture prototypes and production parts" [START_REF]Additive manufacturing -General principles Part 3: Main characteristics and corresponding test methods[END_REF]. Moreover, this process provides great geometrical freedom and the tools to explore the referred freedom are needed. The search for the optimal material layout can be performed by Topology Optimization (TO) and its interplay with AM has proven to be advantageous [START_REF] Barroqueiro | Metal additive manufacturing cycle in aerospace industry: A comprehensive review[END_REF].

In the space industry, there are successful examples where the interplay of TO and AM allows the reduction of the number of parts, assembling operations, mass and, therefore, cost (e.g. [START_REF] Kébreau | Maturation of additive manufacturing for implementation into ariane secondary structures: Overview and status of "ALM ISCAR[END_REF][START_REF] Pommatau | Engineering design cycle for an additive layer manufactured secondary structure, from concept to final validation[END_REF]). Beyond that, the new technology opens a new dimension of design solutions by overcoming the constraints of conventional manufacturing processes. Therefore, the adopted engineering cycle consists of TO, geometry pre-processing, structural analysis and production (process preparation and manufacturing). Regardless of the high geometrical freedom of ALM, there are a few limitations in the process such as minimum member size and the overhang angle constraint, which TO can include in its formulation in order to provide initial solid designs. Moreover, the transition between TO and ALM is non-trivial and requires some robust methodology. In the scope of this work, Laplacian smoothing is presented and used as an alternative to CAD manual reconstruction adopted in [START_REF] Kébreau | Maturation of additive manufacturing for implementation into ariane secondary structures: Overview and status of "ALM ISCAR[END_REF][START_REF] Pommatau | Engineering design cycle for an additive layer manufactured secondary structure, from concept to final validation[END_REF], because it is less expensive and allows quicker engineering cycles. Therefore, this work presents and discusses an integrated methodology (systematized in Figure 1) that includes TO and Laplacian smoothing methodologies, in a high-level module called Trimesh [START_REF] Haggerty | Computer Software avaialable in github[END_REF]. Thus, this paper briefly presents the TO and Laplacian smoothing formulation and their implementation. Finally, a 3D application is shown as a way to illustrate the capabilities of this integrated process. 

Nomenclature

ALM Engineering Cycle

Topology Optimization

Topology Optimization (TO) is a type of structural optimization that seeks the optimum material layout [START_REF] Barroqueiro | Metal additive manufacturing cycle in aerospace industry: A comprehensive review[END_REF]. Within the present work, the well-known Solid Isotropic Material with Penalization (SIMP) is used [START_REF] Mp | Topology Optimization: Theory, Methods, and Applications[END_REF]. This approach seeks the optimal material distribution, x, across the design domain, Ω, in order to minimize compliance (for example). Thus, the TO problem of compliance minimization of a quasistatic loaded structure can be mathematically formulated as:

min (1)
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where U, F and K are global displacements, forces, and stiffness matrices, respectively. Furthermore, x represents the design densities, which become physical densities (ρ) after minimum member size filtering operation. Moreover, the physical densities become print densities (ξ) after the application of the simplified fabrication model. Additionally, , , and Ω stand for the volume fraction (constraint), the volume of the element, and the domain, respectively. The element stiffness matrix, , becomes
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where ! is the stiffness matrix of the solid element, ! is a small constant to avoid an ill-conditioned system of equations, and is the penalty parameter. For a detailed analysis of problem sensitivities, consult [START_REF] Barroqueiro | Designing self-supported SLM structures via topology optimization[END_REF][START_REF] Langelaar | An additive manufacturing filter for topology optimization of print-ready designs[END_REF] since no sensitivities analysis is presented in the scope of this work.

Minimum Member size

In order to ensure the existence of a solution, impose a minimum member size and avoid problems such as the formation of checkerboard patterns, a filtering operation is recommended. The density filter can be formulated as 
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where 8 is set to 0.5 and N defines the filtering neighborhood, composed by a set of elements, k. Thus, 7 9 ∶ ; ,5 < => , where ; ,5 is the distance between the centroids of elements e and k. Considering conic weights, 4 5 becomes [START_REF] Svanberg | Density filters for topology optimization based on the pythagorean means[END_REF]: 

Additionally, E controls the "aggressiveness" of the Heaviside function [START_REF] Langelaar | An additive manufacturing filter for topology optimization of print-ready designs[END_REF].

Simplified Fabrication Model

The simplified fabrication model is based on min-max operators [START_REF] Barroqueiro | Designing self-supported SLM structures via topology optimization[END_REF][START_REF] Langelaar | An additive manufacturing filter for topology optimization of print-ready designs[END_REF]. This algorithm proceeds in a layer-wise manner, mimicking the actual AM process. Thus, the algorithm starts on the first layer (that would be printed) up to the last layer. During this process, the densities of layer i cannot be higher than the maximum of the densities in the support region defined in layer i-1. If a regular mesh is considered, then an overhang angle of 45º is imposed. For the 2D case, the support region, F G,H , is defined according to Figure 2. Thus, the smooth approximation of this constraint is formulated as
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H and 1 b c. Q and ε are constants, and l is the number of layers. These densities result from the application of the previous equations to the physical densities. Since every Y G is dependent on all Y G01 , the calculation of the print densities shall proceed in a layer wise manner, starting with the first layer up to the last. On the first layer, print densities are equal to the physical densities. On the second layer, printed densities from the previous layer are used to compute smax (maximum density of region S), and then, smin is computed using the physical density of the current layer and the maximum from the previous layer (minimum between both). For the third layer and the remaining ones, the process is repeated.

Laplacian Smoothing

In the scope of this work, M denotes a surface mesh, where V, E and Ϝ represent its vertices coordinates, edges and faces connectivity, respectively. Mesh smoothing can be archived via a diffusion process, being mathematically formulated as de df g ! h e and (10)

h i " j, (11) 
where t denotes time. The parameter g ! is the diffusion constant, L is the Laplacian operator and I is the identity matrix. The operator can be defined in its simplest form by

k G,H 1 ∑ l L,M M∈7 L m 4 G,H , if o ∈ 7 G 0, else , (12) 
where 4 G,H are the weights. Constant weights are considered in Equation 12 since all elements are identical, but different weighting functions can be used (e.g. distance to neighbors).

In order to perform the mesh smoothing, the simplest way to set up a smoothing methodology is by integrating the diffusion equation (Equation 10) in time using an iterative forward Euler scheme. Thus, the resultant equation becomes

e 5 i " g h e 501 , (13) 
where the constant g corresponds to g ! ∆s if a unitary time step is considered. Moreover, 6 and 6 -1 correspond to the current and previous iterations, respectively. However, the constant g must be less than one for a numerically stable process [START_REF] Desbrun | Implicit fairing of irregular meshes using diffusion and curvature flow[END_REF].

Implementation

The previously presented topology optimization algorithm uses a regular cube approach with precomputed stiffness matrices for efficient assembling and solving [START_REF] Liu | An efficient 3d topology optimization code written in matlab[END_REF]. The algorithm includes the minimum member size and overhang constraint and its source code is available in the Trimesh module and all the auxiliary tools are available, namely geometry import and export capabilities, visualization capabilities and interactive boundary conditions selection [START_REF] Haggerty | Computer Software avaialable in github[END_REF]. The transition between TO and ALM is available via Laplacian smoothing. The source code is also available on the referred Trimesh module and all the auxiliary tools are available, namely skin extraction or volume mesh generation [START_REF] Haggerty | Computer Software avaialable in github[END_REF]. For the sake of briefness and simplicity, this paper presents the Laplacian smoothing algorithm in its explicit form. However, the refereed source also includes its implicit form as well as the the Taubin and Humphrey formulations [START_REF] Desbrun | Implicit fairing of irregular meshes using diffusion and curvature flow[END_REF][START_REF] Vollmer | Improved laplacian smoothing of noisy surface meshes[END_REF][START_REF] Taubin | Geometric Signal Processing on Polygonal Meshes[END_REF]. 

Application

This section presents the TO results of the Sentinel-1 Antenna Support Bracket (approximated dimensions were used since the real ones were not available). Figure 3 presents the available design domain, as well as boundary conditions. As depicted in the figure, the zero-displacement condition was applied to the four corners of the bracket, while the force was at its tip. A volume constraint of 30% was considered. In the design of Figure 4, the printing direction is aligned to the X axis shown in Figure 3 and the design of Figure 5 corresponds to its Laplacian smoothing.

Conclusion

An integrated methodology for designing ALM structures is presented in its overall form, as well as its formulation. The proposed methodology is applied to a case study, with some encouraging preliminary results for the TO and part smoothing capabilities. 
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 1 Fig. 1. Overview of the integrated methodology for designing structures coming from additive layer manufacturing
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 2 Fig. 2. Definition of support region, S G,H , for the element (i, j) [2, 8].
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 3 Fig. 3. Boundary conditions of the Sentinel-1 Antenna Support Bracket.
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 4 Fig. 4. Topology Optimization of Sentinel-1 Antenna Support Bracket.
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