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A methodology to create conformal tetrahedral meshes of realistic woven unit cells for mesoscale analysis is presented. A voxel representation is used and the quadrangle surface mesh of the yarns is smoothed by a constrained surface division technique associated with a control of the yarn volume. The jagged effect is removed and, as the connectivity is unchanged, a conformal surface mesh is obtained. Simultaneously, a triangle surface mesh, free of intersections, is created. A first tetrahedral mesh is performed using an inner grid and an unstructured mesh generator. In a final step, mesh adaptation or coarsening is carried out to reduce drastically the computational cost of the finite element analysis. The approach is very robust and complex woven unit cells with a high number of yarns into contact can be meshed at an accurate yarn volume ratio compared to the voxel model.

Introduction

As an alternative to experimental testing, the use of computational models enables to carry out simulations on a large variety of woven composites. At the mesoscopic scale, the multilayered textile preform can be represented by a high number of yarns. Once a finite element mesh of the unit cell is built, the homogenized mechanical properties can be thereafter obtained as the result of a number of analysises in which various loads are applied. The interlacement between crossing yarns allows quite a wide spectrum of woven structures and different architectures may also be studied as well as the influence of weaving defects, voids, volume fraction or cracks insertion, delamination. In a review paper proposed by Gereke et Cherif [START_REF] Gereke | A review of numerical models for 3D woven composite reinforcements[END_REF], solutions to provide a "faithful" representation of woven structures are discussed as well as meshing issues for dry fabrics mostly. The authors remark that issues to mesh realistic woven structures composed of a high number of yarns are rare even for dry fabric. We have gathered these issues into two groups.

The first group of techniques make use of a surface description like a parameter space or a discrete surface model. WiseTex [START_REF] Verpoest | Virtual textile composites software WiseTex: Integration with micromechanical, permeability and structural analysis[END_REF][START_REF] Lomov | Hierarchy of Textile Structures and Architecture of Fabric Geometric Models[END_REF][START_REF] Lomov | Modelling the geometry of textile reinforcements for composites: WiseTex[END_REF], TexGen [START_REF] Zheng | Investigation of automated geometry modeling process of woven fabrics based on the yarn structures[END_REF][START_REF] Lin | Automated geometric modelling of textile structures[END_REF] or CAD [7] based approaches provide a surface representation of the yarn as a multi-section CAD model of parallel planar cross sections swept along a spine. The idealized elliptical cross-sections can be either deformed under mechanical assumptions such as the minimization of an energy criterion [START_REF] Verpoest | Virtual textile composites software WiseTex: Integration with micromechanical, permeability and structural analysis[END_REF][START_REF] Lomov | Hierarchy of Textile Structures and Architecture of Fabric Geometric Models[END_REF][START_REF] Lomov | Modelling the geometry of textile reinforcements for composites: WiseTex[END_REF] or modified until an agreement with the geometry given by Micro Computed Tomography (MCT) is met [START_REF] Gereke | A review of numerical models for 3D woven composite reinforcements[END_REF][START_REF] Naouar | analyses based on X-ray computed tomography[END_REF]. In any case, the deformations do not change the CAD like definition of the yarns as swept surfaces. Once a parameter space is created, intersection curve between surfaces can be created. Approaches of detection/creation of intersections based on the parameter space of surfaces have been proposed by Wendling et al. [START_REF] Rassineux | Simultaneous surface and tetrahedron mesh adaptation using mesh-free techniques[END_REF] to mesh a realistic model of the dry fabric into a conformal hexahedral mesh and by Ha et al. [START_REF] Ha | A methodology to mesh mesoscopic representative volume element of 3D interlock woven composites impregnated with resin[END_REF] to create a conformal tetrahedral mesh of idealized fabric unit cells embedded in matrix. The robustness of these techniques decreases when the number of contacts increases.

Under the assumption that a conformal mesh of the preform has been created, a tetrahedral meshing of the matrix can be performed. At the frontier of a contact surface between two yarns, a small angle between opposite faces may lead to the creation of ill-shaped tetrahedra or to the failure of the mesh generator. As a solution, a spurious gap can be inserted between contact surfaces as proposed by Wintiba et al. [START_REF] Wintiba | An automated procedure for the generation and conformal discretization of 3D woven composites RVEs[END_REF]. The gap controls volume fraction and enables the creation of a conformal tetrahedral mesh. As a counterpart, interfaces are meshed at the finer resolution. Mesh density inside the volume is provided by an octree what enables inner mesh coarsening.

The other group of techniques uses a grid in order to avoid unstructured mesh generation problems. Mazumder et al. [START_REF] Mazumder | A structured method to generate conformal FE mesh for realistic textile composite micro-geometry[END_REF] have proposed a technique based on projection and element splitting patterns to generate a uniform conformal mesh from the data of a realistic unit cell created by a fiber level micromechanics model. Matveev et al. have proposed an octree refinement method in order to mesh realistic unit cells [START_REF] Matveev | Efficient meshing technique for textile composites unit cells of arbitrary complexity[END_REF] . The refinement process is carried out until the boundaries of the yarns are represented at the selected precision. The jagged effect also observed with voxel representation is reduced by a smoothing process proposed by Taubin [START_REF] Taubin | Signal processing approach to fair surface design[END_REF] during which element distortion is controlled. The technique proves to be robust and achieves a precision comparable to conformal meshes. The benefits of the octree technique are reduced when the surface area to volume ratio increases.

Few techniques manage to create a mesh of the preform embedded in matrix [START_REF] Wintiba | An automated procedure for the generation and conformal discretization of 3D woven composites RVEs[END_REF][START_REF] Mazumder | A structured method to generate conformal FE mesh for realistic textile composite micro-geometry[END_REF][START_REF] Matveev | Efficient meshing technique for textile composites unit cells of arbitrary complexity[END_REF] and when dealing with realistic fabric unit cells composed of a high number of yarns into contact, no approach to build a faithful conformal mesh which enables to carry out advanced simulations at a controlled computational cost has yet been proposed.

Voxel representation provides a robust way to avoid mesh generation problems while creating a conformal mesh. A voxelization can be directly created from the segmentation of micro computed tomography (MCT) images or, a realistic TexGen model can be built and then transformed into voxels [START_REF] Green | Mechanical modelling of 3D woven composites considering realistic unit cell geometry[END_REF][START_REF] Straumit | Quantification of the internal structure and automatic generation of voxel models of textile composites from X-ray computed tomography data[END_REF][START_REF] Madra | Image-based model reconstruction and meshing of woven reinforcements in composites[END_REF][START_REF] Bénézech | Variational segmentation of textile composite preforms from X-ray computed tomography[END_REF]. As a counterpart, the number of voxels can be huge, and a compromise between a faithful representation and the computational cost must be reached. In addition, spurious stresses due to the jagged effect [START_REF] Matveev | Efficient meshing technique for textile composites unit cells of arbitrary complexity[END_REF] of the grid are introduced especially when phenomena like damage onset and propagation are studied [START_REF] Doitrand | Comparison between voxel and consistent meso-scale models of woven composites[END_REF][START_REF] Fang | Smoothing artificial stress concentrations in voxel-based models of textile composites[END_REF].

We propose a voxel based technique to create conformal tetrahedral meshes of complex realistic fabric unit cells. The main steps of the approach are summarized thereafter. In order to remove the jagged effect of the voxel representation, the quadrangle surface mesh is smoothed by a constrained Catmull-Clark procedure associated with a control of the yarn volume. Simultaneously, a good quality triangle mesh, free of intersections, of the whole surface is created. The thickness of the layers of matrix near surfaces into contact is controlled by an angle threshold. A first conformal tetrahedral mesh is created. An uniform or adapted inner tetrahedral grid is used and the gap between the grid and the smoothed triangle mesh is filled by a mesh generator. As the size of the mesh may be prohibitive, mesh coarsening or mesh adaptation is carried out.

Voxel smoothing

2.1. Prior to smoothing, All configurations in which a yarn voxel is between two voxels of different materials are eliminated. This is performed by affecting to the voxel the material of one of its neighbors. Isolated voxels, unitarea stacks or more generally unit width layers of voxels are therefore removed. Non-manifold issues in which two voxels of same material share a vertex or an edge only are also solved. This procedure is applied to yarn voxels only and not to matrix voxels what enables to create thin layers of matrix. The volume is split into matrix and yarn voxels and a quadrangle mesh is created with the yarn voxels.

Faces shared by two voxels of the same yarn are eliminated. Other faces can be either on the frontier of the unit cell, shared by a yarn and the matrix or by two different yarns.

The points which do not moved during the process are : inner points shared by strictly more than three different yarns (intersection points of two yarns embedded in the matrix can move) vertices of the edges of the cuboid unit cell other points on a face of the unit cell shared by more than two different materials Two yarns embedded in matrix and intersected by a frontier of the unit cell are represented in figure 1.

The frontier of the unit cell is hidden. Red-colored points on the frontier are shared by three materials (two yarns and the matrix) and cannot move. Other points can move.

FIGURE 1

Smoothing technique

Surface subdivision techniques are widely used for graphics applications and provide an efficient way to create smooth surfaces from polygonal meshes [START_REF] Taubin | Geometric Signal Processing on Polygonal Meshes[END_REF]. The general idea is to move a node to a position calculated by a weighted combination of the position of its neighbors. The major drawback of this technique is a local shrinkage of the volume. In order to solve this problem, Taubin has proposed a shrink and inflate algorithm [START_REF] Taubin | Signal processing approach to fair surface design[END_REF] used by Matveev at al. [START_REF] Matveev | Efficient meshing technique for textile composites unit cells of arbitrary complexity[END_REF] to smooth the octree. These smoothing techniques are presented for a single volume and an extension to multi-volumes into contact is proposed here.

Catmull-Clark subdivision technique is a popular alternative to laplacian smoothing [START_REF] Catmull | Recursively generated B-spline surfaces on arbitrary topological meshes[END_REF]. The technique demonstrates strong computational performances with quadrangles. A reminder of the technique is given here.

Quadrangle mesh is modified into quadrangle mesh . Face points are created at the centroid of each face. At each inner edge, an edge point e is created at the centroid of the two vertices and of the edge and the two face points and of the adjacent faces. A vertex of is shared by a set Sf of n faces and a set Se of n edges. Vertex is moved to its new position

= + 2 × + ( -3) × (eq. 1)
where cfp denotes the centroid of the n face points of Sf and cep the centroid of the n edge points of Se.

We have extended the technique to curves considering a quadrangle mesh that could be created by extrusion of a curve as shown on figure 2. The node is thereafter shared by 4 faces and the previous technique can be used. FIGURE 2 vm1 and vm2 denotes respectively the middle of the edges v1-v and v-v2 and c the centroid of the triangle (v1,v,v2).

Using equation1 with the 4 faces connected to the node, is moved to

= + 2 × + 4
where cfp is the middle of points vm1 and vm2 and

= 2 × + + 4
In the subdivision process as presented by the authors, quadrangles are subdivided and face and edge points are created. Here, no subdivision is performed, no new point is created and the vertex is moved to its new position . Therefore, the connectivity is unchanged and mesh conformity is ensured.

The process is iterative and combined to an inflate and shrink procedure as proposed by Taubin [START_REF] Catmull | Recursively generated B-spline surfaces on arbitrary topological meshes[END_REF].

Mesh quality and mesh convergence requirements

Mesh quality for a triangle and for a tetrahedron is defined here as the ratio of the inscribed circle and respectively inscribed sphere of the element to the longest edge. A coefficient is applied so that the criterion of an equilateral element is equal to 1 [START_REF] Shewchuk | What Is a Good Linear Element? Interpolation, Conditioning, and Quality Measures[END_REF].

During the smoothing procedure , the matrix undergoes the modifications of the dry fabric. For mesh quality and convergence requirements, the angle between opposite faces of different yarns must be controlled. As no angle can be calculated between quadrangles, faces must be split into triangles. This procedure is also required to perform an unstructured mesh.

Splitting a quadrangle into 2 triangles may seem straightforward. Usually, the configuration which maximizes the minimal quality of the two triangles is chosen. If the quadrangle is concave, only one choice is possible. During the smoothing process, faces are highly deformed and are no longer planar. The deformation of a voxel stuck between yarns of different material is presented in figure 3. The voxel is represented in its initial configuration in figure 3a. Face (A,B,C,D) may be split creating either edge AC or BD. The maximal triangle quality is met with edge AC. As shown in figure 3b andc, blue and cyan colored faces intersect thereafter face (A,B,C,D) as ( , , ) . > 0 where ( , , ) denotes the unit normal vector to the triangle (A,B,C). The valid configuration is displayed in figure 3d.

FIGURE 3

The whole procedure is detailed thereafter.

Iterative smoothing procedure

The set of deformed yarn and matrix voxels is determined. In a first step, the faces of these voxels are split into triangles. The two splitting configurations splitting are illustrated in figure 4a. Triangles (0,1,3) and (0,3,2) are obtained with edge swapping parameter equal to 0 and triangles (0,1,2) and (1,2,3) for edge swapping parameter equal to 1. The definition of the quadrangular faces of a voxel is given in the array figure 4c. As defined, when all faces are split with edge swapping parameter equal to 0, diagonals on opposite faces of the voxel have the same orientation and consequently, a conformal mesh can be created with any other voxel sharing a face. The resulting decomposition of the voxel into six tetrahedra is {(4,7,6,0),(4,6,5,0),(0,2,3,6),(0,1,2,6),(3,6,7,0), (0,5,1,6)}.

FIGURE 4

For each quadrangle, neighboring voxels (one or two) are identified. For these voxels, the position of the face in the face table is determined as represented in figures 4b and 4c. For each voxel, a 6dimensional array denoted as edge swapping table is created with the value of the edge swapping parameter of each face. When edge swapping is performed on a face, the edge swapping table of the neighboring voxels is updated as shown in figures 4e and 4f. No triangular dual mesh is created and the information is stored at the level of the voxel. At all edges of a voxel, two adjacent quadrangles can be determined and thereafter, using the edge swapping parameter, 2 triangular faces. The angle between these oriented triangles can be calculated. If the scalar product of the unit-normal vectors of the triangles is less than a given threshold (small angle), the position of the points of the 2 quadrangles is fixed. Whenever a face is fixed, its 4 points and the diagonal edge remain unchanged.

The flowchart of an iteration of the smoothing procedure can be proposed now.

Prior to the iterative procedure, a first set of couples of faces is identified at each intersection edge between two yarns embedded in matrix as shown in figure 1. On each deformed matrix voxel, couples of adjacent faces in which at least one face is deformed, are determined. This set is added to the previous one. The resulting set is denoted as C.

Mesh

is associated with a global edge swapping table " . The former triangular mesh is fully defined by the couple ( , " ). As edge swapping is performed during the process, a new edge swapping table " is updated during the process. " is initialized with " .

1.

A shrink and inflate Catmull-Clark procedure is carried out on mesh . Points are displaced to their new position if not fixed and is updated. The triangular mesh is defined by ( , " ) as edge swapping has not yet been performed. 2. Avoid small angles : for each couple of faces in C, if the angle between the adjacent triangles calculated with " in the deformed configuration is less than a given threshold, both faces are fixed in the former configuration ( , " ). 3. Avoid intersections when edge swapping : for each face (A,B,C,D) of as illustrated in figure 3a, the best triangle configuration is determined. The face may be shared by one or two voxels and the following test is performed with each voxel. The 4 edges of face (A,B,C,D) are shared with 4 other quadrangular faces of the voxel, red, blue, cyan and green colored on figure 3 and therefore with 4 triangles. If at one of the 4 edges, the angle between adjacent triangles is smaller than a given threshold, the edge swapping configuration is rejected and the other configuration is tested. In case of failure, all couple of faces with which a small angle has been detected are fixed to the former configuration ( , " ). Otherwise, " is updated.

Results

As illustrated in figure 5, the jagged effect is removed. A minor wave effect can still be observed but is reduced the number of iterations is increased. No noticeable change can be observed after 300 iterations. In practice, 150 iterations are performed.

FIGURE 5

The performance of surface and curve smoothing inside the unit cell and on its faces are shown in figures 6 and 7.

FIGURE 6 FIGURE 7 FIGURE 8

In order to illustrate the control of the angle on opposite yarn faces, a sectional view of the mesh is represented on a coarse mesh in figure 8. The matrix is represented in green and yarn-to-yarn interfaces in blue. Some angles between opposite faces are represented in red.

The best way to demonstrate the quality and the validity of the resulting surface mesh is to carry out a successful tetrahedron mesh of both yarns and matrix.

Meshing the volume yarns and matrix

The quadrangle surface of each material can be easily determined from the voxel model and then an oriented triangle mesh is created using the data structures shown in figure 4. Two issues have been carried out. The first consists of using an inner voxel grid of tetrahedra as shown in figure 4b and mesh the space are left between the deformed faces and the grid. As voxels on the surface mesh are highly deformed, two layers of voxels between each node of the surface mesh and the grid. The second issue uses an octree technique proposed by Matveev et al. [START_REF] Matveev | Efficient meshing technique for textile composites unit cells of arbitrary complexity[END_REF] to create inner octants. The space between the octree or the voxel grid and the deformed triangle surface is the same as the subdivision procedure of the octree is carried out until the octants at the frontier have the size of a voxel. Octant faces are thereafter split using the pattern proposed in figure 4. The octants are split into tetrahedra in order to get a conformal mesh [START_REF] Liang | An octree-based dual contouring method for triangular and tetrahedral mesh generation[END_REF]. For both techniques, the volumes between the grid and the yarns are meshed in a second step with a tetrahedron mesh generator [START_REF] Rassineux | Optimization of tetrahedral meshes by advancing front technique[END_REF]. Only a slice of the inner tetrahedral octant mesh of a 3D composite unit cell is represented in figure 9.

FIGURE 9

The choice of the method is driven by the ratio volume to surface area which can be estimated from the initial voxel grid. The use of an inner grid is relevant if more than 2 layers of voxels can be created inside the volume. When dealing with woven fabrics with flat yarns, the number of voxels along the shortest dimension must be greater than 6 (two on each side and a double size octant in-between) otherwise no gain can be expected.

Towards an adapted mesh by mesh coarsening

In order to carry out computationally demanding simulations, the size of the mesh must be controlled. An inner mesh coarsening may not be sufficient and the surface mesh must also be coarsened. In the context of adaptivity, under the assumption that the smallest size is the size of a voxel, mesh adaptation can be consequently obtained by mesh coarsening.

The procedure used to perform mesh coarsening is similar to the technique proposed by Baker [START_REF] Baker | Mesh deformation and modification for time dependent problems[END_REF] but has been extended to multi-volumes. Coarsening is based on an edge collapse technique performed if the length of an edge is longer than the prescribed length. The procedure is applied to inner and surface edges. The value of the mesh density function can be specified but in his presentation, we suppose that mesh coarsening is driven by a target element size and a minimal quality criterion to meet. The process is iterative and stops if less than 1% of the elements have been modified. The procedure can be described as follows. Edges of the mesh are sorted in ascending order of length. Given an edge eligible to coarsening, the ring of tetrahedra adjacent to the edge is determined. The quality of a set of tetrahedra is defined as the lowest quality criterion of the set. If the quality of the new set of tetrahedra is higher than the prescribed threshold, the edge can be collapsed. Otherwise, the process is carried out if the quality is higher than a given threshold.

Moreover, as the resulting mesh may be too coarse to adequately represent the yarn surfaces, edge collapsing is performed if the angle between two adjacent triangles does not exceed a maximal angle value denoted as α.

The edge can be collapsed onto the mid-point or onto one of the edge vertices.

A prior point classification is performed. At each point, the number of materials is determined using node-to-element connectivity. Points can be inside the volume : belonging to one yarn, on a surface yarn, at the intersection of 2 yarns and the matrix. Points shared by more than 3 yarns are fixed. or on one of the 6 unit cell faces : inside a yarn, shared by 2 yarns, on an edge of the unit cell. Face points shared by more than 2 yarns are fixed as well as the 8 vertices.

The procedure is not applied to edges in which one vertex is fixed. Nevertheless, these edges can still be coarsened if an edge coincident to the other vertex is collapsed. In order to create a valid geometry, points on a face or an edge of the unit cell, on an interface curve, must remain on the same feature.

In a final step, laplacian smoothing [START_REF] Rassineux | Simultaneous surface and tetrahedron mesh adaptation using mesh-free techniques[END_REF] is applied to the points on the edges and faces of the unit cell and inside the yarns and matrix volume. The position of the points of the surface yarns is not modified to avoid projections which may increase the cost of the procedure.

Results and discussion

The proposed examples have been obtained from segmented MCT images converted into a realistic TexGen like model. Thereafter, a voxelization has been carried out. On both examples, the voxel grid is not uniform what enabled to reduce the number of voxels. Voxel size is smaller (the half) along the shortest dimension is order to provide a greater number of layers in this direction. 150 iterations of smoothing have been performed.

The threshold angle between opposite triangles as introduced in section 2.3 is set to 10°. Target element size is set to 8 times the longest edge of a voxel. The minimal quality criterion required to collapse an edge is set to 0.3 what ensures a moderate gradation of the mesh. The angle α which enables to accurately represent the yarn surfaces is set to 10°.

The ratio #$%&'( )*+(, -'$$+ ./01. + )% 2$%&'( 1. + )% 2$%&'( is calculated for each yarn and the matrix.

For all examples, the maximal unsigned value of this ratio is below 2.5%. In addition, the displacement of a vertex rarely exceeds half of a voxel size. The difference between the volume fraction calculated on the voxel model and on the triangulated model is less than 1.5%. This value reaches 4% if α is set to 20°.

Mesh coarsening drastically reduces the number of nodes. The ratio between the number of voxel nodes and the coarsened mesh exceeds 10. We remark that the percentage of elements the quality of which is between 0.3 and 0.5 is increased due to the choice of the minimal quality criterion during mesh coarsening (0.3). The quality of the mesh is still quite acceptable. We remind that edge collapsing is carried out if the quality of the resulting ring of tetrahedra is higher than the threshold but also if the new created set of elements quality can be improved even if lower than 0.3. This explains why the minimal quality criterion of the final mesh has been enhanced. Poorly shaped elements if any, are located in the thin layers of matrix between opposite faces. The whole process is very robust. We experienced that the complexity of the weaving had no influence on the robustness or the quality of the resulting mesh. Results are provided in Table 1.

The fabric unit cells used to demonstrate the efficiency of the approach are presented thereafter.

5.1. Satin woven composite A voxelization of a unit cell of a composite made of a woven carbon fiber fabric embedded in a thermoplastic PEEK matrix supplied by CETIM has been performed at ONERA in the Composite Structures and Materials Department [START_REF] Fourrier | Mesoscale modelling of woven composite materials with manufacturing defects[END_REF]. It is composed of 8 plies of satin 1/5 weave with a layup of [0/90]4(s). The model is composed of 140 yarns and the number of voxel nodes is 12.5 M. Volume fraction calculated with the initial voxel model is 0.847. The smoothing of the voxel model is illustrated in figures 6 and 7. The mesh on a face of the unit cell is represented in figure 10. The edges of the matrix mesh are not represented in order to see the layers of resin and the angle between yarns. More than 1200 interfaces have been identified. Some yarns are into contact with 24 others. A first mesh has been created using the inner tetrahedral voxel grid as explained in section 3. The use of a grid reduces the computational time spent for unstructured meshing but increases significantly the number of nodes compared to the voxels grid. The insertion of an inner grid creates local configurations of opposite faces, denoted as Schönhart polyhedra [START_REF] Schönhart | Uber die Zerlegung von Dreieckspolyedern[END_REF], which are solved by nodal insertion [START_REF] Rassineux | Simultaneous surface and tetrahedron mesh adaptation using mesh-free techniques[END_REF]. These nodes will be removed by the coarsening procedure.

FIGURE 10

Results of the initial mesh and the coarse mesh are given in Table 1 and denoted respectively as satin grid and satin coarse 1. View of the mesh are provided in figure 11.

We also performed mesh coarsening with α=20°. Yarn volume ratio has increased of 4% compared to the voxel reference ratio. We experienced that the gain or loss of yarn volume could not be predicted as it greatly depends on the architecture of the weaving inside the matrix. The resulting mesh is denoted as satin coarse 2 in Table 1. The number of nodes is reduced by a factor of 18.

Three dimensional composite

The next example is a 3D woven composite provided by Safran Aircraft Engines. The model is composed of 64 yarns and the number of voxel nodes is 13.5 M. Volume fraction calculated with the initial voxel model is 0.46. More than 380 interfaces have been identified. The resolution in the smallest dimension allows to create a first mesh with an octree as represented in figure 9. 30% of the total volume of the unit cell is covered with octants bigger than voxels. Results of both initial and coarse mesh are given in Table 1 and denoted respectively as 3D octree and 3D coarse. A view of the mesh is given in figure 12.

As mentioned in section 4, an adaptive mesh can be obtained by mesh coarsening if a tetrahedral mesh at the voxel size is first created as the smaller size of the mesh. An analytical test has been carried out. No edge collapse is performed on elements along 3 planes between each opposite pairs of faces of the unit cell. An illustration is proposed in figure 13. Results of the initial mesh obtained with a grid and the adapted mesh are given in Table 1 denoted respectively as 3D grid and 3D adapted.

Computational time

The code is written in ANSI C. The whole process has been parallelized with openMP. The processor used is an Intel(R) Core (TM) i9-9880H CPU @ 2.30GHz with 8 cores. For both examples, the speedup is almost 6 for voxel mesh smoothing and unstructured meshing and 4 for mesh coarsening. The computational time to obtain the first mesh including smoothing does not exceed 5 minutes for of all presented models. The computational time of mesh coarsening process is much higher, almost 40 minutes for each example. 

Conclusion

The proposed approach his fully automatic and controlled by few parameters. The complexity of the weaving has no noticeable impact on the robustness, the quality of the mesh or even the computational cost. The creation of conformal and coarsened or adapted meshes of complex and realistic unit cells broadens the spectrum of analysis. Cohesive elements can be added at the interfaces to study delamination, cracks or void can be inserted as new materials. 
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 34 Figure 3. Quadrangle (A,B,C,D) split into 2 triangles. a. Initial voxel mesh. b. Rejected diagonal edge configuration. c. Angle check between normal vectors of adjacent triangles. d. Result of quadrangle split.
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 56 Figure 5 : Smoothing procedure. a. voxel model. b. smoothed model after 150 iterations
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 7 Figure 7. Results of the smoothing process. The matrix is not represented.
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 8 Figure 8. Sectional view of a coarsened unit cell mesh.

Figure 9 .

 9 Figure 9. Creation of inner elements by an octree technique in a 3D composite unit cell. Courtesy of Safran Aircraft Engines
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 11 Figure 11. Mesh of a satin woven composite.
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 12 Figure 12. Three dimensional composite. Courtesy of Safran Aircraft Engines.

Figure 13 .

 13 Figure 13. Cross-sectional view. Mesh adaptation with respect to an analytical size map.

  

Table 1 .

 1 Mesh results after voxel smoothing and mesh coarsening/adaptation

		Number of yarns	Number of voxel	Iterations of mesh	α	of nodes Number	of Number	Q>0.5	Q>0.3	Q>0.1 Q>Qmin Qmin
			nodes	coarsening			elements		
	Satin grid	140	12.5M 0	10°	18.4M	105.5M 94.6M 10.4M 0.3M 1310	0.03
	Satin	140	12.5M 8	10°	1.10M	6.5M	3.9M 2.6M 4313	0.09
	Coarse								
	1								
	Satin	140	12.5M 10	20°	0.66M	3.9M	2.1M 1.8M 4285 0	0.1
	coarse								
	2								
	3D octree	64	13.5M 0	10°	15.7M	94.2M 87.2M 6.8M 0.2M	0.03
	3D coarse	64	13.5M 9	10°	1.04M	6.2M	3.4M 2.8M 3012 0	0.1
	3D grid 64	13.5M 0	10°	19.4M	114.8	96.8M 17.7	0.3M	0.03
	3D	64	13.5M 7	10°	1.72M	10.1M 6.2M 3.9M 6892 4	0.06
	adapted								
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Highlights

• A methodology to create conformal tetrahedral meshes of realistic complex woven unit cells is presented.

• A constrained voxel smoothing technique associated with a control of the yarn volume is used.

• Mesh adaptation or coarsening is carried out to reduce drastically the computational cost.