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Abstract

Manufactured lattice structures often deviate from their original CAD designs, significantly affecting their mechanical response.
Using image-based methods within a B-spline framework, this study presents a technique for adjusting CAD models to account
for manufacturing defects.
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1 Introduction

Additive Manufacturing (AM) processes open the door to the creation of increasingly complex structures. Lattices are cellular
architected structures known for their ability to achieve high specific characteristics. When manufactured, they exhibit geometric
defects that are perfectly revealed by X-ray tomography and have a significant impact on actual mechanical performance [1].
It is therefore particularly tempting to develop image-based models. Classically, a Marching Cubes algorithm is then used to
extract a triangular surface mesh of the lattice structure from the CT reconstructed image. This mesh usually contains a very
large number of nodes. From this mesh, a volume mesh can be created and used to compute the mechanical response of the
structure. Nevertheless, the computational cost of such finite element-based methods is considerable. Besides, because the mesh
is in a different format than the initial as-designed CAD model, characterizing the geometrical transformation is challenging.
This work focuses on constructing an explicit analysis suitable CAD description of a real as-manufactured lattice part. This
process uses a theoretical as-designed analysis suitable CAD geometry and an implicit description of the as-manufactured part
as the CT scan. The analysis suitable CAD descriptions are considered to be multipatch B-splines [2]. This choice is motivated by
the complexity of lattices structure as well as the widespread use of b-splines in CAD software. The proposed method conforms
to the Active Contours framework [3], where the gray-level metric is inspired by the Virtual Image Correlation method [4} 5].
The regularization is divided into two parts : inside a B-spline patch, a membrane elasticity constraint [6]] is weakly prescribed,
while another method is used to impose a high regularity multipatch continuity between patches.

2 Method

The method exposed here deforms a multipatch B-spline surface, initially representing the skin of the as-designed lattice, to
match the as-manufactured geometry. Thanks to the tensor product formulation of the B-splines, extracting the skin of a shape
and creating a volume from a skin is not complex in most cases.

2.1 Geometry

B-splines are a family of curves, surfaces, or volumes that can describe complex smooth geometries with only a few degrees of
freedom (DOFs). This reduces the complexity of the algorithms and can filter out some high frequency defects or artifacts. The
DOFs of these geometries, called control points, can be moved in 3D space to deform the shape without affecting its regularity.
However, B-spline surfaces are a smooth mapping from a rectangular parametric space to 3D space. This means that a B-spline
surface can only be topologically identical to a square. This limitation can be overcome, in a manner similar to finite element
meshes, by creating connectivity between multiple B-spline surfaces, called patches. In summary, the geometry of the lattice
structure is represented by a multipatch B-spline surface, which itself is controlled by the displacement of its control points U.

2.1.1 Problem

The aforementioned displacement is calculated through the minimization of a sum of cost functions, which are also referred to
as energies in the active contours framework:

ml}n (Eimage(U) + QEinira(U) + BEinter(U)) M

* Einage : This energy attracts the surface to the desired location within the image. Given the substantial volume of data
present in a CT scan, performing calculations on the entire scan would be prohibitively expensive. Therefore, the Virtual
Image Correlation framework is employed.

* Eiura : The intra-patch regularization energy. The intrinsic regularization of B-splines makes Virtual Image Correlation
work well with relatively coarse meshes. However, as the spline mesh is refined, tangential deformations that preserve
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the geometry degrade the conditioning of the problem. Additional regularizations as bi-laplacian and gradient-based ones,
commonly used in the literature, appear to degrade the results by also penalizing out-of-plane displacements. As a remedy,
aregularization term is proposed based on the membrane strain energy. This energy increases when the surface is subjected
to tangential strains, such as in-plane shear and stretching, regularizing in-plane deformations while leaving out-of-plane
modes unaffected.

* Ejuer : The inter-patch regularization. It is a penalization term that ensures higher regularity (C') between the patches.

3 Results

A nylon lattice with defects was made using the SLS process. Each strut is about 13 mm long and 4 mm in diameter, but has
waviness and cross-section deviations. A CT system was used to create 267 x 327 x 327 voxel binned images of the lattice. A
multipatch B-spline geometry is utilized to model struts. As illustrated in Fig[TB] it comprises six patches, each representing one-
sixth of a tube containing 2 x 4 B-spline elements. With degree 2 basis functions, the mesh contains 144 nodes, reduced to 108
after eliminating duplicate nodes at patch edges, resulting in a sparse problem with 324 degrees of freedom. This is a significant
improvement over the Marching Cubes mesh presented in Fig[Tal Virtual Image Correlation, spanning 10 voxels above and below
the B-spline surface, explores the image with approximately 8§ integration points per voxel. A modified Gauss-Newton algorithm
was used to solve the virtual image correlation problem. Fig[Tb|demonstrates the ability of the method to detect complex defects.
A distance field estimator to the actual surface in the as-manufactured 3D CT is presented in Fig[Ic| This estimator shows how
the method can reduce the distance from about six voxels to less than one.

(a) Triangular mesh of the as- (c) Distance in voxels of the final (top)
manufactured obtained by Marching (b) The multipatch B-spline strut mesh at and initial (bottom) meshes to the as-
Cubes from the 3D CT. the final iteration, colored by patch. manufactured.

Figure 1: Multipatch surface fitting on a strut in a real lattice, based on the proposed virtual image correlation approach.

4 Discussion and Conclusion

Thanks to the regularization techniques introduced, the proposed virtual image correlation method makes it possible to fit a
surface with an estimated resolution around the pixel on real CT images of lattices. The explicit representation of as-fabricated
geometry, combined with the introduction of a morphing field, will facilitate the quantitative assessment of geometric defects
and enable the development of more efficient numerical simulations [[7]].
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