A methodological approach
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Abstract. Additive manufacturing components are prone to defects, including
warping and cracking, which can significantly impact their mechanical perfor-
mance. Determining deformations in lattice structures remains challenging. This
paper presents a methodological framework for computing deformation matrices
in additively manufactured lattice samples using 3D scanning. The sample's ge-
ometry is acquired through 3D scanning, registered to a reference model, and
vertices are determined and used for computing deformation metrics, including
volumetric scaling factors, isovolumetric scaling, and angular deformations. A
sensitivity analysis comparing four association criteria demonstrates the reliabil-
ity of the Gaussian Best Fit Plane External. Assessing deformation in lattice
structures can be useful for optimizing printing parameters and compensating for
process-induced deformations. Future work will extend this methodology to eval-
uate deformations during post-processing and develop mesh morphing strategies
for generating printing geometries.
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1 Introduction

Additive Manufacturing (AM) enables the fabrication of components with unprece-
dented complexity, presenting an opportunity to design tailored structures based on the
requirements of specific applications. Particularly, the biomedical field is taking ad-
vantage of the fabrication of lattice structures, i.e., scaffolds for tissue engineering [1,
2].



Nevertheless, defects may occur easily in AM components. They may arise during
the AM process or in the post-processing steps, such as curing, debinding, and sintering,
and can occur across different dimensional scales. Warping and cracking represent the
most common issues at a macro-scale level. Since they play a significant role in deter-
mining the mechanical performance of the AM final component, several methods for
simulating processes and predicting defects have been developed, such as thermo-me-
chanical simulations, physics-based models, and analytical models [3].

Deformation components may involve pure scalar factors and/or pure deformation
at constant volume. Knowledge of these different contributions is essential to correctly
set the printing parameters and eventually create a proper compensation model that al-
lows the generation of a printing geometry from the desired geometry to obtain the
required result at the end of the manufacturing process. When dealing with lattice struc-
tures, the computation of deformation components is not trivial. Problems arise in the
acquisition phase, the registration phase, and the quantification of deformation metrics
is not formalized.

During the acquisition phase, the use of a touching probe is limited by the actual
geometry, which does not provide extensive integral features to be sampled due to the
cellular nature of the lattice sample. The use of 3D scanners is limited to the outer
boundaries of the sample since no points can be sampled within the cellular modules.
The only alternative is to use X-ray tomography [4] which allows the acquisition of the
full geometry of the sample, even if geometric errors in the reconstructed geometry are
inevitable [5].

The alignment of the actual acquired data with the nominal geometry from the lattice
structure to the nominal geometry becomes challenging and possibly time-consuming
and inaccurate due to the high number of points, geometry complexity, and repeated
nature, requiring dedicated alignment algorithms [6].

From the geometry perspective, components with lattice structure can be observed
at different scales: the macro-scale describing the shape of the component, and the
meso-scale that looks at the cell dimension. When computing deformation, both macro-
scale and meso-scale deformation can be considered. If the cell geometry is considered
as part of the definition of the material, geometrical deviations pertaining to the cell can
be considered as material defects and can be neglected in a purely geometrical analysis.
Indeed, the geometrical errors in the meso-geometry can be considered as a contribution
to the uncertainty of the material properties. For this reason, from a geometrical point
of view, we are more interested in computing macro-geometry deformation.

The aim of this paper is to propose a methodological framework to compute defor-
mation matrices for additive manufactured lattice components based on simple and
straightforward 3D scanning of lattice bricks. The deformation is computed as volu-
metric deformation, iso-volumetric scaling factors, and angular deformations.

2 Materials and methods

The proposed methodology is applied and tested on cubic samples (10 x 10 X
10 mm3) geometrically modeled in Rhinoceros and Grasshopper (Robert McNeel &



Associates, USA). The CAD model consists of a Neovius C(P) triply periodic minimal
surface (TPMS) [7, 8] with a unit cell size [ = 2.5 mm (Fig. 1a). The model has a
nominal volume fraction of 0.15, i.e., a constant wall thickness t = 0.128 mm. The
samples are produced by a masked-SLA AM process (SL1-S, Prusa Research a.s.,
Czech Republic) using a suspension with 55 wt% of B-tricalcium phosphate (B-TCP)
powder (Whitlockite OD, Plasma Biotal Limited., UK) in a commercial photocurable
resin (Tough Prusa Orange, Prusa Research a.s., Czech Republic) [9, 10]. The printing
file is prepared in Prusa Slicer 2.6.0 (Prusa Research a.s., Czech Republic) setting a
layer thickness of 0.05 mm and an exposure time of 2 s, and, to enhance adhesion, a
base of 1 mm that is then manually removed. After the printing process, all the samples
are firstly cleaned to eliminate the excess of material on the surfaces using ultrasoni-
cation and isopropyl alcohol, dried with compressed air and UV-cured for 20 min at
24 °C (CW1S, Prusa Research a.s., Czech Republic) (Fig. 1b).
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Fig. 1. Samples geometry: a) CAD model, b) Printed sample.

2.1 Acquisition strategy

The sample is 3D scanned using an Aurum3D scanner (Open Technologies srl, Italy)
with the rotating table used to align the different acquisitions. This scanner is equipped
with 2 cameras with a resolution of 3 MP and has a point spacing of 53 um. The sample
is placed on a flat surface to provide stable support. The final point cloud is then used
to generate a mesh, with the option to automatically close small holes disabled, as
shown in Fig. 2. Part of the supporting plane is retained to determine the lower sample
tangent plane. This is possible considering a physical association instead of a digital
one. International standards embrace this possibility for establishing datums [11].

Fig. 2. Example of mesh exported from the scanner software.



2.2 Elaboration phase

The mesh is further elaborated in Zeiss Inspect 2023 (Carl Zeiss AG, Germany). Small
holes in the mesh are automatically corrected. Then, the mesh is registered (best-fit) to
a reference CAD model, as shown in Fig. 3. Each face is shrunk by 0.5 mm to avoid
interference with the corners of the actual data. The sole purpose of this registration is
to allow for the CAD-based segmentation of the actual data. The best-fit algorithm
minimizes the distance between the actual data and the nominal surfaces, therefore the
difference in point density between the actual data and the nominal does not influence
the alignment. The loss of information due to the holes in the actual data leads to dif-
ferences in point density in various portions of the data. This may influence the regis-
tration process, but it is considered negligible for the scope of this work. Nonetheless,
alignment using the differential entropy method could be explored in future develop-
ments. [12-14].

Fig. 3. Reference CAD model, and the actual mech best fitted to the reference geometry.

A nominal plane is defined in each patch of the reference geometry, and the correspond-
ing actual plane is determined by the software using a given association criteria (‘meas-
uring principle’ in Zeiss Inspect 2023). Four different association criteria are tested:
Gaussian Best fit Plane (20), Gaussian Best fit Plane External (2o), Chebyshev best fit
median plane, and Chebyshev best fit external plane. The idea is to digitally establish a
plane that correspond to the physically tangent plane to each face. By doing so, the
planes are homogeneous with the base plane. Practically, this coincide in establishing
a primary datum for each face [15]. The current standard define the use of a min-max
association criteria with tangent condition [15]. It was demonstrated that this criterion
is not always stable and can diverge from the physical counterpart [16]. A constrained
Gaussian best-fit was proposed to overcome this issue [16], but so far it is not imple-
mented in commercial software.

In each face, the selection of actual points to be used for plane definition is limited by
the nominal geometry to avoid the interference of the corners. By controlling the max-
imum angle between the actual data and the nominal plane, it is also possible to limit
the influence of “internal” points. This metric is used by the software for filtering the
points that are used to associate the plane. The base plane is defined by the outer ring
acquired on the supporting base. In total, six planes are defined. These planes are used
to compute the positions of the eight hexahedron vertices, which are then exported in
CSV format Fig. 4. The vertexes in Fig. 4 appear to the outside the geometry since each
face of the nominal model is shrink; and the actual data do not have a physical vertexes.



The reference vertexes are defined by the intersection of the nominal planes, the actual
vertexes by the intersection of the associated planes.

Vertex 6

® Reference Vertex

® Actual Vertex

Fig. 4. Vertex measurement.

2.3 Deformation Computation

The method for computing the deformation is implemented in MATLAB (The Math-
Works Inc., USA). The aim is to determine the transformation (rigid translation vector,
rigid rotation matrix, and deformation matrix) that map the nominal vertex in the actual
one. For each vertex of the hexahedron, a mathematical relation can be written to link
the reference vertex to the actual vertex:

{Fi3=1[c]- {1} 1)

where {F;} is the vector of the coordinates of the actual i-th vertex, {I;} are the coordi-
nates of the reference i-th vertex, and [C] is the configuration transformation matrix of
the sample, therefore it is equal for all the points (vertexes) which are used as repre-
sentative points of the sample. A change in configuration for a solid body can be de-
scribed by three components: a rigid translation, a rigid rotation, and a pure defor-
mation. Equation (1) can then be written as:

{Fi} = {3 + [RI{} + [E]{1:} = {&} + ([R] + [ED{I;} = {t} + [D]{1;}} )

where {t} is the translation vector, [R] is the rotation matrix, [E] the pure deformation
matrix, and [D] is the deformation matrix. This vectorial equation can be rearranged to
collect the translation component and the deformation matrix into the unknows vector
of the linear system as follows:
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If a single point is considered, the system has 12 unknowns and only 3 boundary con-
ditions, thus cannot be resolved. If all eight vertices are considered, we find:

{F1} [44]
{FZ} — [Az] {b} (4)
{Fs} [Ag]

This time we have 24 boundary conditions and 12 unknowns (three unknows for the
rigid translation vector, and nine unknowns for the deformation matrix). The over-con-
strained equation system can be solved by means of a least squares approach. Once the
vector {t} and the matrix [D] have been found, the rigid component (anti-symmetric
component of the matrix) of the deformation can be separated from the non-rigid com-
ponent (symmetric component of the matrix) using well-known formulas used in con-
tinuum mechanics:

1

[R] = ([D] - [D]") [E] = 2([D] + [D]") (5)

2

Here, [R] represents the rotation matrix, while [E] represents the deformation matrix.
The deformation matrix can be split into the hydrostatic (spherical) component, repre-
senting the volume deformations, and the deviatoric component, representing the de-
formations at constant volume. The hydrostatic component is found with the following
formula:

() = %tr(E) = % (6)
This value can be considered the overall scaling deformation. The deviatoric compo-
nent is defined as follows:

[AE] = [E] = (&)[1] ()

From the deviatoric component, the iso-volumetric scaling factor along the three coor-
dinate axes can be found along the diagonal: E ; is the x scaling factor, E,, the y scaling
factor, and E;5 the z scaling factor. The application of these scaling factors does not
change the volume. The off-diagonal elements represent the angular deformations of
the sample.

2.4 Sensitivity analysis

To determine which association criteria performed best, a sensitivity analysis was con-
ducted. The same sample underwent 3D scanning ten times, with both the sample and
the scanning head moved (replaced within the measuring volume to test reproducibility)
between each acquisition. The vertex locations were computed for each repetition using
the four different association criteria to identify the most repeatable results. Addition-
ally, deformation metrics were computed and compared.



3 Results

In the following, the results from the sensitivity analysis are presented. Fig. 5 shows
the distribution of the sampled vertices clustered for each association criteria. The vis-
ual separation between the clusters suggests a significant difference.

* Gaussian Best fit Plane

* Gaussian Best fit Plane
External

* Chebyshev best fit
median plane

Chebyshev best fit
external plane

Fig. 5. Vertex distribution clustered for different association criteria.

Fig. 6 displays the average standard deviation for each of the directions (x, y, z) clus-
tered per different association criteria. For each vertex measured with a specific asso-
ciation criterion, the average coordinate and the standard deviation are computed. In
the graphs, the plotted value is the average among all the standard deviations along a
specific direction.

It is noteworthy that the variability obtained with the Gaussian best fit plane is lower
than that obtained with the Chebyshev best fit, with an overall standard deviation that
is almost double. The Gaussian best fit, in general, exhibits lower repeatability (higher
standard deviation) along the z direction, while the Chebyshev best fit shows lower
repeatability along the x direction.

The comparison among the deformation metrics is shown in Fig. 7. It is evident that
the Chebyshev best fit is not as repeatable as the Gaussian best fit. Another interesting
difference can be observed between the values obtained with the best fit plane and the
best fit external plane. On a global scale, it can be seen that using the external plane
results in a smaller estimated contraction.
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Fig. 6. Average standard deviation associated to each direction and the overall one for each as-
sociation criteria.
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Fig. 7. Scaling differences and angular distortions distributions for different association criteria.

Examining the isovolumetric x scale difference, it can be observed that the use of the
Chebyshev best fit plane estimates an opposite scaling difference compared to the other
association criteria. Additionally, x scale and y scale are comparable for all association
criteria except the Chebyshev best fit plane. Angular distortions are very small, on the
order of 1 ym/mm.

4 Discussion

Different association criteria were tested to find the most repeatable option. All the
evidence collected and presented in the previous section suggests that the Gaussian best
fit plane is more reliable than the Chebyshev best fit plane. The Chebyshev best fit
algorithm is much more sensitive to outliers compared to the Gaussian best fit. In our
case, due to the cellular nature of the sample, there is no actual plane to sample but
rather a corrugated-like surface. The actual feature can be considered as a highly-inter-
rupted collected feature as proposed in [17]. The different relative positions of the scan-
ning head and the sample have the effect that a different portion of the surface inside
the peripheral cells is sampled. This effect is accentuated by the Chebyshev best fit.

Once the Chebyshev best fit is excluded, it is still possible to choose between the
external and the standard best fit plane. The repeatability in determining the vertex po-
sition is comparable, around 0.03 mm; meaning that each vertex position is defined
with an expanded uncertainty at 99.7% lower than 0.1 mm.

The external plane is more sensitive to outliers since, once the Gaussian best fit plane
is computed, this is translated to touch the outermost point. The standard best fit plane
is influenced by the outlier on the internal side as previously described, but this effect
is present on the external plane too.

From this reasoning, the Gaussian best fit plane seems to be the best option. How-
ever, being influenced by the outliers on the internal side, this plane is likely to be
shifted inwards, resulting in an underestimation of a positive scaling factor or an over-
estimation of a negative one. This effect is difficult to manage at best. The results from
the scaling factor (Fig. 7) confirm this reasoning.



For these reasons, to the best of the authors’ knowledge with the data collected so
far, the best option is the Gaussian Best Fit Plane External.

5 Conclusions

The aim of this paper was to propose a methodological framework to evaluate the de-
formation of additively manufactured lattice structure samples. Cubic samples were
used, and the proposed methodology is based on 3D scanning of the samples and the
extraction of the vertices, which are then used to compute the deformation matrix. Four
different association criteria for determining the sample vertices were proposed and
tested. Through a sensitivity analysis, it was shown that the Chebyshev best fit is not
reliable for this purpose. Gaussian best fits showed more consistent results. The Gauss-
ian best fit external plane is selected as the best option.

The presented methodology can be used to derive a compensation model for obtain-
ing a printing geometry from the desired nominal geometry of the final sample. It al-
lows for the evaluation of deformations that occur during the entire AM process, in-
cluding curing, debinding, and sintering.

Further development of this work will involve measuring the deformation of the
samples during the thermal treatment. A second step will focus on the development,
testing, and validation of a mesh morphing strategy to create a printing geometry.
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