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Shape defect analysis from volumetric data - application to lattice
struts in additive manufacturing

Marc-Antoine de Pastre*!, Yann Quinsat!, and Claire Lartigue®

LURPA, ENS Paris-Saclay, Université Paris-Saclay, 91190 Gif-sur-Yvette, France.

Abstract

Additive manufacturing (AM) revolutionises the way parts are produced as it offers a variety of design freedom.
Lattice structures are an illustration of this AM freedom, allowing for the production of complex geometries that
are being investigated in many applications. However, lattice structures present different typology of defects such as
surface quality, porosity or dimensional inaccuracies. The most adapted measurement technology to reveal AM inter-
nal defects falls into X-ray computed tomography (XCT). Although there have been significant efforts in modelling
lattice structure defects from XCT, a direct and accurate link between volumetric data of the part being measured
and the CAD model is still required. This direct link would have the noteworthy advantage of not involving XCT
surface determination tool, which choice may be discussed. In this paper, shape defects from metal laser powder
bed fusion (PBF) strut-based lattice structures are studied. Different struts are printed as representative of BCCz
lattice cells. Struts are successively measured by XCT and focus variation (FV). A virtual volume correlation (V2C)
method is presented where shape defect contained in XCT volumetric data is successively approached by modal
decomposition relying on a generated defect basis. The modal decomposition approach is firstly validated by com-
paring its efficiency towards least square cylinder approximation. Then, correlation intrinsic parameters are found,
by conducting 2-dimensional sensitivity studies to identify optimal V2C parameters. V2C is further applied to the
entire XCT measurements for each considered strut. Comparisons between correlated envelopes and registered FV
and XCT measurements are performed to numerically estimate RMS errors. Results show that RMS errors between
correlated envelopes and registered measurements are in the same order as the XCT resolution. Conclusions can then
be drawn regarding the ability of V2C to estimate lattice strut shape defect relying on an user-defined shape defect
basis.

Keywords: computed tomography, virtual volume correlation, modal decomposition, shape defect identification

1 Introduction

As opposed to subtractive or formative manufacturing
methods, additive manufacturing (AM) techniques
allow for the production of both internal and external
complex geometries [1, 2]. Indeed, within a wide scope
of applications, designers and engineers can optimise
geometries in order to reduce weight for a given load,
to strengthen the part mechanical properties [3, 4] or to
improve a cooling process through new heat exchangers
[5, 6]. As a particular advantage of AM, strut-based
lattice structures are increasingly being studied for
their inherent properties such as resulting porosity or
mechanical stiffness [7, 8, 9, 10]. These structures consist
of an elementary pattern, generally called an unit cell,
regularly repeated in all directions to form a network
[7, 11, 12]. However, the manufacturing step introduces
defects into the resulting part. In this paper, the pow-
der bed fusion (PBF) process [13] will be specifically
addressed. Previous work highlights such defects and
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identify their contributing parameters for PBF [14, 15].
As a summary, defects affecting PBF AM parts have been
reviewed and classified into four types by Malekipour and
El-Mounayri [16]: geometrical and dimensional defects,
surface quality, micro-structure defects and defects
affecting the part mechanical properties. Focusing on
the geometrical and dimensional defects, Malekipour
and El-Mounayri propose a decomposition by form and
size defects. However, this consideration is not unique
and with the same four-type classification as Malekipour
and El-Mounayri, Vo et al. [17] propose another de-
composition for the geometrical and dimensional defects
consisting in inaccuracy and deformation. As reviewed in
[7] for PBF, lattice structure defects are considered onto
a three-fold characterisation: dimensional inaccuracies
(such as strut diameter deviation), surface defects and
porosity. Dimensional inaccuracies for lattice structures
are challenging to investigate, as it raises the question
of scale. Indeed, dimensional defects affecting lattice
structure are twofold: defects at the scale of the strut
within the structure and defects of the overall structure.
Both of these scales are then connected as the overall



structure dimensional defects may result in the sequence
of local strut dimensional defects. Although there have
been recent work in modelling lattice structure defects
[18, 19, 20, 21, 22, 23, 24], efforts are still required to
improve a direct link between volumetric data of the
part being measured and the CAD model. In order to
pursue industrial development and take full advantage
of the benefits of additive manufacturing processes, it is
necessary to control the geometry of produced parts and
to characterise observed defects [25, 26]. Measurement
methods now focus on X-ray computed tomography
(XCT) for its ability to reconstruct internal structures
and to assess dimensional deviations [7, 27]. In fact,
XCT consists in projecting X-rays all around the mea-
sured sample where volumetric reconstruction is then
performed by dedicated algorithms [28]. As reviewed
by Thompson et al. [29], a significant bulk of work
has been performed to compare XCT measurements of
additive lattice structures with the original CAD model.
Nevertheless, XCT measurement uncertainty depends on
various parameters. Kim et al. [30] investigated different
XCT measurement parameters to highlight the impact on
both noise and probability of defect detection. Rathore et
al. [31] particularly focused on XCT resolution and mea-
suring conditions applied to lattice structures, evaluating
measurement deviations towards the nominal model.
Rodriguez-Sénchez et al. reviewed the influence of noise
on the resulting measurement uncertainty [32]. Recent
work particularly addressed the metrological traceability
in XCT measurements for metal AM lattice structures,
developing the substitution method for dimensional
assessments [33, 34].

All dimensional measurements using XCT are based
on the material boundary determination relying on
thresholding [35]. Significant efforts have been made to
reduce uncertainty in edge determination by subvoxel
investigations in order to numerically improve resolution
[36, 37]. Hence, it has been shown in an intercompar-
ison of different tomography instruments [38], that a
measurement uncertainty of the order of 1/10 of the
initial voxel size can be obtained by a subvoxel study.
Traditionally, surface extraction algorithms are applied
on volumetric data such as ISO5q¢, [39] or gradient-based
methods [40]. However, literature shows that according
to the chosen surface extraction criteria, discrepancies
may be observed [39, 41, 42]. In addition, exporting
extracted surfaces may be a prolonged task due for
example to the required meshing time prior to CAD
import. In the CAD software, a final registration step
would be necessary towards the nominal part, before
performing any dimensional assessment on the measured
part relative to the nominal part. That is why, this data
pipeline may result in a lengthy task, with successive
operations depending on user parameters (such as surface
extraction tool choice, mesh size or registration criteria).
These difficulties are described by Lépez and Vila [43]
who noted the absence of surface reconstruction standard

procedure for AM. Efforts are then required to narrow
the link between CAD model and XCT, restraining any
uncertainty source, to provide the CAD model with an
updated geometry based on XCT measurement. Such
CAD model update can be of interest for integrating
shape defect in future design or to conduct dimensional
specification studies on the measured part.

Alternatively, recent work has shown the interest of
correlation techniques in the contour identification and
extraction in various applications. More precisely, virtual
image correlation (VIC) techniques have been introduced.
VIC basically deals with two images: a first one specified
as physical (referring to its physical measurement origin)
and a second one designated as a virtual one (referring to
its virtual construction) [44]. Contour determination con-
tained in the physical image is performed by successively
deforming the virtual image contour in order to minimise
grey level differences between both physical and virtual
images. In other words, VIC consists in finding the digital
analytical contour, which best fits the physical contour,
by iteratively deforming digital modelling. It is worth
noting that VIC is different from digital image correlation
(DIC) since DIC uses two physical images: a reference
and a deformed one [45]. For example, DIC is of interest
for Young modulus calculations, extracting deformation
field from images successively acquired during tensile
test. Although VIC has not been studied to the same
depth than DIC, there has been some work that focused
on medical and mechanical application of VIC. In most
publications, VIC has been applied in 2-dimensional
(2D) studies. In mechanical field, Rhétoré et al. [25]
relied on B-spline contour modelling in order to analyse
a high temperature mechanical testing. What’s more,
Frangois et al. and Semin et al. [44, 46] addressed the
DIC limitation by VIC for large, elongated and curved
structures for shape boundary identification. Indeed, for
DIC to be efficient, a speckle pattern must be spread
over the part being studied. For slender structures,
such a pattern would not be visible on physical images.
That is why, authors highlight the efficiency of VIC to
precisely identify shape boundary which can then be
implemented into a bending profile study. Using the same
approach, Bloch et al. [47] have performed VIC to moni-
tor inflatable structures evolution in a material strength
comparative study of Euler-Bernoulli and Timoshenko
hypothesis.  Authors notably highlight the precision
advantage of VIC in comparison to other edge detection
methods, in addition to its ease of implementation.
Moreover, it has been proven that correlation of virtual
images allows shape contour determination with a better
resolution than the measured data [25]. However, as
Bloch et al. [47] highlight, VIC methods are limited to
laboratory brightness and contrast conditions to precisely
monitor shape evolution for example. On a numerical
aspect, VIC consists in a matrix pseudo-inversion with
potential conditioning issues. In the medical field, VIC



has been shown of interest for the reconstruction of
digital pelvic organs. For example, VIC is applied in 2D
[48] and in 3-dimensional (3D) [49] approaches. In these
applications, geometric modelling of pelvic organs from
magnetic resonance imaging (MRI) scans allows specific
pathology to be identified from reconstructed digital
models in order to provide the patient with adapted
treatment. More accurately, both of these investigations
rely respectively on B-spline curve [48] and NURBS
surface [49] for their continuity properties to describe re-
spectively virtual contour (2D) and virtual envelope (3D).

Despite this notable interest in contour analysis and
thus the processing of volumetric data from tomography,
virtual correlation methods remain underdeveloped.
Indeed, as highlighted by Frangois et al. [44], many
physics or engineering fields rely on defining the object
shape by edge detection whose techniques are reviewed
elsewhere [50, 51, 52, 53]. With virtual correlation,
envelope is described by analytical expression which can
be easily implemented into a digital representation.

Strut-based lattice structures are nominally cylindri-
cal. However, due to the manufacturing step, produced
struts are not cylindrical anymore but embedded with
shape defects. A first order shape defect approach
would approximate these shape defects as ellipses [8, 54].
Considering strut measurement as point cloud, each of
these points is projected into a plane defined by the
associated least square cylinder axis [55]. However, this
first order approximation is not sufficient to completely
describe and characterise the shape defect generated
during the manufacturing step and to validate structure
performance [56]. As a solution to this limitation, Samper
et al. [57] present a modal decomposition of shape defect
using a finite element approach to identify the defect
basis. More precisely, shape defect is decomposed of
several elementary participations, whose sum best fits the
observed defect. Authors argue that modal participation
amplitude decreases with high frequency, which means
that computing the entire defect basis should not be
necessary to precisely approximate shape defects. As an
illustration, Thiebault et al. [58] use this decomposition
method to identify thin part shape defects. In addition,
Homri et al. [59] noted the modal decomposition use-
fulness for cylinder shape defect identification and for
its implementation into part geometrical definition and
tolerancing. This methodology may be used to separate
roughness from form defect, as shown in previous work
[60].

Nevertheless, recent work has proposed a modal ap-
proach for shape defect measurement relying on DIC [61].
Such method allows shape defects to be digitally modelled
assuming that the built modal basis is sufficiently repre-
sentative of defects range. Indeed, modelling strut-based
lattice structure shape defects in digital representation

would allow the CAD model of the produced lattice part
to be updated, taking into account these measured defects.

That is why, virtual correlation creates a connect-
ing link between the real part geometry and its CAD
model. In other words, virtual correlation has the advan-
tage of involving neither XCT surface determination tool
nor successive user-dependant steps that may introduce
uncertainty. With virtual correlation, the nominal model
is directly updated relying on volumetric data.

In this paper, efforts have been focused on developing
a virtual volume correlation (V2C) method allowing di-
rect identification of shape defects from volumetric data,
relying on modal decomposition. In other words, this
paper presents a shape defect identification methodol-
ogy directly from volumetric data, without any post-
reconstruction data treatment step. Particular attention
will be paid to dimensional shape defects of additively
manufactured PBF lattice structures, measured by XCT.
This paper is organised as follows: Section 2 presents
the V2C mathematical methodology and how it can be
applied on volumetric data. More precisely, this section
describes the considered basis used to approximate strut
shape defects. Section 3 describes experimental acquisi-
tions and highlights the suitability of the modal decom-
position towards least square approximations. More pre-
cisely, in this section, V2C relevancy towards the chosen
shape defect basis is discussed. In Section 4, the V2C opti-
mal parameter setup is estimated and a sensitivity study
through easy-to-compute examples is performed. When
optimal parameters are found, V2C is applied on volumet-
ric data in Section 5. Finally, consistency of V2C and the
chosen modal basis is studied on spatially repeated struts
and measurement repeatability study is performed to eval-
uate the measurement uncertainty impact on V2C. Dis-
cussion is then proposed regarding the considered shape
defect basis and the integration of repeatability notions.
On a computing aspect, required numeric resources are
also outlined.

2 Methodology

2.1 Mathematical considerations

In XCT scans, grey level histograms depict two main
peaks: a bright one for the irradiated material and a
dark one for the surrounding background. Transition
between bright and dark areas is a voxel bandwidth
which contains contour information. In the V2C method,
measured part contour is analytically expressed in a digi-
tal modelling. More precisely, XCT measurements define
a physical volume whilst virtual volume is generated
by minimising grey level errors in comparison to this
so called physical volume. This method is particularly
adapted to closed-loop geometries [25].



Several mathematical writings have been proposed
in previous work [25, 46, 48, 49] for the VIC method. In
this paper, we present the V2C method, extending the
VIC method to 3D volumes. Physical volume, stemming
from measurements, is considered as undeformable and
displacement fields are applied on the virtual volume to
best fit the physical volume.

Let f be a physical volume. This volume contains
a closed envelope embedded with shape defect that can
be expressed as a displacement field u to be identified.
Let {X} be the voxels defining that envelope. Similarly,
let g be a virtual volume and {X,} the voxel defining the
virtual envelope and {n,} the associated local normal
vectors taken according to the exterior material conven-
tion. Initially, the virtual volume contains the original
regular shape. Each point of the physical envelope can
be written as:

Xf:Xg—i—u (1)

The V2C method consists in minimising grey level differ-
ences between physical and virtual volumes relying on a
least square criterion. A correlation score ® should be
introduced as:

o= [[[ X wlae @

where ROI refers to the region of interest in terms of con-
sidered voxels and {X} refers to considered voxels in the
physical volume f. Displacement field u only applies on
the virtual contour points and can be described as a sum
of elementary displacement fields:

u = Z)\kuk
k

Where ), are the components of {A} and refer to the
intensity of the elementary displacement description uy.
Displacement field will be chosen according to the inves-
tigated geometry and will be discussed in Section 2.3.
Back in equations 1 and 2:

3)

Xf = Xg—|—2/\kuk
k

(4)

and

s =[] f<x>—g<x+zxkuk>rdn (5)
k

whose formulations should be simplified as:

Xf = Xg + A\puy

o= [ /ROI 1 (X) — g (X + Apup)]2 d2

Let {A*} be the vector containing all elementary displace-
ment intensities and defined as:

{A*} = arg min ®(u)
{2}

(8)

A first order linearisation of equation 7 leads to:

By () = / / /R o 0 = 9%+ Neaw)—
AN V(X + Apug).u,)?dQ

(9)
The minimisation of the score of correlation ®y;,, in ap-
plication of a Gauss-Newton scheme, gets to:

M.AX=b (10)

with

M;; = // Vg(X + Apug).u; x Vg(X + Apug).u,;dQ
ROI a1

and
b= [ 1700 = X+ Auu)] V(X 4 ) s
ROI

(12)
In other words, V2C method can be condensed into a
linear equation (see equation 10) that allows AX to be
identified. For the first order linearisation reason, V2C
is an iterative procedure, identifying A\ that is used to
update the virtual volume. Minimisation is then repeated
until convergence, where the sum of all iterative AX
tends to {A*}. A note should be made about mathe-
matical considerations which can be deduced from this
expression. Firstly, by application of the Gauss-Newton
method, V2C results in an iterative procedure to find the
correlated volume. Each iteration step consists of a small
virtual volume displacement which tends to minimise
the correlation score ®. That is why, V2C can easily be
implemented into algorithm procedure, where amplitudes
of displacement field are found from the mathematical
pseudo-inversion of equation 10. However, the latter
raises conditioning issues (ratio between lowest and
highest eigen values of M matrix) which would require
the appropriate-conditioning of our problem.
As assumed in the beginning of this section, the physical
volume f is found to be kept undeformable as physical
volume is only considered in equation 12, without any
applied displacement field. Moreover, a gradient is in-
troduced in equation 9 by developing the Gauss-Newton
method. Gradient only applies on the iteratively-modified
virtual volume. As composed of grey values scaled from 0
(surrounding virtual backgound) to 1 (virtual material),
gradient explicitly expresses the voxel bandwidth tran-
sition and gradient is valued to 0 out of the transition
bandwidth.

To sum up, V2C iteratively applies a displacement
field on a virtual volume whose amplitude is expressed



by inversion of equation 10. In order to numerically
implement V2C method, an initial virtual volume has to
be defined.

2.2 Generation of initial virtual volume

Initial virtual volume consists in the nominal envelope
that should be iteratively deformed by V2C until it
matches the physical volume. More precisely, initial vir-
tual volume is generated by levelset methodology [25, 62]
from an original reference shape. The main stake of V2C
is to define the virtual voxel bandwidth R, grey levels in
each virtual volume to generate. In the following, white
level (resp. black level) is associated to 1 (resp. 0) grey

value. Let {x;} = {=;,y;, 2;} be the original reference
shape closed-envelope voxel coordinates and X, the cur-
rent voxel in the virtual volume and let {n;} be the asso-
ciated envelope normals.

contour and within the & andwidth, then the as-

signed grey value 1(X,,) is

1 Xcv_ 7 )1 _&
2<1—|—cos <7r|( );)gnH 2 ))

I(Xcv) =5
(13)

e If the current voxel X.,=(m,n,0) is inside the closed
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e If the current voxel X.,=(m,n,0) is outside the closed

contour but within the % bandwidth, then the as-
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Figure 1: Cross-section example on a virtual circle initial shape (a) and the associated grey level pixel values according
to the pixel position conditions regarding the original shape reference (b).



signed grey value I(X,,) is

1 Xcv_ g ) -1 &
:§<1—|—cos<7r||( };)gnH"_ 2))

(14)

I(Xey)

e If the current voxel X.,=(m,n,0) is outside the closed
contour and outside the % bandwidth, then the as-
signed grey value is 0

e If the current voxel X.,=(m,n,o) is inside the closed
contour and outside the % bandwidth, then the as-
signed grey value is 1

In order to better understand the virtual volume construc-
tion, a 2D example is provided in Figure 1. More precisely,
this example summarises the pixel intensity according to
the pixel position regarding the virtual original shape ref-
erence for a circular 2D example.

2.3 Shape defect basis description

In previous work, displacement field was approximated us-
ing B-splines [25, 48] or NURBS surfaces [49], whose con-
tours are successively deformed. In this paper, as lattice
structures struts are being studied, a cylindrical nominal
reference shape is considered in the initial virtual volume
defined by a z-axis (strut length general orientation) and a
x and y-axis plane. Shape defects contained in the phys-
ical volume are expressed through modal decomposition
[61]. This modal decomposition is separated in a four-
part classification according to the cylindrical nature of
studied struts : rigid transformations, dilatation, vertical
waviness defect and plane deformations. More precisely,
rigid transformations encapsulate x and y translations and
rotations, dilatation refers to the radius correction, verti-
cal waviness defines rippled modes as a sinusoidal devia-
tion along the cylinder axis (see [59]) and plane deforma-
tions refer to the 2D x-y deformations whose description
is chosen as a sinusoidal expression. In other words, with
X being the envelope position in the physical volume,
we may write:

Taper
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Barrel
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Figure 2: Example of considered modes (amplitudes have been manually enhanced for more readability). L refers to
the strut length, and 6 refers to the normal angle of each contour point.




Xp =Xo+ Ut + g+ Uyg + Upg (15)

Where Xy is the nominal strut centre and:

e u,; refers to rigid transformation i.e. two translations
along both horizontal axis and two rotations around
x and y axis.

e uy refers to dilatation expressed as a the global vari-
ation effect of shape radius

uy = )\d.ng (16)

e u,, refers to vertical defect. More precisely, this dis-

placement depends on the vertical position z and can
be decomposed into:

— two vertical section modification descriptors: ta-
per and barrel modes [59] (a negative barrel is
equivalent to a hourglass mode)

— vertical rippled modes [59] described as a sum

e u,, refers to the sinusoidal plane defects defined by
Upg = Z [Ai,1.cos(i0) 4+ A; 2.51n(i6)] ., (17)

)

where {6} is the contour angle defined as the center
angle at each contour point with local normal {n,}.

Figure 2 illustrates some of the considered modes and
their mathematical definitions.

These modes are defined by the user and their rele-
vance towards strut shape defects is shown in the next
section.

3 Experimental acquisitions and defect
basis validation

In order to lead further investigation on V2C, volumet-
ric data of laser PBF struts are required. This section
describes manufacturing, measurement and processing of
the samples. Shape defect basis relevance towards mea-
sured struts is particularly highlighted.

3.1 Examined samples

The samples used are representative of struts composing
a BCCz lattice structure. A BCCz lattice structure is a
structure made of vertical struts as well as inclined struts
i.e. struts with a 45° overhang angle. These elementary
struts are spatially repeated and displayed on a basement
structure as shown in Figure 3, all designed in a CAD soft-
ware. A physical marking was added to identify same ROI
in further registrations (see Figure 3b) and to maximise
the quality of alignment. Samples were designed accord-
ing to spacing recommendations specified in ISO/ASTM
52902 [63] for resolution pin artefact design. More details

(c)

Figure 3: CAD (a) and printed (c) samples. Strut tips
are marked with a 0.2 mm height marking (b) for further
registration steps.

about stakes and specific AM defects to be considered in
the artefact design can be found in [64]. More precisely,
for both samples, struts are regularly spaced, strut radii
are set to 0.6 mm, have a 5 mm length, with a 1 mm length
support added for both vertical and inclined sets to push
aside the strut from the basement structure. Basement
size and shape have been customised by fillet-fitting to im-
prove manufacturing conditions. Samples were produced
by laser PBF ([13]) on an Addup FormUp 350 printer
using Inconel 718 powder. Printing parameters were set
up according to the manufacturer’s guidance following pa-
rameters: layer thickness of 40 pm ; laser power of 220 W,
scan speed of 2100 mm.s~!, contour scan power of 210 W,
contour scan speed of 1800 mm.s~!, hatch spacing of 55
pm. Manufactured samples were then washed with water



and dried with compressed air. Parts were removed from
the substrate using an electrical discharge machine.

3.2 Measurement setups and data processing

In the following, XCT and focus variation (FV) [65] mea-
suring instruments are used. The relevancy of comparing
data stemming from XCT and FV was shown for instance
for surface texture comparisons of metal PBF in [66, 67]
and for polymer PBF in [68]. Each strut was sawed to
be measured separately by XCT and by FV and measure-
ment setups for both instruments are as follows:

e XCT: Instrument: North Star Imaging X50; X-
rays source: XRayWorX; Detector: Dexela 2923;
Each sawed strut was displayed in a home-made tool
holder, in a vertical position, to get the rotary plate
plane parallel the supporting basement plane. Geo-
metric magnification of 33 % leading to a voxel size
of 9 pm. Volumetric reconstruction was performed
from 900 projections (averaging of 10 exposures, each
lasting 0.1 s), tube voltage 150 kV, tube current 40
pA. A warmup scan of approximately 30 minutes was
performed prior to the first scan and data were re-
constructed in the manufacturer’s software, relying
on a filtered back projection algorithm, using a beam
hardening correction without specific filter. Recon-
structions were saved in a .raw file format.

e FV: Alicona Sensor IF-R25, 10x objective lens with

long working distance, numerical aperture 0.3, field of
view (2.05 x 2.05) mm, pixel lateral resolution 2.07
pm, optical lateral resolution 0.91 pm, contrast lat-
eral resolution 0.53 pm), coaxial illumination, stage
rotation step of 50°, fusion of multiple field of views
performed in the manufacturer’s software, measured
volume after fusion (1.3 x 1.3 x 5.6) mm. Neither
form removal nor cutoff filters were applied on the
measurements.

All numerical computations were performed in Matlab
[69]. When needed, cloud-to-mesh distances were com-
puted in CloudCompare [70].

3.3 Basis validation

This section aims at validating the chosen defect basis
regarding the shape defect contained in lattice structure
struts. Indeed, the proposed shape defect basis should
provide improvements of shape defect identification in
comparison to the least square cylinder for example. Prior
to further investigations, the chosen basis validation is an
important step in order to assess if the considered shape
defect basis is relevant to the studied geometry. In the fol-
lowing, two struts from each sets have been selected. For
each strut, the FV measurement dataset has been con-
sidered to compute the least square cylinder on the one
hand. On the other hand, a non-rigid registration modal
decomposition [58] is completed relying on the aforemen-
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Figure 4: Data processing pipeline for basis validation. Inputs are filled in green, outputs are filled in blue. FV-PC,
FV-R and FV-LSC refer respectively to FV point cloud, registered envelope and least square cylinder.



tioned shape defect basis. With the obtained modal de-
composition, the strut is reconstructed. FV point cloud
is compared to respectively the reconstructed strut after
non-rigid registration, and to the least square cylinder.
The data processing pipeline is summarised in Figure 4.
Deviations corresponding to blue fills in Figure 4 are sum-
marised in Table 1 by mean and RMS values.

Deviation | FV PCvs FV R | FV PC vs LSC
90° Mean (pm) -5.8 -5.7
RMS (pm) 18.0 19.0
450 Mean (pm) -8.2 -17.5
RMS (pm) 20.0 35.9

Table 1: Comparison of mean and RMS deviations of FV
point clouds (FV PC) towards respectively FV registered
envelope (FV R) and least square cylinder (LSC).

For the 90° strut, there is no notable improvement us-
ing modal decomposition, instead of least square cylinder,
to identify shape defect. Mean deviations are about the
same values with a slight reduction of RMS deviations
when using modal decomposition. This observation may
be explained by two arguments. Firstly, 90° struts are
strictly vertical and are not affected by tilting effects dur-
ing the printing process. Secondly, the printing process
includes a contour scan strategy which tends to whittle
down surface defects. In laser PBF, contour scan strat-
egy consists in the laser tracing the perimeter of enclosed
material at each layer. More precisely, as explained in
[71], contour scanning laser melts the surface irregulari-
ties resulting in an improved surface quality. For the 45°
strut, there is a major improvement of the shape defect
identification using the proposed defect basis rather than
the least-square cylinder fitting. Indeed, mean deviation
is lowered from -17.5 pm obtained with least square cylin-
der, down to -8.2 um obtained with the registered strut.
Same observations can be made with RMS deviations. In
other words, the registered strut provides a more detailed
strut shape defect than least square cylinder. That is why,
the considered shape defect basis is relevant towards the
studied geometry. Based on appropriate literature, strut
shape defect are expected to be mainly cylindrical and el-
liptic as shown in [54]. The main advantage of using this
shape defect basis is to identify further shape defect than
these traditional expectations and to narrow the shape
defect identification. However, this shape defect decom-
position is limited by the strut roughness, which is mainly
random and non-periodic along the strut [8].

4 Parameter setup and sensitivity study

V2C involves different parameters that need to be opti-
mised to increase correlation efficiency. In this section,
transition size ratio 1% of both virtual and physical vol-
umes, as well as number of plane modes are considered

and sensitivity studies are performed on 2D application
of V2C, with the aim of reducing computational costs.

4.1 2D V2C

In order to fully understand the considered method and to
find optimal setup parameters within a reasonable compu-
tation time, the proposed V2C method and its modal de-
composition is firstly validated on 2D cross-sectional grey
level images stemming from the volume reconstruction of
XCT lattice strut measurements. In this setup, the afore-
mentioned vertical defects are not considered. Initial vir-
tual shape consists in a circle whose radius is set to 0.6
mm, i.e. the CAD definition of lattice strut radius, and
whose initial position is thoughtfully chosen by the user
to limit the need for registration. Analytical virtually-
computed contours are compared to the extracted ISO5qy,
contour [39, 72] using Fiji software [73]. Although there
are ongoing discussions about surface determination tool
accuracy over another [39, 41, 42], ISO5q¢, surface deter-
mination tool was chosen over gradient-based methods for
better reproducibility of this work. In fact, gradient-based
are mainly proprietary software black boxes where param-
eters cannot be easily checked, whereas ISO5q9; can be
easily implemented. Mean and RMS errors are computed
according to the number of considered modes. A com-
prehensive study of the modal decomposition is provided
to fully understand the impact of the number of modes
considered on the computed and extracted contour dis-
crepancies. Indeed, computation of eigenvalues via the
Hessian description allows influential shape defect modes
to be identified [61]. Tllustration of the fitting process via
the 2D V2C is highlighted in Figures 5 and 6 compar-
ing the measured image with initial and correlated virtual
images.

4.2 Parametric sensitivity

The 2D validation of the proposed V2C method is used
to find the best parameters for the problem description of
both struts. Main correlation parameters to optimise are
% ratio and the number of plane modes. Previous work

[25] has identified the % ratio set to 1 as optimal with
B-splines displacement descriptors and the undertaken
studies of this paper conformed to that result. Thereby,
in the following, the sensitivity study is performed on the
number of plane modes under the condition of % = 1.
This sensitivity study is performed for 2D cross-sections
and then does not consider vertical modes. The optimal
number of vertical modes to consider in 3D V2C will be
addressed in Section 4.3, by assuming an initial number
of vertical modes and confronting that assumption to
estimated modal amplitudes. Comparisons of mean and
RMS errors between virtually computed contour and
extracted ISOgqy; contour (see data pipeline in Figure 7)
are presented in Figure 8. Results show similar trends in
the mean and RMS errors according to the mode number
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Figure 5: Tlustration of 2D V2C method for the vertical 90° strut: CT measurement image (a), initial virtual shape

(b) and correlated final virtual shape (c)-(image size (332x330) pixels, 61 considered plan defect modes, 22 = 1, 89

Ry
(b) (c)

iterations).

(a)

Figure 6: Illustration of 2D V2C method for the 45° strut: CT measurement image (a), initial virtual shape (b)

and correlated final virtual shape (c¢)-(image size (378%x356) pixels, 61 considered plan defect modes, g—“‘f? =1, 147

iterations).
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Figure 7: Data processing pipeline for 2D V2C. Inputs are filled in green, outputs are filled in blue.

taken into consideration. Several modes are considered parameters previously mentioned. Figure 10 depicts
in the shape defect basis in order to cover up sufficiently two of the considered modes. As also shown in Figure
different shape defects. Figure 9 represents each of the 8, the number of considered modes in the shape defect
modal participation by plotting the mode amplitudes description also impacts the resulting error. Indeed, it
at the end of the correlation process using the optimal seems logical that numerous modes provide a deeper
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Figure 8: Comparison of mean and RMS errors between correlated contour and ISOgq9; contour according to the
number of considered plane modes and with % =1 for the cross-sections of both 90° (a) and 45° (b) struts.

shape defect description i.e. a better approximation of
the strut real geometry. However, there is an existing
number of modes beyond which the description accuracy
is not improved anymore (see modes higher than 85 in
Figure 8a). Higher number of modes even increases the
resulting error due to high mode oscillations affecting
the shape defect description, although it decreases the
correlation score. As an example, mode 85 errors should
be observed in Figure 8a and Figure 8b: mode 255,
even supposed to provide a better shape description,
results in higher errors than mode 85. Modes 85 and 125
provide with very similar errors. However, to preserve
computational costs, 85 modes should be privileged as
the higher modes, the longer computation time. 90° and
the 45° struts required a computation time (CPU time)
of respectively 103.2 s and 204.64 s in the 85 modes
consideration, with the following hardware: Intel(R)
Core(TM) i7-10850H CPU, 2.70 GHz, 16 Go RAM. Tt is

11

worth noting that 45° strut requires more time due to
the high deformation needed in comparison to the 90°.
105 modes required approximately 17% more time for
both struts. Conversely, small number of modes does not
sufficiently provide defect description (see for example
mode 5 for both struts in Figure 8). That is why, in the
following, 85 modes will be taken in consideration for
further 2D V2C runs. This value is then an upper-bound
of the number of modes that should be considered rela-
tive to the chosen defect basis for strut application of V2C.

Examination of modal participation bars (Figure
9) provides analytical tools to better understand mode
dominance in the shape defect description amongst other
modes. In fact, modal amplitude decreases with mode
number as explained by Samper et al. [57]. Results show
that both struts can be described with a small number of
modes. In other words, low-level shape descriptors such
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as the one represented in Figure 10a have more influence
than wavy high-level shape descriptors such as the one
represented in Figure 10b. For this 2D application of
V2C, modal participation bars for both 45° and 90° struts
might be categorised in three sets:

e High-impact modes which are the 20 first considered
plane modes.

e Medium-impact modes, which are the plane modes
between 20 and 45.

e Low-impact modes, which are beyond the 45" plane
modes

As previously mentioned, V2C relies on a matrix pseudo-
inversion (see equation 10). Evaluation of conditioning
values sampled at different stages of the correlation pro-
cess shows values around 8 to 10 for both struts. Thus,
with the chosen modal description, the 2D V2C is well-
conditioned as lowest and highest M matrix eigen values
have approximately the same impacts on the correlation.

4.3 Mode consideration for 3D V2C

V2C is applied for one strut belonging to each 90° and 45°
sets relying on the aforementioned defect basis. Resulting
vertical and plane modal participations are displayed in

Figure 11. Whereas number of plane modes were taken
accordingly to the sensitivity study presented in the pre-
vious section, taper, hourglass and five vertical modes are
taken as vertical modes as a first approximation. This
value has been taken as vertical defects are assumed to
belonging to the five first vertical waviness such as pure
flexion. Specific attention should be drawn to the modal
amplitude for both struts. First of all, in both cases, pure
flexion can be observed as of high importance in compari-
son to higher order vertical modes. The study could only
consider taper, hourglass and about two vertical modes to
accurately take the vertical defect into consideration. For
plane modes, previous sections showed that considering 80
plane modes was a maximum for sufficiently representing
shape defect. However, with the right parts of Figure 11a
and 11b, the number of considered plane modes can be
lowered even for 3D application of V2C. Indeed, for the
45° strut, shape defect is mainly elliptic as described in
[54]. This elliptic property of the 45° strut is found by the
main two first plane mode amplitudes displayed in Fig-
ure 11b, with amplitudes respectively of 52 um and -23
pm, in comparison to higher frequency amplitudes. In-
deed, back in their mathematical expressions defined in
Section 2.3, these two first plane modes mathematically
describe ellipse. Higher order modes certainly provide a

12
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Figure 11: Vertical (left) and plane (right) modal

better shape defect information but with the observed de-
creasing amplitude, as explained in [57], this information
has lower importance. Indeed, it seems that beyond 20
plane modes, amplitudes displayed in Figure 11 are un-
der the micron for both struts and thus does not narrow
the shape defect identification anymore. This 1 pm cut-off
value was chosen to be consistent with the XCT resolution
as 1 pm cut-off is approximately 10% of the XCT voxel
size. Thus, considering 20 plane modes is largely sufficient
to estimate these lattice struts shape defect. In the fol-
lowing, for 3D application, vertical modes would include
taper, hourglass and two flexion modes, whereas 20 plane
modes would be considered.

5 V2C validation study

In this section, 5 struts from each of the 90° and 45° are
considered (see Figure 3). The aim of this section is to
incorporate repeatability studies into this work.

5.1 Description of methodology

Each strut provides three point clouds:
e FV point clouds
e ISO5(y point clouds

e V2C point clouds

participations for the 90° (a) and the 45° (b) struts.

In this section, we highlight the coherence of V2C modal
amplitudes regarding other measured dataset. That is
why, a non-rigid registration [58] is separately applied on
FV and ISOggy point clouds relying on the same user-
defined shape defect basis as the one considered for V2C
and presented in Section 2. As outlined in the previous
section, vertical modes are taken as taper, hourglass and
two vertical flexion modes, whereas 20 plane modes will
be considered. Outputs of these non-rigid registrations
are modal amplitudes that can be compared all-together
with modal amplitudes provided by V2C. Later, corre-
lated, FV and ISOgqy shape defect envelopes are recon-
structed relying on the modal amplitudes found respec-
tively by V2C and by non-rigid registration performed on
FV and ISO5qq, point clouds. FV and ISO5qy shape defect
envelopes are then separately compared to the correlated
(by V2C) envelope with computation of mean, RMS er-
rors and confidence intervals. Data processing pipeline is
summarised in Figure 12.

5.2 Results for two struts

Summarising, results are firstly displayed and discussed
for two struts, belonging to each 90° and 45° strut sets.
In the next section, results will be extended to the entire
sets, i.e. 10 struts in total, without displaying each of the
figures presented hereafter. Figure 13 shows the ampli-
tudes of modal participations computed respectively by
V2C, and non-rigid registration of FV and ISOgy9; point

13
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Figure 12: Data processing pipeline of V2C validation and comparison with non-rigid registration. Inputs are filled

in green and outputs are filled in blue.

clouds. This figure allows us to compare the modal ampli-
tude reached for each mode and to identify the consistency
of V2C modal decomposition towards non-rigid registra-
tion upon the same shape defect basis. For the 90° strut,
considering the relative low amplitudes, we can say that
modal participation displayed for V2C, FV and XCT are
similar. Again, the 90° strut is not significantly affected

14

with shape defect. With amplitudes below the XCT reso-
lution, discrepancies in the modal participation cannot be
fully explained and stem most likely from numerical noise.
For the 45° strut, vertical modal participations seem con-
sistent for FV-registered and XCT-registered sets. How-
ever, discrepancies remain towards V2C vertical modal
participation. Hence, modal participations would appear
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to be in accordance for V2C and both registrations on
the the first plane modes. Beyond the 4** plane mode,
amplitudes are too low and the interpretation falls be-
low the XCT resolution. All in all, the high level of
similarity between V2C and both registered modal par-
ticipations can be outlined. Reconstructed shape defect
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Figure 15: Statistical boxplots for considered compara-
tive sets. For both 45° and 90° struts, V2C envelope is
compared to the registered FV and ISO envelopes (FV-R
and ISOsq9-R respectively), green dashed line highlights
the 0 value, blue boxes are the 95% Cls, upper and lower
whiskers are the maximum and minimum values.

envelopes are compared to the correlated one and devia-
tion distributions are displayed in Figure 14 where means,
RMS errors and confidence intervals (Cls) of the means
at 95% confidence, are indicated. Associated statistical
boxplots are displayed in Figure 15, where 95% Cls are
depicted by blue boxes and defined as the difference be-
tween 95.7% and 2.5% percentiles. Whiskers represent
minimum and maximum values. As shown in both Figure
14 and 15, correlated vs FV registered envelopes results
in wider distribution than correlated vs ISO registered for
both struts. This observation may be explained by the
sequence of FV data fusion. Indeed, FV measurement of
the entire strut required multiple fusions of ROI in the
manufacturer’s software. The latter may have introduced
registration errors that are combined leading to an overall
error. Results also show that for both of the chosen 90°
and 45° struts, and both comparative sets (either corre-
lated vs FV-registered or correlated vs ISO5qo;-registered),
RMS errors are below 12 um. More precisely, RMS er-
rors are even below 8 um for the 90° strut, i.e. below
the voxel resolution of the XCT measurement. Indeed,
previous sections highlighted the small shape defect con-
tained in vertical struts. This has been shown by small
modal amplitudes, and could be explained by the manu-
facturing contouring strategy which reduces shape defect
deviations. Increased RMS errors for the 45° strut can be
explained by its surface topography. During the manufac-
turing process, down-facing surfaces of 45° struts have no

supporting structures, resulting in poor strut surface qual-
ity. These rough surfaces impact XCT and FV measure-
ments and thus V2C as well as non-rigid registrations in
the shape defect identification. Conversely, 90° struts are
built vertically and do not require supporting structure.
In addition, the manufacturing step includes a contouring
strategy which drastically improves the 90° strut surface
quality. Finally, the wide difference between minimum
and maximum values for the 45° strut should be outlined.
Deviations are indeed wider than the 90° strut and are
also explained by the poor surface quality of 45° struts:
V2C provides with an overall shape defect and does not
account for lower wavelength defects.

5.3 Extension to several struts

In this section, the aforementioned methodology is applied
on the ten printed 90° and 45° struts (see Figure 3). Figure
16 presents the computed RMS errors between correlated
and reconstructed shape defect envelopes for both FV and
ISO5p9% non-rigid registrations. Results show significant
consistency along the comparative sets. This observation
highlights the robustness of V2C and the chosen modal
basis towards spatially-repeated printed struts. As previ-
ously explained, 45° struts present poorer surface quality
than 90° struts due to the combined effects of support-
ing structure impact on the resulting strut surface rough-
ness and the laser scanning strategy. All in all, Figure 16
shows that RMS errors for all comparative sets are in the
same order as the XCT measurement resolution, and even
lower for 90° struts. RMS errors are relatively low con-
sidering the aim to estimate strut shape defect. Thereby,
displayed results show the consistency of V2C over spa-
tially repeated struts. In addition, regarding strut shape
defect, V2C provides with the same quality of information
as non-rigid registrations stemming from FV measurement
or ISO5q9 extraction.
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Figure 16: RMS errors between correlated (V2C) en-

velopes towards registered FV envelope (FV-R) and
ISO509 envelope (ISO-R), relative to the strut typology.
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5.4 Repeatability studies

In this section, measurement repeatability relative to 3D
V2C is investigated. A 45° strut and a 90° strut are con-
sidered in the following. Each strut is measured consecu-
tively 5 times by XCT with the same instrument param-
eters described in section 3.2. 3D V2C is applied on each
of the repeated measurements relative to the same shape
defect basis, and modal amplitudes are identified for each
measured strut. Thereby, for each of the two struts, the
five sets of modal amplitudes allow the mean amplitude
to be computed for each mode. CI for the mean ampli-
tude is estimated for each mode relying on t-distributions
at 95% confidence. T-distributions are used instead of
Gaussian distributions because of the small sample size
considered for each mode, made of 5 amplitude values.
Figure 17a (resp. 17b) displays the 90° strut (resp. 45°
strut) CI widths on the mean at 95% confidence. The
choice to display CI widths was made to focus the ob-
servation on CI width rather than on amplitude value.
Such a representation allows comparisons between modes
to be performed as amplitudes may be very different from
a strut to another, as well as from a mode to another.
Indeed, as previously explained, amplitudes naturally de-
crease with the number of considered plane modes. That
is why, combining on a same plot mean values as well as
ClIs is not relevant, the range of involved scales being too
wide. Statistical discrepancy is then seen for all modal
amplitudes considered in each strut. Results show that

CIs are relatively narrow for each mode, about 0.3 pm
for the 90° strut and about 3 pum for the 45° strut. In
other words, the 45° strut show poorer repeatability than
the 90° strut. This may be explained by the surface to-
pography of the 45° strut affecting the XCT measurement
implying a correlation between measurement repeatbility
and the nature of strut. Previous work [68] outlined high-
slope features affecting XCT uncertainty. This result was
not especially expected for the volumetric nature of XCT,
that is why, investigations are still required to understand
that observed correlation. For plane modes, it seems that
CI width decreases with the number of mode. However,
amplitude decrease with number of mode should be re-
minded and high number of plane mode are less expressed
than the first plane modes. Taper and hourglass, are the
modes with obviously the wider Cls in both struts. This
observation may be explained by the confusion V2C may
have between registration modes such as small rotations
or translations, with taper or hourglass modes. All in
all, vertical modes seem to have wider ClIs than plane
modes. This may be explained by the smoothing prop-
erty of V2C being dominant on plane modes. In details,
the same plane mode is defined at each altitude of the
strut resulting in the smoothing effect of very local de-
fects such as spatters. Vertical defects, by definition (see
Figure 2) are defined once and depend on the vertical po-
sition. Thus, V2C is more robust in mode determination
with plane modes than with vertical modes.
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5.5 Discussion

In this work, V2C and registrations have been performed
relative to the same user-defined shape defect basis for
a purpose of consistency. RMS errors between correlated
and registered envelopes being in the same order highlight
the similarity of information extracted by V2C, registered
FV or registered ISO5qy regarding the shape defect ba-
sis. Thus, V2C can be used as an efficient shape defect
extraction tool which does not require surface determina-
tion and further data treatment handling. Nevertheless,
to correctly represent shape defect, it is worth questioning
the chosen shape defect basis. Based on literature and the
results presented in this paper, the proposed shape defect
basis is quite representative of the expected strut shape
defect. However, strut surface also presents local stochas-
tic defects such as spatters or local recesses, which are
not expressed on the entire strut length. With the chosen
shape defect basis, V2C performs a smoothing effect of
these very local defects which have not been described in
the defect basis. Although the chosen shape defect basis
does not account for higher wavelength defects, integrat-
ing these stochastic defects into V2C would be interesting
to perform.

Repeatability studies presented herein include spatial re-
peatability of lattice struts as well as XCT measurement
repeatability for the V2C application. Results highlight
the V2C consistency and robustness towards considered
studies. Regarding shape defect, V2C provides with the
same quality of information and can be considered as an
efficient shape defect extraction tool. Lower wavelength
defects, and stochastic defects introduced whilst manu-
facturing such as spatters, are not identified by V2C in
its present form as the considered defect descriptors only
focus on shape defects. Measurement repeatability study
also identified a correlation between the nature of consid-
ered strut and CI width. Investigations are still required
to deepen the XCT uncertainty understanding to limit its
impact on V2C

Then, although this work involves many data stemming
from different measurement techniques acquired by skilled
operators, improvement are always possible that could de-
crease registration time or convergence speed. Indeed,
V2C involves volumetric data treatments and thus re-
quires specific RAM needs. In the V2C presented in this
paper, not less than 110 gigabytes of RAM were needed
on a high performance computing cluster. Finally, V2C
has the advantage of providing the user with strut shape
defect information directly from volumetric data. As a
result, shape defect identification with V2C doesn’t re-
quire neither surface determination nor additional user-
dependant steps such as meshing and registration, prior
to dimensional assessments relative to the CAD nominal
model. In other words, uncertainty sources are restrained
and the CAD model can be directly updated with the
identified information from volumetric data. This direct
link between volumetric data and the CAD model raises
new comprehensive stakes that will be the object of fur-
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ther work.

6 Conclusion

V2C has been presented in order to describe strut-based
lattice beam shape defects as V2C provides with better
defect information than least square cylinder approxima-
tions. The proposed method allows the strut shape de-
fect to be expressed as a sum of modal participation rely-
ing on the user-defined defect basis. Optimal parameters
such as virtual image bandwidth or number of modes to
consider are found in a 2D validation study. Extended
to 3D, the V2C method allows volumetric shape defects
to be digitally reconstructed directly from XCT measure-
ments. This work highlights the suitability of V2C to
identify strut shape defect with the considered defect ba-
sis, as well as non-rigid registration from FV measure-
ments or ISOzqy, extractions. Future work will continue
to focus on adapting this V2C methodology to more com-
plex AM structures such as whole lattice structures or
complex geometries obtained by topological optimisation.
The entire lattice structure raises the scale of shape de-
fect challenge. Significant efforts should then be invested
in precisely characterising the geometric representation by
taking more parameters into consideration without com-
promising the numerical optimisation problem.
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