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ABSTRACT

Data-driven quality assurance and reproducibility are critical for advancing the industrial maturity of Powder Bed Fusion with Laser Beam of
Metals (PBF-LB/M). This study addresses the extraneous variance in scan vectors that arises even for identical cross sections of nominally identical
components but located at different positions on the build platform. This inherent variance, common across most PBF-LB/M machines, is caused
by scan vector computation relative to the machine coordinate origin and subsequent projection of the resulting pattern onto individual component
cross sections. In this work, scan vectors are computed still following conventional slicing, but relative to the workpiece origin of each component,
using an EOS M 300-4. This digital preprocessing approach homogenizes fabrication conditions, ensuring that anomalies, such as scan vector over-
laps, occur consistently across identical components. The impact during fabrication is assessed through powder bed imaging, melt pool monitoring,
and operational data from the multilaser PBF-LB/M machine. Components are manufactured from AlSi10Mg for each scan vector computation
origin and subsequently qualified using x-ray computed tomography, optical coordinate measurement, and optical surface measurement. A compre-
hensive evaluation is conducted, comparing the results in terms of component density, geometric accuracy, and surface roughness to those obtained
using conventional preprocessing. Based on these findings, practical recommendations are provided, focusing on achieved quality criteria to identify
potential drawbacks, while also considering the life cycle analysis of fabrication. Finally, the study emphasizes the significance of consistent scan
vector provisioning for identical components placed at different build platform positions, assuming no roll or pitch during nesting.

Key words: Powder Bed Fusion with Laser Beam of mMtals (PBF-LB/M), digital pre-processing, reduction of extraneous variance,
Workpiece Coordinate System (WCS) as hatching origin, hmogenization of fabrication for AlSi10Mg
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I. INTRODUCTION

In 2025, AlSi10Mg holds the largest market share as a feed-
stock material for Powder Bed Fusion with Laser Beam of Metals
(PBF-LB/M), primarily due to its widespread use in small-series
production and its high profitability for service providers.1

However, one of the largest round robin tests revealed that incon-
sistencies in the offered quality levels still persist, even for geomet-
rically simple components.2,3 Most of the outliers could be
attributed to insufficient feedstock conditioning, machine-specific
performance, or the applied parameter sets.2 Nevertheless, certain

degrees of freedom exist even under controlled conditions, such as
variations in shielding gas flow within the build chamber or the
orientation of components on the build platform. This machine’s
intrinsic variance can result in deviations of up to 10% in mechani-
cal properties for identical components within the same build
cycle.4,5 To some extent, the current digital preprocessing, defined
as a step of the preparation phase of a build cycle according to DIN
ISO/ASTM 52920, introduces variance by itself.6 This occurs
because hatching, including the assignment of scan vectors, is per-
formed relative to the origin of the Machine Coordinate System
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(MCS), causing variations in exposure even for nominally identical
cross sections of identical components. In addition, the configura-
tion of the scan vectors alongside their exposure parameters influ-
ences the microstructure and the concentration of short vectors
leads to local heat accumulation with the formation of residual
stresses.7,8 Therefore, the aim of this study is to homogenize the
across components by using the origin of the Workpiece Coordinate
System (WCS) for hatching, to mitigate extraneous variance.

II. COMPARISON OF THE ADVANCED PREPROCESSING
WITH THE DE FACTO STANDARD

Current digital preprocessing approaches are susceptible to
extraneous variance, as the MCS serves as the reference for com-
puting the scan pattern, including the detailed xy coordinates of
each vector, as illustrated in Fig. 3(a). To emphasize the practical
implications, an example section of a cuboid layer is presented in
Fig. 1.

The dashed light green line represents the contour of the
Computer-Aided Design (CAD) model for a cross section of the
cuboid at a specific z-coordinate, obtained after slicing. After apply-
ing the beam offset to displace the center of the laser beam inwards
to compensate for its larger molten zone and scaling in x- as well
as in y-directions, the contour vectors are derived and, when
included in the parameter set, are visualized as lines, shown here in
yellow. In this study, the stripe pattern is utilized, as it is one of the
most common and simplest ones after the meander.9 The popula-
tion of the area enclosed by the contour vectors is achieved by
intersecting the global scan vector pattern originating from the
MCS with the contour, followed by trimming vector artifacts
located outside. The remaining vectors represent the infill scan
vector type, visualized in blue in Fig. 1. With a finite scan vector
length, overlap regions presented by dark green solid lines are
emerging representing an anomaly as well as the shorter scan
vectors toward the contour. With the MCS as the hatching origin,
as illustrated in Fig. 3(a), the scan vectors are then not identical
even for identical cross sections. These phenomena are shared
across all scanning patterns and only vary in complexity, by, for
instance, the definition of different fields like for a chessboard

pattern or regions within the component, like for up- and down-
skin.9 Given that a rotation and a shift between layers is typically
applied,9 each component ultimately receives a unique configura-
tion of scan vectors. This results in distinct occurrences of anoma-
lies such as stripe field overlaps or the agglomeration of short scan
vectors. The so caused variability introduces extraneous variance in
the fabrication, even for nominally identical components with even
identical orientation, as illustrated in Fig. 3(a).

Such a build cycle layout is prominent for parameter studies
or small serial fabrication.10,11 The advanced digital preprocessing
approach utilized in this work resolves the extraneous variance by
using the origin of the WCS, a component-intrinsic feature, as the
reference for computing scan vectors, as illustrated in Fig. 3(b). By
shifting the reference for scan vector computation from the global
MCS origin to the component-specific WCS origin, the scan
vectors of nominally identical components become identical for
identical cross sections. This approach could even inherently
accommodate degrees of freedom during component placement as
presented in Fig. 2, except for those that alter the cross section,
such as roll or pitch, which are typically suppressed by nesting
algorithms, as they can impact the fabrication. For example, new
down-skin regions can be introduced. Thereby, the inter layer time
and, therefore, the time-temperature profile could be influenced.12

This approach supports all configurations of scan vector types
in identical cross sections, which in the context of EOSPRINT 2.13
and its build processor include infill, contour, up-skin, down-skin,
and edge vectors, each with its distinct exposure parameter set. If
only a translation is applied during placement, the scan vectors of
an identical cross section can be represented under a new orienta-
tion in the MCS by applying the corresponding components of the
transformation matrix, shown in Fig. 2, along with a time offset, as
the scan vectors themselves remain geometrically and in their order
relative to each other unchanged. As a result, the locations of the
described anomalies are homogenized, enabling improved

FIG. 1. Basic vector types of a stripe pattern and their configuration of a
section of a sliced CAD of a cuboid.

FIG. 2. Geometric degrees of freedom in positioning a component inside the
MCS in homogeneous coordinate form.
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comparability between nominally identical components, regardless
of their placement within the build chamber.

III. FABRICATION OF COMPONENTS

To assess whether the quality output of the PBF-LB/M is truly
homogenized, a representative build cycle layout is fabricated for
each hatching origin. The study also investigates if the component-
specific computation of scan vectors introduces additional auxiliary
time, either during build cycle preparation due to increased compu-
tational cost or during its fabrication because of a higher number
of jump vectors and the associated repositioning of the scan head.
The build cycle layout includes 20 cuboids measuring 50 mm in
length, 10 mm in width, and 10 mm in height, fulfilling the require-
ments of the representative test volume defined in DIN EN ISO/
ASTM 52902 for evaluating the achieved quality in terms of
density, geometric accuracy, and surface roughness.13 It also con-
tains 20 semifinished tensile specimens with a diameter of 10 mm
and a height of 70 mm. A reference grid with quadrant numbers is
additionally integrated to enable the registration of the external
monitoring systems used in this study, including powder bed
imaging and Melt Pool Monitoring (MPM), onto the machine
coordinate MCS domain via homography. The components are
arranged in a regular layout on the build platform in the Computer
Aided Manufacturing (CAM) environment of Siemens NX 2212,
where the cuboids are rotated by 30° in the mathematically positive
direction around their z-axis at their individual center of gravity. In
this study, only the translation of nominally identical components
is applied. Yaw rotation is not considered, as it requires a reorder-
ing of the scan vector exposure due to the altered alignment relative
to the shielding gas flow, to avoid introducing adverse effects,14

which is also currently not implemented. Each component is
uniquely distinguishable by the incorporation of an identifier,
and its orientation in the build chamber is traced according to
DIN EN ISO/ASTM 52921, as shown in Table I. After the orienta-
tion is finished, a 5 mm volume support is generated for all compo-
nents. Once the PBF-LB/M machine agnostic build cycle layout is
completed, it is verified against the constraints of the build
processor for the EOS M 300-4 machine. The parameter set
AlSi10Mg_060_CoreM304_102, featuring a layer thickness lz of
60 μm and preheating of 165 °C, is then assigned. A stripe pattern
with a width of 8 mm is utilized, along with a baseline laser power
PL of 370W, a scan speed vs of 1210 mm/s, and a hatch distance hs
of 150 μm. These parameters vary depending on the scan vector
type. Notably, with enabled power reduction, the laser power PL is
defined as a function of scan vector length. Since the EOS M 300-4
is equipped with four laser units, component assignments to the
lasers are handled by the build processor. The build cycle is subse-
quently converted into the machine-specific .openjz format, taking
into account the current image of the EOS M 300-4, which includes
the settings of the machine control software in version 11.21, the
actual calibration state of the scan heads, and the global scaling
factors in the x- and y-dimensions for the AlSi10Mg feedstock.15

Due to the limited integration of the application programming
interface of EOSPRINT 2.13 into the CAM, the target criteria for
scan vector orientation, particularly with respect to the shielding
gas flow, will be defined outside this workflow.

The resulting build cycle 09 WCS, in which the component
identifiers begin with 09, is additionally manipulated using the
EOSPRINT 2.13 Software Developer Kit (SDK) to enforce
component-specific scan vector computation during the final
export to the machine in the .task format, as illustrated in Fig. 3(b).
In contrast, build cycle 10 MCS, where component identifiers begin
with 10, utilizes scan vectors computed globally based on the MCS
origin. The time of digital preprocessing per build cycle of the
machine deploying the SDK is listed in Table II. To minimize
external disturbances, the EOS M 300-4 is equipped with
AlSi10Mg powder from the same batch for both build cycles.

TABLE I. Build cycle layout fabricated with the two different hatching origins exem-
plary visualized for build cycle 09 WCS in the MCS in the CAM Siemens NX 2212.

Layout of build cycle 09 in the CAM

Component
Position MCS
(x,y,z) in mm CAD

Surface 09 01 75.0, 37.5, 5.0

… … …
Surface 09020 187.5, 187.5, 5.0

Tensile 09 01 37.5, 37.5, 30.5

… … …
Tensile 09 20 112.5, 187.5, 30.5

Calibration grid 0.5, 0.5, 0

Quadrant number 1 263.5, 19.0, 0.0

… … …
Quadrant number 4 36.5, 19.0, 0.0
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The chemical composition of the powder complies with DIN 1706
and it exhibits a particle size distribution d10 = 25 μm, d50 = 44 μm,
and d90 = 73 μm, measured according to DIN ISO 13320.16,17

The apparent density is 1.31 g/cm3, determined in compliance with
ASTM B417.18 Furthermore, the EOS M 300-4 is calibrated in accor-
dance with DIN CEN ISO/ASTM 52930, confirming no relevant
deviations between the laser units and discrepancies from the
Installation Qualification (IQ).19,20 Each build cycle is monitored via
an Extract Transform Load (ETL) pipeline, which registers
the machine datums published through the open platform commu-
nication unified architecture server on the entities build cycle, layer,
component, and scan vector.21 The fabrication, as detailed in
Table II, is supervised layer-wise by a 1.3 MP powder bed camera
that captures the build platform after recoating and exposure.
Emissions during exposure are traced via MPM for each laser unit,
resulting under the applied parameter set for AlSi10Mg in a

maximum spacing of 20:1�6 μm between measurements along the
same scan vector.19 The monitoring system signals are linked to the
database of the ETL, achieving a Digital Shadow (DS) in a unified
temporal and spatial reference system.19 Throughout both build
cycles, no machine-intrinsic thresholds such as for recoater torque
are exceeded within the 1116 layers, and no abnormal events are
reported by monitoring systems, indicating a representative fabrica-
tion. Main and auxiliary times are summarized in Table II, and an
exemplary cuboid is shown in Fig. 4.

IV. SCOPE OF THE QUALITY ASSURANCE

To evaluate the influence of advanced digital preprocessing on
component quality, three distinct Regions of Interest (ROIs) are
defined for the applied Nondestructive Testing (NDT) methods on

FIG. 3. Comparison of the two different digital preprocessing approaches for the generation of scan vectors. (a) Conventional hatching of a layer after slicing based on the
MCS origin. (b) Advanced hatching of a layer after slicing based on the WCS origin.

TABLE II. Fabrication times per process stage, the fabricated volume varies, as
nominally identical components remain unique due to individual identifiers.

Build cycle 09 WCS 10 MCS

Time digital preprocessing 24 min 42 s 24 min 23 s
Time total PBF-LB/M machine 5 h 9 min 31 s 5 h 0 min 11 s
Preprocess 0 h 57 min 30 s 0 h 48 min 37 s
Fabrication 4 h 8min 1 s 4 h 7 min 38 s
Exposure 2 h 45 min 28 s 2 h 45 min 13 s
Recoating 1 h 7 min 41 s 1 h 7 min 37 s
Heating 0 h 4 min 48 s 0 h 4 min 47 s
Auxiliary 0 h 10 min 4 s 0 h 10 min 1 s
Postprocess 0 h 4 min 0 s 0 h 3 min 56 s
Volume 282.33 cm3 282.38 cm3

Build-up rate 68.33 cm3/h 68.42 cm3/h

FIG. 4. Cuboid 09 04 after depowdering in an ultrasonic bath and subsequent
machining exhibits anomalies in the form of lines perpendicular to the scan
vectors in the top view, caused by stripe field overlaps.
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the cuboids examined in this study, as illustrated in Fig. 5. For
X-ray Computed Tomography (XCT), a cubic central region of
10 mm3 is defined as an ROI; for Optical Coordinate Measurement
(OCM), the entire cuboid volume is considered; and for optical
surface roughness analysis, the top surface of the XCT ROI is
assessed. Since the selected ROIs show no overlap in the top layer
250 of certain cuboids of build cycle 10 MCS, while consistent
overlap is observed at the identical location over all cuboids of
build cycle 09 WCS, see Fig. 3(b), a preselection of these cuboids
with the identifiers 10 04, 10 05, 10 10, and 10 15 is performed.
These and their pendants from build cycle 09 WCS are subjected
to XCT and OCM analysis, whereas optical surface roughness is
assessed for all 40 cuboids. Besides, the DS of these ROIs is com-
pared to explore the potential anomalies introduced by the extrane-
ous variance, concurrently with the fabrication. To evaluate the
statistical significance of differences in quality metrics, the non-
parametric two-sample Kolmogorov–Smirnov (K–S) test is
employed. This test is robust to differing sample sizes and does not
assume a normal distribution.22 The null hypothesis H0 is defined
as in Eq. (1),

H0: F09 ¼ F10: (1)

here, F09 and F10 represent the distributions of the respective crite-
ria for build cycles 09 WCS and 10 MCS, with a significance level
of α = 0.05. If the null hypothesis H0 can be rejected with p≤ 0.05,
Cohen’s d is calculated to determine the corresponding effect size.

Given that the sample sizes for each ROI are equal n09 = n10,
Cohen’s d can be expressed by Eq. (2),

d ¼
�X09 � �X10ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s209 þ s210

2

r : (2)

A. X-ray computed tomography

The ROIs of the cuboids with identifier suffixes 04, 05, 10,
and 15 are analyzed via XCT using the commercial scanner diondo
dxMAX equipped with a dual-tube configuration. Scanning is per-
formed with a microfocus 240 kV transmission tube. For each
cuboid, 3500 projections are acquired with a 2 mm aluminum pre-
filter, an exposure time of texp = 550 ms, an acceleration voltage of
U = 150 kV, and a target current of I = 130 μA, ensuring full cover-
age of the defined ROIs. A calibrated voxel size of ≈10 μm3 is
thereby achieved. The image processing is executed in
VGStudiomax in version 2024.3. The reconstructed volumes are
registered to the CAD model in its MCS orientation using the
best-fit alignment module. This procedure enables the correlation
of pore centroid coordinates with the scan vector configuration.
The aligned volumes are subsequently smoothed using the non-
local means algorithm implemented in Fiji23 with a kernel size of
11 to reduce noise prior to segmentation. Before conducting the
porosity analysis, each volume fitted to the corresponding ROI is
eroded by three voxels along the outer surface to eliminate edge

FIG. 5. Overview of the different utilized NDT methods to qualify the impact of the two hatching origins on the different ROIs in the WCS.
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artifacts. Additionally, the central volume affected by the rotation
axis artifact is excluded to prevent false pore detections. Pores con-
sisting of fewer than 27 voxels, or with centroids located outside
the individual ROI, are disregarded in the final analysis. The results
are also transformed into the WCS domain, as presented in Fig. 6
for cuboid 09 04, to enable subvolume-specific analysis. This
includes regions exposed via the contour scan vector type, whose
configuration is based on a beam offset of 0.2 mm, as well as a
scaling of 0.35% in the x- and 0.37% in the y-direction in the MCS,
as illustrated in Fig. 1. The analysis also considers the up and
down-skin subvolumes, each spanning two layers and correspond-
ing to a height of 0.12 mm as highlighted in Fig. 5. Porosity per-
centage and pore morphology, characterized by the sphericity w,
are then determined for each subvolume and for the entire ROI.

B. Optical coordinate measurement

The Geometric Dimensions and Tolerances (GD&T) are evalu-
ated for the same cuboids analyzed in the XCT. While the Product
Manufacturing Information (PMI) of Fig. 5 defines the length and
width, the flatness of reference plane C is additionally examined. To
this end, each cuboid is digitized using a Hexagon Absolute Arm
V2P 8320 7-axis system equipped with an AS1 scan head, featuring
a measurement uncertainty budget of 60 μm, determined in accor-
dance with DIN EN ISO 10360-8.24 First, a point cloud is generated
by rasterizing the outer surface using a blue laser line with a width
of 150mm, projected at a frequency of 300 Hz and a point spacing
of 30 μm. The individual scans are then stitched using PolyWorks
2024 IR8.1. During surface reconstruction, a symmetric tolerance
field of 100 μm for downscaling is applied. The resulting tessellated
outer surface is then aligned to the CAD model in its WCS orienta-
tion, using a global best-fit based on the mean square error objective
function, minimized via the iterative closest point algorithm. The
deviations from an envelope requirement defined according to DIN
EN ISO 14405-1 with limits of ±0.3mm are visualized exemplarily
for cuboid 09 04 in Fig. 7.25

As required by the PMI, each reference datum representing
one of the lateral surfaces is described using a Chebyshev Minimax
element under constrain outside the material, as visualized in Fig. 8
and in accordance with DIN ISO 1101.26

For both width and length, the maximum observed distance
between two opposing Chebyshev elements is derived as stated
by the specification modifier GX in Fig. 5. For the specified
length of 50 mm, only the region excluding the identifier was
taken into account. This procedure corresponds to a tactile
caliper measurement as performed during the IQ. The resulting
deviations from the nominal dimensions are classified based on
the tolerance grade system defined in DIN 2769 for linear dimen-
sions, and the flatness of reference datum C is evaluated against
an envelope requirement for surface profiles within the same
standard.27

FIG. 6. Evaluation of the porosity of cuboid 09 04 and the projection of the ROI
of Fig. 3 into the xz plane of the WCS.

FIG. 7. Evaluation of cuboid 09 04 based on global best-fit of the reconstructed
surface and its subsequent clipping to exclude the residuals of the support.

FIG. 8. Chebyshev element under constrain outside the material representing a
caliper measurement.
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C. Optical surface measurement

All 40 ROIs of the individual cuboids, as depicted in Fig. 5,
are assessed using confocal microscopy, to evaluate the area surface
roughness and quantify the impact of the second stripe field
overlap, which can already be observed in Fig. 4. The ROIs on the
top plane are digitized using a NanoFocus μsurf Expert equipped
with a 1600 s lens system, providing magnification by factor 10
with a numerical aperture of 0.3. Each ROI is covered by a 7 × 7
grid of measurement fields. Each individual scan within a field is
acquired with an exposure time of 40 ms and a resolution of
2048 × 2048 px2. The z-range for each xy position is automatically
determined based on the confocal response curve. The primary
surface profile is then obtained by stacking the individual scans per
xy position and subsequently stitching across the entire ROI. The
measurement uncertainty budget is quantified as 100 nm, in com-
pliance with VDI 2655 Part 2.1.28 The so generated primary surface
profile is processed via Mountains in version 10 to convert it into
an S-L surface in accordance with DIN EN ISO 25178-2.29 The
inclination of the top plane is leveled and the waviness is removed
via a high pass filter with a cutoff λc = 8 mm and a low pass filter
with a cutoff λs = 8 μm is used to suppress noise. The roughness
profile Sa, representing the arithmetic mean of the absolute ordi-
nate values, is calculated by Eq. (3),

Sa ¼ 1
A

ðð
A
jz(x, y)jdxdy: (3)

To specifically account for the stripe field overlap, Sv the
largest pit depth, which characterizes the deepest notch, is also
determined, see Eq. (4),

Sv ¼ min
A

z(x, y)

����
����: (4)

These two parameters serve as the basis for identifying the
spatial distribution over the build platform and the positional
dependency caused by the MCS as the hatching origin. To enable a
direct comparison between build cycles, particularly between the
uniform location of stripe field overlap in build cycle 09 WCS,
which is also shown in Fig. 9, and the varying location in build
cycle 10 MCS, the hybrid parameter of the developed interfacial
area ratio Sdr is utilized. It quantifies the increase in the actual
surface area of the ROIs, in comparison with an ideal flat plane
stated by Sdr = 0,

Sdr ¼ 1
A

ð
~A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ @z(x, y)

@x

� �2

þ @z(x, y)
@y

� �2
" #vuut � 1

0
@

1
Adxdy:

(5)

V. RESULTS OF THE QUALITY ASSURANCE

For each set of quality criteria applied to the defined ROIs, the
absolute values are benchmarked against the state-of-the-art quality
levels. To identify positive and negative impacts, K-S test metrics
from the comparison of the build cycles are analyzed in conjunc-
tion with their scan vector configuration.

A. X-ray computed tomography

The achieved mean density of at least 99.90% for build cycle
10 MCS, measured over the ROIs of 10 mm3, see Fig. 6, falls within
the upper quantile of the distribution observed in the round robin
study for AlSi10Mg.2,3 As shown in Table III, the cuboids from
build cycle 09 WCS are denser but also exhibit a greater standard
deviation. The K-S reveals no statistically significant difference, and
the sphericity w is found to be identical across both build cycles.

When evaluating the subvolumes depicted in Fig. 6, the spatial
distribution of porosity is also considered. In the bottom subvo-
lume, which marks the interface between the support and the com-
ponent, a consistent correlation is observed across all cuboids.
Elevated porosity levels, reaching up to 0.5%, can be associated
with down-skin exposure, which is characterized by a reduced
hatch hs and a lower laser power PL. In contrast, the top subvo-
lume, fabricated using up-skin exposure with a larger hatch hs and
lower scan speed vs, does not exhibit this behavior. Instead, pore
formation is observed 5–7 layers beneath this subvolume, see

FIG. 9. Evaluation of the surface profile of cuboid 09 04 of the ROI of Fig. 5,
where the second stripe field overlap similar to Fig. 4 is visible.

TABLE III. Achieved porosity levels and pore morphology across build cycles 09
WCS and 10 MCS, since XCT data are represented as voxels, the maximum
achievable sphericity w in VGStudiomax is that of a cube w≈ 0.8, rather than a
perfect sphere w = 1 (Ref. 30).

Build cycle 09 WCS �X09 s09

Porosity 0.06% 0.04%
Sphericity w 0.65 0.01
Build cycle 10 MCS �X10 s10
Porosity 0.10% 0.01%
Sphericity w 0.65 0.01
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Fig. 6, indicating keyhole porosity caused by higher energy
density.31 For the left and right subvolumes, the only notable differ-
ence between the build cycles becomes apparent. The volume associ-
ated with the lateral region here on the left, which is exposed by the
contour scan vector type, exhibits a mean porosity increase by a factor
of 5 in all cuboids from build cycle 10 MCS. In contrast, build cycle
09 WCS shows lower porosity near the shielding gas inlet, with a
gradual increase along the x-axis of the MCS, as presented in Fig. 10.
This trend suggests that the porosity gradient observed in build cycle
09 WCS can be attributed solely to the shielding gas flow profile, as
the influence of scan vector variation has already been equalized.14

B. Optical coordinate measurement

For all GD&T features, the cuboids from build cycle 09 WCS
exhibit lower or equal standard deviations, see Table IV.

This increase in performance can be attributed as well to the
equalized variance in scan vector configuration for build cycle 09
WCS. It results in homogenized fabrication of the lateral region
due to the consistent number of scan vector start and end points,

which tend to form unstable melt pools.32 All GD&T features, with
the exception of the deviation in x-length for build cycle 09 WCS,
can be classified within the highest grade of DIN 2769, in agree-
ment with performance levels reported in comparative studies.33

The difference between build cycles, expressed by higher mean
deviations of build cycle 09 WCS, is not found to be statistically
significant and may be compensated by adjusted scaling in the
parameter set, possessing only technology readiness level 3.34

Notably, this classification is valid only when applying the compen-
sation criterion GX. Under the requirement defined by the smallest
circumscribed envelope GN, which reflects the ideal geometry
achievable after machining,25 all cuboids are found to be under-
sized by 0.1 mm in their linear dimensions. Therefore, the criteria
applied during IQ should be derived from the tolerance field of the
application of the component, including allowances for mandatory
postprocessing.

C. Optical surface measurement

As described, the selected cuboids 04, 05, 10, and 15 from
build cycle 10 MCS show no stripe field overlap anomalies within
their ROIs. To initially assess the spatial deviation across the build
platform, all cuboids from the entire build cycle are investigated, as
presented in Fig. 11.

No trend related to the spatial allocation of the cuboids is
evident for either Sa or Sv, the same applies to build cycle 09 WCS.
In contrast for build cycle 10 MCS, a correlation between the
number of stripe field overlaps and the surface roughness can be
observed, as shown by the main effects in Table V.

The surface roughness is primarily influenced by the up-skin
exposure of the top subvolume, as highlighted earlier. This

TABLE IV. Achieved geometric accuracy across build cycle 09 WCS and 10 MCS.

Build cycle 09 WCS �X09 (mm) s09 (mm) Grade

Deviation x-length WCS 0.12 0.02 B
Deviation y-length WCS 0.01 0.03 A
Flatness top plane WCS 0.08 0.01 A
Build cycle 10 MCS �X10 (mm) s10 (mm) Grade

Deviation x-length WCS 0.10 0.06 A
Deviation y-length WCS −0.01 0.04 A
Flatness top plane WCS 0.07 0.01 A

FIG. 10. Comparison of the obtained porosity over the cuboids 04, 05, 10, and
15 over both build cycles in the ROI left from Fig. 5 along x-axis of the MCS.

FIG. 11. Achieved surface roughness over the build platform of build cycle 10
MCS, exemplified by Sa inside the MCS.
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exposure is optimized to smooth the top layer with a higher energy
density.31 Both build cycles achieve Sa values superior to those
reported in the round robin study but are comparable to the
surface roughness obtained through optimization of up-skin expo-
sure for AlSi10Mg.2,3,35 However, only relative differences are con-
sidered in this study, as the resolution used to capture the ROIs via
confocal microscopy might be suboptimal for a fully quantitative
Sa evaluation. To assess the impact of the hatching origin, only Sdr
is analyzed, see Fig. 12, as both the number and position of stripe
field overlaps vary across the ROIs and could confound the inter-
pretation of Sa and Sv. As shown in Fig. 12, build cycle 09 WCS
yields a more reproducible output, likely due to the absence of
extraneous variance in the scan vector configuration. This is sup-
ported by the K–S test, which reveals a trend with p = 0.08, close to
rejecting H0, and proving no adverse effects are introduced by the
advanced digital preprocessing.

VI. IMPLICATION ON SIGNALS OF MONITORING
SYSTEMS

To verify whether differences in scan vector configuration can
already be detected during fabrication and, thus, potentially represent
a process irregularity capable of triggering an error message, a DS is

initialized using a voxel size of 100 μm× 100 μm× layer thickness lz
for each cuboid, as exemplified in Fig. 13 for the top layer 250 of
cuboid 09 04. A constant ROI is examined in detail. It is defined over
all voxels within a line segment centered at the second stripe field
overlap in the positive y-direction in the WCS of each cuboid in
build cycle 09, with a symmetric offset of 100 μm applied normal to
its orientation. This ensures full coverage of the stripe field overlap
evolving during fabrication of top layer 250, given an overlap setting
of 10 μm, a laser beam diameter dσ ranging from 82–84 μm, and a
maximum positioning error of 16 μm, depending on the applied laser
unit.19 The descriptive statistics of the monitoring systems registered
in the DS, and for the MPM, also per-voxel binned signals, are
derived from the ROIs of top layer 250 across all cuboids and are
listed in Table VI. These statistics are found to be representative for
both build cycles, based on the layer-wise ROI locations correspond-
ing to the stripe field overlap in build cycle 09 WCS. Therefore, the
implications are analyzed only for top layer 250.

The K–S test reveals a significant difference p≤ 0.05 in the cap-
tured signals of the 200 voxels per ROI between build cycle 09 WCS,
where the stripe field overlap is consistently located within each ROI,
and build cycle 10 MCS, where the overlap may be partially included
or entirely outside the ROI due to the varying scan vector configura-
tion. This result suggests a practical impact of the stripe field overlap
on the monitoring of the fabrication process for both systems. While
Cohen’s d for the powder bed camera is –0.07, the effect size is negli-
gible, which can be attributed to the insufficient resolution in the
MCS domain, with an edge length of ≈300 μm per pixel. Such
anomalies, and even indirect conclusions about surface roughness,
can only be detected using visually high-resolution in situ process
monitoring.36 In contrast, for the MPM, a medium effect size is
observed, with Cohen’s d of −0.57, which is supported by the more
pronounced differences in intensity distributions of the emissions of
the ROIs per build cycle, as visualized in Fig. 14.

The ROIs of build cycle 09 WCS exhibit reduced melt pool
signal levels. This observation can be attributed to two factors. The
dominant cause is the structure of the stripe field overlap, which
arises at the extremes of the scan vectors, specifically from the combi-
nation of their start and end points.37 As the laser power PL is
coupled in at the start point of a scan vector, the temperature evolu-
tion is transient.32,38 This is associated with an unstable melt pool, as
its size is still increasing and liquid metal continues to form ahead of
the depression and the laser beam. These conditions lead to lower
local temperatures and complex local thermodynamic behavior,38

consequently reducing signal intensity. Conversely, at the end of a
scan vector, the laser power PL is decoupled, causing the melt pool to
collapse. This alters the melt pool geometry during solidification,37

reducing the local temperatures similar to the start of the scan vector
and once again resulting in lower emissions. This effect is evident in
the MPM signals of top layer 250, shown in Fig. 15, where the start
and end points, located at the abutting faces of the cuboid, exhibit a
noticeable decrease in recorded emissions. A secondary effect is
superimposed in the stripe field overlap regions, where the identical
xy coordinate is exposed twice. During the second exposure, the laser
remelts previously solidified material rather than loose powder, which
further reduces melt pool emissions. This reduction is primarily
attributed to the higher thermal conductivity resulting from the
approximately twofold increase in density of the solidified material

TABLE V. Main effect of the number of overlaps in the ROIs on the surface
roughness of build cycle 10 MCS.

Surface parameter

No overlap in ROIs
One overlap in

ROIs

�X10(μm) s10(μm) �X10(μm) s10(μm)

Sa 1.09 0.04 1.14 0.04
Sv 4.03 0.17 4.24 0.27

FIG. 12. Distribution of Sdr per build cycle in the ROIs for the hatching origins
WCS and MCS.
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compared to the powder bed and its lower absorptivity of laser power
PL.

39,40 The MPM evaluation is in line with this phenomenon, as
shown by both the raw signals over process time and their binned
spatial projection at the bottom of Fig. 14, which corresponds to the
MPM levels in the DS presented in Fig. 13.

VI. CONCLUSION ON BEST PRACTICE FOR DIGITAL
PREPROCESSING

The advanced digital preprocessing approach mitigates the
intrinsic extraneous variance in scan vector configurations that

typically arises when translating identical components within the
MCS. In the test bed, this results in more homogenized fabrication of
AlSi10Mg cuboids, as reflected by a reduced standard deviation of the
surface parameter Sdr. No adverse effects are introduced by using the

FIG. 13. Digital shadow of cuboid 09 04 with registered process signals of top layer 250, acquired by the powder bed camera in Gray Values (GVs) and by the MPM in
Digital Values (DVs). The data are obtained in the MCS, with the ROI shown in detail in Fig. 5 in the WCS, corresponding to the second stripe field overlap in the positive
y-direction in the WCS.

TABLE VI. Comparison of the process signal of the ROIs of the second stripe field
overlap from the powder bed camera in GVs and the MPM in DVs between the
build cycles 09 WCS and 10 MCS of top layer 250.

Build cycle 09 WCS �X09 s09

Powder bed camera 163 GV 32 GV
MPM 2774 DV 768 DV
Build cycle 10 MCS �X10 s10

Powder bed camera 166 GV 33 GV
MPM 3188 DV 650 DV

FIG. 14. Histogram of the MPM intensity in DVs in the ROIs complying with the
second stripe field overlap in the positive y-direction of top layer 250 in the
WCS of build cycle 09 MCS.
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WCS as the hatching origin. This is confirmed through comprehen-
sive quality assurance measures, including porosity, GD&T, and
surface roughness, all of which meet current state-of-the-art bench-
marks.2,3,33 Homogenizing scan vector configurations is particularly
important for build cycle layouts utilized for process parameter
screening or optimization, such as reducing surface roughness.
Extraneous variance such as differences in the location of stripe field
overlaps can otherwise confound interpretation. This also applies to
process monitoring systems, where such anomalies are detectable via
MPM and may be misinterpreted as cold spots if the underlying scan
vectors are not linked. The effects of these anomalies have also been
observed in optical tomography,41 emphasizing the need to link scan
vectors and their exposure parameters to monitoring data within a
unified domain, as demonstrated by the DS. These challenges become
even more pronounced in thin-walled structures, which are especially
susceptible to high concentrations of short scan vectors due to their
geometry, and in multilaser PBF-LB/M, where overlap fields of scan
vectors may even coincide with the transition between laser units.42

A. Data footprint

To further support the use of the WCS as the hatching origin,
the data footprint of this digital preprocessing approach can be

significantly reduced. As shown in Table VII, storing scan vector
configurations in a runtime-independent format using an indexed
transformation matrix per component, see Fig. 2, can result in a
two-thirds reduction in data allocation for build cycle 09 WCS
compared to build cycle 10 MCS, with no loss of information.
When including monitoring data, an overall reduction of 13% is
still achievable. Computational costs of preprocessing remain com-
parable, and no additional auxiliary time is introduced, as the
number of jump vectors used to reposition scan heads between
exposures does not differ significantly, see Table II. This approach
gains further relevance with the complexity introduced in
EOSPRINT 2.17 through Thickness Dependent Energy, where laser
power PL, is adjusted not only based on vector length, but also in
response to the underlying material thickness of each volume incre-
ment. This results in a more complex scan vector configuration.

B. Outlook

Since native access to the WCS as the hatching origin is avail-
able in EOSPRINT from version 2.13, its use should be considered.
However, a final recommendation requires further validation,
including mechanical property qualification utilizing the tensile
components and detailed microstructural analysis. The heuristic DS
already enables correlation of process signals from identical xy
coordinates along the z-axis with pore locations, making it possible
to attempt tracking remelting effects, thereby improving process
understanding.43,44 To further enhance defect localization, a non-
linear transformation should be applied during XCT registration,
rather than relying solely on best-fit alignment. This could more
accurately account for shrinkage45 and allow each feature vector of
the DS to be more precisely mapped to the actual defect location
within the component. Importantly, the relevance of this research
extends beyond PBF-LB/M. Many additive manufacturing pro-
cesses are governed by principles analogous to incremental primary
shaping.46 In noncontinuous operations, this often leads to local-
ized extremes, especially at the start and end points. Therefore,
digital preprocessing methods should be further developed and
simplified. For PBF-LB/M, this includes standardizing scan vector
formats, applying geometric interpolation to reduce the number of
vectors introduced by approximating geometric primitives or
splines, and as for this approach building a processor-agnostic
implementation.

TABLE VII. Storage allocation and data footprint overview for build cycle 09 WCS
and 10 MCS.

Build cycle 09 WCS 10 MCS

Total storage 21.94 GB 22.01 GB
Powder bed camera 1.24 GB 1.24 GB
MPM 16.39 GB 16.39 GB
Database fabrication 4.31 GB 4.38 GB
Scan vectors including
exposure parameter

≈8.5 million
respective 3.98 GB

≈8.7 million
respective 4.04 GB

Redundant scan vectors ≈6.9 million
respective 2.98 GB

—

FIG. 15. MPM intensities in DVs along their process time stamps of cuboid 09
04, and their binned projection into the xy plane of the MCS, excluding the
contour scan vector type.
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