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Abstract
This study investigates the trade-off between minimizing wall thickness and through-hole formation in AlSi10Mg thin 
hollow lattice structures produced via laser powder bed fusion. X-ray computed tomography (XCT) is employed as a met-
rological tool to evaluate the effects of laser linear energy density (LED) across conditions ranging from under-melting to 
over-melting using a single laser track strategy. An XCT-based algorithm is developed for automated through-hole detec-
tion, providing quantitative data on through-hole count and size. The algorithm's capability is evaluated through leakage 
tests. The substitution method, adapted from ISO 15530–3 for tactile coordinate measuring machines (CMM), is employed 
to assess XCT measurement uncertainty for hollow lattice dimensions. As a new addition to the conventional substitution 
method, the effects of high-density data generated by XCT are assessed against the calibrated diameters obtained from low-
density CMM data and used for the calculation of wall thickness. Experimental results show that under-melting conditions 
can produce wall thicknesses of 0.135 mm to 0.212 mm, with an exponential increase in through-hole formation as LED 
decreases. A linear relationship between LED and wall thickness is observed, enabling identification of optimal parameters 
for producing defect-free thin-walled structures.

Keywords  Hollow lattice · Additive manufacturing · X-ray computed tomography · Measurement uncertainty · Through-
hole

1  Introduction

Natural selection has driven the evolution of lightweight 
biological structures with unique physical and mechani-
cal properties, enabling adaptation to varied environmental 
conditions [1]. Hollow structures in nature, such as avian 
bones and bamboo stems, illustrate convergent evolution 

by optimizing fluid transport and mechanical strength. 
The same architectural principle has also been extensively 
adopted in structural design across various engineering 
fields, where hollow circular sections offer superior load-
bearing efficiency compared to solid beams of equal mass, 
optimizing mechanical strength while minimizing material 
usage, as exemplified in Fig. 1a [2, 3]. Lattice structures, 
known for their energy absorption and lightweight proper-
ties, are also commonly found in natural systems and are 
increasingly integrated into advanced design applications, 
as shown in Fig. 1b [4]. Lattice structures enable mesoscale 
geometric modifications to control mechanical performance 
without requiring changes at the microstructural level [5].

The integration of hollow and lattice structures has 
recently become feasible with advancements in Addi-
tive Manufacturing (AM) technology. Current industrial 
demands prioritize optimized designs, such as hollow and 
lattice configurations, to address thermal management 
challenges in next-generation components [11]. Hollow lat-
tice designs enable a significant increase in surface area, 
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enhancing both convective and conductive heat transfer effi-
ciency, which is critical for thermal management in high-per-
formance applications [12]. Moreover, the hollow sections 
facilitate concurrent fluid flow through multiple channels, an 
innovation unattainable with solid struts, thereby improving 
overall heat dissipation capabilities [13]. In addition, recent 
studies have shown that hollow-strut metal lattice materials 
can exhibit superior mechanical performance compared to 
their solid-strut counterparts at equivalent relative densities, 
further underscoring the potential of hollow lattice structures 
[14]. Among materials commonly used for advanced AM 
applications, aluminum alloys have emerged as a key choice 
due to their high strength, low density, thermal conductivity, 
and corrosion resistance [15].

Despite progress in AM techniques, including laser 
powder bed fusion (PBF-LB), the most widely adopted 
method for industrial applications, manufacturing thin-
walled AlSi10Mg components remains challenging [16]. 
Aluminum's high reflectivity and thermal conductivity 
necessitate increased laser energy, often leading to unsta-
ble melt pools and a higher likelihood of defect formation, 
particularly in thin sections fabricated with single laser 
scan paths [17]. Achieving consistent thin wall thickness 
with dimensional accuracy and without through-holes 
remains a significant challenge in PBF-LB processes 
due to the high sensitivity of energy input and melt pool 
stability. Nayak et al. emphasized the importance of bal-
ancing over-melting and under-melting conditions in sin-
gle laser track strategies to optimize submillimeter wall 
thickness manufacturing, though their effect on through 

holes’ generation is not well understood [18]. Specifically, 
under-melting linear energy densities were found to reduce 
laser single track produced wall thickness but significantly 
increased the probability of lack-of-fusion (LoF) defects 
and leakage risks [19].

Recent literature has highlighted the critical role of LoF 
defects as a dominant mechanism contributing to through-
hole formation in thin-walled AM structures. Snow et al. 
demonstrated that LoF defects can be directly caused by the 
presence of spatter particles, which obstruct powder melt-
ing during laser exposure. Their study provided quantitative 
spatial correlations between in situ monitoring spatter maps 
and internal porosity detected via X-ray computed tomogra-
phy (XCT), confirming that the orientation of the laser path 
influences both spatter behavior and the resulting porosity 
[20]. Schwerz et al. further showed that re-deposited spat-
ter particles are strongly associated with the occurrence of 
large LoF defects, particularly in areas near the gas outlet. 
Their findings also indicate that flaw distribution varies sig-
nificantly even when using identical process parameters, 
highlighting the influence of gas flow and local part posi-
tioning [21]. Similarly, Bonato et al. explored analytical and 
machine learning-based defect prediction approaches based 
on in-process monitoring data. Their findings demonstrated 
that reliable detection of LoF defects, particularly those 
exceeding 80 μm, requires multi-layer process history anal-
ysis, as these flaws can propagate vertically across several 
layers. This behavior is particularly critical in thin-walled 
regions comprising only one or few layers, where a single 
defect may result in full wall penetration [22].

Fig. 1   (a) Examples of hollow structures in nature and engineering: 
avian hollow bones, aircraft structure [2], bamboo stems and hol-
low tubular scaffolding used in civil construction [6]. (b) Examples 
of lattice architectures in biological and engineered systems: bubble-

derived stochastic cellular structures [7], lattice structural envelopes 
in modern buildings [8], the ribbed support network of Victoria ama-
zonica (giant water lily) [9], and orthopedic implants incorporating 
lattice frameworks [10]
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In addition to LoF defects, residual stresses and ther-
mally induced cracking have been identified as critical 
phenomena that may contribute to through-hole forma-
tion in thin-walled PBF-LB components. The high ther-
mal gradients and rapid solidification inherent to PBF-LB 
processes lead to tensile residual stresses near the surface, 
which can reach magnitudes close to the material’s yield 
strength and vary significantly with build orientation [23]. 
These stresses can cause localized warping or crack ini-
tiation, especially in thin geometries where mechanical 
constraint is limited.

While such cracks are often shallow and not detectable 
with non-destructive testing (NDT) methods, in very thin 
walls they may propagate through the entire section, creat-
ing unintended through holes that compromise component 
hermeticity. This effect is exacerbated in high-conductivity 
alloys like AlSi10Mg, where the absence of substrate pre-
heating further increases cooling rates and crack suscep-
tibility [24]. Moreover, the spatial distribution of residual 
stresses can be influenced by process parameters, energy 
density, scan strategy, and part positioning on the build 
plate, reinforcing the importance of understanding these 
effects when assessing through-hole risks [25].

In the literature Industrial XCT has proven to be an 
effective NDT technique for dimensional quality control of 
complex-shaped AM parts [26]. While XCT is suitable for 
hollow thin walls dimensional measurements and porosity 
quantitative evaluation, its application in automated through-
hole detection and traceable wall thickness measurements 
for thin-walled structures is underdeveloped. Current litera-
ture efforts frequently rely on manual analysis for through-
holes detection, leading to variability and inconsistencies 
in reported findings. Moreover, the lack of standardized 
measurement protocols for uncertainty quantification, an 
essential aspect for evaluating the reliability of dimensional 
inspection results, underscores the need for further research 
to ensure accurate and traceable measurements of hollow 
wall thicknesses [27].

This study explores the trade-off between minimizing 
wall thickness and the through-hole formation probability 
in AlSi10Mg hollow lattice structures produced via PBF-
LB. Using XCT as a metrological tool, the effects of laser 
energy density are analyzed across a parameter space rang-
ing from under-melting to over-melting using a single laser 
track strategy. A novel hollow lattice design is developed 
to enable the substitution method, adapted from coordinate 
metrology standards, for assessing dimensional measure-
ment uncertainties in XCT. Additionally, a novel XCT-based 
algorithm is introduced for automated through-hole detec-
tion, providing quantitative data on through-hole count and 
size. The findings provide valuable insights for optimizing 
PBF-LB parameters to produce thin-walled components 
with controlled leakage characteristics.

2 � Materials and Methods

2.1 � Material Measure Description

Two different hollow lattice-structured test objects (hereafter 
referred to as the material measures) made of AlSi10Mg 
were fabricated using plasma-atomized powder (15–53 μm) 
on a RenAM 500Q PBF-LB machine, using a laser spot 
size of 80 μm. The unit cell, measuring 8 × 8 × 8 mm3, 
was arranged in a 3 × 3 × 4 lattice configuration with hol-
low struts of 2.2 mm outer diameter. The design used a 
body-centered cubic configuration with z-axis reinforce-
ment (BCCz), a stretch-dominated configuration widely 
recognized for its favorable mechanical performance and 
increasingly adopted in hollow-walled lattice applications 
[28]. This z-axis reinforcement consisted of vertical hollow 
struts across the 16 nodal points of the structure, enabling 
consistent wall thickness measurements along hollow strut 
axes normal to the build plane. The first material measure 
(MM1) featured a uniform nominal wall thickness of 0.3 mm 
and was fabricated using a single laser scan path strategy. 
To investigate the effect of energy input on manufacturing 
quality under single laser track conditions, the linear energy 
density (LED) was defined according to Eq. 1 [29]:

where P is the laser power and V is the scanning speed.
LED was systematically varied across six (4 mm height) 

regions to evaluate conditions ranging from under-melting 
to over-melting (Fig. 2a). The objective of MM1 was to 
evaluate the wall thickness obtained and the occurrence of 
through-holes at each tested LED values. In this study, a 
through-hole is defined as any continuous open defect fully 
penetrating the wall, connecting the internal and external 
surfaces, regardless of its origin or geometry.

The second material measure (MM2) featured a uniform 
wall thickness of 0.7 mm, a thickness sufficient to ensure 
the absence of through-holes and was manufactured using 
0.336 J/mm LED. MM2 incorporated a semi-cylindrical 
hollow feature with a flat surface spanning the entire length 
of the structure (Fig. 2b). This feature contained CAD-
designed through-holes as cylinders with varying diam-
eters, serving as controlled leakage points. These inten-
tional CAD-designed holes facilitated direct comparison 
between XCT-based detection and leakage test results, 
allowing for evaluation of the detection method while 
establishing a threshold for XCT minimum through-hole 
size detectability.

To enable leakage testing, pneumatic connection tubes 
were integrated at both ends of the material measures 
where the hollow lattice network converges.

(1)LED =
P

V
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2.2 � Material Measure Calibration

Outer diameter measurements were calibrated on the most 
accessible corner hollow strut of MM1 using a ZEISS F-25 
multi-sensor CMM (MPE = (0.25 + L/666) µm) housed in 

a calibration center, following the procedure outlined in 
EA-4/02 M:2022 standard [30] and employing the least 
squares method (Fig. 3a). The expanded calibration meas-
urement uncertainty was 0.005 mm (k = 2). Six outer diam-
eter measurements were taken at 1 mm intervals above 

Fig. 2   (a) LED values assigned to each region of MM1, including 
unit cell dimensions, distribution of LED regions, and corresponding 
measurement locations. (b) Schematic of MM2 illustrating the semi-

cylindrical hollow feature with embedded CAD-designed through-
holes and pneumatic connection tubes

Fig. 3   Schematic representa-
tion of the systematic three-step 
procedure: (a) Steps 1 and 2 
performed on the most acces-
sible corner hollow strut and (b) 
Step 3 extended to all 16 hollow 
struts per manufacturing region 
of MM1
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and below the interface zones between the different LED 
regions, with a single diameter within each of the six regions 
(refer to Fig. 2a, green color).

The diameters of the CAD-designed through-holes at 
the surface of the semi-cylindrical feature of MM2 were 
calibrated using a ZEISS O-Inspect optical sensor on a 
multi-sensor CMM, also installed in a calibration center. 
The mean diameter of each CAD-designed hole was deter-
mined using least-squares fitting of sensor-acquired points, 
with an expanded uncertainty of 0.025 mm (k = 2) per hole, 
following also the internationally recognized standard 
EA-4/02 M:2022 for metrological traceability [30]. Further 
details on the leakage test methodology and CAD-designed 
holes in MM2 are provided in Section 2.5.

Additionally, three precision-grade ruby spheres (4 mm 
diameter) were integrated in the material measures to enable 
XCT scale factor correction (voxel size adjustment) before 
XCT dimensional measurements and ensure consistent data 
alignment between XCT and CMM for measurements at 
identical locations [31]. These spheres were accommodated 
using an industrial cyanoacrylate adhesive. The three ruby 
spheres were arranged in a single plane to define a stable XY 
reference frame for consistent cross-sectional positioning 
along the Z-axis, which is aligned with the vertical hollow 
struts. Although spheres configuration does not define a full 
3D volumetric frame, it was considered sufficient for 2D 
slice registration normal to the strut axes, where the critical 
dimension of interest (wall thickness) lies in the radial direc-
tion. The distances between the centers of the ruby spheres 
were calibrated using a ZEISS F-25 multi-sensor coordinate 
measuring machine, in a laboratory accredited by ENAC 
(Entidad Nacional de Acreditación, the Spanish national 
accreditation body), with a maximum permissible error 
(MPE) of (0.25 + L/666) µm, where L denotes the meas-
ured length in millimeters. Sphere centers were computed by 
applying least-squares fitting to the measured surface data. 
The calibration was also performed in accordance with the 
EA-4/02 M:2022 guideline, and the expanded uncertainty 
( UMP) for these distances was determined to be 0.001 mm 
(k = 2), in line with the principles of the Guide to the Expres-
sion of Uncertainty in Measurement (GUM). Table 1 sum-
marizes the calibrated distances.

2.3 � XCT Hollow Lattice Thickness Measurements

The material measures were scanned using an Rx Solu-
tions EasyTom XL XCT system. To maximize magnifi-
cation, each material measure was positioned at an opti-
mized distance from the X-ray source, ensuring the entire 
component remained within the detector's field of view 
during a full 360° rotation. This setup provided an iso-
tropic voxel size of 44 μm. The scans were performed at a 
tube voltage of 180 kV and a filament current of 200 μA, 
using 1248 projections and an exposure time of 333 ms. 
Five scans were performed under controlled tempera-
ture conditions to evaluate repeatability. Volumetric data 
reconstruction was conducted using Rx solution Recon-
struction software.

XCT measurement process uncertainty ( UMP ) was eval-
uated using the substitution method, following the VDI/
VDE 2630–2.1 guideline adapted from ISO 15530–3 for 
tactile CMMs [32]. The substitution method involves per-
forming multiple XCT scans of the calibrated material 
measure to evaluate and correct for systematic deviations 
(b), enabling the estimation of the measurement process 
uncertainty UMP , as expressed by Eq. 2:

where k denotes the coverage factor corresponding to a 95% 
confidence level. The term ucal refers to the standard uncer-
tainty of the reference measurements obtained from the cali-
bration, calculated as ucal =

Ucal

kcal
 . The udrift component reflects 

potential geometric changes in the material measure that 
may occur between calibration and XCT scanning. In this 
case, udrift was considered negligible, as XCT measurements 
were conducted immediately following the CMM calibra-
tion. The term  up represents the standard uncertainty related 
to measurement repeatability. Although ISO 15530–3 pre-
scribes 20 repetitions for tactile CMM evaluations, in this 
study the number of repetitions was adjusted to five due to 
the higher cost and time requirements of XCT. To compen-
sate for the reduced number of measurements and maintain 
a 95% confidence level, a safety factor of 1.4 was applied 

(2)UMP = k ⋅

√

u2
cal

+ u2
drift

+ u2
p
+ u2

w
+ u2

b
,

Table 1   Distances between centers of the spheres employed for scale factor correction in the material measure. All values are in millimeters 
(mm)

Distance Measurement (mm) (k = 2)

C1-C2 27.747 0.001

C2-C3 24.043 0.001

C1-C3 39.339 0.001
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[33]. The term uw accounts for differences in similarity 
between the calibration and the actual measurement.

Finally, ub quantifies the uncertainty associated with 
the correction of b. This was determined from the devia-
tion between the XCT mean values and the calibrated ref-
erence values, incorporating thermal effects according to 
ub = Δt ∙ u

�b ∙ l . Here, u
�b represents the standard uncer-

tainty associated with the material’s coefficient of thermal 
expansion, while Δt accounts for temperature deviations 
from the reference value of 20 °C, which is the standard 
for dimensional metrology. Due to the small feature sizes 
and stable temperature control during scanning, ub made an 
insignificant contribution to the overall UMP.

ISO 15530–3 also emphasizes that measurement strate-
gies during calibration and evaluation should remain consist-
ent [34]. However, XCT inherently produces high-density 
point clouds, whereas CMM relies on a limited number of 
probing points. This discrepancy in point density, often over-
looked in existing literature when adapting the substitution 
method to XCT, significantly influences contour fitting accu-
racy and the resulting measurement outcomes. Therefore, as 
a novel contribution to the conventional substitution method, 
in this study a systematic three-step procedure was followed 
to evaluate wall thickness and quantify UMP on MM1, as 
illustrated in Fig. 3.

Step 1: The six CMM-calibrated diameters were rep-
licated in the XCT data by reapplying the same probing 
points originally used in the CMM diameter measurements 
(least squares method). This replication was performed 
after aligning the XCT dataset to the CMM coordinate 
system using the three precision-grade ruby spheres. 
Each CMM probing point was then associated with its 
corresponding location on the XCT-reconstructed surface 

by identifying the closest surface point along the local 
normal vector. Figure 3, step 1, shows a schematic rep-
resentation of the closest distance between a CMM point 
and its corresponding point on the XCT surface, defined 
as the point-pair distance. The mean point-pair distance 
was ± 0.005 mm, which is one order of magnitude smaller 
than the hollow strut diameters, and its minimal contribu-
tion is included in the standard uncertainty component of 
the repeated measurements used to calculate UMP [32].This 
step quantified the measurement uncertainties associated 
with transitioning from CMM to XCT while maintaining 
the same measured data post-processing. In step 1, uw con-
tribution was neglected, as both the CMM and XCT meas-
urements were performed at the same locations, ensuring 
direct comparability with no differences in similarity.

Step 2: The same calibrated diameters were re-measured 
in XCT data using high-density point data, sampled at 1 μm 
intervals (> 10,000 points), along the surface contours at 
the same calibrated heights. This step assessed the impact 
of increased point density on measurement accuracy while 
maintaining the same measurement instrument. In step 2, 
in line with established practices in similar studies [33], 
potential variability ( uw ) was incorporated into the repeat-
ability uncertainty ( up ) through repeated measurements. This 
approach prevents overestimating expanded uncertainty by 
addressing variability within up rather than treating uw as a 
separate term.

The complete uncertainty budget for step 1 and step 2 
measurements is provided in Table 2, listing the absolute 
values of all contributing uncertainty sources.

Step 3: Wall thickness was calculated as the radial differ-
ence between least-squares-fitted outer and inner circumfer-
ences derived from high-density point data. Measurements 

Table 2   Step 1 and Step 2 XCT measurements results on the six calibrated outer diameters of the corner hollow strut in the MM1, including 
uncertainty contributors and expanded uncertainty statements (U

MP
) k = 2 . All values not indicated are in millimeters (mm)

Measured hollow 
strut

Measurement b ucal(µm) up(µm) UMP(µm)

Step 1 measurement C1 2.199 0.023 2.0 0.8 4.3
C2 2.169 0.016 2.0 1.6 5.1
C3 2.145 0.009 2.0 0.8 4.3
C4 2.106 0.009 2.0 0.0 4.0
C5 1.989 −0.021 2.0 0.8 4.3
C6 2.053 −0.017 2.0 0.8 4.3

Step 2 measurement C1 2.199 0.023 2.2 0.8 6.3
C2 2.173 0.012 2.6 0.8 7.5
C3 2.146 0.008 2.2 0.0 6.1
C4 2.106 0.009 2.0 0.0 5.6
C5 1.990 −0.022 2.2 1.4 6.7
C6 2.053 0.017 2.2 0.8 6.3
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were extended beyond the CMM-calibrated corner hollow 
strut to include all 16 straight hollow struts, with one XCT 
volume cross-sectional location measured per each of the six 
distinct LED regions. The calibrated diameters obtained by 
CMM for the corner hollow strut are shown in Fig. 3a, while 
the XCT-derived measurements for the 16 straight hollow 
struts are presented in Fig. 3b.

The similarity required for applying the substitution 
method is justified, as the outer and inner diameters closely 
match the calibrated dimensions due to the minimal wall 
thickness. Wall thickness is derived directly from the dif-
ference between these calibrated values. Geometric varia-
tions in hollow struts due to manufacturing variability were 
addressed as the calibrations were performed on the entire 
range of LED regions.

For each LED region, the representative wall thickness 
was determined in two steps. First, the wall thickness values 
from five XCT scan repetitions were averaged for each of 
the 16 straight hollow struts. Then, the mean of these 16 
averaged thickness values and the standard deviation was 
calculated to define the overall wall thickness for the region.

2.4 � XCT‑Based Through Holes’ Detection Method

A custom Python-based post-processing algorithm was 
developed to detect through-holes in 3D-reconstructed XCT 
data. While inspired by the classical flood-fill principle used 
in image processing, the proposed algorithm incorporates 
novel logical adaptations specifically tailored to XCT volu-
metric datasets and the detection of through-holes in hollow 
structures. Each step of the multi-step flood-fill algorithm is 
illustrated in Fig. 4.

The through hole detection process begins with the bina-
rization of the XCT dataset into discrete intensity values (0 
for background and 255 for material), in this case consistent 
with the full dynamic range of 8-bit grayscale images, fol-
lowing the application of the local iterative surface determi-
nation function in VGSTUDIO MAX 3.4 (Volume Graphics 
GmbH). This binarization step represents the primary source 
of uncertainty in the detection process, as it defines the 
boundary between material and background. The employed 
local iterative surface determination function, based on local 
grey value gradients, is widely supported in the literature 

Fig. 4   Schematic representation of the multi-step flood-fill algorithm for automated through-hole detection
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for its superior accuracy and robustness compared to global 
thresholding methods [35, 36]. However, a detailed uncer-
tainty quantification of its influence on the measurement of 
specific dimensional and form error characteristics of the 

detected through-holes falls outside the scope of the present 
study. In addition to segmentation, the simply resolution of 
the XCT system, defined by the selected voxel size of 44 μm, 
also contributes to the overall detection uncertainty. As the 
voxel size limits the smallest detectable feature, it directly 
influences the minimum through-hole size that can be reli-
ably identified. Although subvoxel accuracy has been dem-
onstrated in the literature, studies indicate that features must 
cover at least 4 × 4 voxels to ensure reliable detection [37, 
38]. Accordingly, in this study, only through-holes near or 
above this minimum size threshold are considered, specifi-
cally the CAD-defined through-holes in the MM2 test object, 
which were used to evaluate the reliability of the proposed 
XCT-based detection algorithm, as detailed in Section 2.5.

The first step, ‘Inundation’, illustrated in Fig. 6, involves 
initiating an internal flood-fill operation from a predefined 
seed point within the hollow region of the structure. The 
flood-fill propagates in 26 discrete directions (6 main, 12 
side and 8 diagonal directions) across the voxel grid, con-
strained by a predefined "search sphere" radius. The 26 
flood-fill propagation directions are shown in Fig. 5.

This propagation is constrained by a boundary defined 
as the "search sphere", which sets the maximum distance 
from the seed point for exploring neighboring voxels. Propa-
gation stops upon encountering material voxels (non-zero 
intensity values) or reaching the current search radius. To 

Fig. 5   Voxel connectivity scheme illustrating the 26 flood-fill propa-
gation direction: 6 main directions (green), 12 side directions (red) 
and 8 diagonal directions (blue)

Fig. 6   Streamlined representa-
tion of the multi-step algorithm 
for automated through-hole 
detection in MM1
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ensure that the flood-fill remains confined within the inter-
nal channel and does not extend through external apertures, 
the radius of the search sphere is increased iteratively. This 
iterative expansion continues until the flood-fill volume is 
fully enclosed, meaning no inundation to the exterior occurs. 
Unlike conventional flood-fill methods, the iterative adjust-
ments to the "search sphere" is critical to ensure the fill 
remains confined within the hollow channel, avoiding pas-
sage through external apertures.

In the second step, ‘Expansion’, illustrated in Fig. 6, the 
filled volume is refined by expanding it within the same 
"search sphere" constraints. This ensures complete occu-
pancy of the hollow channel while maintaining isolation 
from external apertures.

The third step, ‘Intersection’, shown in Fig. 6, involves 
an external flood-fill initiated from outside the hollow struc-
ture. This operation propagates in the same 26 directions 
but uses distinct voxel labels and operates without "search 
sphere" constraints. Through-holes are identified at the spa-
tial intersection between the internal and external flood-fill 
volumes. This dual-fill approach, combined with the geo-
metric confinement strategy, enables the algorithm to distin-
guish true through-holes from surface-breaking pores, near-
surface porosity, and incompletely fused sub-surface defects. 
If no intersection is found, the structure is considered free 
of through-holes. The key steps of the detection process in 
MM1 are illustrated in Fig. 6.

The algorithm records the coordinates of intersecting vox-
els, merging contiguous voxel clusters to define individual 
through-holes. The voxel count within each cluster is also 
logged, providing an indicator of the through-hole size.

The computational cost associated with the through-hole 
detection algorithm is primarily influenced by two factors. 
First, for a fixed scan volume, the total number of voxels 
scales cubically with decreasing voxel size, thereby increas-
ing the computational cost due to the greater number of 
voxel-wise evaluations required. Consequently, finer voxel 
resolutions lead to proportionally higher processing times. 
Second, the iterative expansion of the search sphere during 

the initial inundation step becomes increasingly demanding 
in the presence of large through-holes. In such scenarios, 
multiple iterations are necessary to constrain the flood-fill 
operation and prevent propagation beyond the hollow chan-
nel. Each incremental increase in the search radius substan-
tially enlarges the set of voxels evaluated during propaga-
tion, further compounding the computational load. For the 
44 μm voxel size used in this study, the algorithm required 
an average of 6 min 52 s to process each dataset.

2.5 � Leakage Test

The material measure MM2 was subjected to a leakage test 
to evaluate the effectiveness of the XCT-based through-hole 
detection method, as shown in Fig. 7. A pressure of 2 bar was 
applied to ensure sufficient sensitivity for through-hole detec-
tion while avoiding structural failure of the thin walls. Fig-
ure 7 also includes an optical sensor image showing the cali-
brated through-hole diameters and notable deviations from 
the nominal cylindrical shapes, attributed to their small size. 
To ensure compatibility with the XCT detection limit, the 
smallest CAD-designed through-hole used in the leakage test 
was selected to approximately match the reliable detection 
threshold reported in literature. Based on the 44 μm voxel 
size, a minimum of 4 × 4 voxels corresponds to a nominal 
diameter of ~ 0.18 mm. Consequently, the leakage test was 
not intended to validate sub-voxel features, but to provide 
experimental qualitative evaluation of the multi-step flood-fill 
algorithm’s reliability near its practical detection threshold.

The test was conducted by fully immersing the material 
measure in a transparent water tank under standardized high-
illumination conditions to ensure clear visibility. The veri-
fication zone focused on the CAD-designed through-holes 
located on the flat surface of the semi-cylindrical feature 
of MM2. Through-holes were identified by observing air 
bubbles forming at the leakage points. A high-speed camera 
system (AOS Technologies), capable of capturing up to 3000 
frames per second at full resolution, was employed to record 
and analyze each leakage point.

Fig. 7   Schematic diagram of the 
leakage testing setup, show-
ing CAD-designed through-
holes on the flat surface of the 
semi-cylindrical hollow feature 
of MM2. The numbers in the 
optical sensor image indicate 
the calibrated through-hole 
diameters in millimeters using 
ZEISS O-Inspect
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It is worth noting that the leakage test does not quantify 
absolute leakage rates but serves solely to qualitatively ver-
ify the correspondence between the through-holes detected 
by XCT and those observable via the high-speed camera.

3 � Results and Discussion

3.1 � Hollow Lattice Diameter Measurement 
Uncertainty Using XCT

Figure 8 shows the six calibrated outer diameter measure-
ments of MM1, each performed on a different 4 mm-high 
LED region (indicated by the colored boxes, with LED val-
ues and colors corresponding to Fig. 2a), along with the cor-
responding UMP values obtained through XCT for the mate-
rial measure, represented as error bars. Two measurement 
approaches were analyzed (refer to Fig. 3 a): Step 1, based 
on the same CMM probe points used during calibration, and 
Step 2, based on high-density point XCT data, as explained 
in Section 2.2.

Although standardization efforts are ongoing to define 
dimensional and geometrical tolerances specifically tai-
lored to AM, this study adopts a conventional tolerance 

specification of ± 0.06 mm for hollow lattice strut diam-
eters, as reported in similar literature [33]. According to 
this specification, the XCT-derived measurement uncer-
tainties obtained from both Step 1 and Step 2 remain 
within the acceptable tolerance range.

Step 1, which replicates the calibrated CMM prob-
ing points, resulted in a maximum UMP of ± 5.1 μm. Step 
2, based on high-density point data extracted from the 
XCT-reconstructed surface, yielded a higher maximum 
UMP of ± 7.5 μm. This increase in UMP is inherent to the 
method, as Step 2 involves an additional stage in the trace-
ability path by shifting from calibrated probing points to 
surface data derived from XCT.

The benefit of high-density point sampling lies in its 
enhanced surface characterization capability. By using sig-
nificantly more data points (> 10,000), step 2 measurement 
enables the detection of fine geometrical features, such as 
local peaks or valleys between sparsely distributed CMM 
points, which would otherwise remain undetected. There-
fore, despite the increased uncertainty, Step 2 provides 
valuable geometric insight for applications that require 
detailed surface representation or feature-based evaluation 
beyond conventional dimensional verification.

Fig. 8   Outer diameter measurements of hollow strut lattices obtained via XCT: (Step 1) using CMM-derived probe points (< 1500 points) and 
(Step 2) using high-density point data (> 10,000 points) for least-squares circumference fitting. Error bars represent UMP
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3.2 � Influence of Laser LED on Wall Thickness 
and Through‑Hole Formation Using XCT

Following the assessment of measurement uncertainties 
for the outer diameters of the material measure MM1 cor-
ner hollow strut, the mean wall thickness and through-hole 
detection, as detailed in Sections  2.2 and 2.3, were analyzed. 
Figure 9 illustrates the mean wall thickness (primary axis) 

and the mean number of through-holes detected (secondary 
axis) across five XCT scan repetitions, with bars represent-
ing standard deviation of the repeated measurement values.

The LED values shown correspond to six discrete LED 
regions, each fabricated with a fixed and pre-defined laser 
energy input. These values were selected to cover repre-
sentative under- and over-melting conditions, not to define 
a continuous parameter spectrum. The observed trends are 

Fig. 9   Primary axis: mean wall thickness for each LED; secondary axis: Mean number of through-holes detected in MM1

Fig. 10   Mean through-hole 
size detected in MM1 for each 
LED region, based on the first 
XCT scan repetition. Error bars 
represent the standard deviation 
of through-hole sizes within 
each region. The secondary axis 
shows the equivalent physical 
size in micrometers based on a 
44 μm voxel size
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therefore representative of this discrete dataset and are not 
intended to imply continuity across the full LED spectrum.

A linear relationship was identified between increasing 
LED and mean wall thickness, while the number of through-
holes decreased exponentially. The exponential fitting was 
selected based on both statistical performance and physical 
reasoning. From a quantitative standpoint, the exponential 
model provided the highest coefficient of determination (R2) 
among the tested models (linear and polynomials), indicat-
ing the best agreement with the experimental data. From 

a process physics perspective, this behavior is consistent 
with the defect formation mechanisms in PBF-LB: as LED 
decreases below a critical threshold, LoF defects and incom-
plete melting rapidly increase, resulting in a non-linear, 
accelerated rise in through-hole occurrence [39].

Under-melting conditions resulted in mean wall thick-
nesses ranging from 0.135 mm to 0.212 mm, significantly 
below the nominal 0.3 mm, with consistent through-hole 
formation. Over-melting conditions eliminated through-
holes entirely, as the elevated energy input increased both 

(a)

(b)

Fig. 11   (a) Selected frames from high-speed camera recordings of 
CAD-designed through-holes during the leakage test of MM2—full 
video is included as supplementary material. (b) Corresponding 

XCT-detected through-holes using the proposed algorithm, where the 
numbers indicate the calibrated through-hole diameters in mm, along-
side the reference optical sensor image
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porosity and wall thickness proportionally. Variability in 
through-hole detection across repetitions was minimal, with 
a maximum variation of 5% observed in lower energy den-
sity regions where the through-hole population was higher.

Figure 10 presents the mean size of process-induced 
through-holes detected by the multi-step XCT algorithm in 
MM1, calculated as the number of contiguous voxels form-
ing each connected defect cluster during the final intersec-
tion step of the procedure (see Step 3 in Fig. 6). The analysis 
is based on a single XCT scan repetition to maintain visual 
clarity. Error bars indicate the standard deviation of through-
hole sizes within each LED region.

Results show that more than 80% of the detected through-
holes exceed the 4 × 4 voxel threshold (176 μm), and over 
90% exceed the 2 × 2 voxel threshold (88 μm). This supports 
that the vast majority of detected through holes fall within 
the reliably detectable range based on established XCT 
metrology guidelines and leakage test comparison results. 
Consistent with prior work by the authors [36], investiga-
tions at smaller voxel sizes have demonstrated that, when 
the 4 × 4 voxel criterion for reliable detection is maintained, 
the trend in measurement uncertainty remains stable across 
resolutions. This evidence reinforces the expectation that 
the relationships and conclusions reported in the present 
study would remain applicable at finer voxel sizes. The 
results suggest that within the under-melting energy den-
sity range, laser LED does not significantly affect the mean 
through-hole size. The formation of through-holes is primar-
ily caused by incomplete fusion between adjoining welds 
due to suboptimal interaction between laser power and scan 
speed parameters. Although LED provides a general meas-
ure of processing conditions, specific combinations of laser 
power and scan speed more critically influence defect size 
[40], which is beyond the scope of this study.

Figure 11 displays XCT cross-sections of CAD-designed 
through-holes detected by the proposed XCT algorithm, 
alongside a high-speed camera images obtained during the 
leakage test of MM2. The results validate the effectiveness 
of the XCT detection algorithm, which successfully identi-
fied all CAD-designed through-holes. A video is included as 
supplementary material, to demonstrate the leakage behavior 
of CAD-designed through-holes observed during the high-
speed camera test shown in Fig. 11.

4 � Conclusions

This study demonstrates the effectiveness of XCT as a met-
rological tool for analyzing hollow lattice structures pro-
duced via PBF-LB. A novel XCT-based algorithm for auto-
mated through-hole detection was developed and validated 
through leakage tests, confirming its reliability in detecting 
through-holes across various geometries and sizes.

The substitution method, adapted from ISO 15530–3 
for tactile CMMs, was used to evaluate XCT measurement 
uncertainties for hollow lattice dimensions. Two measurement 
methods were compared: (1) based on the probe points used 
for CMM calibration and (2) derived from high-density point 
data. While the measurement uncertainty in method 2 was 
higher than that of method 1, it remained within the speci-
fied tolerance and allowed for detailed capture of fine surface 
features. Key results highlight a trade-off between minimiz-
ing wall thickness and through-hole formation. Under-melting 
conditions yielded wall thicknesses of 0.135 mm to 0.212 mm, 
significantly below the nominal 0.3 mm, but resulted in an 
exponential increase in through-hole occurrence. Conversely, 
a linear correlation was observed between increasing energy 
density and wall thickness, with over-melting conditions 
eliminating through-holes entirely.

Future work will focus on quantifying the measure-
ment uncertainties associated with through-hole count 
and dimensions, and on extending the methodology to 
other thin-walled configurations prone to through-hole 
formation, including the evaluation of voxel size influ-
ence on these measurements. In addition, although a local 
iterative function was used for surface determination in 
the XCT scans, different surface determination algorithms 
and parameter settings on the dimensional and form error 
measurements of through-holes deserves further investi-
gation to assess their potential impact on measurement 
accuracy.
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