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Abstract
Geometric inspection of parts produced by metal additive manufacturing is of paramount importance, as
temperature differences during the manufacturing process can cause internal residual stresses, global
deformation, and local shape deviations. In this study, two optical 3D scanning approaches based on
different acquisition principles were compared: an automated robot-assisted structured-light system and
a handheld blue-laser scanning system. The aim was to examine their applicability and practical
limitations in identifying and quantifying the geometric characteristics of a deformed metal additively
manufactured component. The dataset acquired by the automated structured-light system was used as
the comparison reference. A twin-cantilever test specimen made of 1.2709-grade tool steel was
investigated after one side had been partially separated from the base plate using wire electrical
discharge machining. The datasets were aligned using a local best-fit procedure based on three planar
surfaces of the base plate, followed by full-surface and local deviation analyses. The automated
structured-light measurement comprised 1,733,820 surface points, whereas the handheld laser
measurement comprised 617,913 surface points. Both approaches represented the global deformation
pattern similarly, and the flatness of the upper surface was 0.51 mm and 0.52 mm, respectively. The
largest deviations were concentrated around edges, corners, and small geometric details. The handheld
laser scanning approach was suitable for identifying global deformation patterns, while the automated
structured-light system provided a denser and more detailed representation of fine local features.

1. Introduction & Literature Review

1.1. Metal additive manufacturing in the automotive
industry
Today, additive manufacturing has evolved into one of the new manufacturing techniques with the
greatest potential. Techniques previously used for rapid prototyping are increasingly suitable for the
production of functional parts as well [1]. Metal 3D printing techniques, particularly powder-bed fusion
(PBF) additive manufacturing techniques, hold great potential. The best-known of these are direct metal
laser sintering (DMLS) and selective laser melting (SLM), which enable the production of nearly dense
metal structures with minimal material loss. They enable the design and manufacture of parts with
complex, intricate geometries, thereby pushing the boundaries of design and providing engineers with a
high degree of freedom [2][10]. Unlike traditional machining and forming processes, in additive
manufacturing, the part is built up layer by layer based on a digital model [3]. This layer-by-layer
manufacturing process ensures geometric freedom and enables the production of complex parts that
would be difficult, uneconomical, or impossible to manufacture using traditional technologies [4] [7].
These advantages and possibilities are becoming increasingly important in the automotive industry, in
the world of limited-edition supercars, in motorsports, in custom vehicle manufacturing, and in drone
production, where every gram counts [5] [8–9]. In the future, metal 3D printing may play an important role
in additional fields where weight reduction (e.g., the space industry, the aircraft industry, and drone
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manufacturing), functional integration, rapid product development, and adaptation to specific needs are
all critical factors [6] [7].

Metal additive manufacturing processes can be classified into several technological groups, one of the
most widespread of which is laser powder bed fusion [5]. In this process, a focused laser beam
selectively melts the metal powder based on the layer-by-layer cross-section of a three-dimensional
computer model [6]. During the process, successive layers build up to form the finished part. The
technology is suitable for processing, among other materials, stainless steels, aluminum alloys, titanium
alloys, nickel-based alloys, and maraging steels [7]. Initially, the automotive industry used additive
manufacturing primarily to produce visual models, form-verification prototypes, casting patterns, and
manufacturing aids. In recent years, however, it has played an increasingly important role in the
production of functional prototypes, custom parts, lightweight structural elements, thermal management
components, tools, and low-volume replacement parts [10]. By combining additive manufacturing with
topological optimization, material can be placed primarily in those areas where it is actually necessary
for load transfer [11]. This makes it possible to reduce the weight of components without compromising
the required mechanical load-bearing capacity [12]. Another advantage is the integration of structures
that were previously assembled from multiple parts into a single component. Combining components
can reduce the number of joints, fasteners, assembly operations, and potential failure points. This
simplifies assembly operations on automotive production lines, resulting in significant reductions in
manufacturing costs [12] [13]. In addition, it can accelerate the development process, as geometric
modifications do not require the manufacture of new forming or casting tools; instead, they can be built
onto existing tools or components. This approach can be applied during repairs or redesigns in any area
of the manufacturing sector.

At the same time, additive manufacturing cannot be considered a general substitute for traditional mass
production technologies; when used appropriately, it rather complements them and makes them more
efficient. Its industrial application may be limited by lower productivity, high raw material and equipment
costs, the need for post-processing, surface quality, and issues related to process repeatability and
certifiability [14]. The cost-effectiveness of the technology depends largely on the part’s size, geometric
complexity, production volume, the need for post-processing, and the extent to which additive
manufacturing can reduce the number of assembly or manufacturing steps. Consequently, metal
additive manufacturing is particularly advantageous for parts that have complex or optimized
geometries, a high degree of functional integration, are produced in small batches, or offer high added
value relative to their size [15].

The quality of automotive components is fundamentally determined not only by the mechanical
properties of the material but also by dimensional and geometric accuracy. Components must meet
requirements regarding assembly, load transfer, fit, sealing, vibration behavior, and service life [16].
Deviations from the nominal geometry can adversely affect performance even if the material itself meets
the specified strength requirements. Therefore, geometric inspection is of great importance in the quality
assurance of parts produced by metal additive manufacturing, and there are currently no regulations or
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standards governing this area. This is currently one of the obstacles to the wider industrial adoption of
this technology. Ensuring geometric accuracy poses a major challenge in laser-based powder-bed metal
printing, as the part is subjected to repeated, highly localized heating and cooling cycles during
manufacturing. The resulting temperature differences can cause residual stresses, shrinkage, warping,
and local shape deviations.

For all these reasons, the conformity of automotive parts manufactured using metal additive
manufacturing cannot be assessed solely on the basis of nominal technological parameters or the
original CAD model. Reliable dimensional and geometric inspection is required, capable of identifying the
overall warpage and local geometric deviations of the entire part. Traditional measurement methods
may be suitable for examining individual dimensions or easily accessible geometric features, but they
can provide only limited information about complex free-form surfaces and spatially distributed
deformations; surface scanning is better suited for this purpose [17] [18].

1.2. The Role of 3D Surface Scanning in Geometric
Inspection in Metal Additive Manufacturing
Full-surface optical 3D scanning enables the non-contact digitization of most of a part, followed by a
comparison of the measured geometry with a nominal CAD model or another set of measurement data.
This data can be stored and represents the entire part; furthermore, these 3D scanners are well known
and widely used in today’s automotive production lines and quality control processes. They are also
suitable for identifying global distortions, local shape deviations, and characteristic deformation
patterns, as these cannot always be adequately described based on a few conventional dimensions or a
limited number of measurement points. A spatial examination of the entire geometry is particularly
necessary for complex, free-form, or thin-walled parts [19].

The advantage of optical 3D scanning is that it allows for the collection of large amounts of surface data
in a short amount of time using a non-contact method. The point cloud or polygon mesh generated as a
result of the measurement allows for the examination of the workpiece’s entire surface, comparison with
the nominal CAD geometry, and the visualization of deviations using a color map. This makes it possible
to determine not only the magnitude of the deviation but also its spatial location and distribution. The
method is suitable for identifying global warps, local protrusions, depressions, waviness, and other
characteristic deformation patterns. In addition, it can be used to measure traditional mechanical
engineering dimensional tolerances or form tolerances based on point clouds; however, in this case, an
additional advantage is that an order of magnitude more measurement points are available. Another
advantage of full-surface measurement data is that various geometric characteristics—such as flatness,
cylindricity, circularity error, diameter, or surface deviation—can be determined from the same dataset
[20].

However, the reliability of measurement results is significantly influenced by the scanning principle of the
scanner used, its spatial resolution, point spacing, calibration, data acquisition strategy, and subsequent
point cloud and mesh processing. Different 3D scanning systems can therefore yield varying point
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densities, noise levels, surface coverage, and geometric results for the same part [21]. Industrial,
automated optical measurement systems can provide high repeatability and detailed surface data, while
the main advantages of handheld scanners are mobility, flexible applicability, and rapid data collection.
Consequently, when evaluating the deformation of parts manufactured using metal additive
manufacturing, it is necessary to consider not only the measured geometric deviations but also the
characteristics of the measurement system used. Comparing datasets from 3D scanners operating on
different measurement principles makes it possible to determine the accuracy and level of detail with
which each system can identify global and local deformations, as well as the quality control or
engineering tasks for which they can be reliably applied [20].

For these reasons, the aim of this study is to examine the measurement capabilities, accuracy, and
practical limitations of various 3D scanning systems when used with metal-printed parts that have a
dominant dimension in one direction.

2. Methodology

2.1. The Test Specimens and the Scanning Environment
For the measurements, we used test specimens with a twin-cantilever geometry, which, due to their
design, are suitable for illustrating the stresses generated during metal additive manufacturing through
the appearance of dramatic deformations. We compare the test specimens in their cut, already
deformed state—not to the CAD model, but to each other. The part was produced on an EOSINT M270
metal additive manufacturing system. The material is martensitic hardenable tool steel, designated
1.2709. After printing, one side of the workpiece was removed from the build plate using wire electrical
discharge machining (WEDM), which is a sufficiently precise and controlled process. It also effectively
minimizes the potential for additional internal stresses induced by thermal effects. The geometry of the
test specimen is shown in Fig. 1.

The role and properties of the test specimen’s base plate in this research are multifaceted. On the one
hand, they facilitate the alignment of the point cloud with the large, regular, flat surfaces. On the other
hand, it contains residual material from previous additions, which is irregular; thus, when aligning the
point cloud, these provide valuable feedback on the accuracy of the mesh alignment—larger deviations
are likely to be detected on these surfaces in the event of an inaccurate alignment. Furthermore, the test
specimen is not centered on the base plate; this placement also facilitates alignment, as the
asymmetrically positioned test specimen can only be aligned in one way (just as in real-world assembly
tasks). In addition, there is a groove on one side of the base plate, so the scanned surface contains
unique features that can be used to verify the fit.

2.2. Optical 3D measurement systems and software used
For the experiments, two optical 3D scanning approaches based on different acquisition principles and
application concepts were compared. The reference dataset was acquired using an automated, robot-
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assisted structured blue-light stereo scanning system (GOM ATOS Q 12M), while the comparative
dataset was acquired using a handheld blue-laser line scanning system (SHINING 3D FreeScan UE11).
Hereafter, these are referred to as the automated structured-light system and the handheld laser system,
respectively. The comparison was based on the point cloud captured by GOM, and we used Zeiss
INSPECT Optical 3D software for the comparison.

The automated structured-light system is a stereo-camera-based optical measurement system that uses
a structured blue-light pattern. During measurement, the projector projects a specific light pattern onto
the surface being inspected, which is captured by two high-resolution cameras. The system is capable of
capturing up to 12 million surface measurement points from a single measurement position. Depending
on the measurement volume used, the point spacing can be adjusted between 0.03 and 0.12 mm,
enabling detailed surface measurement of small- and medium-sized parts with complex geometries. The
measurement head used in this research operates as part of an automated measurement system
mounted on a robotic arm in a controlled measurement laboratory environment. Robotic data acquisition
is performed based on predefined measurement positions and a measurement program, thereby
reducing the direct influence of the operator and improving the repeatability of the measurement
process. Structured-light systems of this type can be used in manual, semi-automatic, and fully
automated configurations and are suitable for serial industrial quality control tasks, full-surface nominal-
actual comparisons, and the evaluation of geometric and shape deviations.

In contrast, the handheld laser scanning system uses blue laser lines and is moved continuously around
the investigated component by the operator. During the measurement, the operator continuously moves
the device around the part, while the system generates a point cloud based on the laser lines projected
onto the surface. Typically, reference markers placed on the workpiece help align the various
measurement positions. Manual data acquisition provides a high degree of flexibility; however, the
measurement results can be significantly influenced by the scan path chosen by the operator, the
device’s speed of movement, the working distance, the direction of approach to the surface, and the
placement of the reference markers. Due to the small size of the specimen, no separate scanning
sessions had to be merged during post-processing. The handheld laser system has an adjustable point
spacing of 0.05–3 mm; therefore, its maximum achievable spatial resolution is theoretically lower than
that of the the automated structured-light system. A larger point spacing results in sparser surface
sampling, which can lead to information loss or greater deviation, particularly when examining small
details, edges, local protrusions, and subtle shape variations. However, point spacing primarily
characterizes spatial resolution and therefore cannot be considered a direct indicator of measurement
accuracy on its own. The actual measurement result is influenced not only by the instrument’s accuracy
but also by calibration, surface properties, data acquisition strategy, registration, and post-processing.
Due to its portability and ease of handheld operation, the handheld blue laser scanner is particularly
advantageous for tasks where transporting the workpiece to a measurement laboratory is difficult, or
where fast and flexible on-site digitization is required. Typical applications include reverse engineering,
reconstructing CAD models of existing parts, supporting repair and redesign tasks, and performing
geometric analysis of competitor or previously undocumented products. The system may also be
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suitable for on-site surveying of larger parts, machine components, and industrial equipment, as well as
for creating geometric models needed for simulation. The manufacturer’s application examples also
primarily feature reverse engineering, repair, and design tasks that require portability. Figure 2 shows the
data captured by the scanner.

Figure 3 illustrates the two different data acquisition configurations used in the study.

3. Results & Discussion
The automated structured-light measurement contained 1,733,820 surface points, while the handheld
laser measurement contained 617,913 surface points. The datasets were aligned using a local best-fit
procedure based on the three largest planar surfaces of the base plate. The captured data is shown in
Fig. 4.

During the evaluation, the assessment criteria were as follows. We examined the extent of geometric
discrepancies between the point clouds and triangulated surfaces generated by the automated
structured-light and handheld laser scanning systems, as well as whether these discrepancies are
distributed evenly across the examined surfaces or concentrated in specific geometric regions. We also
analyzed how differences in point density, surface coverage, and measurement noise affect the
identified deformations. We paid particular attention to the extent to which data from the two
measurement systems yield similar global geometric characteristics. Finally, we evaluated whether the
handheld laser scanning approach could be suitable for preliminary geometrical inspection and
deformation analysis for preliminary geometric inspection and deformation analysis of automotive parts
manufactured using metal additive manufacturing. During the evaluation, we performed surface
comparisons and color mapping analyses. Figure 4 shows a comparison of the raw data.

Figure 4(a) shows the dataset acquired using the handheld laser scanning system; we have filled in the
gaps and the missing area along the cut. These areas are not included in the evaluation; they were used
solely to increase contrast. Figure 4(b) shows the reference dataset acquired using the automated
structured-light system. Figure 4(c) shows the surfaces after alignment, which served as the basis for
the evaluation. Here, differences resulting from the resolution of the two scanners are already
observable, particularly along the edges. Figure 4(d) was created using the state shown in Fig. 4(c);
there, deviations along the centerline can be observed. Based on these, it can be stated that the main,
global deformation pattern and the surfaces used as a baseline are nearly identical; deviations can only
be observed along the positive and negative corners. The results of the surface comparison are
presented in Fig. 5.

Figure 5(a) visually illustrates the differences between the joined surfaces, while Fig. 5(b) shows the
surface deviations relative to the structured-light reference dataset. Figure 5(c) highlights the area of the
color map that exhibits the greatest deviations and contains the finest details. Figure 5(d) provides
guidance for interpreting this. Here, we can see that the reference surface, shown in red, provides a
sharper and more detailed representation of the corner regions; this is also supported by Fig. 5(b), where
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the color map shows good agreement across the entire surface of the test specimen on large areas, with
the exception of the edges. We examined the edges of the test specimen using a cross-section along its
centerline, as shown in Fig. 6.

Figure 6 shows the differences between the two data sets that form along the edges, confirming the
findings observed in the previously highlighted section (Fig. 5c). These variations along the edges can be
attributed to the distance between measurement points and the resolution. These are fundamentally
justified by the scanners’ different intended uses. In contrast, the global deviations were in good
agreement; however, on larger surfaces, the surface measured and polygonized using the handheld laser
scanning system was in every case a few hundredths of a millimeter larger, and generally only the
surface structure stood out from the reference surface (Fig. 5a and b). This can be explained by the
larger polygons resulting from the resolution and the distance between measured points—which also
cause rounding along the edges—as well as by the thickness of the matting spray used to aid scanning.
The flatness of the upper surface was 0.51 mm based on the automated structured-light dataset and
0.52 mm based on the handheld laser dataset, corresponding to an absolute difference of 0.01 mm.

Based on the data above, however, it can be concluded that the scanned data shows good agreement;
the magnitude and nature of the global deviations are also consistent, so the data digitized with the
SHINING scanner are also suitable for detecting global deformation patterns. However, the automated
structured-light system was more suitable for examining sharp edges and small geometric features
because its smaller point spacing enabled a denser representation of these regions than the handheld
laser system.

4. Summary & Conclusions
In this study, we examined a twin-cantilever test specimen—manufactured using metal additive
manufacturing and deformed following partial base plate separation—using two optical 3D scanning
systems based on different operating principles. The automated structured-light measurement
contained 1,733,820 surface points, whereas the handheld laser measurement contained 617,913
surface points. We aligned the two datasets using a local best-fit method based on the three large flat
surfaces of the test specimen’s base plate.

Based on the results, the two measurement systems represented the test specimen’s global geometry
and main deformation pattern in nearly identical ways. The flatness of the upper surface was 0.51 mm
based on the automated structured-light dataset and 0.52 mm based on the handheld laser dataset,
meaning the difference between the global geometric characteristics was only 0.01 mm. This supports
the assumption that the handheld scanner may be suitable for detecting larger deformations and global
deformation trends.

The more significant differences were not evenly distributed across the examined surface but were
concentrated primarily around edges, corners, and small geometric details. The handheld laser dataset’s
lower point count and larger point spacing and greater available point spacing resulted in sparser
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surface sampling and larger polygons, which led to the smoothing of sharp transitions and a less
accurate representation of local details. On large, nearly flat surfaces, however, only a deviation of a few
hundredths of a millimeter was observed. In addition to the resolution, the thickness of the matte
coating may have contributed to this.

Within the investigated measurement configuration, the handheld laser scanning approach was suitable
for identifying the global deformation pattern of the metal additively manufactured specimen. However,
the automated structured-light system provided a denser and more detailed surface representation,
particularly around sharp edges, corners, and small geometric features. Consequently, the handheld
approach may be applied for preliminary geometrical inspection, reverse engineering, and the evaluation
of larger deformation trends, while the automated structured-light approach is preferable when high
repeatability and the detailed characterization of local geometrical deviations are required.
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Figure 1

The metal-printed test specimen used, with the matte ink
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Figure 2

Polygonized surface acquired using the handheld laser scanning system

Figure 3

Data acquisition configurations: a) Handheld laser scanning system with a manually movable measuring
table; b) Automated structured-light scanning system with a robotic measurement unit
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Figure 4

Comparison of the acquired datasets: a) surface acquired using the handheld laser scanning system; b)
reference surface acquired using the automated structured-light system; c) surfaces after alignment; d)
deviations of the aligned surfaces along the centerline
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Figure 5

Full-surface comparison of the aligned datasets: a) Visual comparison of the aligned surfaces, with the
structured-light reference surface shown in green; b) Color-map representation of the surface deviations;
c) Enlarged view of the region containing the largest local deviations; d) Visual interpretation of the
differences, with the structured-light reference surface highlighted in red

Figure 6
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Cross-sectional comparison along the centerline: a) edge-related protrusion represented by the
automated structured-light reference dataset; b) deviation of the polygonized surface acquired using the
handheld laser system from the reference surface
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