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Abstract. Three-D scanning methods can be used to reconstruct a part for different industrial purposes, varying from
reverse engineering to dimensional inspection of a gas turbine. A wide variety of scanners is available, classified as
active or passive sensors. In active sensors, as in laser scanning, energy is transmitted to the scene and the reflected
energy is recorded. In contrast, passive sensors do not transmit energy but use natural light available to acquire
information. An example of a technique that uses this last type of sensor is photogrammetry. Photogrammetry is an
optical measurement technique that is used to obtain the geometry, displacement, and deformation of a structure using
photographs. This technique can be used in several fields, such as medicine, biological sciences, civil construction,
archeology and general inspection. Additive manufactured components require a strict inspection process before going
into service, which demands qualified professionals, incurring into extra expenses to attest their integrity. Since the first
stage of the process is visual inspection, this study presents the application of photogrammetry technic to inspect Wire
Arc Additive Manufactured (WAAM) components. A 3D model is generated using a commercial DSLR camera combined
with an open-source software, and it is compared with another one generated with a commercial laser scanning system.
The accuracy of the photogrammetry system was 0.144 mm, from which 0.104 mm was due to the average measurement
deviation between the models and 0.040 mm from the inner accuracy of the laser scanning system, making it adequate
to inspect a 115 mm diameter component. The photogrammetry model was the only one that had color representation
and, since small discontinuities that do not present large geometrical variations can be identified through the surface
colors, this is fundamental for visual inspection. This study should also serve as stimulus for other researchers and
engineers to use remote visual inspection through 3D models and virtual reality (VR).

Keywords: 3D scanning; Non-Destructive-Tests (NDT); Directed Energy Deposition; Welding; Virtual Reality;
1. INTRODUCTION

The presence of additively manufactured (AM) metallic components has increased in different industrial sectors.
Design freedom aiming at optimizing material strength for minimum weight (Hodonu et al., 2019), manufacturing of
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functionally graded materials (Li et al., 2020) and personalization of prosthesis (Sohaib et al., 2018, Dos Santos et al.,
2019) can be cited among its benefits. In addition, this is a sustainable approach, since material loss is much lower than
that observed in other processes, such as machining.

Among the applications in which additive manufacturing stands out, is the production of spare parts. Many companies
need to keep inventories, significantly increasing costs (Bacciaglia et al., 2020). This technology allows building virtual
libraries and manufacture parts on demand. However, some sectors, such as oil and gas, require strict certification
processes, which may imply in reposition delays. Chua et al. (2017) state that one of the main barriers for the adoption of
additive manufacturing is related to qualification. Quality control is still a challenge and hinders the diffusion of AM.

The process of directed energy deposition (DED) with electric arc and wire feeding, known as Wire Arc Additive
Manufacturing (WAAM), is preferred for medium to large size components. It is possible to reach high deposition rates
with a MIG/MAG torch, which contributes for the reduction of manufacturing time. Other arc processes, such as TIG,
can also be used (Bai et al., 2016), but its advantages and modern variants as the wire oscillating (Silva et al., 2019a,
Silva et al., 2019b) have not been explored yet. DED with laser is another trend, focused on reduced size components
(Paes et al., 2021). Laser energy concentration allows reaching high resolution, although it should be controlled in order
to prevent possible defects (Paes et al., 2019a, Paes et al., 2019b, Neto et al., 2021). Figure 1 shows the first additive
manufactured part applied in an oil and gas facility in Brazil (Petrobras, 2019).

WAAM + Machining

Figure 1. The first additive manufactured (WAAM) part applied in an oil and gas facility in Brazil.

This part is a carbon steel tube transition (sleeve), initially produced of cast iron by using conventional manufacturing
processes. Mechanical and non-destructive tests demonstrated its integrity and the first stage of qualification regards
visual inspection. The component surface presents a characteristic waviness, which has to be homogeneous to allow
further machining. Arc instability issues can lead to the lack of homogeneity in deposition (Silva et al., 2018, Truppel et
al., 2019, Sartori et al., 2017). The mentioned test is also used to detect external defects.

Visual inspection must be performed by certified professionals. Particularly, for WAAM, professionals with
MIG/MAG welding experience are required. A fundamental constraint is in situ inspection (the inspector must visit the
facility), incurring in traveling expenses. In addition, inspectors usually use welding gauge kits with reduced accuracy,
and that do not allow digital recording for future evaluations. Another issue is related to inspector training. Defects must
be induced purposefully in components. According to Martin and Gonzalvez (2018), for welding inspection, each part
costs between $ 200 and $ 3,000. Costs are even greater for additively manufactured parts. Also, building a complete
learning laboratory is laborious and expensive. In pandemic times, presential training is not possible. Thus, a viable
solution would be the use of laboratories based on virtual reality (VR).

Three-D scanning methods can be used to reconstruct a part for different industrial purposes, varying from reverse
engineering (Guarato et al., 2016, Olejnik et al., 2018) to dimensional inspection of a gas turbine (Bésemann, 2016). A
wide variety of scanners is available, classified as active or passive sensors. In the active sensors, as in laser scanning,
energy is transmitted to the scene and the reflected energy is retrieved. In contrast, passive sensors do not transmit energy
but use natural light available to acquire information (Bhatla et al., 2020). An example of a technique that uses this last
type of sensor is photogrammetry. Guerra et al. (2018) state that the advantages of passive systems in comparison with
active ones are lower costs, are more compact and easier to use. In contrast, one hindrance is that they tend to be slower
and less precise.

Laser scanners work based on the structure light scanning (SLS) principle, which applies light lines on the object and
uses a camera to acquire patterns of deformation. Then, it calculates the coordinates x, y, and z through active triangulation
(Keaveney et al., 2016, Rodriguez et al., 2017, Singhatham et al., 2019).

By definition, photogrammetry is an optical measurement technique that is used to obtain the geometry, displacement,
and deformation of a structure using photographs or digital images from different viewing angles (Tagriban et al., 2019,
Junior et al., 2009). It was initially developed for military aerial and terrestrial applications (Tagriban et al., 2019), but it
was later adapted for industry in the Close Range mode (Martin and Gonzalvez, 2018). It uses the alignment of reference
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points of a large number of 2D images to triangulate the point cloud to form a 3D model (Bhatla et al., 2020, Keaveney
et al., 2016, Waterhouse et al., 2017, James et al., 2017). This procedure is also known as Structure from Motion (SfM)
(Kovynev and Zaslavsky, 2021).

Special attention should be given during image acquisition in terms of illumination, focus, and depth of field (Adami
et al., 2015). The component must have a texture (visual pattern, color) for the software to find the points of
correspondence (Waterhouse et al., 2017). Besides general inspection (Maccormick et al., 2011), photogrammetry has
been used in medicine (Tagriban et al., 2019, Odeh et al., 2019, Palousek et al., 2014), biological sciences (Keaveney et
al., 2016), civil construction (Kovynev and Zaslavsky, 2021) and archeology (Gaboutchian et al., 2020), with the last
application is the most commonly found in the literature. It is worth mentioning the importance of this knowledge for the
reconstruction of the Notre Dame Paris monument after the 2019 fire. Reconstruction was only possible because a
company, specialized in 3D digitalization, had scanned the entire building between 2014 and 2016, using photogrammetry
(Bock, 2019).

Although laser scanning systems are generally more accurate when compared to photogrammetry, they require a much
higher investment, they are often not portable, require specific training (Bahtla et al., 2020), and do not include texture
(color) in the model (Adami et al., 2015). A commercial laser scanner system costs around US$ 40,000, while
photogrammetry system consisting in a DSLR camera and a treatment software, which can be an open-source one, may
have a final cost around US$ 1,000.

Low cost and simplicity of operation are essential for photogrammetry diffusion in industries. The presence of texture
(color) in the model is mandatory for the identification of some discontinuities. Photogrammetry models are named global
models, since they present geometry and texture (color) (Martin and Gonzalvez, 2019). However, there are some AM
inherent challenges that have not been investigated before. Most studies are focused on the inspection of geometrical
characteristics and welding (Evans et al., 2018). Waterhouse et al. (2017) stated that some AM parts do not present
sufficient texture to apply the photogrammetry technique. In order to solve this problem, they proposed a laser speckle
projection system. Reflectivity is also an issue (Guerra et al., 2018). Despite the lack of information about the subject,
recent publications demonstrate that both photogrammetry (Evans et al., 2018, Bahnini et al., 2020) and laser scanners
(Xiong et al., 2020) are already being used to inspect AM components. In none of the cases, a component manufactured
by WAAM was analyzed.

Therefore, the following questions arise: is it possible to inspect metallic components manufactured by AM by using
photogrammetry? Both scanners present a submillimeter accuracy, but is it sufficient in the case of WAAM? If positive,
remote inspection becomes viable and will be of easy diffusion. This will bring not only benefits in terms of cost-saving,
but also in accuracy improvement relative to the traditional gauge kits, digital recording, in which data can be used
considering the concept of industry 4.0 and, finally, it will allow the development of virtual learning platforms.

2. METHODOLOGY

To confirm that the photogrammetry system is adequate for scanning and measuring parts produced by WAAM, the
object selected for inspection (Figure 2), was manufactured through WAAM by using the MIG/MAG process and carbon
steel wire (AWS ER70S-6), and it has its nominal dimensions of height, outer diameter, and inner diameter shown in
Figure 2. This sample was selected because it presents typical dimensions of a component manufactured by WAAM and
the main challenges regard the light reflection (metal) for image acquisition and surface waviness assessment.

115 mm

75 mm

35 mm

Figure 2. Sample manufactured through WAAM selected for inspection with nominal dimensions of 35 mm (height),
115 mm (outer diameter), and 75 mm (inner diameter).

In order to acquire the images for photogrammetry, a DSLR Nikon D5300 camera coupled with a NIKKOR 18-55
mm lens, mounted on a tripod for stabilization, was used. This camera is equipped with an Advanced Photo System type-
C (APS-C) sensor that measures 23,4 x 15,6 mm.
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Yet, picture luminosity can be affected by ISO parameter (what measures the camera's sensitivity to light), aperture,
and shutter speed, so the greater the ISO, the wider the aperture, and the slower the shutter speed, the brighter the picture
gets. Nevertheless, these three parameters also have other effects on the picture, besides increasing its luminosity. The
greater the 1SO, the less sharpness the picture has; the wider the aperture opening, the narrower is the depth of field; and
the slower the shutter speed, the most likely the picture will have motion blur. It is important to point out that focal length
directly restricts aperture, consequently, it also influences the depth of field and the amount of light that reaches the
sensor. Therefore, after several tests, the following parameters were selected and fixed: focal distance 29 mm, aperture
/25, 1SO 2500, and shutter speed 1/30 seconds.

Lighting was provided by two 1.4 W LED lamps, minimizing shadows on the object surface, since proper illumination
is essential for optical systems (Riggio et al., 2015). A turntable also was used, and the sample was placed at its center,
similarly to Fregonese et al. (2019) and Porter et al. (2015). This allows greater efficacy on image acquisition, since the
camera is stationary, while the object is rotated. Figure 3 presents the experimental setup for image acquisition.

DSLR Camera
LED
Tripod
AM Sample
Turn Table

Figure 3. Experimenfal setup for image acquisition.

Photograph distribution was defined as 24 images per 360° (15° interval between each image, such as James et al.
[2017]) and 7 full rotations of the object, in a total of 168 images, changing the parameter “h” (height) and the focus
between the outer and inner faces, with the camera pointing to the center of the object. This procedure leads to high image
superposition since the object presents a similar texture pattern through most of its surface, which could easily be mistaken
by the software used for image alignment and processing. Parameter “b” represents the horizontal distance between the
center of the object and the center of the camera base, which was 250 mm for all measurements. Figure 4 illustrates the
geometrical parameters “h” and “b”. In Table 1 “h” and focus, variation is shown as a function of rotation. This was
necessary since it is not possible to focus the entire object, with the camera set to an aperture of F25. In order to deliver a
sequence of images that cover all the object focused, it was necessary to vary these two parameters.

Figure 4. Camera positioning parameters. “h” stands for the vertical distance between the camera and the turntable and
“b” stands for the horizontal distance between the base of the camera and the object center.
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Table 1. Camera height and image focus as a function of the rotation number.

Rotation Height “h” [mm] Focus
1 270 Inner distal
2 240 Inner distal
3 210 Inner distal
4 180 Inner distal
5 180 Outer frontal
6 150 Outer frontal
7 120 Outer frontal

It is important to mention that rotations 4 and 5 were done at the same height, but with different focus, as indicated in
Figure 5. This procedure helps image alignment since, even with lens aperture set at /25 (second smallest aperture
possible for the focal length, and lens used), it is not possible to keep the whole object focused on a single image due to
its proximity to the camera.

Outer Frontal Inner Distal
Figure 5. Outer frontal and Inner distal focus.

All 168 acquired photographs were imported into the open-source software Meshroom, which was used to process
and generate the 3D model. Other open-source software is also available (Griwodz et al., 2021). The interface with the
project and 3D model generated is shown in Figure 6 (a) and (b), respectively.

Figure 6. (a) Meshroom software interface. (b) The 3D generated model.

The reconstruction method involves 7 main steps (Griwodz et al., 2021): Feature extraction, Image matching, Feature
matching, Structure from Motion (SfM), Depth map estimation, Meshing, and Texturing. Feature extraction is the step
in which distinctive points in every individual image are detected based on invariant properties such as, lighting, scale,
and rotation. These points are then used to form the basis for finding the relative spatial position of the camera in each
image. In order to find corresponding points among the images, in the Image matching step each pair of images are
compared and matched. After that, each pair of image has their features matched (Feature matching step) allowing the
future determination of a 3D structure from the 2D positions.

In turn, the Structure from Motion step consists in the creation of tracks (possibilities to represent a point in space,
visible from multiple camera angles). The tracks are created from the fusion of the previous computed matches and are
used to generate a sparse 3D representation. On the Depth map estimation step the software tries to estimate a depth value
for every pixel. It is required that the area is visible by at least 2 camera angles that were validated by the SfM.

The last two steps taken by the software to create the 3D model are Meshing and Texturing. Meshing consists in the
creation of a dense 3D mesh. For that, all depth maps are merged into one dense point cloud from which a surface is
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extracted. The final step projects the best textures of each region (determined through the computation of the resolution
of the triangle in all images seeing it) onto the mesh.

Still regarding the open-source software, there is a parameter on the Depth Map and Texture steps that has a high
impact on the quality of the final 3D model generated, which is the downscale parameter. Since these steps require a high
computational power, the software offers the option of downscaling the quality of the results of these steps. Therefore, if
this parameter is set to 1, the software will operate at its highest capacity. If it is set to 8 or 16 the quality will drop
proportionally but the processing time will be considerably reduced. As the processing time with the downscale set to 1
was unfeasible for this work we decided to operate with the downscale set to 2 on both steps, with which it was possible
to generate the 3D model with a high quality under a reasonable time.

In order to determine the suitability of photogrammetry for inspection, a commercial laser scanning system
CREAFORM Handy SCAN 307 was used to obtain the reference model. This equipment has two cameras, 7 crossed
lasers, a scanning area of 275 per 200 mm, and it is able to make 480,000 measurements per second, with accuracy of
0.040 mm. The scanner must be calibrated with a standard provided by the manufacturer and the shutter must be adjusted
for natural lighting, before scanning any object. Similarly to the photogrammetry process, a turntable is used. Required
reference targets must be static in relation to the sample object and placed between 50 to 100 mm from each other. Figure
7 shows the experimental setup for laser scanning.

== Laser Scanner AM Sample

\
. -Turn Table Targets

Figure 7. (a) Experimental setup for laser scanning. (b) Placement of targets.

The resultant model was built using VX Elements software, created during the scanning procedure (Figure 8).
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Figure 8. VX Elements software interface with the final model generated by the 3D laser scanner.

The open-source software CloudCompare was used for alignment and scale adjustment of the point clouds (one
obtained with photogrammetry process and one obtained with the laser scanner sensor). A comparison of the distance
between point clouds of the two measurement processes was made by calculating the minimum distance between each
point of the models using the algorithm of the nearest neighbor, in the same software. Figure 9 shows the interface of
CloudCompare software.
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Figure 9. CloudCompare software interface with the aligned point clouds generated by the two measurement
methods (photogrammetry and laser scanner).

Data processing for both photogrammetry and laser scanning data was done with the same computer with the
following specifications: HP Compaq ZBook15 G3 with Intel® Core™ i7-6820HQ, Windows® 10 Pro 64bits, Nvidia
Quadro M1000M 2 Gb.

3. RESULTS

Suitability of photogrammetry for inspection of the AM component was evaluated with CloudCompare open source

software. Figure 10 presents the results of point cloud superposition considering photogrammetry and laser scanning
methods.

Cloud to cloud
absolute distances (mm)

1.000
0.750
0.500

0.250
0.000

) 50 mm
Figure 10. Point cloud superposition considering photogrammetry and laser scanning models.

The scale represents the divergence level. Since the majority of the regions are blue, the models match. Some points

are green, which corresponds to a 0.500 mm deviation. A more detailed analysis was done with the cloud-to-cloud
absolute distance histogram (Figure 11).
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Figure 11. Cloud to cloud absolute deviation histogram considering photogrammetry and laser scanning models.

The point cloud generated by the photogrammetry process presented an average distance of 0.104 mm in relation to
the point cloud of the reference model obtained with the laser scanner. Since the laser scanner has a 0.040 mm accuracy,
photogrammetry estimated accuracy is 0.144 mm (0.104 + 0.040 mm). As a metrological rule, the measuring instrument
should be accurate to 1/10th of the tolerance. Therefore, in this case, photogrammetry is suitable for measurements with
tolerance above 1.440 mm and the laser scanner, for measurements with tolerance above 0.400 mm.

This result is better than others found in the literature, such as those from Vacca (2019), who analyzed a 28 m diameter
structure and obtained an average discrepancy of 0.03 m between photogrammetry and laser scanning techniques, i.e.,
there was a proportion of 1.07 x 10-3. In the present study, the object outer diameter has approximately 115 mm, and the
average distance between the two models are 0.104 mm, i.e., a proportion of 9.04 x 10-4, which represents greater
accuracy. Based on that, considering the dimension inspection of diameters, height, and width of the selected component,
photogrammetry technique is suitable since its measures are far above 1.4 mm. The absence of texture color representation
is not an issue here, differently from Waterhouse’s et al. work (Waterhouse et al., 2017), in addition, reflectivity is not a
problem as well, although mentioned by Guerra et al. (2018).

A comparison between the analyzed systems (photogrammetry and laser scanning) is presented in Table 3.

Table 2. Comparison between photogrammetry and laser scanning

Photogrammetry Laser scanning
Camera setup time 5 min Calibration time 10 min
Image acquisition time 15 min Scanning time 15 min
Computer processing time 320 min Computer Processing time 5 min
Total processing time 340 min Total processing time 30 min
Number of points 13,279,883 Number of points 20,000,455
Accuracy 0.144 mm Accuracy 0.040 mm
Texture Yes Texture No
Color Yes Color No
Measurement of typical dimensions Yes Measurement of typical dimensions Yes
Measurement of waviness No Measurement of waviness Yes
Qualitative 2D analysis of waviness Yes Qualitative 2D analysis of waviness Yes
System cost US$ 988 System cost US$ 40,328

The laser scanning system has better processing time and it is more accurate than the photogrammetry one. However,
for WAAM inspection purposes, the accuracy of photogrammetry is sufficient when the measured dimension is greater
than 1.440 mm, which is true for the component diameter, for example. Color representation is fundamental for inspection
and is possible only in photogrammetry, since some defects can be easily detected on the surface even if they may not
exhibit large geometrical variations. Another important feature is the color pattern obtained by photogrammetry system.
In the case of setback with slag (silicon islands) entrapment between layers, the photogrammetry system could provide
visual identification of critical spots by the yellowish color identification. Finally, the main advantage of photogrammetry
is its reduced cost, which corresponds to 2.4% of the laser scanning cost and can contribute to the diffusion of
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photogrammetry 3D scanning technology in industries. Moreover, images can be acquired in loco by one person and post
treatments can be done by another person that are not necessarily near the inspected part, which is another great advantage
of this inspection method.

Since the photogrammetry methodology presented a sufficient accuracy for WAAM, remote inspection becomes
viable. This will benefit the industry cost-wise, and in accuracy improvement relative to the traditional inspection
methods, in which data can be used considering the concept of industry 4.0 and, finally, it will allow the development of
virtual learning platforms. A practical way of performing the remote inspection is shown in Figure 12. It is a low-cost VR
glass coupled to a mobile phone. The 3D model of the subject, saved in .obj format, can be sent to the mobile phone and
visualized using the 3D Model Viewer App.

AM 3D Model o ‘ VR Glass
Mobile

Figure 12. VR glass coupled to a mobile phone with the 3D Model Viewer app to execute remote inspection.
4. CONCLUSION

The photogrammetry 3D scanning technique is viable for the inspection of AM metallic components with dimensions
above 1.440 mm. Although laser scanning is faster in terms of total processing time, the accuracy of 0.144 mm (0.104 +
0.040 mm) observed with photogrammetry is adequate for the inspection of the main geometrical characteristics, such as
part diameter.

The photogrammetry system is a low-cost solution (only 2.4% of the laser system cost) and it generates models with
texture and color, which are not possible in the laser scanning system. Texture is fundamental for visual inspection, as
discontinuities that do not show large geometrical variations can be identified on the surface. Photogrammetry reduced
cost is due to the simplicity of the system, consisting of a DSLR camera and open-source software.

Therefore, the proposed remote inspection system is viable and easy to implement and replicate. This brings
benefits in terms of cost-saving, increased inspection accuracy in comparison to traditional gauge Kits, it provides digital
recording of results, and its data can be used considering the concept of Industry 4.0, and finally it allows the development
of virtual learning platforms.
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