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Abstract

Drones facilitate the monitoring of large structures through feature extraction from point clouds generated through Structure-
from-Motion photogrammetry. In the present study, we determined the deformation of a structural timber strip subjected to
simultaneous bending and torsion. Three cameras were used. Two of them are pre-installed on the UAVss utilized, and the third
is a consumer-grade Canon camera. All three were configured in flight mode. The geometry of the timber strip was generated
through photogrammetry from the photos taken with each camera at a height of 1.5 m. The results were compared with the
reference geometry, which was also created using the Canon camera on the ground at an average distance of 0.92 m. This
reference geometry was previously validated in a preparatory project using extensometers with 1-um precision. A Python-
based algorithm was developed to automatically extract the position of the centroid and the rotation of each cross-sectional
segment of the strip from UAV-based photogrammetric point clouds. Deformations measured by each of the three devices
and the new algorithm are compared with actual deformation. The accuracy in measuring displacement and rotation of the

centroid of strip cross-sections ranged between — 0.05 and 0.09 mm and between 0.00° and 0.24°, respectively.

1 Introduction

Photogrammetry is a non-invasive measurement technique
that has been widely used in engineering and architecture
for decades. It enables the reconstruction of accurate 3D
models of objects using photographs taken from different
angles, allowing for full-field measurement of distances,
areas, and volumes with high accuracy (Keyvanfar and Shaf-
aghat 2022). Moreover, it produces high-resolution and cost-
effective representations of structures. Similar to laser scan-
ning, it requires proper positioning of photographic devices
(ensuring access and field of view) and may also require
capturing a large number of images (Valencga et al. 2017).
Using onboard cameras on unmanned aerial vehi-
cles (UAVs) allows for the extension of photogrammetric
techniques to large structures, such as civil infrastruc-
ture (Mohammadi et al. 2021; Zhao et al. 2021), slopes
(Song et al. 2023), and architectural structures (Achille
et al. 2015; Lara-Bocanegra et al. 2022). Pargieta (2023)
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conducted a bibliographic review of the techniques and con-
ditions employed for the acquisition of measurement data
using UAV-based photogrammetry. Her study highlighted
the importance of enabling comparisons between results
obtained under different study conditions, a principle we
have followed in this work. It also confirmed that self-
calibration is the most common procedure, which involves
applying an algorithm that simultaneously orients the pho-
tographs and calculates the camera parameters. Self-calibra-
tion yields results comparable in quality to those obtained
through pre-calibration using a well-conditioned photo-
graphic network, and precise field measurements of ground
control points, which are also incorporated in this study.
Congress’ (2018) review included the application of close-
range photogrammetry for monitoring infrastructure. The
review demonstrated the improvements in speed and safety
achieved in structure inspections through this technique.
Photogrammetry is particularly valuable for capturing
complex geometries that are difficult to measure, such as
gridshells. These structures, used in roofs and coverings,
are composed of structural grids made of linear members,
commonly timber strips. Being compression-only structures,
they achieve efficiency by minimizing bending moments
and shear forces, although variable loads can still induce
bending and torsional stresses. The double-curved shape of
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gridshells is strongly influenced by the forming process so
the bending stress cannot be completely neglected. In most
practical applications, obtaining the final shape analytically
is not feasible (Jiang et al. 2018). Consequently, designing
complex structures like gridshells can be intricate and some-
times challenging (Caffarello et al. 2022).

Measuring a prototype of a complex structure may be
required to validate numerical models of deformation and
structural strength, as well as to facilitate maintenance
operations, thereby minimizing the risks associated with
manual measurements (Ozbek et al. 2010). To this end, the
extraction of features from 3D models is essential. Various
methods, such as edge extraction and centerline calculation
from point clouds (PCs), are used to build simplified 2D or
3D models and integrate linear elements into finite element
analysis. However, limited research has explored the pro-
cessing of photogrammetric PCs, which is of highly relevant
because these PCs show unique characteristics compared to
laser scanned PCs (Xu et al. 2017). Some of these studies
can be found in the past decade, using PCs from Terrestrial
Laser Scanning (TLS) (Jo et al. 2018; Gichun et al. 2019) or
UAV-based Structure-from-Motion (SfM) photogrammetry
(Soni et al. 2015; Chiu et al. 2017).

Recently, several authors have successfully extracted
horizontal and vertical cross-sections of cylindrical con-
crete tanks (Siwiec and Lenda 2022; Lenda and Marmol
2023; Al-Saedi et al. 2024) by combining SfM-UAV and
TLS. In these cases, the extraction of the structural faces was
performed manually by intersecting the point clouds with
vertical or horizontal planes. Guo et al. (2023) employed an
algorithm to extract the straight centerlines of columns and
the spherical centers of bolt-ball nodes (Guo et al. 2021) in
long-span steel structures. However, these studies do not
reflect the true deformation of the longitudinal axis or the
torsion experienced by the structural element.

When the section of an element is constant, as is typically
the case in structures, determining centerlines (Kresslein
et al. 2018; Yeritza et al. 2022) facilitates linking geometry
with numerical modeling, as centerlines can be converted
into beam elements in FEM analysis (Schleicher and Her-
rmann 2020). Jeong et al. (2020) conducted experiments
on a wooden structure with a cross-section of 4.8 mx2.5 m
and a height of 3 m. They compared measurements from
a 3D model obtained through UAV-based photogrammetry
with those from an electronic distance measurement device.
With a flight height of 6 m and an image capture rate of 1 s,
the error ranged from 6 to 28 mm. Applications for feature
extraction and structural health monitoring are still in their
early stage (Yang et al. 2014). In the field of element identi-
fication in PCs, Wang and Kim (2019) provided a summary
of applications in the construction industry. The reconstruc-
tion of 3D models from PCs can be limited to geometric data
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or extended to semantic modeling, which includes object
recognition.

With the aim of contributing to the measurement of com-
plex structures, we present a study on centerline extraction
and orientation determination using UAV-based Structure-
from-Motion (SfM) photogrammetry to assess the deforma-
tion of a timber strip used in gridshells. The orientation is
determined based on plane recognition of the face captured
with the highest quality by the camera. We developed a
series of Python scripts for this geometric analysis and to
evaluate the achieved accuracy and precision.

Studies applying photogrammetry to capture structural
deformation aim to achieve the highest possible accuracy
under optimal laboratory conditions (Glaser et al. 2012;
Kassotakis et al. 2021), or by combining photogrammetry
with other techniques (Camarda et al. 2010; Backhaus et al.
2024). Esmaeili et al. (2019) reviewed publications on pho-
togrammetry applied to health monitoring of large struc-
tures, but UAV-based photogrammetry was not included. In
contrast, this study, although conducted indoors, employed a
photographic configuration resembling flight mode to facili-
tate its application to larger-scale structures. The aim of the
present study is to extend to full-scale structures that can be
photographed in a single drone flight without using targets.

2 Materials and methods

Photogrammetry is commonly used to generate meshed 3D
models of existing objects. The algorithms that extract the
position from the point cloud are detailed in Sects. 2.2.2 and
2.2.4. To contribute to the aforementioned measurement of
a 3D model of an existing structure, we assessed the level of
detail of the photogrammetric model of a structural beam.
Specifically, it is a single glulam (glued laminated timber)
strip, which has been employed in gridshells. Its section
measures 100X 25 mm. It is 600 mm long, of which 510 mm
were photographed. A Class I-measuring tape (European
Parliament and The Council of the EU 2014) was used for
scaling purposes in all the photogrammetric projects. Five
Schreiber Messtechnik sensors were used: four SM222.8.1.S
and one SM260.40.1.ST. They have 1 pm-precision.

The devices employed for photographing were Canon
EOS 2000D with an EF 20-1:2.8 lens, DJI Phantom 4 Pro
2.0 and DJI Mavic Mini (see Fig. 1), which cost 420 €, 2000
€ and 500 €, respectively. The Canon EOS series has been
mounted aboard UAVs (Rau et al. 2012), and that type of
UAVs is among the most representative on the commercial
market (Burdziakowski 2020). The characteristics of the
three cameras are listed in Table 1. The weight of the Canon
camera, the Phantom drone, and the Mavic Mini drone are
475 g, 1388 g and 249 g, respectively.
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(a) (b)

Fig. 1 Photographic devices: a Canon EOS 2000D; b DJI Phantom 4 Pro v2.0; ¢ Mavic Mini

Table 1 Specifications of the

Camera Canon EOS 2000D DJI FC6310 (Phantom) DJI FC 7203 (Mavic)
employed cameras

Sensor type CMOS CMOS CMOS

Sensor (mm) 22.3x14.9 1" (13.2%x8.8) 1/2.3”’ (6.17x4.55)

Pixels 6000 %4000 5472 %3648 4000x 3000

Resolution (MP) 24 20 12

Pixel size (mm) 0.0037 x0.0037 0.0024 x 0.024 0.0015x0.0015

Focal length (mm) 20 8.8 4.25

35 mm equivalent 323 24 24

Focal distance (mm)

Ultra-wide focal lengths (<20 mm) should generally be
avoided due to significant distortion issues, though they
are useful for capturing 360° scenes (Pepe and Constantino
2021). Sensor size also impacts image quality, with the
28.4 mm sensor found in most DSLR cameras deliver-
ing the best results. Smaller sensors—such as 11.0 mm in
midrange cameras and 6.72 mm in compact digital cam-
eras—tend to introduce more noise into the image (Mat-
thews 2008).

The photos were processed to build the 3D models using
Metashape v1.7.6 (Agisoft LLC 2022a). Feature extraction
was carried out through Python v3.9.12 (Python Software
Foundation 2020) code and the Python library PyVista
v0.34.1 (The PyVista Developers 2022).Data processing
was performed on a computer with 32 GB of memory, an
Intel(R) Core (TM) i7-9700F CPU and an Nvidia GeForce
GTX 1660 GPU.

The process carried out in each photogrammetric project
consists of the following phases: scene preparation, photog-
raphy, processing the photographs in Metashape to generate
the 3D model, exporting the model as *ply, and processing
it using Python code, which determines the position and the
orientation of its wide face for each strip section.

For each of the three cameras used, the displacement
of the timber strip is calculated for each coordinate as the
difference between its position in the loaded state and its

position in the unloaded state. The displacements obtained
from each device are then compared.

2.1 Validation of ground-based photogrammetry
as a reference method

To evaluate the quality of a measurement obtained through
UAV photogrammetry, a first step is to establish a ground
truth that allows comparing a displacement measurement
using different devices (Luhmann 2010). The ground truth
used is a reference method which provides sufficiently high
accuracy. Typically, when capturing images using a UAV,
this is done from above the object due to space constraints,
with a gimbal configuration, and to avoid backlighting from
below. In our case, to determine the reference position of
each point on the surface of the timber strip, we chose to use
tripod-based SfM photogrammetry combined with targets
placed on the underside of the strip as the reference method.
This approach allows the top and side faces to be visible for
subsequent overhead photography sessions without physi-
cally manipulating the element.

To determine whether ground-based photogrammetry
has sufficient accuracy and can be considered a reference
method, it was compared to contact sensors, as illustrated
in Fig. 2. The scene consists of four extensometers beneath
the timber strip, uncoded targets under the strip (named
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Fig.2 a Setup of the comparison between photogrammetry and contact sensors; b Detail of the cantilevered end; ¢ Schematic of the ground-

based assembly

S-targets), uncoded targets attached to the movable part of
the extensometers (E-targets), a fifth extensometer under the
table that supports the mechanism, a panel of coded targets,
and the mechanism to which the strip is constrained.

Four Schreiber Messtechnik SM222.8.1.S sensors were
placed on each corner of the strip, and a fifth Schreiber
Messtechnik SM260.40.1.ST sensor was placed on the table
to detect a displacement of the fixed support. In Fig. 2b,
two types of uncoded targets are shown: E-targets located
on the mobile part of each extensometer, and S-targets,
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positioned on the underside of the strip. E-targets consist
of a block of 8 targets, used to support the comparison
between photogrammetry and sensors, based on the dis-
placement between E-targets and the respective reading of
the sensor. The average distance at which photographs were
taken with the DSLR ground camera in both positions was
0.92 m (ranging between a minimum of 0.88 m and a maxi-
mum of 0.98 m), with a Ground Sampling Distance (GSD)
of 0.017 mm/pixel. The S-targets consist of a total of 198
circular targets arranged in 33 rows and 6 targets per row.
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The minimal radius of the central solid circle of the targets
should be approximately 4-5 pixels (Agisoft LLC 2024),
which means that in this case, the minimum radius of tar-
gets located 0.92 m from the sensor and perpendicular to it
is 0.9 mm. A size five times larger than the minimum was
chosen to ensure a sufficient safety margin for locating the
most distant and tilted targets relative to the sensor. Conse-
quently, each target had a diameter of 5.8 mm, and they were
spaced 15.5 mm apart. These targets allow for evaluating the
accuracy and precision along the strip.

Since the ground-based projects will serve as a refer-
ence for the UAV-based projects, the camera was always
pointed toward the center of the strip. The angle formed by
the camera-object line relative to the horizontal plane ranged
between 36° and 47°.

To assist the photogrammetric software in recognizing
points for internal and external camera orientation in each
position, boards with random textures (e.g., newspapers)
were placed in various locations within the scene.

Two positions were established on the mechanism. For
each position, sensor readings were recorded, allowing for
the determination the actual vertical displacement of the
E-targets between the two established positions. If the dis-
placement recorded by the four sensors are very close to
each other, the displacements of the S-targets should also be
very similar. Therefore, based on the sensors’ readings, we
know the actual displacement of all targets.

For each position of the mechanism, a photographic ses-
sion was conducted with the Canon camera from the ground,
aiming at the center of the strip. The configuration of a pho-
togrammetric photography session heavily depends on the
characteristics of the scene, such as lighting conditions,
weather, shape and texture of the object, camera position
and orientation, overlap between consecutive photos, and
the software used. Light indirectly affects measurement
quality, as it can cause photos to have blurred areas due to
insufficient depth of field or motion blur. This factor is more
limiting in situations where artificial light cannot be used.
The camera was configured according to the instructions
provided by the Metashape developer (Agisoft LLC 2022b):
the ISO was set to 100, as it should be as low as possible to
maximize the quality of the generated 3D model; the aper-
ture should be high enough to achieve sharpness, with a
recommended range between f/8 and f/11. The aperture was
set to f/11. Given that the lighting conditions were poor but a
tripod was used, the shutter speed was set to 1 s. A flash was
not used, also following the developer's guidelines.

In the first and second positions 32 photos were taken.
The *raw images were converted to *TIFF and loaded into
the photogrammetric software.

Each photogrammetric project conducted had an image
overlap of between 80 and 90%, and a very good texture
pattern. Under these conditions, as indicated by the software

developer, we rely on the autocalibration procedure, which
means no camera lens pre-calibration is needed.

In the photogrammetric process, the 3D model was scaled
and positioned using a board with 18 coded targets per side
(Fig. 2), which remained fixed throughout the entire experi-
ment. The positions of the uncoded targets on the strip were
extracted from the two photogrammetric projects, and the
displacements provided by photogrammetry were deter-
mined based on them. The difference between photogram-
metric displacement and true displacement provides the
measurement error for the 32 E-targets and 198 S-targets of
ground-based photogrammetry. Next, the mean and standard
deviation of the error for each type of target were calculated,
providing information about the suitability of ground-based
photogrammetry as a reference method.

Thus, we can assess the accuracy of multiple photogram-
metry checkpoints with respect to the measurement provided
by the transducers.

One of the factors that affect the measurements obtained
by photogrammetry is the parameters entered during the
processing of the photographs in the photogrammetric soft-
ware. For this reason, this first experiment was also used to
determine the optimal settings of Metashape.

The developer's instructions provide general guidelines,
not specific numerical values, for these parameters. Typi-
cally, these guidelines need to be adapted to each project by
testing the results with different parameter values. The core
process in photogrammetry is the alignment process, which
involves finding common features in photographs taken from
different perspectives of the same object. “Generic preselec-
tion” aims to speed up this process by performing an initial,
less precise matching between pairs of photos. With “refer-
ence preselection” in “sequential mode,” it is assumed that
the photographs were taken along a regular path. This means
that the numerical order of the photos matches the spatial
order of the camera's trajectory. Using this information, the
program searches for common features between each pair of
consecutive images.

The “key point limit” indicates the upper limit of feature
points on each image to be taken into account during the
current processing stage. Setting the value to zero allows
Metashape to find as many key points as possible. The “tie
point limit” indicates the upper limit of matching points for
each image. Setting the value to zero does not apply any tie
point filtering.

“Guided image matching” effectively boosts the number
of keypoints per image as if the value of “key point limit”
were straightforwardly increased, but without significant
growth in processing time. For objects with flat surfaces,
such as the analyzed timber strip, it helps to prevent diver-
gence of some parameters.

We tested the following parameter settings to approach
the optimal one, meaning the configuration that resulted in
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the smallest errors. Each of the following configurations was
tested with the same two datasets, corresponding to the two
positions of the timber strip, as shown in Table 2.

2.2 Projects under flexural-torsional load
2.2.1 Setup of the scene

Once we established the Metashape settings common to all
tests and verified that the reference photogrammetric pro-
jects had sufficient accuracy to be considered as such, we
worked on two scenes corresponding to the unloaded and
loaded states of the timber strip under a flexural-torsional
load. The main task of this study is to measure the defor-
mation between both load states, using UAV photogram-
metry as the analyzed technique and ground-based photo-
grammetry as the reference method. The scene is shown
in Fig. 3. One end of the strip was fixed. We evaluated the
deformation from an unloaded to a loaded state by applying
a torsional dead load to the other end: specifically, 127.5 N
applied through a 1000 mm-long beam, orthogonal to the
longitudinal axis of the strip. It is necessary to carry out a
separate photogrammetric project for each state (unloaded
and loaded) to accurately determine the displacements expe-
rienced by each particle of the timber strip.

For each load state, four photographic sessions were con-
ducted: one from the ground (Fig. 3a) and three from the
top of the beam (Fig. 3b), simulating the position of a drone
flying over a structure. For the 3D model generated from
these three photographic sessions, we compared the beam's
centerline position and rotation with those calculated from
the corresponding session on the ground, which serves as
the reference truth, as previously stated.

As previously mentioned, images captured using a UAV
are typically taken from above the object. To establish
a common reference coordinate system for both ground-
based and UAV-based projects, two small inclined panels
with additional coded targets were attached to the main
panel. They can be seen in Fig. 3b under the timber strip.
The SfM algorithm employed by modern photogrammetry
software orients overlapping images automatically, with-
out requiring prior camera calibration (Altuntas 2021).

The ability of SfM approaches to carry out automatic cam-
era calibration and image orientation has largely removed
photogrammetric expertise as a pre-requisite for achiev-
ing straightforward models (Remondino and Fraser 2006).
Thus, the purpose of the targets used in this study is not
camera calibration.

The measurement quality provided by the photogrammet-
ric technique depends, all other variables being equal, on
the photographing distance: the closer the object we aim to
measure, the higher the measurement quality we will obtain.
In this study, the photographing distance for the UAV-based
projects was set at 1.5 m, ranging between a minimum of
143 cm and a maximum of 159 cm. This distance is con-
sidered safe and realistic, given the quality of current drone
positioning systems in flight. The rest of the camera settings
are listed in Table 3.

The measurement quality depends on the specific con-
figuration of each photogrammetric project, which is heavily
influenced by several factors. The use of UAVs introduces
additional factors to consider, such as flight altitude, UAV
speed, and wind intensity (Eisenbeiss and Sauerbier 2011).
In aerial photography using drones, the shutter speed is
typically set between 1/500 and 1/1000 of a second (Rad-
ulescu and Vladareanu 2017). A lower shutter speed—i.e., a
longer exposure time—than 1/500 may result in image blur
due to the relative motion between the object and the UAV.
The higher the shutter speed, the shorter the exposure time,
which necessitates a higher ISO setting. This increase leads
to greater shot noise, resulting from the random arrival of
photons at the sensor (O’Connor et al. 2017). Such noise
could compromise the reliability of the 3D model obtained
through photogrammetry. Additionally, an aperture greater
than /8 (due to the proximity to the structure) and an ISO
of 100 should be used. Each photo should be taken as per-
pendicular as possible to the axis of the structural elements
to ensure even focus across the entire scene.

Image exposure settings (shutter speed, aperture, ISO) are
highly dependent on the scene being photographed. In fact,
using the lowest possible ISO helps ensure maximum image
resolution. The shutter speed values shown in Table 3 were
selected based on prior tests of the scene. It is recommended
to use the best available camera, with a larger sensor and

Table 2 Parameters settings
tested in Metashape

Configuration A B C D E

Generic preselection Yes Yes Yes Yes
Reference preselection Sequential Sequential Sequential Sequential
Key point limit 40,000 50,000

Key point limit per pixel 2100

Tie point limit 6000 10,000

Guided image matching Yes Yes
Adaptive camera model fitting Yes Yes Yes Yes Yes
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Fig.3 Flexural-torsional experiments: a Scene setup during the
ground-based reference project; b Sample photo from the UAV-based
projects; ¢ Schematic drawing of the loading assembly and camera

resolution, that is compatible with the largest drone, and the
UAV should fly at a slow speed.

The list of performed photogrammetric projects is sum-
marized in Table 4. Two projects were carried out from the
ground, to serve as the ground truth (ground-based reference
projects), while six projects were conducted by photograph-
ing from above, simulating flight conditions (UAV-based
projects). The objective was to measure the deformation,
for each device, by comparing the loaded 3D model with the
unloaded 3D model. First, the photo sessions of the unloaded

(c)

Lateral board with random texture

positions in the ground-based and UAV-based projects. For clarity,
the horizontal panels visible in b are omitted in ¢

cases were performed (T1, T3, T5 and T7), and then, those
of the loaded cases (T2, T4, T6 and TS).

In the following sections, we explain how the displace-
ment and rotation induced by the dead load on the cantile-
vered strip are computed. First, in Sect. 2.2.2, these variables
are calculated using the information provided by the S-tar-
gets from the ground-based projects and the point clouds of
the strip's ‘adjacent faces’ (AFs). Then, in Sect. 2.2.3, the
computation is based on the point clouds from the UAV-
based projects. Next, the error is calculated as the difference
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Table 3 Settings of the used cameras

Canon EOS DJIFC6310 DII
2000D (Phantom)  FC7203
L (Mavic)
Ground Flight
Shutter speed (s) 1 1/395 1/400 1/400
1SO 100 1600 3200 3200
Aperture F11 F4 F5 F2.8
Average distances at which 0.92 1.5 1.5 1.5
photographs were taken
(m)
GSD (mm/pixel) 0.017  0.028 0.041 0.054

between the distances and angles from projects T3 to T8, and
the displacements and angles calculated from the ground-
based reference projects T1 and T2, for each section in rela-
tion to the previous section.

2.2.2 Ground-based reference projects

Two projects were conducted to obtain the ground truth for
the UAV-based projects. This reference data was acquired
using ground-based photogrammetry, with targets placed
on the underside of the strip, under the same conditions
as those described in the previous section. These projects
used the optimal photogrammetric processing option veri-
fied in Sect. 2.1. A total of 31 photographs were taken in
the unloaded state and 44 photographs in the loaded state
(Fig. 3a), with an overlap between 80 and 90%. The same
camera settings as in the previous section were used.

The high accuracy achieved in the reference photogram-
metric projects was obtained by minimizing the photograph-
ing distance, using a tripod, and employing an artificial light
source. For both the unloaded case (T1) and for the loaded
case (T2), the timber strip was photographed and its 3D
model was generated by Metashape. Apart from the PC,
this model captured the coordinates of the S-targets under
the strip. The photogrammetric network—quantity, positions
and orientations of the camera—was the same as the one
used in Sect. 2.1. The steps to extract the center and the
orientation of the timber profile for each section are visual-
ized in Fig. 4. The information used to calculate each sec-
tion's position and rotation consists of the locations of the
non-coded targets on the wide face and the point cloud from

the lateral face, as shown in Fig. 4b. Each row of six targets
serves as a reference for positioning each strip section.

To determine the center of each section, the first step is to
calculate the fitting line for a row of points using the scikit-
spatial library (Hynes 2023) of Python (see Fig. 4d). It is
assumed that each section remains a planar parallelogram
after the strip undergoes torsion. This fitting line intersects
the fitting planes of the lateral faces (see Fig. 4b) at two
points, which lie on the edges of the cross-sectional profile.
Next, the two normal vectors to the wide face are calculated
based on the six closest targets on each side (see Fig. 4e).
Above those two vertices, the other two are located at a
distance equal to the timber strip's thickness along those
normal vectors. Finally, the center point is determined as
the centroid of the four vertices for a given cross-section, as
shown in Fig. 8. Regarding the orientation, it is represented
by the normal vector to the wide face, since this is the face
photographed at a more favorable angle, and thus its PC is of
higher quality than those of the lateral faces. This normal is
obtained by calculating the fitting plane of the row of targets
of each section and the two adjacent rows (see Fig. 4c).

These operations are repeated across the 34 sections, cor-
responding to the 34 rows of S-targets, for the unloaded case
(T1) and the loaded case (T2). The difference in the posi-
tions of the centroids and the orientations of the normals
between both projects provide the ground truth variables.

2.2.3 UAV-based projects

In the same scene as in the previous section, two photogram-
metric projects (unloaded and loaded) were conducted for
each of the three drone-mounted systems that were evalu-
ated: Canon EOS 2000D EF 20 1:2.8, DJI FC6310 (Phan-
tom), and DJI FC7203 (Mavic). The horizontal panels with
coded and non-coded targets on the left and right of the strip
(Fig. 3b) were placed and used to scale the 3D results only
for the six UAV-based projects. Notably, in the photographs
taken for the UAV-based projects (Fig. 3b), the coded tar-
gets of the small inclined panels attached to the main panel
are visible. A total of 81 and 88 photos were taken for the
first device’s projects, 70 and 82 for the two projects of the
second device, and 57 and 88 for the third device studied.
Again, the image overlap ranged from 80 to 90%.

For this study, the structural element was photographed
from above, with the optical axis always vertical. This is

Table 4 List of

R . Ground-based refer-
photogrammetric projects

ence projects

UAV-based project

Device  Canon Canon Phantom Pro Mavic Mini
Unloaded Loaded Unloaded Loaded Unloaded Loaded Unloaded Loaded
Project T1 T2 T3 T4 T5 T6 T7 T8
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Fig.4 T1 and T2: a Textured view of the 3D model; b Targets’ locations and PCs of the lateral faces; ¢ Points considered in a single section to
determine the face’s orientation; d Row of points in a section; e Normal direction of the wide face on both sides

the most challenging configuration, as it requires camera
translation and rotation to properly capture both side faces
in addition to the top face. The angle formed by the camera-
object line relative to the horizontal plane ranged between
62° and 90°. As previously explained, we chose a camera-to-
object distance of 1.5 m. The camera settings were adjusted
to simulate flight mode.

To model a surface, it must be photographed from various
points around it. In addition to changing the camera posi-
tion, it is also advisable to vary the optical axis to ensure it
is orthogonal to the object. To ensure the applicability of
this technique to full-scale structures, we maintained the
unfavorable condition of keeping the optical axis always ver-
tical. We photographed along a rectangular horizontal grid,
ensuring that the photos had a 90% overlap in both direc-
tions: parallel and perpendicular to the timber strip. Most of
the photos fully captured the entire top face of the strip. An
overview of the scene is shown in Fig. 3b.

The position of each of the 34 sections of the timber strip
is determined differently compared to the ground-based

projects T1 and T2. Instead of using the target locations
obtained in those projects (Fig. 4a), the point cloud gener-
ated from the object's surface based on UAV photographs
(Fig. 5a) was used. Metashape, like any photogrammetric
software, provides the meshed 3D model. The point cloud
used corresponds to the vertices of that mesh.

For each section on this PC, its position along the timber
strip was determined by aligning the point cloud with points
from ground-based reference projects. The timber strip’s
centerline position and each section’s angle were computed
by identifying points on three faces arranged on a plane as
perpendicular as possible to the strip’s centerline. From
now on, the face fully visible to the UAV camera will be
called the “top face” (TF), in contrast to the AFs, which are
captured from a highly unfavorable optical axis angle. The
algorithm for extracting the centerline follows these steps:

(A) Seed point selection

This is the only manual task: a point is selected on
the TF. This point is chosen using the mouse on the
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Fig.5 Algorithm start in
projects T3 to T8: a Textured
model; b LF normal vector

7 and LF parallel vector v
(PyVista)

B)

(a)

mesh display of PyVista. To enable the comparison of
the feature extraction on the eight projects, the initial
seed point was defined in each project so that it had the
same distance to the aluminum beam at the cantilevered
end (see Fig. 4a).

As illustrated in Fig. 5, after selecting this point, a
sphere centered on it is created, and the points con-
tained within the sphere are selected. The fitting plane
for these points is then determined using the SVD
algorithm: the fit_plane_to_points function of PyVista
returns the center and the normal 7 of this plane. To
identify the points corresponding to the lateral faces,
the process begins by adding a second vector v, whose
direction is randomly chosen within the plane orthogo-
nal to V.

As observed in Fig. 5b, the longitudinal axis of the
timber element was initially aligned with the global
Y-axis. The results will be presented considering the
global coordinate system.

Strip profile recognition

The point corresponding to the centerline and the
orientation of the TF are determined for each section of
the profile. To do this, a third vector 7 = 7 X V is intro-
duced. These three vectors are used as a local coordi-
nate system. The goal is for V to be oriented orthogo-
nally to the lateral faces, so that 7 becomes tangent to
the centerline. This local reference system is iteratively
reoriented using the points found on the three faces. At
the end of the orientation process, the centroid of the
profile and the orientation of the TF are recorded.

Each orientation process begins by assigning v the
direction orthogonal to the AFs and estimating the first
preliminary centroid. The process starts by detecting
TF points within a box that moves in steps, adapting to
a twisted surface. A sample case is displayed in Fig. 6.

@ Springer

Fig.6 Top view and front view of the preliminary centroid

At each step, points belonging to the AFs are searched
for within different boxes along ¥. When points are
found on any AF, the normal vector and point defining
their fitting plane are calculated. Then, V is assigned the
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direction of the normal. The process is repeated along
the +V and the —V directions until the variation in the ¥
direction falls below a threshold value. The position of
the initial centroid is then calculated as the midpoint
between the fitting planes of both Afs in the v direction,
at a distance from the TF equal to half the thickness of
the timber strip.

Centerline extraction

Next, the aforementioned operations are repeated on
the next section, creating a new preliminary centroid by
incrementing the position of the last recorded centroid
by 15 mm along 7, as this is the distance between rows
of uncoded targets.

For the points of the PC detected in each section, the
objective is for 7 to be orthogonal to the TF, and ¥ to be
orthogonal to the AFs. Thus, a centroid C, along with
the intrinsic coordinate axes 7, v and 7 can be used as a
reference to define the ideal rectangular cross-sectional
profile of the strip, as shown in Fig. 7: the centering
operations aim to reduce the distance between the
points of the 3D model and the ideal faces of the pro-
file.

The centerline extraction starts by loading the pre-
liminary center C and vectors 7 and v from the previous
step. Then, C is displaced iteratively along 7 while the
distance between the points and the ideal face plane

iy U

S R et

Fig. 7 Position of the ideal section within the actual 3D model of a
sample section

decreases. As this distance decreases, the displace-
ments continue in smaller steps by applying a factor
of 0.25 until the displacement falls below a threshold
value of 1 pm.

As shown in Fig. 7, centering along the Afs in the v
direction is a more challenging operation, as the mod-
eled points of the AFs are limited and dispersed due
to occupying few pixels in the photographs. First, to
find the AFs’ points, the detection is performed on the
TF along the +V and —7 directions, as in step B. Based
on the farthest point from C, a new detection box is
launched in the expected position of the Afs. Given the
unrealistic curved shape of the AFs (see Fig. 7), only
the farthest points from C are selected. More precisely,
the distance between C and each point is calculated.
Then, the retained points are those whose distance from
the center lies between the maximum distance and 0.3
times the standard deviation below the maximum dis-
tance. If no AFs’ points are found, the farthest point of
the TF will be kept as the only AF point.

The fitting plane of each AF is calculated if at least
4 points are available. Otherwise, the centroid of the
retained points is computed, but V is adopted as the
normal of the AF. Then, the intersection points of the
planes of these AFs’ and the ray {T/', C} are determined.
C is then placed at the midpoint between both AFs,
with this displacement constrained to the cross-sec-
tional plane {h’,? . The direction of v is updated to
align with the normals of the AFs if they form an angle
of less than 4° with V.

The normal vector is calculated based on the PC
from the TF. The rotation of each profile section is
represented by the rotation of this normal vector.

In summary, for all 34 sections of the timber beam,
we compare the geometric precision between flight pro-
jects and ground projects for three variables: the X- and
Z-coordinates of the centerline, and the orientation of
the TF. For each device, the variation in each geometric
variable from the unloaded to the loaded case is meas-
ured. The difference in these measurements between
each device and the reference cases constitutes the
error. Finally, basic statistical analysis is performed on
these errors.

3 Results and discussion

3.1 Validation of ground-based photogrammetry

as a reference method

The results of these configurations were analyzed in two
groups: S-targets and E-targets (see Fig. 2b). The findings
are summarized in Table 5.
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Table 5 Error analysis of targets’ locations

Configuration S-targets E-targets
A u (mm) 0.219 0.226
6 (mm) 0.048 0.292
B H (mm) 0.015 0.004
6 (mm) 0.482 0.283
C u (mm) 0.004 —0.039
6 (mm) 0.068 0.249
D H (mm) —0.084 —0.055
6 (mm) 0.084 0.335
E H (mm) 0.293 0.288
o (mm) 0.084 0.321

We adopted the settings of C for the other eight pro-
jects, as it clearly outperformed the others in terms of both
average error and standard deviation: the average error
was 1/229,500 for the S-targets and 1/23,530 for the E-tar-
gets, relative to the average camera-to-object distance of
918 mm. These values demonstrate the high measurement
quality of SfM photogrammetry for determining the posi-
tions of points marked with targets.

Fig.8 Overview of the cen-
terline extraction in project ]
T2 (Canon camera positioned ;
at ground level) based on the 7
S-targets in 34 determined

cross-sections

Centerline

Difference AX and AZ of the reference projects

(mm)
6

4 S0-0660 060 —o—AX

et AVA
2

0 0-0-0-0-0-0-0-0-0-0090900000000000009009000000
-2

0 5 10 15 20 25 30 35
Section

(a)

Fig.9 Displacement a and rotation angle b in T2 relative to T1
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3.2 Projects under flexural-torsional load

The centerline of the reference project T2 is shown in Fig. 8.
It can be observed that hidden areas are partially extrapo-
lated in Metashape, with ‘extra material’ added around the
farthest edges, one of the adjacent faces being completely
hidden from the camera.

Despite the inaccuracies in modeling, a smooth centerline
is reconstructed from the 34 cross-sections of the reference
projects. The displacement of these cross-sections, i.e., the
difference between the coordinates of T2 and T1, is pre-
sented in Fig. 9a. Small fluctuations of up to 0.3 mm are
observed in the last sections of the strip along the X-coordi-
nate (cross-sections from 25 to 35). This may be attributed
to the strip’s roughness, as its sides are composed of adhered
wood laminates, as shown in Fig. 10. The angle rotated due
to the load is depicted in Fig. 9b.

This uniformity in the centerlines of T1 and T2, along
with the results from the previous section, validates their
use as reference projects. Consequently, we can proceed with
the comparison of the other projects against this reference.

In Fig. 11, the results of T8 are presented. The AFs were
captured at an angle of less than 30° between the optical
axis and the object surface. Consequently, the generated PCs

Angle
(dfgl’ees) Torsion angle a in the reference projects

8
6

4
2
0

20 5 10 15 20 25 30 35

Section

(b)
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(a)

(b)

Fig. 10 High-precision photogrammetric model of the strip at a 200 mm distance: a Textured view; b Shaded view
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Fig. 11 Overview of the centerline extraction in project T8 using the Mavic Mini

contain very few points on these side faces, which represents
the primary challenge in the entire process. Furthermore, the
surface of the AF is more irregular, affecting the centroid
locations along the direction of ¥, which is roughly aligned
with the global X-axis.

The error in the X displacement is presented in Fig. 12,
while the error in the Z displacement is shown in Fig. 13.
As an example, in the case of the error in the X-coordi-
nate using the Phantom, the error results from calculating
(X6 — Xrs5) — (Xp2 — Xy ), where, for example, X4 refers
to the X-coordinate of the points on the centerline of the
timber strip determined from the photogrammetric project
T6. The deviation along the X-axis is on the order of mil-
limeters, as anticipated from Fig. 11. Conversely, the devia-
tion along the Z-axis is an order of magnitude smaller than
that of the X-axis. This highlights the critical importance of
ensuring that the modeled faces occupy a sufficient portion
of the photographs to reliably identify the cross-section of
the structural element.

Table 6 presents the basic statistics of the center posi-
tions, aimed at estimating the accuracy of obtaining the

centerline of a full-scale structure. These values correspond
to the displacement induced by the load in projects T3 to
T8, relative to the same variables in the reference projects
T1 and T2.

The last measurement extracted from the PCs of the pro-
jects was the rotation angle due to the flexural-torsional
load, which was based on the normal vector 7 of the TF
(see Fig. 7). The error for each strip section is displayed in
Fig. 14, and the corresponding statistics are summarized
in Table 7. In the detection of rotation, a greater difference
is observed between the UAVs: the Phantom Pro camera
outperformed that of the Mavic Mini, even more so than in
the error in the Z-coordinate. This suggests that the Mavic
Mini yields a less precise, i.e., more disperse PC for the TF.

An advantage of photogrammetry is highlighted in
Tables 6 and 7: the uniformity of the quality of the gener-
ated model. The PC of the modeled timber strip exhibited
bumps on the order of 5 mm. Despite this, the uniformity
of the PC contributes to high accuracy (mean value of
error) and precision (standard deviation of error) in the
extracted displacements and angles. The Phantom Pro
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Fig. 12 Error in the X coordi- Error (mm)
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Table 6 Statistics of error X-coordinate 7-coordinate
in displacements detection
compared to the reference Canon  Phantom Pro Mavic Mini Canon  Phantom Pro  Mavic Mini
projects
Mean value (mm) 0.05 0.09 0.01 —-0.03 0.06 —-0.05
SD (mm) 0.92 1.02 0.86 0.19 0.26 0.43
Minimum value (mm) —1.84 —1.46 - 1.85 —-0.37 -046 — 1.06
Maximum value (mm) 2.24 3.92 1.79 0.33 0.63 0.79

achieved slightly lower precision and accuracy than the
Mavic Mini in capturing the less visible AFs. The oppo-
site occurred when capturing the clearly visible TF: the
Mavic Mini showed greater dispersion in the PC, which
was also observed in the rotation angle. In all cases, the
Canon camera achieved better results than the UAVs, sug-
gesting that mounting a consumer-grade or professional-
grade camera on an UAV could be considered to achieve
high-quality models.

@ Springer

4 Future work and full-scale structures

Although the PCs were of low quality, they were sufficient
to achieve sub-millimetric accuracy in locating the struc-
tural element's centerline. The factor that most limited
the cloud quality was the camera-to-object distance; for
example, as shown in Fig. 10b, at a distance of 0.2 m the
resulting model even captures sub-millimetric 3D details
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Fig. 14 Error in the rotation Error
angle a (degrees)
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Table 7 Statistics of error in the rotation angle compared to the refer-
ence projects

Rotation angle (degrees)

Canon  Phantom Pro = Mavic Mini
Mean value (degrees) 0.03 0.24 0.00
SD (degrees) 0.25 0.56 1.45
Minimum value (degrees) —-043 —-140 —2.68
Maximum value (degrees) 0.54 1.36 3.32

of the object's surface. Therefore, the natural wood texture
is suitable for photogrammetric modeling.

Texture is the factor that determines the applicability of
this technique to other materials. A homogeneous surface
lacking texture is not suitable for photogrammetry—exam-
ples include polished metal, painted surfaces, and plastic
coatings. Without a heterogeneous texture, photogrammet-
ric software cannot identify corresponding points in two or
more images.

Photogrammetry has been extensively studied on concrete
structures (Dai et al. 2014), where it is common to use tar-
gets—even on on-site structures (Jauregui et al. 2003). One
issue worth investigating is under what conditions a concrete
surface is suitable for photogrammetry without targets. A
newly cured structure exhibits a homogeneous surface, but
over time it becomes more heterogeneous, as observed in the
inspection of older structures.

The presented results suggest the next step: applying this
method to a full-scale wood structure without using targets
on the structure, using a drone with an integrated camera.
Building on the gridshell case, the algorithm would need to
be extended to consider the presence of fastening elements
and the intersections between the timber strips. A possible
approach to the problem would be to first detect the presence
of an intersection and then continue searching for points of

the structural element while skipping the theoretical space
occupied by the intersection, extrapolating the element’s
centerline.

It should be remembered that, in the present work, each
cross-section of a strip has been positioned individually,
leading to small fluctuations in the position of each section.
When applying this to a real structure, where the curvature
of the elements (if present) is regular, the centroids could be
averaged using a spline, which could further reduce meas-
urement errors.

To achieve optimal results, a dense point cloud with high
measurement quality is required, which necessitates a high
GSD. In UAV-SfM projects, it is advisable to photograph
as close as possible to the structure without compromising
drone safety and while flying at a slow speed. The best avail-
able camera is also recommended, featuring a larger sensor
and higher resolution, compatible with the largest drone.
Lighting conditions should allow for an f/8 aperture with
shutter speeds between 1/250 and 1/500, preferably at ISO
100. Flight planning should ensure that the optical axis dur-
ing capture is as perpendicular as possible to the axis of the
structural element, with overlaps exceeding 60%. Although
this results in a large number of photographs, it is not prob-
lematic, as photogrammetric software—when properly con-
figured—is capable of automatically processing thousands
of images. In any case, photogrammetry settings will also
depend on the texture, lighting, sections, and arrangement
of the structural elements whose deformations are to be
analyzed.

5 Conclusion
To achieve optimal results in structural health monitor-

ing projects using UAV-based SfM photogrammetry and
feature extraction, it is essential to obtain a dense point
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cloud with high measurement quality, which requires a
high GSD. It is advisable to capture images as close as
possible to the structure—without compromising drone
safety and while flying at a slow speed. The best available
camera is also recommended, featuring a larger sensor and
higher resolution and being compatible with larger drones.
Lighting conditions should allow for an f/8 aperture, shut-
ter speeds between 1/250 and 1/500, and preferably ISO
100. Flight planning must ensure that the optical axis dur-
ing capture is as perpendicular as possible to the struc-
tural element's axis, with image overlaps exceeding 60%.
Although this results in a large number of photographs,
it is not problematic, as properly configured photogram-
metric software can automatically process thousands of
images.

In this study, the photogrammetric modeling of a timber
strip was tested under simulated UAV operating condi-
tions. Three UAV cameras were evaluated. Additionally,
two new semi-automatic, Python-based feature extraction
algorithms were developed to determine both positional
changes along the centerline and rotations of the transverse
sections of the timber strip when subjected to a combined
flexural—-torsional load.

Although the study was conducted in a laboratory,
the photographing distance and camera settings simu-
lated real-world conditions. As a result, the point clouds
obtained in the photogrammetric projects simulating flight
conditions were highly irregular. Nevertheless, knowing
the actual cross-section of the timber strip allowed for
highly accurate location extraction.

An average accuracy of 0.05 mm in displacements along
the longitudinal axis and 0.03° in rotations of the trans-
verse sections was achieved using a GSD of 0.028 mm/
pixel. This was accomplished by photographing perpen-
dicularly to the object from a distance of 1.5 m, with an
overlap between 80 and 90%, ISO 1600, f/4, and a shutter
speed of 1/395 s, using a consumer-grade digital camera
commonly employed in SIM-UAYV, along with the new
Python-based feature extraction algorithm.

This result quality suggests the feasibility of UAV-
based methods for measuring full-scale timber structures,
where sub-millimeter accuracy would be sufficient to vali-
date numerical form-finding models.
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