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A B S T R A C T   

Gridshells are unexploited structures, over which lengths measurement are difficult to do due to their size and 
complex curvature. To deformation measurement on a timber gridshell beam and on an entire gridshell, we used 
an affordable photogrammetry system that consisted of a consumer-level camera, a tripod, a mast with a gimbal 
to elevate the camera, a laptop, and two photogrammetric software: PhotoModeler Scanner and Metashape. The 
beam was subjected to a bending test, and the gridshell was loaded with 105 kg of dead load per node on its five 
central nodes. The maximum error in the measurement was 1.26 mm on the beam and 3.45 mm on the gridshell, 
which corresponded to 0.77 ‰ error relative to the span of the beam and 0.41 ‰ relative to the length of the 
gridshell. Three-dimensional models obtained through the proposed method serve as dimensional data with a 
uniform error around the object.   

1. Introduction 

Gridshells are a well-established design solution for creating curved 
forms from linear elements; hence, they are highly suitable for indus
trialization and standardization [1]. Gridshells are lightweight doubly 
curved structures that cover open spaces by efficiently using sustainable 
materials, usually timber [2]. Nevertheless, gridshell has not been 
widely used in popular structural solutions, like sports, industrial or 
rural buildings. This type of structures only has been generally used in 
urban works. Their physical principles have been investigated since the 
1970 s, and modern mathematical and digital tools have led to renewed 
interest in them, primarily through form-finding techniques, in which a 
mechanical simulation is performed to estimate the final gridshell shape 
under bending loads [3]. 

Two types of gridshells are distinguished based on the construction 
method: strained gridshells and unstrained gridshells. For the first, 
curvature is obtained on site by bending continuous laths, which are 
usually made of timber. The use of glass fiber-reinforced polymers in 
gridshells is growing due to their higher elastic modulus and higher limit 
strain [4]. The second consist of bespoke nodes and members, which are 
usually made of steel. Curvature is introduced by using curved members 
or through the nodes [5]. The object of study of this work is a timber 
strained gridshell. 

Over the past twenty years, research on gridshells has focused on 
methodologies for generating developable grid configurations and 
calculating their resulting geometry after they are constructed [6]. 
Currently, numerical form-finding techniques that simulate the physical 
behavior of the structure are applied [5]. While the theoretical calcu
lation of stresses and deformations of gridshells has been an active field 
of research [7], this work contributes to the last step in the construction 
of a gridshell: verification of a finished loaded structure by displacement 
measurement [8]. 

To this end, close-range photogrammetry technology can accurately 
record the information of the measurand in an instant and obtain the 
point position relationship of the object [9]. Then, it provides a tool for 
obtaining the three-dimensional displacements at many points on each 
tested object. A wide range of equipment for engineering test purposes 
can be used, varying from low cost solutions with consumer grade 
cameras, conventional light, printed targets and photogrammetric soft
ware like Photomodeler [10] or Metashape [11] to complete solutions 
with up to cameras, light, targets and analysis software commercial 
packs, like HEXAGON DPA photogrammetry system [12] GOM TRITOP 
[13] or Linearis 3D [14]. 

The main elements influencing photogrammetric accuracy are: 
number of pixels in the image, quality lens, angles, orientation, photo 
redundancy and targets. The higher number of pixels in the image, the 
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better chance of achieving high accuracy. High-quality lens will produce 
better results. Points and objects that appear only on photographs with 
very low subtended angles have much lower accuracy than points on 
photos that are closer to 90 degrees apart. Making sure the camera po
sitions have good spread will provide the best results. Orientation is the 
location and angle of the camera for each photo. The orientation quality 
improves as the number of well-positioned points increases and as the 
points cover a greater percentage of the photograph área. A point’s 
position is usually more accurately computed when it appears on many 
photographs, it’s called photo redundancy. The accuracy of a 3D point is 
tied to the precision of its locations in the images. This image positioning 
can be improved by using targets. The highest accuracy is achieved with 
a high-resolution camera, with strong angles between photos, most 
photos have good coverage, most points appear on 6 or more photos, and 
all points are targets [15]. 

Close-range photogrammetry has proven to be a useful technology 
for the experimental verification of behavior models of several types of 
materials [16–19], both in laboratory [20,21], and in situ [9,16,22]. In 
the particular case of timber, a pioneering research study was conducted 
in the 1990 s to validate a failure criterion [23]. Currently, close-range 
photogrammetry is known for providing 3D displacements, strains, 
stress components, and mechanical properties of timber at many points 
on each specimen without the need for direct contact [24]. In addition, 
as timber is considerably less stiff than other materials, low-cost 
photogrammetry could be applied to timber to evaluate its mechanical 
properties or carry out validations using the finite element method with 
high accuracy and little investment [25]. Current photogrammetric 
technology enables us to obtain geometric data with high precision and 
reliability, even with nonmetric cameras, using a simple calibration 
process [26,27]. For example, the cameras in modern cell phones were 
used to estimate volumes in the mining industry [28] and 3D co
ordinates of buildings [29]. 

The present work describes the implementation and evaluation of an 
affordable close-range photogrammetric system for acquiring the 3D 
displacements of two wooden structures. The first is a timber composite 
beam that resembles a gridshell element between nodes. It was subjected 
to a three-point bending test [30]. The second is a gridshell, which was 
loaded with dead weights on its central nodes. Both structures were 
made of Eucalyptus globulus strips. 

To evaluate the applicability of the proposed photogrammetric 
technique, dimensional verification was performed between the struc
tures and their generated 3D models. The software that was employed 
was PhotoModeler Scanner v6 (2008) [31] and, on the gridshell, Agisoft 
Metashape Professional v1.7.5 (2021) [11]. Both tools demonstrate not 
only the measurement capabilities of close-range photogrammetry but 
also the improvement of photogrammetry in the last decade. 

2. Analyzed structures 

Gridshells are lightweight doubly curved structures that cover open 
spaces by efficiently using sustainable materials, usually timber [2]. The 
curvature is formed over initially straight elements, either starting flat 
on the ground and by pushing upward or assembling the structure above 
ground and lowering it by its own weight [32]. Single-layer gridshells 
have a single lath in each direction, while double-layer gridshells have 
two laths in each direction, which provides greater out-of-plane bending 
strength and stiffness. These two layers can slide and rotate along each 
other during assembly such that the flexural stiffness of the members is 
that of a single layer gridshell [32]. After erecting such a structure, when 
a double-layered gridshell has reached the final shape, the nodes are 
tightened, shear blocks of timber are inserted between the layers, and 
the structure is stiffened by a diagonal bracing system. A double-layer 
gridshell with a gap between the layers that is equal to the thickness 
of the members has a flexural stiffness of 26 times that of a single layer 
[2]. 

The first analyzed structure was a wooden component of a double- 

layered gridshell. It consisted of two strips that were joined at the 
ends with shear blocks and bolts. The second structure was a gridshell. 
3D photogrammetry was applied to displacement measurement of these 
structures. While the beam corresponded to a double-layered gridshell, 
we applied photogrammetry to a single-layered gridshell to obtain larger 
displacements and, thus, to produce larger absolute errors at measure
ment results. The construction process of this prototype is presented in 
[33], which includes numerical modeling, a novel erection method, 
stress tests on beams and joints, and displacement measurement in the 
loaded structure using the procedure that is described in the present 
work. The dimensions of both structures are presented in Fig. 1. 

3. Materials 

The basic equipment that was employed included a 3-point bending 
tester with load and displacement control and a consumer-grade Canon 
Eos 550D camera with a CMOS sensor of 18 megapixels with dimensions 
of 22.3 mm × 14.9 mm and pixel size of 4.3 μm × 4.3 μm. This camera 
was used in conjunction with a Canon EF 20 mm 1:2,8 (Canon Inc., Ota, 
Tokyo, Japan). Through the camera-specific software EOS Utility Ink, a 
laptop instantly received the video signal from the camera through a 
conventional USB cable, which also enabled modification of the camera 
parameters and triggering. 

The photogrammetric software PhotoModeler Scanner (PS) v6 
(2008) [31] and Metashape v1.7.5 (2021) [11] were used to process the 
photographs and generate 3D models of the structures. The work in 
spreadsheets was conducted with the open-source software LibreOffice 
Calc 4.2 [34]. The drawings were constructed with the open-source 
software QCAD [35]. 

We used coded- and dot-type targets that PS generated, as shown in 
Fig. 2. Coded targets support the determination of corresponding points 
in the image matching that the photogrammetric software performs, and 
they improve the accuracy and precision of feature recognition [36,37]. 
They are mandatory in PS: First, the targets are recognized and placed 
together in 3D space with their coordinates. Second, PS uses the co
ordinates of the targets to orient the photos and to build a 3D point cloud 
of the photographed object. Targets are a complementary aid in 
Metashape. 

A caliper was used to verify the precision at printing of the coded 
targets. A 5 m-long steel Class II tape measure [38] was used to assess the 
metric quality of the 3D model. To move and trigger the camera, an 
elevator device was applied, which comprised two parts: a lift telescopic 
mast and a camera gimbal. The mast was a commercial manually ex
tendible device that was constructed of lightweight materials 
(aluminum and plastic). The working length of the mast was set at 5 m. 
The gimbal, which was mounted at the end of the mast, was made by us 
with an aluminum profile, and it enabled us to modify the angle between 
the optical axis and the floor plane. One person handled the mast and the 
orientation of the camera, while another person triggered the camera 
from a computer. The total investment in photogrammetric equi
pment—camera, lens, software (PS), tripod and mast—was approxi
mately 4,000 € ($4,660). A lifetime license with limited updating 
currently costs $3,500 for Metashape Professional and $2,995 for Pho
toModeler Premium, which is the product that replaced PS. In addition, 
the loading of the gridshell was performed using ten 50 L water drums. 

4. Methodology 

The method that was followed is essentially as follows: 
1st: Camera calibration 
The inner orientation of the optical elements is necessary for 

resolving the parameters of the camera, and it was obtained using the 
calibration module of the software. To be able to carry it out, some 
photos were taken on a calibration sheet printed on a simple consumer- 
grade printer. These photos were imported by the software and the in
ternal parameters of the camera were automatically determined. The 
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parameters of calibration were filed and the software used them, with 
the camera so adjusted, in next projects. The camera calibration is the 
most important step in the entire 3D modelling process, because it un
derpins the accuracy achievable by the photogrammetric process and 
performance [39]. 

2nd: Design and setup of the image acquisition 
The design of the photographic acquisition began with the visual 

inspection of the testing environment for both structures. Next, we 
decided on the place from which the photographs were to be taken, the 
photographing distance, and the configuration of the camera settings 
(ISO, shutter speed and the lens aperture). 

The software attempted to recognize the coded targets in the photos. 
In PS, the identification of a target in several photographs enabled the 
construction of an elementary 3D model that consisted only of the tar
geted points in the space. It helped orient the cameras, namely, deter
mine the position and orientation of the camera when triggered for each 
photo. Once the cameras were oriented, a more “solid” 3D model could 
be created by generating a dense point cloud, followed by a meshed 
model and a textured model, over which distance measurement could be 
done. In Metashape, the recognition of coded targets boosted the 
determination of matched points between images, which were used to 
build the 3D model. 

To provide data redundancy to the software, the number of coded 
targets that were used was higher than the minimum required. To 
facilitate target recognition by the software, the coded targets were sized 
larger than the minimum size. This was expected to lead to a more 

reliable 3D model. The final 3D model is more reliable because of the 
redundancy of the coded targets, which allowed the used software to 
apply adjustment observations techniques. 

The position where the targets were placed also had to be carefully 
planned. Some of the targets were model-control points; they were 
employed to provide data redundancy and to scale, translate and rotate 
the generated 3D model. For each project, the points that were located 
by three coded targets were used to translate and rotate the 3D model to 
bring all the points to a unique coordinate system for all load steps. Two 
model-control points were employed to scale the model. 

The other targets were the dimensional-checking points, which were 
employed to evaluate the geometric quality of the model, namely, the 
precision of the distances between the 3D coordinates in the model 
compared to those in the real structure. 

3rd: Image acquisition 
The composite beam was photographed during three load steps, 

while the gridshell was photographed unloaded under the maximum 
load. We monitored general deformation but under static load, then, 
only one camera can be used. Data redundancy was also important in 
relation to the number of photos, without reaching a number that re
quires an excessive computer-processing time. The laboratory had 
diffuse light during the daytime, which was required to obtain photo
graphs with homogeneous gloss and color conditions across the object 
surface. 

4th: Photogrammetric processing and evaluation of the geometric 
quality of the model 

The acquired photographs were input into the software. For each 
structure, after calibrating the cameras, the recognition of coded targets 
was executed. Next, the photos were oriented, and the 3D model was 
generated and scaled. To evaluate the accuracy of the generated 3D 
model measurement results, a series of lengths between checking points 
were measured in the 3D model. The same distances were measured 
using a flexometer or a calliper. The error for each measure was deter
mined, and the basic statistical parameters were derived. 

Dimensional-checking points were selected on static elements: the 
coded targets on the vertical panel below the beam and a group of coded 
targets on the ground around the gridshell. We hypothesize that the 
measure errors on the static points are very close to the errors on the 
points that were displaced under the load. This is an advantage of 
photogrammetry, because accuracy and precision levels of each project 
can be known through an analysis of errors in static check points, be
sides, two projects made with the same camera, lens, angles, orientation, 
photo redundancy and targets will both have similar accuracy and 
precision. The precision would be proportional to the distance between 
the target and a laser measurement instrument. In contrast, photograph 

Fig. 1. Dimensions (mm) of the gridshell beam (a) and the gridshell (b).  

Fig. 2. Coded targets.  
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overlap due to photoredundancy leads to homogeneous precision along 
the object surface in photogrammetry. This was observed in the gridshell 
study. In the case of the beam, the static and nonstatic targeted points 
were close to each other and in the same plane. 

The 1st step was common to both structures. Below, the actions that 
were taken for each structure in Steps 2 to 4 are summarized. 

4.1. Photogrammetric procedure on the gridshell beam 

The camera on a tripod was shot from seven positions. The averaged 
distance between the camera and the middle point of the beam was 1.35 
m. For the described model-control points and dimensional-checking 
points, we used coded targets of 12 bits with 60 mm diameter. They 
were printed on a 100 mm-spaced grid and placed on a panel, which 
stayed static during the test. To test the target recognition on the beam, 
we used dot-type targets of 30 mm diameter that were 151 mm-spaced 
along the beam. Eleven pairs were laid on the beam, one of them at the 
middle point, and an additional pair on each beam end. These details are 
presented in Fig. 3. We had a total of 26 points on the beam and 30 
points on the static panel. 

Once the coded targets were placed, the panel with the targets was 
leveled with a plumb. After initiating the bending test, the structure was 
photographed from the seven locations in three load steps (see Fig. 4): 
The first load step was the idle stage, which was the reference stage 
when determining the displacements under load; the second load step 
was the intermediate time between the idle state and the beam breaking; 
and the third load step corresponds to the immediate moment before 
breaking, namely, under the maximum load. The targets had to be static 
while being photographed; thus, the test was paused in each load step. If 
this were not possible, photogrammetry could also be applied by using at 
least three synchronized cameras. Seven photos were acquired in each 
load step. 

Three of the model-control points of the panel were used to scale the 
3D model and to place the (x, y, z) coordinate system. The dimensional 
quality of the model was evaluated through the errors in four distances 
between eight checking points of the panel. Real length measurement 
were done on the panel with a caliper or a flexometer. The relative error 
was provided in relation to the beam length, namely, 1625 mm. 

4.2. Photogrammetric procedure on the gridshell 

We attached gridshell coded targets of 14 bits and 150 mm diameter. 

Five model-control points and ten dimensional-checking points were 
placed on the ground. The gridshell was photographed in two load cases: 
unloaded and under the maximum load, namely, 105 kg dead load that 
was suspended from each of the five central nodes, as shown in Fig. 5-b. 

The gridshell was photographed along two trajectories that sur
rounded it. In the first trajectory, the operator photographed the struc
ture while walking around. In the second trajectory, the camera was 
inserted in a gimbal on the top of the mast. Two representative images 
are presented in Fig. 5. The number of captured photos from the ground 
and with the mast were 112 and 53, respectively, with no load and 52 
and 41, respectively, over the loaded step. The (minimum) camera- 
object distance remained close to 3.3–3.5 m from the mast, 1.6–1.9 m 
from the ground on long sides and 3.4–3.7 m on short sides. 

Two of the five model-control points were used to scale the 3D model 
and the other three ones were used to place the (x, y, z) coordinate 
system. The geometric quality of the obtained 3D model was evaluated 
through 5 distances between the ten dimensional-checking points that 
were chosen in the gridshell scene. The reference distance measurement 
were done on the structure with a flexometer. As can be appreciated in 
Fig. 6, each measure where carefully obtained with a camera. The 
relative error was provided in relation to the length of the diagonal of 
the rectangular base, namely, 8348.8 mm. 

5. Practical cases and results 

Results of both experiments will be described in this section. Time 
required, main difficulties and measures quality will be exposed for each 
one. 

5.1. Gridshell beam 

The planning of the test with the photographic sessions took 16 h. It 
was a simpler task than the gridshell case, not only due to the smaller 
size of the beam but also because the test is prescribed by [30]. To carry 
out the photographing session, a tripod was used, and the bending test 
was paused in the second and third load steps. This enabled photography 
at a low shutter speed (2 s), and we could optimize the images that were 
captured with an ISO-100 and a lens aperture of f/11. The total photo
graphing work took 30 min. 

The processing of the images and distance measurement on the 3D 
model for each load step took 8 h. It was composed of the introduction of 
input variables, corrections of errors in the images, study of the errors in 

Fig. 3. Scene of the bending test on the beam: (a) Camera locations and (b) an overview of the scene.  
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the targets, refinement of the obtained 3D model, orientation and 
scaling of the 3D model, and gathering of the (x, y, z) coordinates of the 
points of the 3D model. All of the photographs were correctly processed, 
and the targets were correctly recognized, as shown in Fig. 7. 

The quality of the 3D model in PS was evaluated based on the 4 
distances between the checking points of the panel. The fundamental 
statistical parameters are collected in Table 1. 

5.2. Gridshell 

The planning of the photogrammetric network took 4 days. The 
structure stood on the laboratory floor, and the camera was used on the 
ground and mounted on the mast. Under these conditions, high shutter 

speed (1/320 s) and ISO (6,400) were required, with a lens aperture of f/ 
5.6, which ensured mostly targets in the scene appeared acceptably in 
focus. Each photography session required 10 min to be completed. 

Once the photographs were acquired, they were imported into PS. 
After calibrating the camera, the routine for recognizing the coded tar
gets was run, and the photos were processed based on these targets. The 
same process was performed in Metashape. Representations of the ori
ented photographs and the targeted points are shown in Fig. 8. 

Some of the coded targets were incorrectly recognized in PS: some of 
them were false-positives that were created on features that were not 
targets, while others were placed on the rings of targets instead of in 
their center circles. An example of each error is presented in Fig. 9. We 
deleted the false-positives and corrected the ring-type detections. We 

Fig. 4. Photographed load status: (a) No load, (b) half-time between loading start and failure, and (c) maximum load before failure.  

Fig. 5. Two photographing heights: (a) Standing on the floor and (b) from the mast.  
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Fig. 6. Distance measurement between 305 and 306 coded targets.  

Fig. 7. Model-control points and dimensional-checking points on the static panel.  

Table 1 
Metric evaluation on the gridshell beam.   

Pair of targets 29, 38 56, 46 39, 40 41, 43 Mean value (mm) Standard deviation (mm)  

Ground truth (mm) 900 100 100 200   
Load step 1 Measures on the 3D model (mm) 900.13 98.74 99.66 200.22   

Absolute error (mm) 0.13 1.26 0.34 0.22  0.49  0.52 
Relative error (‰) 0.08 0.77 0.21 0.14   

Load step 2 Measures on the 3D model (mm) 900.07 98.76 99.67 200.24   
Absolute error (mm) 0.072 1.24 0.33 0.24  0.47  0.52 
Relative error (‰) 0.04 0.76 0.20 0.24   

Load step 3 Measures on the 3D model (mm) 900.04 98.77 99.70 200.25   
Absolute error (mm) 0.042 1.23 0.30 0.25  0.46  0.53 
Relative error (‰) 0.03 0.76 0.19 0.16    
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found that if these amendments were omitted, the metric precision of the 
model would significantly decrease. PS provides a tool for quickly cor
recting ring-type detections: only the target is selected within a rect
angle, and the recognition is repeated only on that piece of the image. 

Thus, all of these modifications took little time. Then, distance mea
surement could be carried out. The processing time of the images was 8 h 
for each load step. No correction of target recognition was needed in 
Metashape. 

Fig. 8. Positions of the cameras and of the coded targets: (a) PS and (b) Metashape.  

Fig. 9. Target capture by the photogrammetric software.  
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The 5-dimensional checking distances are displayed in Fig. 10. The 
results of comparing the measures on the model and the real distances 
are presented in Table 2 and Table 3 for the unloaded case and the 
loaded case, respectively. 

6. Discussion of results 

The tasks from both photogrammetry projects could be performed 
with good coordination with the other tasks, e.g., the setup of the 
bending test on the beam and the construction of the gridshell. These 
activities were not even interrupted to place the coded targets. The 
camera operator only had to check that nobody was standing between 
the camera and the structure. 

The mast was a satisfactory tool for designing an adequate photo
grammetric network around the gridshell in the laboratory. All the 
surfaces of the structure were captured by a camera. The great interest in 

photogrammetry using unmanned aerial vehicles (UAVs) [40] includes, 
to a lesser extent, indoor environments [41,42]. However, simple tools 
such as the mast with a gimbal are more cost-effective than more 
advanced technologies and safer than ladders or elevating platforms 
such as basket cranes or bridge crane baskets. 

Despite the high quantity of the photographs that were acquired and 
processed from each scene, the computing time did not exceed 1 day for 
either the timber beam or the gridshell. Thus, high data redundancy was 
achieved regarding image processing. 

With regard to the beam, as presented in Table 1, the maximum error 
values did not reach 1.5 mm; hence, the errors were sufficiently small to 
validate the dimensional quality of the model for structures of this size. 
The maximum error value was attained in the 1st step, with no load. It 
corresponds to 0.77 ‰ error in relation to the span of the beam. 

In view of these results on the gridshell (Table 2), the magnitudes of 
the errors could also validate the 3D model that was obtained by 

Fig. 10. Points that were used to scale the gridshell model, to place the coordinate system, and to evaluate the metric quality.  

Table 2 
Analysis of the errors in the measures on the gridshell under no load.     

PhotoModeler Scanner Metashape 

Pair of targets Ground truth (mm) Distance (mm) Error (mm) Error abs (mm) Error (‰) Distance 
(mm) 

Error (mm) Error abs (mm) Error (‰) 

309, 310 1166.5  1168.22  1.72  1.72 0.21  1166.92  0.417  0.417  0.050 
324, 326 1060  1060.96  0.96  0.96 0.11  1059.26  − 0.739  0.739  − 0.089 
311, 325 1638  1639.94  1.94  1.94 0.23  1638.22  0.222  0.222  0.027 
307, 308 1415  1416.48  1.48  1.48 0.18  1415.71  0.71  0.71  0.085 
305, 306 1317  1317.93  0.93  0.93 0.11  1316.37  − 0.63  0.63  − 0.075 
Mean value (mm) 1.41  1.41   0,00  0.54  
Standard deviation (mm) 0.45  0.45   0,58  0.22   

Table 3 
Analysis of the errors in the measures on the gridshell under the maximum load.     

PhotoModeler Scanner Metashape 

Pair of targets Ground truth (mm) Distance (mm) Error (mm) Error abs (mm) Error (‰) Distance 
(mm) 

Error (mm) Error abs (mm) Error (‰) 

309, 310 1166.5  1168.3  1.8  1.8 0.22  1163.95  − 2.55  2.55  − 0.31 
324, 326 1060  1061.53  1.53  1.53 0.18  1058.82  − 1.18  1.18  − 0.14 
311, 325 1638  1640.43  2.43  2.43 0.29  1641.45  3.45  3.45  0.41 
307, 308 1415  1416.41  1.41  1.41 0.17  1413.01  − 1.99  1.99  − 0.24 
305, 306 1317  1317.99  0.99  0.99 0.12  1316.25  − 0.75  0.75  − 0.09 
Mean value (mm) 1.63  1.63   0,60  1.98  
Standard deviation (mm) 0.48  0.48   2,12  1.08   
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photogrammetry, although the reliability of the obtained models will 
depend on the noise tolerance of the algorithms used to characterize 
structural parameters [43]. The maximum error under the maximum 
load reached 2.43 mm for PS and 3.45 mm for Metashape. Considering 
the 5 evaluated distances, the mean value and the standard deviation of 
the absolute errors were lower in PS than in Metashape in the loaded 
case. We expected Metashape to outperform PS overall, due not to the 
current difference between the two programs but to the long-time span 
between their release dates, namely, 13 years. In that time span, com
mercial photogrammetric software evolved substantially. The better 
results in PS in the loaded case could be related to the requirement only 
for the generation of 3D points based on coded targets, not meshed 3D 
modeling. 

7. Conclusions 

The deformation measurement on a wooden gridshell beam and on 
an entire gridshell was done on a 3D model that was generated through 
photogrammetry. The beam was subjected to a bending test, while the 
gridshell was loaded on its five central nodes. A photogrammetric 
network was designed around each structure for three and two load 
steps for the beam and the gridshell, respectively. Although UAVs are 
becoming a popular tool in the application of remote sensing to large 
structures, a mast with a gimbal on the top for placing the camera was an 
excellent and inexpensive solution and was more agile to operate 
compared to UAVs. Apart from the cost, the mast has the advantage of 
being safer than alternative elevating devices, such as basket cranes, 
ladders, and bridge crane baskets. In addition, among all of these al
ternatives, only the mast can place the camera through narrow spaces. 

The information that was contained in the generated 3D models, 
together with the locations of singular points (through coded targets), 
enabled us to estimate the direction and magnitude of the deformations 
with an admissible error. In the case of the gridshell beam, wich was 
monitored with PS, an average absolute error that ranged from 0.46 to 
0.49 mm was reached, with a standard deviation of 0.52 to 0.53 mm. In 
the case of the entire gridshell, wich was monitored with PS and Met
ashape, the measurement results on the PS model resulted in average 
absolute errors of 1.41 mm and 1.63 mm for the unloaded and loaded 
cases, respectively, with standard deviations of 0.22 mm and 1.08 mm. 
The corresponding values in Metashape were 0.54 mm and 1.98 mm for 
the mean value and 0.22 and 1.08 for the standard deviation. 

In view of these results, we concluded that this affordable photo
grammetry system enabled us to validate the 3D models of the struc
tures, with verification of the numeric model of the structural design 
process. The work took a reasonable amount of time: 3 days for the beam 
and 5 days for the gridshell. Moreover, our tasks did not interrupt the 
construction of the gridshell. There were no significant differences be
tween PS and Metashape in their accuracy and precision, although photo 
plan was made without taking into account Metashape requirements. 
Nevertheless, automatic image processing with Metashape is more 
effective and quicker than PS, so, that one will be more economical than 
this one. 

These results were obtained with inexpensive close-range photo
grammetry. Its cost-effectiveness is one of the reasons for the increasing 
use of this technology in situ, together with the progress in terms of the 
camera performance, the elevating tools, the remote control of the 
camera, and the computing performance and the increasing features of 
open-source photogrammetric software. Photogrammetry provided a 
method for deformation measurement on a structure with a uniform 
error around its surface by virtue of photographic redundancy and 
overlap, although algorithms used to estimate structural parameters 
must be designed to work with noise levels compatibles with proposed 
methodology. 

CRediT authorship contribution statement 

Juan Ortiz-Sanz: Conceptualization, Data curation, Investigation, 
Methodology, Software. Mariluz Gil-Docampo: Funding acquisition, 
Writing – original draft, Formal analysis, Supervision. Guillermo Bas
tos: Writing – review & editing, Software, Visualization, Validation. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The present work was developed in the framework of the research 
project “Ecological cellular structural systems for a building model for 
climate change mitigation and forest value enhancement” (Eco
TimberCell) (2017-PI177) Ref.LIFE17 CCM/ES/000074. In addition, it 
is linked to the Aids for consolidation and structuring of competitive 
research units in the universities of the Galician University System Ref. 
ED431B 2020/25. We thank María José Rodríguez González for her 
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