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LiDAR technology is reshaping cave surveying by providing detailed 3D models that enhance the accuracy of
morphological and rock art digitisation and reduce subjective interpretation. This technology, in its varied forms
and solely or combined with other remote sensing techniques such as photogrammetry, enriches the docu-
mentation and supports multidisciplinary research by enabling spatial analyses and virtual exploration, thus
opening new possibilities in various fields such as archaeology, geology, speleology, tourism or education. In this
sense, this research aimed to democratise the use of low-cost mobile LiDAR (Light Detection and Ranging) 3D
scanning, subjected to fewer accessibility limitations than tripod-mounted Terrestrial Laser Scanners (TLS), in
cave archaeology and speleology. For this purpose, La Pileta Cave in Mélaga (Spain) was chosen as a case study.
Declared a Spanish National Monument in 1924, the cave boasts one of the greatest collections of prehistoric art
in Europe and, therefore, a reference in South Iberia, and outstands out for its varied karstic morphologies. The
research methodology involved a systematic process to ensure clarity and accuracy. First, the main itinerary in La
Pileta was scanned using the smartphone LiDAR technique. This was followed by a Terrestrial Laser Scanning
(TLS) survey of a specific sector within the same itinerary, with numerous morphological details of its karstic
environment and important Palaeolithic rock art samples. Both the smartphone LiDAR and TLS spatial data were
then validated against a Ground Control Points (GCPs) network previously established using a total station.
Given the higher accuracy of TLS for graphical documentation, it was further employed as a benchmark to
validate the accuracy of smartphone LiDAR. Despite its limitations, this research revealed smartphone LiDAR as a
suitable technique for geometric data recording in cave archaeology and speleology. Solely or combined with
TLS, mobile LiDAR can be used to document rock art panels in karstic environments, surpassing the latter
technique in terms of texture quality. In addition to the accurate graphic documentation carried out in the cave
sector, this research broke down the advantages and disadvantages of the smartphone LiDAR technique and
provided a series of recommendations for its use in this context.

1. Introduction

Recent technological advancements have transformed archaeology
and speleology through three-dimensional (3D) digitisation and visu-
alisation techniques (Remondino and Campana, 2014; Cortes-Sanchez
et al., 2017; Ruiz Lopez and Vinas i Vallverdd, 2020; Arias et al., 2022).
Accurately documenting archaeological sites and cave systems has

traditionally been difficult due to their morphological complexity and
limited accessibility. Conventional methods, while established, often
lack the spatial resolution and detail necessary for comprehensive sci-
entific analysis and long-term conservation strategies. Today, remote
sensing technologies improve the documentation and management of
heritage sites and objects (Lerma et al., 2010; Kartini et al., 2024).

3D scanning and photogrammetry are established geometry capture
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techniques in architecture and cultural heritage. Terrestrial Laser
Scanning (TLS) is known for its high accuracy and ability to generate
detailed spatial datasets, particularly in geometrically complex and
sometimes inaccessible cave environments (Lerma et al., 2010; Kartini
et al., 2024). It measures the time it takes for laser pulses to return from
surfaces, creating a point cloud of millions of coordinates (Bakker et al.,
2009). However, TLS’s limitations include high costs and equipment size
(Anton et al., 2024a), making it less accessible for smaller projects and
challenging cave environments (Giordan et al., 2021). The distances and
angles also impact survey accuracy (Tan and Cheng, 2017; Tan et al.,
2018). To address these issues, more flexible alternatives, e.g., backpack
and handheld LiDAR (Light Detection and Ranging) systems, including
smartphone LiDAR, have been effectively utilised in geological and
cultural heritage studies (Liu et al., 2024; Ozdemir et al., 2022; Supinsky
et al., 2022).

Structure-from-Motion (SfM) photogrammetry, a more accessible
alternative, needs a camera and specific software to capture multiple
photographs of an object from different angles to match feature points
and calculate the camera’s position and orientation for 3D scene
reconstruction through triangulation (Jiang et al., 2020; Ozyesil al.,
2017). SfM is relatively inexpensive and effective, producing detailed
and photorealistic models, but it requires references to align and scale
the model and considerable post-processing effort and time for accuracy.
This technique also faces limitations in low-light cave environments
where texture features may be insufficient (Lerma et al., 2010; Kartini
et al., 2024).

Integrating LiDAR sensors in smartphones has made 3D scanning
more accessible. While extensive data capture technologies offer higher
accuracy, smartphone LiDAR ensures portability, affordability, and ease
of use (Luetzenburg et al., 2021; Fiorini, 2022). Smartphone LiDAR re-
quires minimal technical expertise for its operation to produce textured
3D meshes in real time (Wang et al., 2025). Overall, mobile LiDAR
technology can facilitate detailed digital replicas and documentation in
caves, vital for heritage study and conservation. However, the accuracy
of these mesh data requires further assessment, especially for archaeo-
logical and speleological applications where morphological detail and
measurement precision are critical. Therefore, this research addresses
this knowledge gap by conducting a comprehensive accuracy assess-
ment of built-in smartphone LiDAR technology. For this purpose, La
Pileta Cave in Benaojan, Mélaga (Spain), is used as a demanding test
case that combines exceptional prehistoric art with complex karstic
morphologies.

The rest of this paper is structured as follows: Section 2 reviews the
literature on computer vision in archaeology and cave exploration,
focusing on digitisation and modelling technologies. Section 3 outlines
the research aim and objectives. Section 4 describes the materials and
methodology adopted, which consists of geometry data capture and
triangulation, as well as the validation of the techniques used. Sections 5
and 6 present the results and discussion. Finally, Section 7 (Conclusions)
brings together research implications and the benefits and downsides of
smartphone mobile LiDAR and provides recommendations for its use in
cave archaeology and speleology.

1.1. La Pileta cave

Prehistoric art represents one of the earliest expressions of complex
human symbolism. Initial debate about its existence in Palaeolithic
context determined its French-Cantrabian distribution (Cortes-Sanchez
et al., 2023). However, shortly afterwards, the La Pileta Cave (South
Spain), was discovered outside the consensus rock art area. This complex
karstic system containing Paleolithic graphics was initially studied by
Breuil et al., in 1915 (Breuil et al., 1915), marking the beginning of the
pan-European dimension of the rock art phenomenon. This relevance led
to its being reported in journals such as Nature (Wright, 1916), among
others, or exhibited at the Royal Society of London (Smith, 2009).

Declared a Spanish National Monument in 1924 (Decreto 527,
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1996), La Pileta Cave stands as one of the most remarkable rock art sites
in Europe, distinguished by both the quality and diversity of its pre-
served graphic horizons. The cave contains an extraordinary inventory
of 1236 motifs, with 872 attributed to Paleolithic art and 364 to
post-Paleolithic schemas (Sanchidrian Torti and Munoz Vivas, 1990;
Medina Alcaide et al., 2015), with ongoing research continuing to reveal
additional motifs (Simon-Vallejo et al., 2021, 2024). These graphic
traces span approximately 30,000 years from the Upper Paleolithic
through the Bronze Age, making it one of the sites with the greatest
quantity and variety of graphic motifs (Jorda Cerda, 1955; Cortes-San-
chez et al., 2016a).

The first presentation of La Pileta’s prehistoric art was conducted by
Henri Breuil and collaborators (1915) (Breuil et al., 1915), who pro-
posed two major phases: a Paleolithic phase distributed across three
artistic cycles represented by three different colorations (yellow, red,
and black pigments), and a second phase framed within Recent Prehis-
tory. This pioneering work also provided the first topography of the
cave.

In the 1970s, Lya and Marcel Dams studied the cavity during three
campaigns and published various works. Notwithstanding, some of their
graphic interpretations and panel analyses were later questioned, thus
limiting their use in subsequent historiography (Dams and Dams, 1975,
1977a, 1977b, 1983). Other partial revisions of La Pileta’s Paleolithic
rock art were carried out by Francisco Jorda Cerda (1955) (Jorda Cerda,
1955), Eduardo Ripoll Perell6 (1957, 1962) (Ripoll Perello, 1957; Ripoll
Perell6 and de Mergelina y Luna, 1962), and Javier Fortea Pérez et al.
(2005) (Fortea Pérez et al., 2005).

After that, the research carried out by J.L. Sanchidrian Torti aimed to
organise the chronology of paintings, proposing a seriation composed of
techno-stylistic “blocks” and “horizons”, framing the Paleolithic mani-
festations between the Solutrean and Magdalenian periods. This work
also obtained the only current radiocarbon date from an auroch paint
(20,130 + 350 BP) (Sanchidrian Torti and Munoz Vivas, 1990, 1991;
Medina Alcaide et al., 2015; Sanchidrian Torti, 1985, 1986; Sanchidrian
Torti et al., 1997, 2001).

Current research, developed over the last ten years, has consolidated
the possibility of pre-Solutrean graphic assemblages in La Pileta based
on new developments in the chronocultural sequence of the ancient
Upper Paleolithic in southern Iberia. This hypothesis is supported by the
identification of positive hand representations in different cave cham-
bers (Simon-Vallejo et al., 2024; Cortes-Sanchez et al., 2015) and pig-
ments adhered to a lamp probably used during Gravettian times
(Cortes-Sanchez et al., 2016b), representing one of the oldest known
illumination devices in the Iberian Peninsula and also in different
studies from the same geographical area (Cortes-Sanchez et al., 2018a,
2019).

The cave has also been the subject of specific studies on Neolithic
materials (Cortes-Sanchez and Simon-Vallejo, 2007), newly discovered
hand representations (Simon-Vallejo et al., 2024; Cortes-Sanchez et al.,
2015), historical analysis (Cortes-Sanchez et al., 2023), and new zoo-
morphs and panels (Simon-Vallejo et al., 2024). Current research fo-
cuses on renewing all graphic documentation for the cave and exploring
and digitising cave topography with modern instruments and method-
ologies (Mayoral Valsera et al., 2017; Mayoral Valsera, 2020; Parrilla
Giraldez, 2023).

The archaeological sequence of La Pileta includes evidence from
excavations by Obermaier in the “Sala de las Vacas” and “Sala de Mur-
ciélagos”, later expanded in 1942 by Giménez Reyna (Giménez Reyna
et al.,, 1958; Giménez Reyna, 1951, 1958). Although material preser-
vation is limited, diagnostic elements suggest a sequence encompassing
at least Middle Paleolithic, Upper Paleolithic (Gravettian, Solutrean, and
Magdalenian), Neolithic, Chalcolithic, and Bronze Age periods, repre-
senting a continuous human presence spanning from Neanderthal to
Bronze Age times (Cortes-Sanchez and Simon-Vallejo, 2007).

In recent years, the comprehensive research program have been
developed to achieve a more holistic and profound understanding of La
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Table 1
Estimated comparison between relevant smartphone LiDAR and TLS equipment
and software.

Technology Equipment cost (€) Software cost (€)
Terrestrial Laser Scanners 20,000-80,000 1000-10,000
Apple ‘Pro’ mobile devices 900-1600 0-350

Source: Own elaboration.

Pileta, encompassing both rock art and archaeological records and 3D
topography (Mayoral Valsera et al., 2017; Mayoral Valsera, 2020; Par-
rilla Giraldez, 2023). This integral investigation of the cavity continues
to yield new discoveries and insights, solidifying La Pileta’s position as
one of Europe’s most significant prehistoric art sites and a crucial
location for understanding the development of human complex
symbolism.

La Pileta is an extraordinary heritage site, recognised not only for its
rock art but also for the distinctive shapes present in its karst formations.
However, its documentation has so far been limited to conventional
topographical methods. Consequently, this karstic environment has yet
to be extensively digitised using modern technology, which, in turn,
offers the opportunity to analyse and implement alternative geometry
capture equipment.

From a topographical perspective, La Pileta represents an intricate
karstic system along hitherto-explored 2.5 km of galleries, which present
significant documentation challenges (Mayoral Valsera et al., 2017;
Mayoral Valsera, 2020). Some of the most distinguished researchers on
prehistoric art have studied the graphic manifestations of La Pileta, but
without a scientific topography meeting its archaeological and heritage
documentation needs. Thus, La Pileta Cave has been explored and
documented, albeit not entirely or with millimetric precision. A signif-
icant advancement occurred when speleologists and archaeologists
employed the Disto X2 laser metre and Topodroid software, drew a plan
of the known system, which supported the development of the so-called
hybrid system of speleological topography (Mayoral Valsera et al., 2017;
Mayoral Valsera, 2020). This first 3D model of La Pileta had a higher
resolution than those produced using traditional techniques, repre-
senting a crucial step forward in cave documentation. However, despite
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these advances, the resulting models lacked the morphological detail
necessary for comprehensive karstic shape representation and
high-quality texture mapping of rock art panels.

This technological and documentation gap presents an exceptional
opportunity to evaluate smartphone LiDAR technology in a demanding
real-world scenario that combines complex cave morphologies with
internationally significant prehistoric art assemblages. The methodo-
logical assessment conducted in La Pileta’s challenging environment
provides crucial insights into the potential of mobile 3D scanning
technologies for archaeological and speleological applications.

2. State of the art

Digital documentation technologies have transformed how re-
searchers capture and interpret spatial data in archaeology, architec-
ture, and cultural heritage. These digitisation technologies create
detailed digital models, enhancing the conservation of fragile and
complex environments and enabling accurate analysis without physical
interference (European Commission’s Expert Group on Digital Cultural
Heritage and Europeana (DCHE Expert Group), 2020). For instance,
airborne LiDAR helped discover cave entrances in heavily forested areas
(Moyes and Montgomery, 2019), and mobile SLAM-based LiDAR offers
rapid field coverage and contextual efficiency, albeit with reduced ac-
curacy (approximately 1 cm) and susceptibility to drift in feature-sparse
environments (Shao et al., 2019). Remote sensing and visualisation also
open new opportunities for public engagement, educational activities,
and accessibility in both public property and heritage contexts (Anton
et al., 2024b; Pietroni et al., 2023). Combining various digital docu-
mentation methods, especially TLS and SfM, improves surface and
texture data quality by overcoming the limitations of individual tech-
nologies (Gines and Cervera, 2020; Ulvi, 2021; Balestrieri et al., 2024;
Alshawabkeh and Baik, 2023; Tysiac et al., 2023). However, the recent
introduction of built-in LiDAR sensors in smartphones has opened a new
digitisation paradigm in caves, offering greater manoeuvrability and
overcoming the operational constraints of traditional methods.
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Fig. 2. Smartphone LiDAR scanning in La Pileta.
Source: Photograph taken by Sandro Téllez, Sociedad Espeleoldgica Marbelli.

Fig. 3. 3D survey layout: TLS stations and scan links. Top view.
Source: Own elaboration.

2.1. Leading digitisation technologies

Widely used for high-accuracy 3D documentation, TLS produces
dense point clouds with millimetre precision, ideal for complex cave
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environments. By extracting floor geometry from TLS clouds, Supinsky
et al. (2022) used 3D mesh shading to enhance cave cartography and
represented cave features. Geographic Information Systems (GIS) can
further analyse cave scans: Liu et al. (2024) imported TLS data into GIS
to study cave heights and elevation flows, utilising Simultaneous
Localisation and Mapping (SLAM) mobile LiDAR for real-time data
registration. Similarly, Lozano Bravo et al. (Lozano Bravo et al., 2023)
digitised a large cave using handheld and drone-mounted SLAM and
segmented the cave floor to produce a site map in a GIS.

Combining LiDAR with other technologies has facilitated compre-
hensive cave studies, enhancing data accuracy and texture quality and
enabling morphometric analysis, geological investigations, and rock art
and cave morphology documentation and understanding (Lerma et al.,
2010). This integration enables the detailed documentation of complex
cave systems where traditional survey methods are impractical. Early
research in cave archaeology focused on accurate geometric documen-
tation. Gonzalez-Aguilera et al. (2009) established a multi-sensor
approach with TLS and digital photography to document Palaeolithic
art. Hoffmeister et al. (2016) enhanced LiDAR data incorporating RGB
values and lighting simulations in the Ardales Cave. Pepe et al. (2021)
conducted data fusion in a challenging scenario with poor lighting
conditions. Comert et al. (2023) combined TLS and Unmanned Aerial
Vehicle (UAV) photogrammetry for accurate documentation of Turkish
cave systems and used GIS for risk assessment. Using those remote
sensing techniques, Zhang et al. (2024) captured a cave site’s indoor and
outdoor geometry with accuracies above 40 mm and 20 mm, and
Pukanska et al. (2020) documented the structure and intricate details of
the Ochtind Aragonite Cave (Slovakia). Structured-Light Scanning (SLS)
projects grid light patterns (grids of light points) onto a surface and,
through triangulation, reconstructs sub-millimetre, high-density 3D
geometry (3D meshes with up to 0.1 mm point accuracy and 0.2 mm
resolution (Artec 3D, 2017)). A Red-Green-Blue (RGB) camera inte-
grated in the SLS device provides the colour to map textures on those 3D
meshes. Hybrid SLS systems often incorporate a Time-of-Flight (ToF)
depth sensor (a type of depth camera) which provides rapid coarse
ranging over larger areas, while SLS refines critical zones for accuracy.
This results in a depth map with both high density and global coverage,
and colour texture mapped from the device’s camera. Consequently,
these handheld systems integrate real-time geometry and texture
tracking, offering live feedback, onboard processing (Leo), and
high-quality colour mapping via integrated cameras. They are suitable
for medium-to-large heritage artefacts and surfaces, but imply working
distances of 0.35-1 m and can struggle with glossy or transparent ma-
terials without surface preparation. Considering the above description,
specifications, capabilities, and limitations, SLS can complement TLS in
architectural heritage. Its accurate meshes can integrate with 3D point
clouds (Moyano et al., 2017) and TLS-based Historic Building Informa-
tion Models (HBIM) (Barazzetti et al., 2015a; Simeone et al., 2014; Nieto
et al., 2016; Oreni et al., 2013; Chiabrando et al., 2016; HichriStefani
et al., 2013; Brumana et al., 2014; Murphy et al., 2009; Anton et al.,
2018). The HBIM methodology is the application of Building Informa-
tion Modelling (BIM)—a common technology in the AEC (Architecture,
Engineering, and Construction) sector—to heritage, where
three-dimensional geometry is constantly enriched with semantic,
documentary and relational information (Bassier et al., 2020; Wer-
brouck et al., 2020; Xue et al., 2021). In this context, focusing on 3D
geometries, SLS aids in, e.g., representation enhancement of complex
elements, cataloguing, and digital replicas for restoration. SLS’s
sub-millimetre, high-polygon (commonly referred to as high-poly) sur-
face meshes are suitable for capturing intricate details, whereas TLS,
offering millimetre-to-centimetre accuracy and recording larger vol-
umes in real-world coordinate systems, is susceptible to occlusions that
may leave gaps in areas not directly visible to the scanner (Riquelme
etal., 2017). The combination of both technologies enables a multi-scale
data-fusion workflow. Likewise, research has also leveraged accurate
remote sensing techniques such as UAV photogrammetry using
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b)

Fig. 4. Mobile LiDAR output 3D mesh, from wireframe (left) to textured geometry (right): a) Gran Pez panel; b) Sala del Pez.

Source: Own elaboration.

millimetre-resolution cameras and micrometre-resolution SLS to record
surface defects of concrete bridges to support structural health moni-
toring (Backhaus et al., 2024). In cave archaeology, Cortes-Sanchez et al.
(2018b) created a TLS 3D mesh of a cavity and digitised rock engravings
using SLS and SfM. Rivero et al. (2024) developed a mobile visualisation
system for rock art panels using LiDAR, SLS, and SfM for public

engagement and accessibility. They used tablet LiDAR for model posi-
tioning and photogrammetric texture mapping onto SLS geometry,
overlaying it with prehistoric drawings. However, SLS’s high accuracy
implies large 3D meshes, impeding extensive cave digitisation with
current hardware. Given their limited range, expensive SLS devices can
capture partial site geometries; they need extensive scaffolding to avoid
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Source: Own elaboration based on Juan Mayoral-Valsera’s map (Mayoral Valsera et al., 2017).

occlusions for comprehensive modelling.

SfM, an accessible and cost-effective alternative to traditional 3D
scanning methods, produces high-resolution models from multiple
photographs and their position calculation through feature triangula-
tion. Unlike TLS or SLS, SfM uses any camera, making it ideal for re-
searchers with limited resources and inaccessible environments.
However, the computationally intensive SfM requires well-executed
photographic surveying (Di Angelo et al., 2024) and tools, such as
total stations, for alignment and scaling. Its reliance on images can limit
its effectiveness in low-light conditions, like caves, and may complicate
capturing flat surfaces without sufficient oblique and peripheral images
(Di lIorio et al., 2024). In speleological environments, geometrical
complexity may require using different lenses, focal lengths, or image
sizes (Arza-Garcia et al., 2019). However, SfM has been effectively used
in cave settings, including underwater sites for studying marine sponge
diversity (Pulido Mantas et al., 2023) and in ice caves for monitoring
changes in ice deposits (Securo et al., 2022).

This technological and scientific evolution reveals integrated ap-
proaches in cave documentation, where technical precision aids
research and conservation. Specialised methods for rock art offer tar-
geted data collection for specific areas but may lose some broader spatial
context compared to full-cave digitisation.

2.2. 3D modelling of heritage sites

Current 3D modelling approaches in heritage documentation
encompass 2D imagery, TLS point clouds, and SLS or SfM 3D meshes.
While 2D data is limited in capturing depth and spatial relationships,
TLS models provide greater detail and accuracy, though they require
extensive processing for effective heritage representation (Fortunato
et al., 2024; Barazzetti et al., 2015b; Anton et al., 2019). Meanwhile,
SfM creates detailed and photorealistic 3D meshes that accurately
represent heritage sites.

Heritage models based on TLS 3D meshes derive from the Scan-to-
Mesh process (Lei et al., 2024), closely related to the Scan-to-BIM
approach for HBIM. 3D reconstruction of scan data can be performed
using triangulation methods in software, e.g., Leica Cyclone 3DR (Leica
Geosystems, 2024), or recognised open-source programmes such as
CloudCompare (Girardeau-Montaut, 2016) or MeshLab (Cignoni et al.,
2008), utilising the Screened Poisson Surface Reconstruction algorithm
(Kazhdan and Hoppe, 2013). The smoothing and simplification levels
affect the quality and quantity of triangles in the mesh (Anton et al.,
2019), allowing for varied resolutions. High-polygon models can be
optimised through re-meshing and retopology using tools similar to

Instant Meshes (Jakob et al., 2015), resulting in lower polygon count
(low-poly) meshes that improve model handling. Moreover, quadrilat-
eral meshes outperform triangle-based products for capturing sharp
features, and enhance texture mapping and compression (Lei et al.,
2024; Docampo-Sanchez and Haimes, 2019).

2.3. Smartphone LiDAR'’s potential in cave digitisation

Recent advancements in smartphone LiDAR technology provide an
effective alternative for creating 3D digital models in archaeology and
speleology, especially in confined or hard-to-reach areas. Its portability
and ease of use allow users with limited resources to document and share
digital representations. Although TLS and SfM offer higher accuracy,
mobile LiDAR is valuable in cave archaeology due to its accessibility. It
has been used to interact with Palaeolithic rock art (Rivero et al., 2024),
but also when the cave surface has been vandalised with graffiti (Jessy
Kartini et al., 2023).

Delving into affordability, Table 1 offers an overview of the cost
range of TLS and smartphone LiDAR (focusing on the Apple iPhone as in
this research or iPad) equipment and software for point cloud process-
ing, including basic versions and comprehensive suites, but excluding
advanced engineering options.

Smartphone LiDAR is effective for documenting small areas and can
complement high-resolution models when accuracy is required. How-
ever, its use as the sole technique for full-cave digitisation is yet to be
evaluated. An accuracy analysis against a total station point network
and TLS point cloud data is needed to determine its suitability for pre-
serving and disseminating archaeological and speleological heritage.

3. Research aim

This research aimed to democratise the use of low-cost mobile LiDAR
3D scanning in archaeology and speleology. To do this, specific objec-
tives were set.

- To document a room, sector or panel of great interest in La Pileta
Cave, with numerous morphological details and rock art samples.

- To evaluate the suitability of this built-in smartphone LiDAR tech-
nology against TLS and total station measurements in such a complex
case study.
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Evaluation of mobile LiDAR accuracy using the three applications: a) Polycam, b) 3d Scanner app, and c¢) MetaScan. P. accounts for point, Dist. for distance, and (0,0,0)
is the origin of the coordinate system, whereas the mean error is expressed in metres and percentage (%), Sd is the standard deviation (error) in metres and percentage
(%), and CoV accounts for the coefficient of variation (standard deviation divided by the mean).

a) Polycam
P. ID Total station point coordinates Mobile LiDAR 3D mesh vertex Difference in coordinates (m) Error (m) Dist. to (0,0,0) (m) Error/Dist. (%)
(m) coordinates (m)
X Y Z X Y Z X Y Z
24 —18.67 235.64 22.99 —18.67 235.64 22.99 0.00 0.00 0.00 0.00 0.00 0.00
23 -14.66  227.19 25.85 -14.31 227.18 25.89 -0.35 0.01 -0.03 0.35 9.78 3.56
22 —19.06  220.58 24.61 —18.64  220.40 24.56 -0.42 0.18 0.05 0.46 15.06 3.06
21 -7.25 209.35 24.35 —6.74 209.94 2431 -0.51  —0.59 0.04 0.78 28.70 2.72
20 -11.58 197.66 24.44 -10.92 198.14 24.34 -0.65 —0.48 0.11 0.82 38.66 2.11
19 -15.86 196.86 23.84 —15.44 197.04 23.82 -0.42 -0.18 0.02 0.46 93.28 0.49
18 —-14.19 182.15 21.27 —-13.29 182.87 21.14 —-0.90 —-0.72 0.13 1.16 53.70 2.15
17 —7.25 182.49 21.19 —6.37 183.24 21.07 —0.88 -0.75 0.12 1.16 54.39 2.14
16 —-1.86 176.59  18.48 -0.94 177.10  18.30 -0.92 -0.51 0.18 1.07 61.56 1.73
15 9.05 174.40  21.55 9.81 174.63  21.32 -0.76  —0.23 0.23 0.83 67.23 1.23
14 15.61 168.38 20.82 16.38 168.34 20.55 -0.76 0.04 0.27 0.81 75.52 1.07
13 20.07 168.20  20.28 20.71 168.05  20.02 -0.64 0.15 0.26 0.71 77.82 0.91
Mean ‘Error (m)’ Mean ‘Error/Dist. Standard deviation ‘Error St. dev. ‘Error/Dist. CoV ‘Error (m)’ CoV ‘Error/Dist. (%)’
(%)’ (m)’ (%)’
0.72 1.76 0.35 1.06 0.49 0.60
b) 3d Scanner app
P.ID Total station point coordinates = Mobile LiDAR 3D mesh vertex Difference in coordinates (m)  Error (m)  Dist. to (0,0,0) (m)  Error/Dist. (%)
(m) coordinates (m)
X Y Z X Y Z X Y Z
24 —18.67 235.64 22.99 —18.67  235.64 22.99 0.00 0.00 0.00 0.00 0.00 0.00
23 -14.66  227.19 25.85 -14.97  226.98  25.89 0.31 0.21 -0.04 0.38 9.78 3.87
22 —19.06 220.58 24.61 —19.87 220.66 24.76 0.81 —0.08 -0.15 0.83 15.06 5.51
21 -7.25 209.35 24.35 -8.22 209.42  24.58 0.97 -0.07 -0.23  1.00 28.70 3.48
20 -11.58 197.66 24.44 -12.93 197.62 24.71 1.36 0.04 -0.27 1.38 38.66 3.58
19 —15.86 196.86 23.84 -16.79 197.81 24.11 0.93 -0.95 -0.27 1.36 93.28 1.46
18 -1419 182.15 21.27 -14.28 181.96 21.85 0.09 0.19 -0.58 0.62 53.70 1.15
17 -7.25 182.49  21.19 -8.77 182,50 21.62 1.53 —-0.01 -0.43 1.59 54.39 2.92
16 —-1.86 176.59  18.48 -3.22 176.59  18.87 1.36 0.00 -0.40 1.42 61.56 2.31
15 9.05 174.40 21.55 8.01 174.39 22.04 1.04 0.01 —0.48 1.15 67.23 1.71
14 15.61 168.38  20.82 15.04 168.30  21.28 0.57 0.08 -0.47 0.74 75.52 0.98
13 20.07 168.20  20.28 19.67 168.21  20.75 0.40 —-0.01 -0.47 0.62 77.82 0.79
Mean ‘Error (m)’ Mean ‘Error/Dist. Standard deviation ‘Error St. dev. ‘Error/Dist. CoV ‘Error (m)’ CoV ‘Error/Dist. (%)’
(%)’ (m)’ (%)’
0.92 2.31 0.48 1.59 0.52 0.69
c) MetaScan
P.ID Total station point coordinates Mobile LiDAR 3D mesh vertex Difference in coordinates (m) Error (m) Dist. to (0,0,0) (m) Error/Dist. (%)
(m) coordinates (m)
X Y Z X Y Z X Y Z
24 —18.67 235.64 22.99 —18.67 235.64 22.99 0.00 0.00 0.00 0.00 0.00 0.00
23 —14.66 227.19 25.85 —14.44 227.16 25.90 -0.22 0.03 —0.05 0.23 9.78 2.31
22 —19.06  220.58 24.61 —18.50 220.71  24.58 -0.56 —0.13 0.03 0.57 15.06 3.81
21 -7.25 209.35 24.35 —6.61 210.22  24.28 -0.63 —0.87 0.07 1.08 28.70 3.76
20 —11.58 197.66 24.44 —-11.10 197.96 24.26 —0.47 -0.30 0.18 0.59 38.66 1.52
19 -15.86 196.86 23.84 —15.45 197.18 23.63 -0.41  -0.32 0.21 0.56 93.28 0.60
18 -14.19 182.15 21.27 -13.92 18253 21.02 -0.27 -0.38 0.25 0.53 53.70 0.98
17 —7.25 182.49 21.19 —7.05 182.65 20.92 -0.19 -0.16 0.27 0.37 54.39 0.68
16 —1.86 176.59 18.48 —-1.87 176.59 18.10 0.01 0.00 0.38 0.38 61.56 0.62
15 9.05 174.40  21.55 9.05 17395  21.20 0.00 0.45 0.35 0.57 67.23 0.85
14 15.61 168.38  20.82 15.68 167.52  20.47 -0.07 0.86 0.35 0.93 75.52 1.23
13 20.07 168.20 20.28 19.59 167.24 20.00 0.48 0.96 0.28 1.11 77.82 1.43
Mean ’Error (m)’ Mean ’Error/Dist. Standard deviation ‘Error St. dev. ‘Error/Dist. CoV ‘Error (m)’ CoV ‘Error/Dist. (%)’
(%)’ (m)’ (%)’
0.58 1.48 0.33 1.22 0.57 0.82

Source: Own elaboration.

4. Materials and methods

4.2. Equipment used

4.1. Site of data collection

The chosen case study area of La Pileta Cave, described in the
Introduction, included the Galeria de la Reina Mora, leading to the also
scanned Bano de la Reina Mora, the adjacent Sala del Pez, and the closest
sector of the Gran Sima to the latter (Fig. 1).

The research methodology, mainly based on 3D recording, recon-
struction, and validation, addresses the case study’s geometry capture
using two different LiDAR devices: an Apple iPhone 15 Pro smartphone
and a tripod-mounted TLS unit, the BLK360 G1 by Leica Geosystems
(Leica Geosystems, 2018a).

Since the iPhone 12 Pro, Apple has implemented a LiDAR sensor in
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Fig. 6. Errors of smartphone LiDAR applications.
Source: Own elaboration.

‘Pro’ smartphones and tablets (iPad). The iPhone 15 Pro (Apple Inc,
2023) was used to carry out the mobile LiDAR digitisation of La Pileta.
Nevertheless, a mobile application is needed to operate the LiDAR
sensor, such as Scaniverse (Toolbox Al Inc, 2020), Polycam (Polycam
Inc, 2022), MetaScan (Metafour UK Ltd, 2018), Modelar (Modelar
Technologies, 2023), 3d Scanner App (Laan Labs, 2020), CamToPlan
(Tasmanic Editions, 2018), or RTAB-Map (Labbe, 2021). Some of them
also allow photogrammetry. In this research, the applications Polycam,
MetaScan, and 3d Scanner App were used because of their photograph
size, the possibility of controlling the voxel size—this determines the
mesh resolution—and their simple interface.

Regarding the Leica BLK360, its measurement rate of approximately
360,000 points per second, 60 m scanning range and 3D point accuracy
of 4 mm at 10 m distance (Leica Geosystems, 2018a), make it a massive
geometric data capture technology for both outdoor and indoor 3D
scanning applications.

Finally it is worth describing the two workstations used in this
research to process (i) the mobile LiDAR data and (ii) the TLS point
cloud.

- (i) Mac Studio: 32 GB M2 Max chip with a 12-core CPU, 30-core GPU,
16-core Neural Engine, and 400 GB/s memory bandwidth;

- (ii) 14-core microprocessor (6 performance cores and 8 efficient
cores, with 20 threads) at 5.1 GHz maximum with 24 MB cache; 64
GB DDR4 RAM at 3200 MHz; and a PCle 4.0 graphics card with 5888
GPU cores, 2.48 GHz graphics clock, and 12 GB 192-bit GDDR6X
memory at 21,000 MHz with 504.2 GB/s bandwidth.

4.3. Data collection
4.3.1. Smartphone LiDAR 3D digitisation

4.3.1.1. Illumination. Lighting is crucial for studies in complete dark-
ness. For uniform lighting, an ABS 3D-printed handheld support was ad-
hoc developed to hold a smartphone and two Fenix CL28R (Distribucion,
2023) rechargeable lanterns (Fig. 2). These lanterns emit up to 2000
lumens at 160° and feature adjustable colour temperatures between
2700K and 6000K for improved colour rendering on stone surfaces. A
5000 mAh rechargeable battery powers each lantern, and a 20,000 mAh
external power bank is included in the support for extended scanning
time.

4.3.1.2. 3D recording. The smartphone LiDAR survey may require pre-
vious calibration and planning for adequate geometry capture. Key

parameters, such as maximum scanning distance and mesh size, must be
selected. The iPhone’s LiDAR range is about 5 m, but shorter distances
can be set (starting at 0.30 m). Lower mesh resolution (e.g., 2.5-4 cm)
produces more detail but larger file sizes (over 2 GB), thus complicating
high-resolution scans of larger areas. PTC (Vuforia) and Polycam’s user
guides to creating LiDAR captures provide useful instructions for
achieving suitable 3D meshes with Apple’s built-in LiDAR devices (PTC
Inc, 2023; Polycam Inc, 2023). Following an S pattern, scanning should
ensure sufficient overlap and be slow to avoid sudden, uncontrolled
equipment movements (Trujillo-Talavera et al., 2024) so that the surface
is accurately captured and 3D mesh holes are minimised. Light condi-
tions are also important, so undesired shadows on objects are to be
avoided (PTC Inc, 2023). Poor lighting or exceeding the maximum range
can cause artefacts and inconsistent data. To minimise distortions, op-
erators should maintain a perpendicular position to the surface and
cover the area from multiple angles, re-scanning to fill gaps.

Due to hardware limitations, scans of 2-3-m long should be sought
during fieldwork. For a continuous survey, overlapping 15-20-min scans
ensures proper orientation and starting heights. 3D Scanner App facili-
tates this by allowing pauses and resuming, saving drafts for later pro-
cessing, and alerting when scan capacity reaches 50 %. It automatically
closes at 100 % without losing data, easing future processing.

4.3.1.3. Post-processing. Selecting the correct processing system in ap-
plications operating the built-in LiDAR sensor is important, as variations
in voxel size and mesh quality influence 3D model quality and file size.
Large files may require a workstation with at least 32 GB of RAM.

Scan data export formats include.OBJ, .USDZ, and.FBX. For this
research, the.OBJ format was chosen because it preserves mesh geom-
etry (Anton et al., 2018), resulting in a compressed (.ZIP) file including
the.OBJ file, .JPG textures, and.MTL data. Blender (Blender Foundation,
2024) was chosen to process.OBJ files from La Pileta Cave. Total station
Ground control points (GCPs) were established using a Topcon
GPT3000N unit (recording range from 1.5 to 250 m and accuracy of 5
mm) by establishing a traverse network (route of stations) along La
Pileta’s main itinerary. GCPs were flagged on the ground by sticking
yellow marks and later recorded using smartphone LiDAR and TLS, to be
integrated into the former for accurate positioning. The scanned cave
spaces were organised as ’collections’ in Blender, with common refer-
ence point coordinates identified for aligning the 3D meshes, i.e.,
ensuring accurate positioning of cave sectors. This permitted quanti-
fying the mobile applications’ errors (subsection 5.3). Additionally, the
GNSS coordinates of a point outside the cave enable the calculation of
depth and XY location for any point in the case study.
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Fig. 7. TLS cloud with the stations’ layout: a) Top view, with total station
GCPs; b) Elevation view.
Source: Own elaboration.
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Geometrical inconsistencies (artefacts) from 3D surveys, such as
floating geometries from accidental recording of operators, water re-
flections, falling drops, or flying bats, can be removed using the ‘lasso’
tool in Blender. Lighting was also carefully arranged in Blender through
setting and adjusting in-motion light sources along the camera and ‘Sun’
light for global lighting to minimise dark or overexposed areas and
enhance cave feature visibility. Finally, animations and orthophoto-
graphs were created to produce detailed cave plans without distortion.

4.3.2. TLS (Terrestrial Laser Scanning)

4.3.2.1. 3D recording. The TLS survey was initially planned using a
map, but the positions of some scan stations were adjusted on-site to
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avoid obstacles like columns and uneven ground. 37 strategically placed
stations (Fig. 3) allowed the capture of most of the cave sector’s ge-
ometry, ensuring no important data was lost in the point cloud. Total
station points (GCPs) recorded in the cave itinerary were also scanned to
be later used for alignment and verification.

The scanning accuracy was set to ‘high’ for distances over 10 m and
‘medium’ for shorter distances, providing range accuracies of 7 mm at
20 m and 4 mm at 10 m, respectively. Although the high dynamic range
(HDR) feature extended the survey time, it was activated to enhance
image contrast and, therefore, point cloud colour mapping. LED lamps
illuminated the surface without obstructing the scanner’s field of view to
capture cave colours.

4.3.2.2. 3D point cloud processing. The raw scan data were imported
into Leica Cyclone Register 360 (Leica Geosystems, 2018b) to align
scans in the same coordinate system. This registration process was
mostly automated using cloud-to-cloud constraints (scan links), with
occasional manual overlaying for better overlap. These manual pro-
cesses involved identifying recongnisable cave features, mainly speleo-
thems such as columns, stalagmites, and stalactites, to superimpose the
different scans; the software’s optimisation algorithm achieved the best
fit between clouds. The registration results included 165 links, 59 %
overlap, 80 % link strength, and a 7-mm group alignment error.

The TLS point cloud was manually segmented to remove unwanted
data, including noise, fence segments, railings, and ‘no entry’ signs. This
was performed using CloudCompare (Girardeau-Montaut, 2016), widely
used and validated by the scientific community. Two methods were
applied for removal: i) manual segmentation to eliminate excess data
points, and ii) intensity-based filtering to distinguish points near the
stone surface—each point has a different intensity value depending on
the colour, material, texture and humidity content of the surface, among
others (Anton et al., 2022). These processes helped ensure accurate data
for future 3D reconstruction.

Additionally, addressing the cave’s uneven lighting during the sur-
vey, images taken by the BLK360’s built-in camera on each station were
processed to enhance texture by adjusting HDR parameters (gamma,
brightness, and contrast) using Cyclone Register 360.

5. Results
5.1. Mobile LiDAR scanning

The smartphone LiDAR’s 5-m scanning range captures the lower
sections of cave walls, where most rock paintings are found. Fig. 4 shows
the mobile LiDAR scanning output in the Blender software environment.
Fig. 4a displays the 3D mesh of La Pileta’s iconic Gran Pez (Big Fish),
revealing its triangular structure and texture. The absence of ceiling
surfaces and upper wall sections reveals the cave sector’s documented
geomorphological features (Fig. 4b). After geo-referencing, the 3D mesh
was aligned with the cave floor plan (Fig. 5). The main itinerary, from
the Cueva de las Vacas to the Gran Sima, is illustrated from south to
north, omitting the lower galleries for clarity. To highlight the signifi-
cance of the smartphone LiDAR survey, a video (https://youtu.be/Tj
ORH8ZXtcM) compares the 3D mesh dataset to the human scale,
featuring a human figure at the cave entrance for reference. This video
covers the itinerary in Fig. 5, several galleries below, and down the Gran
Sima.

5.1.1. Smartphone LiDAR’s registration accuracy

To evaluate mobile LiDAR’s registration accuracy for cave digitisa-
tion, the deviation between its 3D meshes and 12 known total station
GCPs was quantified for each mobile application used, including sta-
tistical descriptors of error distribution such as mean error, standard
deviation (error), and coefficient of variation (standard deviation
divided by the mean) (Tables 2a, 2b, and 2c). Lower values of these
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Fig. 8. HDR panorama of the Gran Pez and surrounding paintings.
Source: Own elaboration.

Table 3
Errors in TLS recording in relation to an established itinerary of total station
point references (GCPs).

Point XY error Z error 3D error Segment Distance
D (m) (m) (m) (between GCPs) (m)
119 0.0628 0.0025 0.0629 - -
120 0.0476 0.0013 0.0476 119-120 9.35
121 0.0206 0.0043 0.0211 120-121 7.94
122 0.0125 0.0049 0.0135 121-122 16.10
123 0.0423 0.0105 0.0436 122-123 12.73
124 0.0655 0.0099 0.0662 123-124 4.36
Mean 0.0419 0.0056 0.0425 Total 50.48
Source: Own elaboration.
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Fig. 9. Validation of mobile LiDAR against TLS. Histogram of points and dis-
tance intervals (metres).
Source: Own elaboration.

descriptors indicate better results. Numbers are rounded to two decimal
places.
Fig. 6 illustrates the accuracies achieved by each application in

10

relation to the total distance from stations.

Once both the Euclidean distance and weighted error were calcu-
lated for each point, the root mean square error (RMSe) was then
computed as the square root of the mean of the squared individual er-
rors, providing a global measure of the typical deviation between the
datasets. This results in RMSe of 0.79 m and 2.04 m for Polycam app,
1.03 m and 2.77 m for 3d Scanner app, and 0.66 m and 1.89 m for
MetaScan, thus reflecting the overall level of agreement between the
mobile LiDAR applications and the reference total station data.

Finally, rather than determining the best smartphone survey appli-
cation, this research highlights mobile LiDAR technology as cost-
effective for cave 3D reconstruction. However, compared to other ap-
plications, MetaScan shows fewer errors, lower standard deviation, and
reduced coefficient of variation. While Polycam exhibits less data
dispersion, MetaScan offers greater accuracy and consistency in its 3D
mesh output.

5.2. TLS digitisation: 3D point cloud data

The TLS survey generated a point cloud of over 1 billion points,
totalling 1,014,918,585, which represents the cave surface geometry
(Fig. 7a). An elevation view of the point cloud reveals the scale of the
Gran Sima and the ceilings and shafts in the Sala del Pez relative to the
human-scale TLS stations (Fig. 7b). Only the closest part of the Gran
Sima visible from its balcony, near the gallery leading to the Sala del Pez,
was scanned.

Finally, photographs taken during the TLS survey allowed Cyclone
Register 360 to produce spherical images, completing the dome (the
scanner’s field of view). Fig. 8 shows an HDR panorama of Sala del Pez,
the cave space named after the remarkable (fish) painting on the wall.

5.3. Technology validation

5.3.1. TLS data

Before deeming TLS infallible, its validation against total station
GCPs in the cave sector was essential. They were stored as a separate
point cloud, which would later be aligned with those references iden-
tified in the TLS data by point-pair picking in CloudCompare. Its cloud-
to-cloud (C2C) tool was next used to compute the distances between the
two clouds (total station GCPs and TLS GCPs), yielding a 19.6-mm
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(c)

Fig. 10. Sections of the Galeria de la Reina Mora: a) horizontal section; b) cross-section B-B’; ¢) and d) diagonal sections C-C' and D-D', respectively.

Source: Own elaboration.

standard deviation. Table 3 presents the TLS cloud errors in top view,
elevation, and 3D, along with the distances of the total station network
stretches within the cave sector.

5.3.2. Mobile LiDAR 3D reconstruction

Here, the accuracy of smartphone LiDAR is compared to the cave
sector’s TLS data. The iPhone geometry of the Galeria de la Reina Mora
was imported into CloudCompare to be aligned with the corresponding
TLS data. Next, the latter needed segmentation to remove, by polygon
fencing, the geometry beyond the mobile LiDAR’s 5-m range for a
rigorous geometrical analysis. The C2C distances were computed,
yielding a 22-mm mean distance between the segmented TLS cloud
(over 144 million points) and the smartphone 3D mesh (circa 360,000
faces and 336,000 vertexes), with a 71-mm standard deviation. Fig. 9
illustrates the quantitative data deriving from the point deviation
analysis between both techniques.

It is also worth conducting a visual comparison between the data
from both technologies. To this end, horizontal (a) and vertical (b-d)
sections of the TLS point clouds and the smartphone LiDAR 3D meshes
are overlaid (Fig. 10), correspondingly. The horizontal section (a) was
created 1.25 m above the ground level of the Galeria de la Reina Mora;
section (b) is a cross-section of this space; and sections (c) and (d) are
diagonal sections spaced 1 m apart from each other. For clarity, a gen-
eral outline in grey is inserted for each section.

6. Discussion

This paper demonstrates that TLS is effective for capturing geometric
data in cave archaeology and speleology. The analysis showed an
average shift of 4 mm (nearly negligible in the Z-axis) and a 2-mm
standard deviation error in the Leica BLK360 data, compared to total
station measurements over 50 m in La Pileta Cave. Also, the TLS point
cloud registration in this complex karstic landscape yielded a 7-mm
error. Consequently, TLS was also deemed suitable for validating
smartphone LiDAR for cave digitisation. Additionally, the HDR pano-
ramas produced using TLS are Virtual Reality (VR)-ready for a more
realistic, immersive exploration of La Pileta.

The known 5-m scanning range of mobile LiDAR restricts the
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recording of spatial references at greater heights and may complicate
global registration. However, this research showed a low deviation be-
tween the 3D mesh and the reference GCPs (Table 2). Notably, the
MetaScan application for iPhone exhibited lower mean error and less
standard deviation than other applications. Smartphone LiDAR geome-
try shows an average deviation of 22 mm from the TLS data, with a 71-
mm standard deviation. This point data dispersion indicates possible
registration issues since some areas place mobile LiDAR geometry above
and below TLS points, while others accurately overlap in both datasets.
Regions with a more accurate fit compensate for those with greater
deviations. Further inspection of the surface geometry revealed that the
largest deviations tend to occur on isolated speleothems and on
smoother surfaces, where the lack of relief reduces the scanner’s ability
to reconstruct the 3D geometry reliably. Conversely, in areas with more
prominent features and greater surface relief, the mobile LiDAR per-
formed more accurately, as these features provide additional reference
points that improve the registration and alignment process. Such pro-
nounced relief is common in these karstic cave contexts, further sup-
porting the suitability of smartphone LiDAR for documenting these
environments.

Each technique has its advantages and disadvantages; however,
there are several aspects in which mobile LiDAR surpasses TLS in cave
environments. Digitisation becomes challenging in spaces such as nar-
row passages where the operator cannot stand, crouch, or kneel; in
shafts above or below the cave’s relative ground level; or in areas with
low and/or complex ceilings prone to laser beam occlusion. Using TLS in
these locations, if possible at all, is often impractical, as setting stations
every metre is not feasible for large-scale digitisation. Here, the
manoeuvrability of smartphone LiDAR proves advantageous, enabling
access to areas that are otherwise difficult to reach. Nonetheless, TLS
requires only the operator to press a button after setting up each station.
In contrast, smartphone LiDAR is less automated and more physically
demanding, as it involves manually scanning all desired areas while
carrying the equipment throughout the cave.

Lighting is another key factor when comparing both techniques in
complete darkness. Unlike the mobile LiDAR’s 3D-printed mount with
built-in, fixed-position lamps that provide more uniform illumination,
arranging suitable lighting for a TLS survey is not straightforward.
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Lamps can be attached to the tripod to illuminate visible cave surfaces,
but the parallax between these light sources and the LiDAR causes
shadows that require additional lamps positioned outside the scanner’s
field of view. Furthermore, it is not only the lamps themselves, hidden
within the surroundings, but also the light they cast on the ground or
surfaces on which they are placed that must be managed. Additionally,
light is more intense on nearby surfaces and weaker on distant ones,
resulting in overexposure and underexposure, respectively, in the TLS
texture or spherical photograph. Uneven lighting also complicates
achieving uniform colour in TLS imagery. All light sources should share
the same colour temperature (a neutral 4000K is recommended).

In terms of post-processing, both techniques require aligning their
own 3D datasets with each other and with established GCPs and spatial
references defined by cave features such as speleothems. TLS processing
software often includes more automated tools for this purpose, such as
cloud-to-cloud registration, which can make the alignment process more
efficient.

Considering all the above, Anton et al. (2024b) described as-is ge-
ometries as triangle-based 3D models created to match original remote
sensing data closely. These ‘deformed’ models accurately represent the
complex shapes of heritage assets, avoiding idealisations, and support
analysis, restoration, digital preservation, and dissemination through
VR technologies. Despite the higher accuracy of TLS, this research fo-
cuses on smartphone LiDAR 3D meshes, regarded as as-is models, and
therefore, deemed valid for reconstructing global shapes in archaeology
and speleology.

7. Conclusions

Cave topography is expected to undergo significant advancements in
the future, driven by the adoption of smartphone and professional-grade
LiDAR systems, requiring more costly but highly precise instruments.
Although they can be used independently, their combination could
overcome the limitations of each and produce qualitative and quanti-
tative better cave documentation. Smartphone LiDAR for caves provides
relatively accurate and reliable data to represent their morphologies
despite the range and registration limitations discussed in this study.
Additionally, incorporating texture data into the digital models en-
hances their utility and interpretative value in cave archaeology and
speleology.

Both the traditional laser metres used in caves and total stations
could complement LiDAR technology to determine long distances in
large chambers, shafts, or high ceilings. However, the dense TLS point
clouds—comprising millions of points—constitute an exceptional
resource for detailed topographical and morphological analyses of
caves. This data can be seamlessly integrated with other systems,
including photogrammetry, altimetry, and GPS, to produce compre-
hensive and multidimensional cave representations. As a remote sensing
technology, smartphone LiDAR reduces the subjectivity involved in
traditional hand-drawn cave representations, replacing artistic inter-
pretation with data-driven precision. While this may diminish the cre-
ative aspects of traditional topography, it offers enhanced reliability and
an extensive dataset that benefits various scientific disciplines.

Particularly, textured 3D cave models, with higher image quality and
visual appeal in smartphone LiDAR against TLS, enable the localisation
of archaeological, geological, or biological details, among others. For
example, individual rock art panels can be separately scanned and
accurately superimposed onto the broader cave model as an indepen-
dent item with its spatial coordinates. This facilitates diverse analyses,
such as the shape characterisation of paintings, their distribution, or
geological investigations into gallery inclinations or mineral deposits.
Therefore, this LIDAR combination has great potential in cave research.

Finally, it is worth depicting the advantages and disadvantages of
smartphone LiDAR and making recommendations on its use in this
context.
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7.1. Benefits of mobile LiDAR in caves

- Being carried by the speleologist, the smartphone LiDAR system
enables scanning of difficult-to-reach areas, such as narrow or con-
cealed spaces or within shafts.

Occlusions are avoided since there is no need to set multiple stations
as required by TLS.

Considering the mobile LiDAR’s field of view and limited range, it is
easier for operators to stay out of the scanner’s sight so as not to be
recorded.

There is no need for a stable and even base to secure the scanner,
unlike TLS.

The lower resolution of mobile LiDAR’s 3D meshes against TLS
benefits data handling and processing.

The cost of the smartphone used is notably lower than the TLS device
analysed (BLK360 G1).

7.2. Detected limitations

- iPhone LiDAR’s scanning range (5 m) is severely limited compared to
the BLK360 G1 (up to 60 m).

- Smartphone LiDAR 3D meshes exhibit significantly lower accuracy
and, therefore, resolution compared to TLS clouds and 3D meshes
built from them.

- The error detected in the mobile-LiDAR-TLS deviation analysis for
validation could indicate registration issues of the former.

7.3. Recommendations

The combination of TLS and smartphone LiDAR ensures complete
cave digitisation, leveraging the greater range and stability of the former
and the manoeuvrability, higher quality texture and lower cost of the
latter.

Regarding the use of these technologies, TLS is widely employed in
fields such as architecture and archaeology under a well-established
protocol. In caves, where specific and unfavourable conditions often
apply, it is worth producing a series of recommendations on using
smartphone LiDAR to obtain suitable results while ensuring the health
and safety of operators.

7.3.1. Procedural

Considering mobile devices’ current memory and processing capac-
ity limitations, their efficiency and accuracy should be tested for
extensive 3D scanning. Future advancements are expected to allow
capturing larger datasets, making external batteries advisable. Opti-
mising tools like handheld supports for mobile scanning is critical. The
3D-printed device in this study evolved from a two-handed support,
which limited manoeuvrability.

Key scanning factors include the distance and angle to surfaces, mesh
resolution, and lighting. Operators must adjust the 3D survey configu-
ration to achieve the desired accuracy and quality. Additionally, the
scope of scanning should be carefully considered, as larger areas create
larger file sizes, hindering data handling and visualisation.

7.3.2. Lighting

This research highlights the need for suitable lighting conditions and
the avoidance of unwanted shadows. It recommends that (i) wide-beam
lanterns be symmetrically mounted on smartphones with adjustable
colour and brightness, and (ii) helmet-mounted lights be turned off to
avoid interference with scanning lighting. This adjustment provides the
right ‘warmth’ for image capture while reducing overexposure from
reflections, which is common in light-coloured geological formations
like limestone. Furthermore, it minimises interference from white or
bluish light sources, which is crucial for preserving ancient cave paint-
ings. Adjusting colour temperature and brightness is essential, as mobile
LiDAR scans map coloured images onto 3D geometry. Future research
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could investigate colour correction with this technology.

7.3.3. Safety measures

Cave exploration entails risks, also during 3D scanning in complex
environments. It is essential to secure mobile scanning equipment and
use appropriate caving systems. When using descender devices on shafts
or ramps, they must be locked at each session, requiring recording
pauses. Recording while ascending is preferable since two anchoring
points reduce the need for a locking knot, but care must be taken to
avoid the hand device during scanning. Applying common sense is
crucial when navigating different cavern formations and obstacles.
Additionally, having a companion is highly recommended to enhance
safety and assist.
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