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This research presents a new approach to the cave 3D model construction by a 
combination of a cave two-dimensional profile scanning using a low-cost modified 2D 
LiDAR, and data processing via a computer-aided design (CAD) software. The proposed 
technique has been tested to create 3D models of three Permian limestone caves in 
northern Thailand, namely Chiang-Dao, Muang-On, and San-Han. The entire method takes 
27-30 hours to achieve, covering approximately 614.59 meters of the total survey distance 
and generating an overall cave volume of 41,310.0 m3. The resulting 3D models ultimately 
resemble the shape, orientation, and dimension of the caves, exhibiting burrow-like, 
irregular-shaped, and some deformation-induced features. The proposed LiDAR scanning 
method appears to be relatively cheap and fast compared to other scanning methods as it 
has the working speed of 63.5 meters per hour costing less than $200 USD. These findings 
distinctly indicate that the developed data processing of cave scanning profiles using 2D 
LiDAR is affordable and meets the need for cave 3D modeling. However, there are minor 
limitations, including missing data among the scanned profiles and overlaps of cave 
features formed in the sidewalls. The cave models produced here can be used as reference 
sources for geoscientific research, geotourism, georesource management, and other 
research activities in caves. Further hardware and software development is strongly 
recommended to improve the existing methods. 
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1. Introduction 

 
Over the past decade, interest in natural and show 

cave surveys has been growing, probably due to a rising 
number of natural phenomena and/or accidents.  
A couple of notable instances include (ⅰ) the life rescue of 
unintentional entrapment of thirteen boys in a large well-
known show cave located in Chiang Rai Province, 
northern Thailand, in 2018 (Irwin, 2022), and (ⅱ) one of 
the causes of the global COVID-19 emergence has been 
presumed that is affected by the animals living in natural 
caves (Wacharapluesadee et al., 2021). Recently, 
thousands of show caves worldwide have been 
discovered attracting over 70 million visitors annually 
(Chiarini et al., 2022). These emphasize the need for 
advanced cave environmental research and 
management. Numerous publications derived in the past 
twenty years have highlighted the significance of cave 
studies and suggested proper ways for cave management 

(Cigna and Burri, 2000; Whitten, 2009; Bocic et al., 2006). 
However, there is a lack of modern implementation 
research, especially in Thailand, as it is difficult to put a 
confined space exploration strategy into practice (Auler 
and Piló, 2011; Morgan and Walker, 2011; Bolger and 
Ellis, 2015). In addition, lack of support from the 
government and economic challenges appear to obstruct 
the research-related activities of the cave surveys 
(Dusan, 1994; National Cave and Karst Research 
Institute, 2013). 

The cave mapping method plays a crucial role in the 
exploration and management of caves worldwide 
(Kambesis, 2007). The method involves the creation of 
two-dimensional (2D) and/or three-dimensional (3D) 
maps displaying the layout and description of the cave 
system. The maps also serve as practical tools for general 
public users to grasp specific characteristics of the caves 
and visualize their surrounding landscapes before 
entering, especially in the show caves (Alt and Moura, 
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2013; Zieliński et al., 2022; Haryono et al., 2022). A cave 
2D map is a representation of cave features on a two-
dimensional surface with a scale. It includes the 
orientation and size of passages, e.g. length and width, 
and the reference locations of the cave. A cave 3D model, 
on the other hand, represents a user-interactive object 
drawn on a three-dimensional view in the x, y, and z axis 
with a scale. It is an effective tool for cave geotourism and 
geoscientific research. The model likely exhibits a real-
world shape of the cave that can be used to comprehend 
the geomorphological characteristics formed in the cave, 
and thus the cave-forming process. 

According to numerous previous works, three-
dimensional scanning Light Detection and Ranging (3D 
LiDAR) technology, also known as Terrestrial Laser 
Scanning (TLS), is a significant tool for creating three-
dimensional models of caves (Fabbri et al., 2017; Oludare 
and Pradhan, 2016; Walters and Hajna, 2020). 
Unsurprisingly, this technology comes with a likely high 
cost for commercial uses, ranging from $4,000 USD to 
$100,000 USD (Bi et al., 2021). Despite a lack of cave 
details, the 2D cave mapping survey becomes more 
workable and cost-acceptable than the 3D survey. 

A two-dimensional scanning LiDAR, known as a 2D 
LiDAR, has a majority of useful applications for 
autonomous driving vehicles, unmanned aerial vehicles 
(UAV), object-based detection of robotic systems, etc. 
The tool provides a wide range of data quality associated 
with a relatively low price, starting from $76 USD, 
compared to those of the 3D LiDAR (Bi et al., 2021, Sun et 
al., 2023; Ho et al., 2021; Mihálik et al., 2022). However, 
working with the data obtained by this tool comes up 
with a major challenge. 

This article presents a comprehensive technique of 
cave 3D modeling from data acquiring and processing 
practices using a low-cost modified 2D LiDAR. This 
technique was initially trialed in three cave surveys, 
namely Muang-On, Chiang-Dao, and San-Han caves, 
which are located in the northern part of Thailand. This 
study additionally aims to evaluate the effectiveness of 
the proposed method according to its overall expenses, 
total working hours, data accuracy, and data resolution, 
as well as the occurrence of limitations. 
 
2. Equipment and Software 
 

The equipment used involves (ⅰ) a modified two-
dimensional vertical-scanning LiDAR instrument, (ⅱ) a 
portable digital laser distance measuring device, and (ⅲ) 
a geological compass. More details are provided in the 
following. 

The Slamtec model A1M8 of 2D LiDAR provides the 
operating process of laser triangulation and object 
distance measurement. The tool emits an infrared laser 
hitting the surface object horizontally. The laser is then 
reflected off and received by the detector of the tool 
resulting in data points on the coordinating axis that can 
be related to the shape of the chamber or area (Fig. 1). To 
collect a cave 2D profile data set, the original horizontal-
scanning LiDAR has been modified by 90° clockwise 
rotation of the basal axis as shown in Figure 2. The 
modified version also comes with a tripod and a working 

function for data storage via a laptop presented in  
Figure 3. 

 
Figure 1. A traditional two-dimensional LiDAR model of 
Slamtec (2020) exhibits a clockwise full-circle rotating 
pattern that allows to detect and measure the distance 
and azimuth of the surrounding objects in horizontal 
direction. 
 

 
Figure 2. A modification of the traditional 2D LiDAR by 
90° clockwise reorienting of the original basal plane. This 
allows the LiDAR to detect the surrounding objects in a 
vertical direction. This can help to obtain a numerical 
data set of each cave profile. 
 

 
Figure 3. Cave profile scanning in the Muang-On show 
cave, Chiang Mai, Thailand. The equipment used exhibits 
the modified 2D LiDAR carefully attached to a camera 
tripod connected to a laptop. The LiDAR sensor rotates 
vertically to measure the distance between cave walls, 
floors, and roofs to create a single cave profile. 
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The use of the Bosch laser distance measurer and the 
Brunton geological compass are managed to obtain the 
scanning intervals, profile orientations, and walking 
direction (Fig. 4). These measured parameters are keys 
to construct a survey line, which is subsequently 
integrated with the set of cave 2D profiles, in order to 
create a cave model. Other tool brands can be applied as 
long as they work efficiently and precisely. 

This study has ultimately employed computer-aided 
design (CAD) software to process all field-collected data 
and generate a three-dimensional model of the cave. The 
CAD software facilitates data virtualization, data 
visualization, and allows for the modification of 
coordinates through computer graphics (Swamidass, 
2000). 

 

 
Figure 4. A portable laser distance measurer and 
geologic compass were used for the entire study method. 
 
3. Method 

 
3.1. Cave Scanning and Survey 

 
A dataset of two-dimensional cave profiles is 

obtained by LiDAR scanning along a survey line drawn in 
a cave passage. The collected data of each profile are 
originally plotted in a Polar Coordinate System format, 
determined by the distance from a reference point and an 
azimuth of 0°–360°. The data is then transformed into a 
Cartesian Coordinate System, which, on the other hand, 
exhibits a set of data points related to three coordinate 
axes, including x, y, and z, allowing for work in three-
dimensional space. To perform the conversion from 
Polar Coordinates into Cartesian Coordinates, we have 
used an equation proposed by Lippman and Rasmussen 
(2017) (Eq.1). 
 

 𝑦 = 𝑟𝑐𝑜𝑠(𝜃) and  𝑧 = 𝑟𝑠𝑖𝑛(𝜃) (1) 
 
where y = distance from a reference along the y-axis 

 z = distance from a reference along the z-axis 
 r = distance from a reference of the Polar  

Coordinates 
θ = an azimuth or angle from a reference 
position 

All converted coordinate data is plotted against the x, 
y, and z axes of the Cartesian System as presented in 
Figure 5. These processes are carefully applied to the 
scanned profiles of all three studied caves. 
 

 
Figure 5. Original data of a single cave profile obtained 
by 2D LiDAR scanning methods presented in the Polar 
Coordinate System (left) and the converted version of the 
data shown in the Cartesian Coordinate system (right). 
 
3.2. Three-Dimensional Modeling 
 

The point data of each cave profile is connected by 
polylines, exhibiting a polygon with an orientation. The 
cave profiles can potentially indicate the size of the 
passages, while the survey line indicates cave length and 
shape. A number of polygon cave profiles are 
subsequently rearranged and combined into the cave 
survey line via CAD software. The resulting process is 
presented in Figure 6. 
 

 
Figure 6. Arrangement of numerous 2D cave profiles, 
exhibiting various-sized polygons along the cave survey 
line, shown in both top view and perspective view with a 
scale. 
 

These polygons, or cave profiles, are then merged in 
order to generate a three-dimensional sketch. The 
process is performed using one of the CAD functions 
called Ruled Surfaces or Loft Surfaces (Fig. 7). According 
to Farin (2001), this function is a geometric system used 
to generate a smooth surface between sketch profiles by 
moving a straight line along a trajectory, which is also 
called a generator curve. The function of Loft Surfaces is 
widely used in mathematics and engineering to simulate 
various 3D model objects, such as aircraft wings, car 
roofs, and ship hulls. Applying the Loft Surfaces function 
to the cave profiles ultimately results in a three-
dimensional model of a cave showing a particular shape, 
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for example, an irregular tube-like, burrow-like, or 
orthogonal pattern depending on geological background 
of the areas. The resulting model of Chiang-Dao cave is 
shown in Figure 8. The identical methods are applied to 
the other two caves (Fig. 9). 
 

 
Figure 7. Each profile is merged using a Loft Surfaces 
function through CAD software. This command creates a 
smooth surface, showing a light grey color in the 
transition between cave profiles. 

 

 
Figure 8. The resulting three-dimensional model of 
Chiang-Dao cave generated from the proposed methods, 
is displayed with scale and direction. The cave entrance 
is located to the south. 
 

4. Results  
 

Three caves in Thailand have been trailed by the 
proposed methods. Two of them are located in Chiang 
Mai Province namely Chiang-Dao Cave (19.39411°N, 
98.92786°E), and Muang-On Cave (18.78657°N, 
99.23843°E). The third cave, San-Han Cave (17.99047°N, 
100.71601°E), is in Uttaradit Province. The total length of 
the survey lines for these three caves is approximately 
614.59 meters, comprising 309.57 meters for Chiang-

 
Figure 9. 3D models of the three show caves resulted from the proposed techniques. The caves include Muang-On 
(lowermost), Chiang-Dao (middle), and San-Han (uppermost). An additional scale is presented as a human with a 
height of 1.7 m showing in the extended square area. The user-interactive version of the Muang-On and Chiang-Dao 
cave 3D models are published via Sketchfab. 
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Dao, 217.15 meters for Muang-On, and 87.87 meters for 
San-Han. The resulting three-dimensional models of the 
studied caves distinctly provide information on their 
length, orientation, structure, and volume. 

Chiang-Dao Cave likely formed in the north-south 
and northeast-southwest direction with a cave volume of 
9,124.0 m3. Muang-On Cave exhibits two passages 
showing the structure driven by the fracture system 
formed in the Permian limestone formation, with a cave 
volume of approximately 23,676.0 m3. San-Han Cave, 
with a volume of 8,510.0 m3, shows a relatively large 
passage compared to the other two caves. The shape 
possibly indicates one of the fractures formed in 
limestone. 

The entire process apparently takes ten hours of 
working time per cave. This time can be divided into two 
periods: (ⅰ) field working hours and (ⅱ) office working 
hours. The fieldwork activities consist of a two-or-three-
hour cave scan, excluding travel time. The remaining 
seven-to-eight hours are spent on data processing and 
cave modeling in the office. However, it is necessary to 
note that the working time is highly depended on cave 
dimensions, the number of scanned profiles, safety rules, 
and the social and legal status of the areas. 

Consideration of the performance speed of cave 
modeling methods are based on working time and cave 
dimensions. The results suggest that the cave 2D LiDAR 
scan for one hour can likely cover at least 100 meters. 
According to cave 3D modeling, this method achieves a 
speed of 27 meters per hour. The working performance 
is also considered in terms of cave volume, with the 
results indicating that the entire cave 2D scanning and 3D 
modeling methods are accomplished at a speed of 1,642 
m3 per hour. 
 
5. Discussions 
 

The outcomes of this study have significantly 
provided new insights into cave modeling techniques 
using a simple 2D LiDAR. The equipment and software 
used were discussed in terms of financial aspects and 
efficiency. The overall working period of this technique 
was also compared to that of other modeling 
instruments. Tool limitations and further suggestions 
were also provided in the following. 
 
5.1. Cost and Timing Operation 
 

The hardware involved in this study was certainly 
purchased from any available store at a total price of less 
than $300 USD. The LiDAR tool adapted in this study, 
manufactured by Slamtec with the A1M8 series model, 
individually costs $76 USD. The distance measurer and 
the Brunton geologic compass were purchased at prices 
of $35 USD and $20 USD, respectively. According to 
information from an online retailer and web service 
provider, the prices of portable distance measuring 
devices can range from $30 USD to $150 USD (Amazon, 
2023). The geologic compasses of other brands exhibit a 
wide range of prices starting from $20 USD to $250 USD 
(Amazon, 2023a). This study strongly supports the idea 
that the judicious use of the tools at reasonable prices is 
key to performing a three-dimensional cave modeling. 

Another crucial cost is software licensing. It is well-
known that there are a variety of popular CAD software 
such as (ⅰ) AutoCAD developed by Autodesk and (ⅱ) 
Rhino developed by Robert McNeel & Associates. These 
software options potentially cost $150 USD monthly for 
an annual rental option. To obtain a perpetual license for 
this software, it costs $995 USD that is clearly equal to 
$83 USD monthly paid only in the first year. However, 
software development companies also offer academic 
versions of CAD software at a relatively low price, as low 
as $30 USD annually (Robert McNeel & Associates, 2023), 
or even free of charge (Autodesk, 2023). Moreover, there 
are several free open-source software available, such as 
FreeCAD (Riegel et al., 2023) and Blender (Blender 
Foundation, 2023) that can sufficiently provide 
necessary features for working on cave three-
dimensional modeling tasks. 

Previous work of Gallay (2015) investigated that a 
cave 3D scanning using a (TLS) method certainly takes an 
average speed of 15 meters per hour. The method is 
apparently six times slower than the 2D scanning using 
LiDAR and four times slower than the entire cave 3D 
modeling methods proposed by this work. However, it is 
essential to consider their working performance and 
price as the TLS offers three-dimensional imaging data, 
providing more detail and higher accuracy. These 
abilities come with relatively high costs, starting from 
$4,000 USD. Proper machine maintenance is strongly 
required in association with a scanner technician 
position. Future studies are recommended to deeply 
compare other factors, such as the overall costs, the total 
number of workers or technicians required for single 
operation, and the complexity and quality of the data. 
 
5.2. Accuracy and Resolution  
 

Since this study has not tested detailed resolution of 
the 2D LiDAR, the tool potential has been referred to the 
standard information of the 2D LiDAR model A1M8 
provided by the manufacturer. 

According to Slamtec (2020), the 2D LiDAR model 
A1M8 has a scanning range of 0.15-12 meters with a 
distance resolution output of <1% of the distance. The 
angular working range of the tool covers 0-360° with an 
angular resolution of ≤1°. The scan rate is approximately 
5.5 Hz. The tool tolerates temperatures of 20-40 °C. The 
data accuracy is likely decreased with increasing 
distances, for instance, 99% at distances of below 3 
meters, 98% at distances of 3-5 meters, and 97.5% at 
distances of 5-25 meters. This tool model has been 
extensively applied in a variety of usages, in which 
require high data resolution with acceptable accuracy, 
and be able to adapt to a vast condition of environments, 
for example, autonomous navigation (Ariante et al., 
2022; Aslam et al., 2020; Jiang et al., 2018). This study has 
totally agreed that the 2D LiDAR model A1M8 is sufficient 
for working on cave scanning methods. 
 
5.3. Limitations  
 

Besides the specification and limitation of the 
equipment itself, the proposed technique obviously 
comes with a couple of constraints including, (ⅰ) missing 
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data or missing gap among the scanned profiles and (ⅱ) 
overlaps of objects on the same profile. The details have 
been provided as follows. 

Since the spacing interval among the scanned 
profiles have been previously set at 1-3 meters depended 
on the cave morphology, this causes an unintended 
missing of profile data along the survey line and leads to 
a misinterpretation of a cave model. Increasing the 
number of scanned profiles by reducing the interval 
space to less than 1 meter seems to prevent the 
problems. However, the solution certainly requires 
longer working time. 

The presence of cave geologic formations that 
include stalactites, stalagmites, pillars, or columns, poses 
a major challenge in the cave two-dimensional scans. 
These features are overlapped, irregular-shaped, and 
formed on the sidewall, roof, and floor leading to 
misinterpretation of the exact size and shape of cave 
profiles. Additional survey lines with a different set of 
orientations and directions should probably be 
considered to cover this doubt. This method must 
unsurprisingly handle a majority and complexity of data 
resulting in the need for longer working time. 
 
5.4. Applications  
 

The technique of using a two-dimensional scanning 
modified device coupled with self-development CAD 
software for the cave three-dimensional modeling 
proposed here effectively provides numerous potential 
applications in geoscientific research, geotourism, and 
georesource management. 

The 3D models of natural or show caves have served 
as a reference to structural characteristics on a regional 
scale and some karst features on a local scale. The models 
resemble the shape, orientation, and dimension of the 
caves that can augment the understanding of the cave 
genesis and geological deformation. The cave 3D models 
also appear to be practical in many other research 
activities conducted in caves, for example, cave-
influencing cultures, geohazards, troglophiles, 
architectures, and historical evidence of ancient 
civilization found in the caves. 

The cave 3D products have distinctly encouraged 
the use of a traditional two-dimensional cave mapping as 
shown in Figure 10. The models can also provide more 
detailed features than those of 2D maps allowing the 
updates on the cave characteristics and structures to be 
obviously recognized. These cost-effective and less time-
consuming methods for generating cave 3D models seem 
to fit for georesource management procedures run by the 
national organizations and private individuals. 
 

 
Figure 10. A traditional 2D map of Chiang-Dao Cave 
presented with the 3D model of this work exhibiting its 
main passage in a grey-colored zone (modified from Ellis, 
2022). 
 
6. Conclusion 
 

Although there are many modern methods and 
equipment used in cave 3D modeling for vast purposes, 
the proposed technique meets the need for 3D modeling, 
in terms of data quality, time, and cost. It is also a 
straightforward method that includes (ⅰ) 2D LiDAR 
profile scanning and survey, which were conducted in 
fields, coupled up with (ⅱ) 3D modeling through CAD 
software. The resulting cave models of the three studied 
caves distinctly exhibit burrow-like, irregular-shaped, 
and some deformation-induced features. Relative prices, 
working speeds, and specification of the tools indicate 
that the cave 3D models created by processing of cave 2D 
scanning profiles using a modified 2D LiDAR are 
affordable with minor limitations. The cave models can 
be used as reference sources for geoscientific research, 
geotourism, georesource management, and other 
activities in the caves. Further research and innovation 
relating to hardware and software development is 
strongly required to improve the existing methods. 
 
Acknowledgement 
 
We express our sincere gratitude to the local 
organizations including: (ⅰ) Ban Sahakon, Mae On 
District, Chiang Mai, (ⅱ) Wat Tham Chiang Dao, Chiang 
Dao District, Chiang Mai, and (ⅲ) Huay Phueng 
Watershed Conservation and Management Office, Nam 
Pat District, Uttaradit, for granted access to the Muang-
On, Chiang-Dao, and San-Han caves. Their assistance, 
guidance, and support were invaluable to this work. The 
authors received no financial support for the research, 
authorship, and publication of this article. 
 
Author contributions 
 
Khomchan Promneewat; Methodology, Fieldwork, and 
manuscript editing. 
Tadsuda Taksavasu; Fieldwork and original 
manuscript writing. 



Advanced LiDAR – 2024; 4(1); 01-08 
 

  7  

 

 
Conflicts of interest 
 
There is no conflict of interest between the authors. 
 
Statement of Research and Publication Ethics 
 
Research and publication ethics were complied with in 
the study. 
 
References 
 
Alt L, Moura V. Use of impact mapping for planning the 

infrastructure in tourist caves-case study: maquiné 
cave, Brazil. 20th National Cave and Karst 
Management Symposium, 77-87. 2013. 

Amazon. Best Sellers in Laser Distance Meters [Internet]. 
2023 [cited 2023 March 8]. Available from: 
https://www.amazon.com/Best-Sellers-Laser-
Distance-Meters/zgbs/hi/11646395011. 

Amazon. Geological Compasses [Internet]. 2023a [cited 
2023 March 8]. Available from:  
https://www.amazon.com/Geological-
Compass/s?k=Geological+Compass. 

Ariante G, Ponte S, Papa U, Greco A, Del Core G. (2022). 
Ground Control System for UAS Safe Landing Area 
Determination (SLAD) in Urban Air Mobility 
Operations. Sensors 2022; 22(9): 3226. 
doi:10.3390/s22093226. 

Aslam M S, Aziz M I, Naveed K, uz Zaman U K. An RPLiDAR 
based SLAM equipped with IMU for Autonomous 
Navigation of Wheeled Mobile Robot. 2020 IEEE 
23rd International Multitopic Conference (INMIC). 
2020. doi:10.1109/inmic50486.2020.9318133. 

Auler A, Piló L B. Introdução à Espeleologia. In: III Curso 
de Espeleologia e Licenciamento Ambiental. Belo 
Horizonte: Instituto Terra Brasilis, 7–23. 2011. 

Autodesk. Autodesk Education Community [Internet]. 
2023 [cited 2023 March 8]. Available from: 
https://www.autodesk.com/education/home. 

Bi S, Yuan C, Liu C, Cheng J, Wang W, Cai Y. (2021). A 
Survey of Low-Cost 3D Laser Scanning Technology. 
Applied Sciences 2021; 11(9): 3938. 
doi:10.3390/app11093938. 

Blender Foundation. Blender [Computer software]. 2023 
[cited 2023 March 8]. Available from: 
https://www.blender.org/. 

Bocic N, Lukic A, Opacic V T. Management Models and 
Development of Show Caves as Tourist Destinations 
in Croatia. Acta Carsologica 2006; 35(2): 13-21.  

Bolger T, Ellis M. An overview of caves and caving in 
Thailand. Proceedings of 2nd Asian Transkarst 
Conference, Lichuan, Hubei, China, 203 – 207. 2015. 

Chiarini V, Duckeck, J, De Waele J. A Global Perspective on 
Sustainable Show Cave Tourism. Geoheritage 2022; 
14(3): 82. doi:10.1007/s12371-022-00717-5. 

Cigna A, Burri E. Development, management and 
economy of show caves. International Journal of 
Speleology 2000; 29B(1/4): 1–27. 
doi:10.5038/1827-806x.29.1.1. 

Dusan M. Problems of show caves in Bohemia and 
Moravia. International Journal of Speleology 1994, 
23(1): 5 p. 

Ellis M. Map of Tham Chiang Dao [Internet]. 2022 [cited 
2023 March 8]. Available from: 
http://www.thailandcaves.shepton.org.uk/longest-
caves. 

Fabbri S C, Sauro F, Santagata T, Rossi G, De Waele J. High-
resolution 3-D mapping using terrestrial laser 
scanning as a tool for geomorphological and 
speleogenetical studies in caves: An example from 
the Lessini mountains (North Italy). Geomorphology 
2017; 280: 16–29. 
doi:10.1016/j.geomorph.2016.12.001. 

Farin G. Curves and Surfaces for CAGD: A Practical Guide 
(The Morgan Kaufmann Series in Computer 
Graphics) (5th ed.). Morgan Kaufmann; 2001. 

Gallay M, Kaňuk J, Hochmuth Z, Meneely J, Hofierka J, 
Sedlák V. Large-scale and high-resolution 3-D cave 
mapping by terrestrial laser scanning: a case study 
of the Domica Cave, Slovakia. International Journal 
of Speleology 2015; 44(3): 277–291. doi: 
10.5038/1827-806x.44.3.6. 

Haryono E, Reinhart H, Rabbani D I, Putra R D, Sukarno B 
P W, Sasongko M H D, Afid N, Hakim L, Ristiawan A 
W, Susanto A, Fauzan M, Saputra A S. Study of 
geotourism development in Batumilmil Karst, 
Langkat, Sumatera Utara. IOP Conference Series 
2022; 1039(1): 012056. doi:10.1088/1755-
1315/1039/1/012056. 

Ho J C, Phang S K, Mun H K. 2-D UAV navigation solution 
with LIDAR sensor under GPS-denied environment. 
Journal of Physics 2021; 2120(1): 012026. 
doi:10.1088/1742-6596/2120/1/012026. 

Irwin M A. The Thailand Cave Rescue: General 
Anaesthesia in Unique Circumstances Presents 
Ethical Challenges for the Rescue Team. Journal of 
bioethical inquiry 2022; 19(2): 265–271. 
doi:10.1007/s11673-022-10168-w. 

Jiang G, Yin L, Liu G, Xi W, Ou Y. FFT-Based Scan-Matching 
for SLAM Applications with Low-Cost Laser Range 
Finders. Applied Sciences 2018; 9(1): 41. 
doi:10.3390/app9010041. 

Kambesis P. The importance of cave exploration to 
scientific research. Journal of cave and karst studies 
2007; 69(1): 46-58. 

Lippman D, Rasmussen M. Precalculus. Createspace 
Independent Publishing Platform; 2017. 

Mihálik M, Hruboš M, Vestenický P, Holecko P, Nemec D, 
Malobický B, Mihálik J. A Method for Detecting 
Dynamic Objects Using 2D LiDAR Based on Scan 
Matching. Applied Sciences 2022; 12(11): 5641. 
doi:10.3390/app12115641. 

Morgan M, Walker C. A Descriptive Study of Guided Tours 
at Mammoth Cave National Park. Journal of 
Interpretation Research 2011; 16(1): 25–34. 
doi:10.1177/109258721101600103. 

National Cave and Karst Research Institute. Challenges Of 
Cave Management In A Developing Country: A Case 
Study Of Grotte Marie-Jeanne, Departemente Sud, 
Haiti. KIP Articles. 844; 2013. Available from: 
https://digitalcommons.usf.edu/kip_articles/844. 

Oludare I T, Pradhan B. A decade of modern cave 
surveying with terrestrial laser scanning: A review 
of sensors, method and application development. 



Advanced LiDAR – 2024; 4(1); 01-08 
 

  8  

 

International Journal of Speleology 2016; 45(1): 71–
88. doi:10.5038/1827-806x.45.1.1923. 

Riegel J, Mayer W, Havre Y V. (2023). FreeCAD [Internet]. 
2023 [cited 2023 March 8]. Available from: 
http://www.freecadweb.org. 

Robert McNeel & Associates. (2023). Rhino for Education 

[Internet]. 2023 [cited 2023 March 8]. Available 
from: https://www.rhino3d.com/for/education/. 

Slamtec. RPLIDAR A1M8 Low Cost 360 Degree Laser 
Range Scanner: Introduction and Datasheet 
(Rev.3.0); 2020.  

Sun J, Zhao J, Hu X, Gao H, Yu J. Autonomous Navigation 
System of Indoor Mobile Robots Using 2D Lidar. 
Mathematics 2023; 11(6): 1455. 
doi:10.3390/math11061455. 

Swamidass P M. Encyclopedia of Production and 
Manufacturing Management: Springer Publishing; 
2000. 

Wacharapluesadee S, Tan C W, Maneeorn P, Duengkae P, 
Zhu F, Joyjinda Y, Kaewpom T, Chia, W N, Ampoot W, 
Lim B L, Worachotsueptrakun K, Chen V C W, 

Sirichan N, Ruchisrisarod C, Rodpan A, 
Noradechanon K, Phaichana T, Jantarat N, 
Thongnumchaima B, Wang L F. Evidence for SARS-
CoV-2 related coronaviruses circulating in bats and 
pangolins in Southeast Asia. Nature 
Communications 2021; 12(1): 972. 
doi:10.1038/s41467-021-21240-1. 

Walters R, Hajna N Z (2020). 3D laser scanning of the 
natural caves: example of Škocjanske jame. 
Geodetski Vestnik 2020; 64(01): 89–103. 
doi:10.15292/geodetski-vestnik.2020.01.89-103. 

Whitten T. Applying ecology for cave management in 
China and neighbouring countries. Journal of 
Applied Ecology 2009; 46(3): 520–523. 
doi:10.1111/j.1365-2664.2009.01630.x. 

Zieliński A, Marek A, Zwoliński Z. Geotourism Potential of 
Show Caves in Poland. Quaestiones Geographicae 
2022; 41(3): 169-181. doi:10.2478/quageo-2022-
0032. 

 
 

 
 

 
© Author(s) 2024. This work is distributed under https://creativecommons.org/licenses/by-sa/4.0/ 

 
 
 


