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A B S T R A C T

Lava tubes, also known as“pyroducts”, are caves found on terrestrial volcanoes and on analogue terrains on the 
Moon and Mars. Their morphometry is the expression of genetic parameters, which are often not well under
stood, like lava effusion rates and rheology, and cooling rates. Lunar and Martian tubes could offer protection 
from radiation, micrometeorites, and extreme temperatures, making them promising candidates for future 
extraterrestrial habitats. Models used in planetary geology and space architectural studies rely on a few 
terrestrial examples and notional geometries. This paper introduces Pyroduct, the first fully parametric 3D lava 
tube generator, developed as a free plug-in for Grasshopper in Rhinoceros 3D. Based on a wide catalog of 
terrestrial lava tube cross-sections, Pyroduct enables the simulation of realistic cave environments for planetary 
research. It also supports terrestrial applications, offering a cost-effective method for reconstructing lava tubes’ 
3D geometries for the evaluation of volcanic hazard and creation of VR models.

1. Introduction

Nomenclature

NASA National Aeronautics and Space Administration
LiDAR Laser Imaging Detection and Ranging
MGC3 Mars Global Cave Candidate Catalog
INGV Istituto Italiano di Geofisica e Vulcanologia
VPL Visual Programming Language
SSI Italian Speleological Society
PDC Pyroduct Digital Catalog
.DXF Drawing Exchange Format (file format)
.CSV Comma-Separated-Values (file format)
CSE Centro Speleologico Etneo
RS Remote Sensing
DTM Digital Terrain Model
JMARS Java Mission-planning and Analysis for Remote Sensing
GIS Geographic Information System
NURBS Non-Uniform Rational B-Spline
PPG Pyroduct Point Generator

ESA European Space Agency
FELA Finite Element Limit Analysis
YAC Young Architects Competition
CAD Computer-Aided Design

A lava tube, also known by its historical name “pyroduct” (Coan, 
1844), is a specific kind of volcanic cave that is defined as a “roofed 
conduit of flowing lava, either active, drained, or plugged” (Halliday, 
2004a, p. 1624).

Since prehistoric times, human populations worldwide have recog
nised and utilized lava tubes (Romio and Lobosco, 2025). While their 
overall uses were often similar, they displayed local variations shaped by 
specific cultural practices (Fig. 1). Throughout the 18th and 19th cen
turies, travellers and naturalists began to discover, document, and sur
vey several of these structures worldwide. The first examples include the 
Surtshellir lava tube in Iceland, surveyed by Eggert Ólafsson and Bjarni 
Pálsson in 1772 (Ólafsson and Pálsson, 1772). Another example is the 
Grotta delle Palombe on Mt. Etna, Sicily, surveyed by August Sartorius 
von Waltershausen, which is considered the first survey of a volcanic 
cave in Italy (Sartorius Von Waltershausen, 1880; Puglisi and Santi, 
1999). Since these first experiences, scientists and explorers started to 
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wonder about the processes that led to the formation of such caves and 
provided some first hypotheses that could explain this phenomenon. In 
particular, von Troil (1779) and Henderson, in describing the above
mentioned Surtshellir lava tube in Iceland, were ones of the first to 
propose, respectively in 1772 and 1818, that lava tubes formed due to 
the crusting-over of an active lava flow within a lava channel (Mills and 
Wood, 1972; Kempe, 2009; Stefánsson and Stefánsdóttr, 2016) with 
later observations of active lava tubes in Hawaii, by scientists such as 
Jaggar (1921), Wentworth and Macdonald (1953), and Greeley (1971a). 
However, due to the great variety of observed shapes and structural 
features, it became evident that lava tubes formation couldn’t be always 
accountable only to the above mentioned processes of crusting-over, but 
that other mechanisms existed, which can lead to different internal 
forms and shapes (Ollier and Brown, 1965; Mills and Wood, 1972; 
Calvari and Pinkerton, 1998; Hon et al., 1994; Calvari and Pinkerton, 
1999; Kempe, 2009).

Today, thanks to the development of vulcanospeleological research 
worldwide, and the vast documentation of several lava tube caves that 
has occurred during the last centuries (Halliday, 2004b), we know that 
these volcanic caves can form in two main ways (channel crusting-over 
of and inflation processes), producing a wide range of morphologies 
depending on several petrological and environmental parameters (Sauro 
et al., 2020; Hon et al., 1994; Calvari and Pinkerton, 1998, 1999).

1.1. Discovery and challenges for the future exploration of lunar and 
Martian pyroducts

During the late 60’s and early 70’s, thanks to the images acquired 
first by the Ranger and then the Lunar Orbiter probes between 1964 and 
67 (Greeley, 1994), scientists started to notice that some river channel- 
like lunar volcanic features, known as “sinuous rilles” had striking 
similarities with terrestrial lava channels and partly collapsed lava 
tubes, making the hypothesis that similar structures existed on the Moon 
(Kuiper et al., 1966; Greeley, 1971b; Oberbeck et al., 1969).

From that moment, NASA funded various studies aimed at under
standing terrestrial lava tubes, to possibly understand lunar ones and 
their mechanisms of formation and shapes (Hatheway and Herring, 
1970; Greeley, 1971a, 1971c; Greeley and Hyde, 1972). Today, after the 
discovery of the firsts Martian and lunar cave accesses, “pits” in 2007 
and 2009 (Cushing et al., 2007; Haruyama et al., 2009), more than 1062 
and 278 accesses to the underground have been identified respectively 
for Mars and the Moon, which are available in two separate databases: 
the Mars Global Cave Candidate Catalog and the LROC Pit Atlas 
(Cushing, 2015; Wagner and Robinson, 2014). These findings have been 
supported by growing evidence that many of these collapses might 
potentially lead to lava tubes (Cushing, 2012; Wagner and Robinson, 

2014, 2021; Sauro et al., 2020; Carrer et al., 2024) (Fig. 2).
For this reason, nowadays, as in the ‘70s, scientists and space 

agencies are studying, surveying, and training astronauts in terrestrial 
lava tubes to prepare them for possible future space exploration 
(Massironi et al., 2023; Santagata et al., 2023). lunar and Martian lava 
tubes would be able to shield future astronauts and settlers from the 
extreme environmental conditions and hazards which characterize these 
planetary bodies, in particular radiation, meteorite impacts, dust, while 
also providing an environment with stable temperatures compared to 
the extreme fluctuations which characterize the surfaces of both planets 
(Cushing, 2012; Sauro et al., 2020; Haviland, 2021; Pohlen et al., 2022; 
Martin and Benaroya, 2023).

However, until a mission reaches and successfully explores these 
underground geological structures, their internal asset remains specu
lative, and comparisons to terrestrial lava tube analogues still represent 
the highest degree of confidence possible (Sauro et al., 2020). As a 
consequence, scientists, engineers, and architects lack, at present, an 
instrument that allows them to think parametrically and elaborate on 
different possible scenarios and assets of lunar and Martian lava tubes. In 
these regards, despite their usefulness in helping scientists understand 
possible internal morphologies and lava tube types, traditional 2D sur
veys and LiDAR scans do not provide scientists with an effective scenario 
planning tool, as each lava tube scan represents only one specific state/ 
case and to be acquired requires a specific survey mission and time. 
Moreover, compared to 2D surveys, only a few LiDAR lava tube scans are 
currently available in the literature, and they are not always open-access 
(see Table 1). For this reason, we present an innovative software named 
“Pyroduct”: the first fully parametric lava tube generator, which aims to 
support scientists by leveraging the vast documentation of terrestrial 
lava tubes and using this data to generate realistic 3D models of lava 
tunnels for future exploration and settlement planning (Romio et al., 
2025a).

2. Materials and methods

To develop Pyroduct, several steps had to be undertaken. The first 

Fig. 1. Jean Houel depicts the use of lava tubes for the storage and commerce 
of ice in 1792 in Sicily (Houel, 1782).

Fig. 2. Above: Martian cave accesses from Mars Global Cave Candidate Catalog 
(MGC3) (Cushing, 2015; Cushing and Okubo, 2017). Below: lunar cave access 
locations (Wagner and Robinson, 2021). At present, more than 1062 potential 
cave accesses have been mapped for Mars and 278 for the Moon.
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one was to understand the possible parameters that could act as the basis 
for a realistic lava tube generator and which software could be optimal 
for creating such a tool, allowing the user to have total control over the 
resulting 3D models. The second aspect was to gather enough terrestrial 
data to input into the developed algorithm.

2.1. Developing Pyroduct

The guiding principles behind the programming of Pyroduct were to 
enable scientists to explore multiple possible lava tube scenarios and 
assist them in preparing for a wide range of potential environments. For 
example, by allowing the users to convert their own Remote Sensing 
observations into realistic, parametric 3D models of potential lunar and 
Martian lava tubes. Generally, lunar and Martian lava tube representa
tions that can be found in literature, ranging from engineering analyses 
to architectural design proposals of future off-Earth settlements, are 
often notional if compared to their terrestrial counterparts. These 
studies either adopt idealised elliptical or circular, perfectly symmetrical 
cross-sections or random internal shapes, which, even if generated 
through rigorous procedures, are still far from being realistic (Blair 
et al., 2017; Theinat et al., 2020; Chwała et al., 2024a, 2024b; Fox and 
Benaroya, 2026). On Earth, lava tubes have a wide array of internal 
shapes, and their internal shapes vary along their path (Chwała et al., 
2024b). In particular, their cross-sections are important elements for 
morphological analyses, as they are strictly related to their genetic 
mechanisms and tell about the processes that led to their formation and 
often complex development (Calvari and Pinkerton, 1998, 1999; Sauro 
et al., 2020; Tomasi et al., 2022; Marraffa, 2023).

A survey campaign on two of the largest Etna lava tubes was carried 
out in June 2024, in collaboration with the University of Padua and the 
Italian INGV. There, we utilized a Dexter 360 Laser Level, which allowed 
us to visualize, in real-time, the cross-section and shape changes inside 
various lava tunnels, such as the Grotta dei Tre Livelli and Grotta del 
Monte Intraleo (Fig. 3), which resulted in the identification of real un
derground landscapes characterized by unique shapes and forms, which 
sometimes shared similarities. Similar approaches have also been 
implemented by other researchers, leading to interesting results on the 
reconstruction of a lava tube 3D mesh from cross-sections extracted from 
the related point cloud survey (Yang et al., 2024). However, despite 
terrestrial lava tube cross-sections being potential analogues of lunar 
and Martian possible scenarios, it is important to take into account the 

significant differences in terms of scale. Previous researchers have 
inferred that factors such as lesser gravity, rheology of the lava, and 
higher effusion rates would allow the presence of much bigger conduits 
than on Earth,with diameters that might reach 40 to 400 m for Mars and 
up to 900-1000 m for the Moon, and still be theoretically stable, which is 
also consistent with recent observations (Keszthelyi, 1995; Blair et al., 
2017; Sauro et al., 2020; Carrer et al., 2024). On the other hand, recent 
studies have challenged this hypothesis, showing that gravity alone is 
not a major factor in controlling lava tube scale and that terrestrial-sized 
lava tubes are indeed possible on the Moon, also suggesting that lunar 
lava tubes are unlikely to exceed 20 m in height (Wilson et al., 2025). In 
fact, on Earth, it is fairly common to find lava tunnels that present a 
greater main channel and smaller side tubes, especially in the case of 
complex lava tube systems (Bell et al., 2022) and within multiple-branch 
- also referred to as “braided” (Sauro et al., 2020) - lava tubes. Examples 
of this kind are the Grotta della Catanese I and Grotta del Santo on Mt. 
Etna, the Cueva de Los Naturalistas and Cueva de Maguez in Lanzarote, 
and Junction Cave in New Mexico. For all these reasons, we came to 
consider three the main parameters for our parametric lava tube 3D 
model generator: i) the cross-sections, which act as building blocks; ii) a 
path, which is the central axis along which the cross-sections develop 
(Fig. 3); iii) the scale, which needed to be adjustable to terrestrial, lunar 
and Martian conditions.

To develop a fully parametric lava tube generator around the three 
main parameters mentioned above, we chose the Visual Programming 
Language “Grasshopper”, native to the 3D modelling program “Rhinoc
eros” developed by Robert McNeel & Associates. Grasshopper provides 
the users with an intuitive way to handle the complexity of parametric 
design, both with the use of native and custom components program
mable by the user and shareable as easily installable plug-ins or libraries 
on platforms such as “Food4Rhino”, GitHub, and fully integrates with the 
2D and 3D environment of Rhinoceros, allowing geometries to be im
ported or exported from the latter into its VPL environments and vice 
versa. After creating the rationale and selecting the right software for its 
development, the last aspect we were missing was the data to feed the 
program, enabling the creation of realistic lava tube reproductions.

2.2. Bibliographical research and Pyroduct Digital Catalog

To acquire data on terrestrial lava tubes, the authors conducted 
extensive bibliographical research at one of the world’s best-supplied 

Table 1 
Results of research on Google Scholar and online repositories of existing lava tube LiDAR surveys, which are either freely available or available upon request to the 
authors. Papers that mentioned LiDAR surveys but made no reference to the data availability were not considered.

Reference Lava tube(s) Country State/ Area Survey 
instruments*

LiDAR data availability

Tomasi et al., 2022 Corona Lava Tube ES Lanzarote Island Leica P40 
Leica Pegasus

Data will be made available on request

Bell et al., 2022 Skull Cave, Ship Cave, Incline Cave 
(Modoc Crater lava tube complex)

US Lava Beds National Monument 
(California)

Riegl VZ-400 https://doi.org/10.13016/ovqx-j09w

Grechi et al., 2024 Tabernacle Hill Lava Tube US Tabernacle Hill Lavafield 
(Utah)

Apple Iphone 13 
LiDAR

Data will be made available on request.

Lemaire et al., 2024 Grotta lavica negli efflussi 
vesuviani del 1858

IT Somma-Vesuvius (Campania) Riegl VZ-400 Data will be made available on request.

Hidding et al., 2025 Grotta di Monte Intraleo IT Mt. Etna 
(Sicily)

Unitree L1 10.4121/778253cc-3193-4f66-bc 
13-03b80380424e

Romio et al., 2025b Grotta di Monte Intraleo IT Mt. Etna 
(Sicily)

Unitree L1 10.4121/0cc49d43-8a5c-453e-9370 
-8e9088b00b48

Yang et al., 2024 Shenyang Cave CN Jingpo Lake Geopark (Heilongjiang 
Province)

/ Data will be made available on request.

Montañez Muñoz et al., 
2024

Ape Cave WA Mount St. Helens volcano 
(Washington State, USA)

Geoslam Zeb 
Horizon

https://doi.org/10.5281/zenodo 
.14189358
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speleological libraries: the Speleoteca Franco Anelli of the Italian 
Speleological Society. There, we had access to a vast collection of arti
cles and surveys – many of which are not available online - that provided 
a significant amount of material, which we digitised and organised into a 
digital database named the “Pyroduct Digital Catalog” (PDC) (Romio 
et al., 2024). Together with the 2D data provided by the speleological 
reports, the authors have recently updated the Catalog by adding cross- 
sections extracted from available and accessible LiDAR datasets found in 
open-access repositories, in particular those of Intraleo Cave (Romio 
et al., 2025a, 2025b) and Ship and Skull Caves (Bell et al., 2022) (see 
Table 1). The PDC consists of both a .dxf file and an explanatory .csv file. 
Using Rhinoceros, we manually retraced approximately 1.200 cross- 
sections from more than 90 surveys of lava tubes (2D drawings of plan 

views, profiles, and selected cross-sections) distributed worldwide, cat
egorising and organising them into tables within a .dxf file divided by 
countries and regions. Within each table, the curve located in the upper- 
left cell corresponds to the first cross-section of the survey, while the one 
in the lower-right cell represents the last (Fig. 4). Each cell measures 35 
m × 35 m.

Moreover, each table is labelled with the name of the lava tube and 
an identification code, which helps the user identify the cave in the .csv 
file of the database. Each unique code follows this format:

Initials of the country. Initials of the region. progressive number.
Example: IT.SIC.04 (Italy.Sicily.lava tube n.04).
The explanatory .csv file is organised as follows: each row represents 

a lava tube, and the nine columns contain all the information we were 

Fig. 3. Above: the Grotta dei Tre Livelli-KTM, upper branch, around 10 m from the entrance pit. Below: sections of the north-east upper branch of Grotta del Monte 
Intraleo, from the entrance through the dark areas of the caves. In both cases, it is possible to observe how the utilisation of a 360-laser level, in this case a Dexter 360 
laser level, allows the creation of “real-time cross-sections” that describe very well the actual internal forms and shape transitions.
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able to gather (see Table 2).
As pointed out in the paragraph above, the Catalog is constantly 

evolving with the addition of new entries, aiming to become a global 
reference for what regards lava tube morphologies (see Section 4.3).

Recently, in addition to the .dxf file, we uploaded the dataset in .txt 
format. The Catalog was divided into individual folders, each repre
senting a specific lava tube and containing the .txt files corresponding to 
its cross-sections

2.3. Testing Pyroduct

To assess the accuracy of the lava tube models generated with 
Pyroduct, we compared them with high-resolution LiDAR surveys from 

Grotta di Monte Intraleo and Skull Cave (see Table 1). We first extracted 
cross-sections from the LiDAR point clouds by computing an interpo
lated central axis based on the K-Means centroids of the point distri
bution. The K-Means algorithm groups nearby points into clusters by 
minimizing their distance to a cluster center. This central axis was then 
used in Pyroduct as the path along which the synthetic lava tube ge
ometries for both caves were generated. After producing the 3D models, 
we converted them into meshes within the Grasshopper environment 
and sampled their vertices to obtain artificial dense point clouds. These 
synthetic point clouds were then imported into the open-source software 
CloudCompare to compute Cloud-to-Cloud (C2C) distances against the 
original LiDAR datasets. The C2C tool calculates absolute distances be
tween the two point clouds by selecting one as the reference and the 

Fig. 4. Example of lava tube cross-sections in the Pyroduct Digital Catalog, Grotta del Burrò survey (Giudice and Santi, 1999). Each cell is 35x35m.

Table 2 
Example of the organisation of the explanatory .csv file of the Pyroduct Digital Catalog.

Db code Name Country State Reference Authors of the 
survey

Authors of the survey 
drawings

Survey instruments* Date

IT.SIC.01 Si CT 1037 
Grotta 
Corsaro

IT Sicily Marino and Santi (1999). La Grotta Corsaro. 
In: DENTRO IL VULCANO: IL LIBRO Le 
Grotte dell’Etna Catania: Centro 
Speleologico Etneo - Parco dell’Etna, 
215–216.

Bonaccorso, R., 
Marino, A., 
Santonocito, F.

Centro Speleologico 
Etneo (CSE); 
Bonaccorso, R. (survey 
drawing).

Traditional: compass, 
clinometer, tape 
meter, metrical rod.

1997

* Note that not all this information is available for each lava tube, especially for the survey instruments and the date. When the instruments are not specified, it is 
assumed that traditional cave surveying methods (Wookey, 2004) are used. If the survey was done after 2007–2008, it is assumed that a laser distance meter DistoX was 
used in place of a tape meter, thanks to the widespread adoption of this tool by caving communities around the world.

Fig. 5. Starting from the left, the Pyroduct plug-in window in the Grasshopper toolbar and all its components.
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other as the comparison dataset, producing both a color-coded distance 
map and a distribution of point-to-point deviations. The results of this 
analysis are discussed later in the paper (see Section 3.2).

3. Results

As a result of the described process, we have developed Pyroduct as a 
plug-in for Grasshopper. The software is freely available for download 
on Zenodo (Romio et al., 2025a, 2025b) and comprises 11 custom 
components, each of which performs specific operations (Fig. 5). Every 
component acts as a node that requires some inputs to be connected to it 
and provides outputs that can then be connected as inputs to other 
components. By performing these connections, these components allow 
the user to have total parametric control over the generation of realistic 
lava tube 3D models (Fig. 6).

3.1. Pyroduct: plug-in components and specific functions

Each of the Pyroduct plug-in components was programmed inside 
Grasshopper as VPL scripts with the exclusive use of native components, 
which were grouped into Grasshopper “cluster” objects, to be easily 
shared and installed by other users by just copying and pasting the plug- 

in files in the directory:
Grasshopper > File > Special Folders > User Object Folder directory.
As mentioned in the previous paragraph, each component receives 

inputs, performs operations, and provides outputs. Inputs in Grass
hopper can be geometries such as curves, surfaces, meshes, and points, 
which can either be defined directly within Grasshopper or imported 
from Rhinoceros into its VPL environment. To manage these inputs, 
some components act as “containers” for imported geometries or data 
types, such as integers, decimal numbers, and text. In Grasshopper, 
numbers and text are typically handled using specific components called 
number sliders and panels, respectively. Other components, called 
“value lists,” provide dropdown menus where numbers are associated 
with text labels, making it easier to select items within a list (Fig. 6).

Below, the description of each component and its function.
Main components: 

• Pyroduct Digital Catalog: this component is the database of the 
whole plug-in. It contains all the data of the homonymous .dxf file 
readily available, allowing the user to choose the specific lava tube 
from which to select the cross-sections (Fig. 7a). Eventually, the user 
can choose to filter the selection by aspect ratio and scale the curves 
to terrestrial, lunar, or Martian size. The process works as follows: a 

Fig. 6. Above: the complete workflow for turning RS observation into realistic 3D models, through the optional use of GIS software - such as JMARS (Christensen 
et al., 2009) or QGIS -and Blender to convert .shp format to .dxf, to import it into Rhinoceros, Grasshopper, and Pyroduct, for the generation of the lava tube 3D 
models. Otherwise, lava tubes can also be generated through lava tube paths directly drawn in Rhinoceros as curves. Below: a typical workflow in Grasshopper with 
the use of the Pyroduct plug-in. Left: the geometries imported from Rhinoceros and directly defined in the Grasshopper environment are the inputs for Pyroduct, 
which then can perform its operations and produce as output a lava tube 3D model.
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2D bounding box is defined for each cross-section, and its aspect ratio 
is defined. To achieve the large dimensions expected for lunar and 
Martian lava tubes, the bounding box is scaled proportionally ac
cording to several predefined domain options, each associated with a 
specific planetary body and lava tube type, following reference 
values reported in previous studies (Sauro et al., 2020). For Mars, 
two configurations are available: “Mars (overcrusted)”, designed for 
modelling overcrusted lava tubes, with a domain range between 30 
and 70 m; and “Mars (inflated)”, intended for tubes formed through 
inflation or deep inflation processes, with a domain between 100 and 
400 m. For the Moon, a domain range between 500 and 900 m was 
defined. To ensure full flexibility, a “Custom” option is also provided, 
allowing users to specify the minimum and maximum domain values 
manually. This is particularly useful for modelling special cases or for 
generating terrestrial-scale lava tubes in lunar or Martian scenarios. 

• Pyroduct Path: it allows the users to project a 2D path on a Mesh, to 
derive a 3D curve (Fig. 7b). To do so, the algorithm divides the input 
curve, either drawn directly in the Rhinoceros environment or im
ported, into n points defined by the user (level of detail input), which 
are then projected on the Mesh and interpolated again into a new 

three-dimensional curve defined by the x,y,z values of the projected 
points. Moreover, the user can also control the definition of the 
projected curve by increasing the n points that are projected on the 
Mesh. This component was specifically developed to enable scientists 
to turn 2D lava tube paths observed with Remote Sensing (RS) data 
and traced in other software, such as QGIS or JMARS (Christensen 
et al., 2009), into 3D by projecting them on the DTM mesh of the 
region under analysis. At present, doing so requires additional steps, 
which are needed to import the shapefiles of the paths in Rhinoceros 
and Grasshopper, which can be done by utilising other Grasshopper 
plug-ins such as Heron, or exporting the .shp files in the .dxf format 
by utilising Blender. A future release of the Pyroduct plug-in will 
include its component for allowing a smoother import process.

• Pyroduct Generator: This component allows the user to a quick and 
automatic lava tube 3D model generation (Fig. 7c). Here, the output 
sections of the Pyroduct Digital Catalog component - or two or more 
curves directly drawn by the user - can be inserted as inputs, together 
with the path along which the user desires to develop the lava tube 
3D model. The path can be provided both through the Pyroduct Path 
component or any other curve drawn by the user in the Rhinoceros 

Fig. 7. The Pyroduct main components and their functions. Above: the Pyroduct Digital Catalog, the Pyroduct Path and the Pyroduct Path Scaler (Fig. 7a and b). 
Below: the Pyroduct Generator and the Pyroduct Manual Generator (Fig. 7c and d).
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environment and imported into Grasshopper. The component pro
ceeds to interpolate the abovementioned cross-sections to create n 
additional synthetic curves within each provided pair, simulating the 
transitions between the two. The closer the sections are to the orig
inal survey from which they originate, the more accurate the 
reconstruction obtained. Successively, the component automatically 
proceeds in positioning the obtained geometries on a variable 
number of planes, which coincide with n of the obtained curves, 
perpendicular and with their normal vectors aligned to the provided 
lava tube path. Eventually, the component proceeds in operating a 
loft operation of all the cross-sections, real and synthetic, providing 
as output a Non-Uniform Rational B-Splines (NURBS) surface, which 
are mathematical representations of 3D geometry that can accurately 
describe any shapes (Tedeschi, 2020), which can then be modified 
and refined or turned into a mesh with Grasshopper native compo
nents or plug-ins, such as Kangaroo, before being exported into the 
Rhinoceros environment and/or to other software.

• Pyroduct Manual Generator: this component works similarly to the 
precedent. Still, it grants more control to the user and a more accu
rate construction of the 3D model, at the price of a more laborious 
manual process (Fig. 7d). The component works by allowing the 
construction of the lava tube segment by segment, by inputting a 
specific pair of cross-sections for each (see the “Pyroduct Point 
Generators” components) and generating a variable n of synthetic 
interpolations, which in this case need to be set by the user. This 
manual generator was designed for users with experience with lava 
tubes who would want to design their lava tube simulations more 
accurately, possibly focusing on segments more than on the whole 
lava tube. Moreover, this tool was also designed to accurately 
reconstruct 3D models from existing 2D surveys.

Secondary components: 

• Pyroduct Digital Catalog Index: it contains all the information 
regarding the lava tubes available for selection inside the Pyroduct 
Digital Catalog component. It serves to guide and help the user 
identify and choose which lava tube to recall.

• Pyroduct Path Scaler: this scaler can be used to adapt a terrestrial 
lava tube path to lunar or Martian dimensions. It works by enlarging 
the input curve by factors of 101 and 102, respectively, corresponding 
to one or two orders of magnitude above typical Earth-based scales. 
In the Pyroduct Digital Catalog, selecting the Planetary Body option 
“Custom” allows users to specify their own scaling factor, enabling 
further customization of the generated lava tube path.

• Pyroduct Select Location Tools: a folder containing item selectors 
already set for being used as inputs of the Pyroduct Digital Catalog, 
for the selection process.

• Pyroduct Point Generators (PPG): these components are to be used 
together with the Pyroduct Manual Generator, as they allow the user 
to split the lava tube path curve into segments by different means: the 
PPG1 divides the path into n segments of equal length defined by the 
user; The PPG2 component does the same but dividing the path into 
segments with a specified length. The terminal section may have a 
different length, as it corresponds to the remaining portion of the 
path; eventually, the PPG3 allows the user to input several specific 
distances at which to split the lava tube path. The PPG3 is particu
larly useful for the reconstruction of 3D pyroduct models from 
existing surveys, as survey measurements are not always taken at 
equal distances.

• Pyroduct Middle Curve: this tool is particularly useful for obtaining 
the middle axis or lava tube path from existing surveys. In particular, 
by providing as input two curves of an existing plan or section, the 
component proceeds in dividing each curve into points and making 
an average of the points’ location, creating a new list of points. 
Successively, each of the points is set as the centre of a circle tangent 
to both the input curves, and circles created by the algorithm, which 

fail to be tangent to both curves are filtered out. Eventually, the 
resulting points, which represent points that belong to the central 
axis in between the two input curves, are interpolated into a new 
curve, which control numbers (complexity input) can be set by the 
user.

• Pyroduct Sections Importer: this tool allows users to import their 
own lava tube cross-sections into Grasshopper and use them to 
generate a 3D model of the desired lava tube. It works both with 
curves already positioned on the XY plane and with curves extracted 
from LiDAR or photogrammetric point clouds that lie on different 
planes in space. The component creates a 35 × 35 m grid along the 
length defined by the number of input cross-sections and generates n 
XY target planes on which the imported sections are placed. Users 
can also choose to simplify the input curves through the complexity 
parameter, which samples each curve into n points that are then 
interpolated to produce new, simplified curves.

• Pyroduct Catalog .txt Exporter: this simple script takes as input a 
folder name, a file path, and the cross-sections that the user wishes to 
export from the Pyroduct Digital Catalog component in .txt format.

• Pyroduct min, max, mean, median: this Python component outputs 
the minimum, maximum, mean, and median values of an input list of 
integers or float numbers. It is a useful tool for quickly visualising 
statistical information related to the heights, widths, or aspect ratios 
of lava tube data obtained from the outputs of the Pyroduct Digital 
Catalog or the Pyroduct Generators.

3.2. Comparison of LiDAR and Pyroduct models

As anticipated in Section 2.3, to validate the results produced by 
Pyroduct, we used the software to reconstruct synthetic 3D models of 
Grotta di Monte Intraleo and Skull Cave, two lava tubes for which high- 
resolution LiDAR surveys are available (see Table 1). After recon
structing synthetic lava tube models by utilising as input the cross- 
sections extracted from the original LiDAR survey, we proceeded to 
extract synthetic point clouds from the reconstructed models and 
compared them with the corresponding LiDAR datasets in CloudCom
pare. Subsequently, we computed the Gaussian mean and standard de
viation from the Cloud-to-Cloud (C2C) distance analysis using the 
software’s dedicated statistical tools. The results are as follows: 

• Intraleo Cave: the LiDAR point cloud of Intraleo Cave contains 
78.410 points, subsampled to 5 cm from the original survey. From 
this dataset, we extracted 99 real cross-sections spaced 0,30 m apart. 
For the reconstruction, we used only 50 of these and generated two 
synthetic cross-sections between each consecutive pair, resulting in a 
total of 147 cross-sections, including both real and synthetic ones. 
The synthetic point cloud generated with Pyroduct includes 601.601 
points, with an inter-point spacing of 0,03 m. The resulting Cloud-to- 
Cloud distances range from 0,0 m to 0,66 m, with a Gaussian mean of 
0,081 m and a standard deviation of 0,058 m (Fig. 8). For context, 
the mean width of the cross-sections in the reconstructed portion of 
the lava tube is 4,6 m, which helps to contextualize the magnitude of 
the achieved error.

• Skull Cave: the LiDAR point cloud, subsampled to 1 cm from the 
original surveyed dataset, includes 661.990 points. From this data
set, we extracted 79 cross-sections at 1 m intervals along the lava 
tube. For the reconstruction, we used 44 of these cross-sections and 
generated two synthetic interpolations between each of them, 
resulting in a total of 132 cross-sections, both real and synthetic (see 
Pyroduct Generator in Section 3.1). The synthetic point cloud pro
duced with Pyroduct contains 751.851 points, with an inter-point 
spacing of 0,10 m. The computed Cloud-to-Cloud distances be
tween the LiDAR and the synthetic datasets range from 0,00 m to 
2,05 m, with a Gaussian mean of 0,18 m and a standard deviation of 
0,16 m (Fig. 8). For reference, the analysed portion of the lava tube 
features a mean cross-sectional width of 21,00 m.
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From these results, it is evident that Pyroduct is capable of realisti
cally reconstructing existing lava tubes from LiDAR data, producing 3D 
models that accurately represent their internal morphology. While this 
validation is possible for terrestrial lava tubes, the same cannot yet be 
demonstrated for Martian and lunar tubes, as comparable high- 
resolution survey data are not currently available. Nevertheless, 
because the tool incorporates a wide range of terrestrial morphologies in 
its dataset, it can be used in combination with dimensional estimates 
derived from gravimetric measurements (Chappaz et al., 2017; Zhu 
et al., 2024) or ground-penetrating radar data (Kaku et al., 2017) to 
generate plausible scenarios of subsurface caves that may be explored 
and surveyed in the coming decades. Additionally, Pyroduct can be 
employed to reconstruct lava tube models from 2D survey data, an 
application discussed further in Section 4.3.

4. Discussion

As described in the previous section, through the Pyroduct plug-in, 
diverse and realistic lava tubes are achievable, which can help users 
and stakeholders produce credible simulations of how observed Martian 
and lunar lava tubes might be, based on the available data and the ob
servations performed. Also, because the process is completely para
metric, it allows complete control over the geometry, so that multiple 

variants of the same lava tunnel can be produced and evaluated, with 
interesting implications from the scenario planning point of view.

4.1. Pyroduct as a scenario evaluation and planning tool

Since its introduction, the Scenario Planning model, elaborated by 
Pierre Wack for Royal Dutch/ Shell before and during the oil crisis in 
1973, has become an instrument adopted by many disciplines to support 
strategic thinking and resiliency to face uncertain times and circum
stances, including urban and territorial planning (Di Giulio et al., 2018). 
Despite recent discoveries - which confirmed the presence of under
ground caves on the moon, strongly indicating that lava tubes may exist 
under the lunar surface and may have dimensions greater than 200 m 
(Carrer et al., 2024), as previously hypothesized by different authors 
(Keszthelyi, 1995; Blair et al., 2017; Sauro et al., 2020) – and several 
interesting mission concepts by NASA and ESA for the exploration of 
lunar lava tubes (Nesnas et al., 2019; Pozzobon et al., 2023), no manned 
or unmanned missions have ever explored extraterrestrial lava tubes and 
their interior settings remain elusive. In this sense, Pyroduct can serve as 
an effective scenario-thinking and evaluation tool for future exploration 
and exploitation planning: by providing the user with a vast array of 
possible terrestrial lava tube internal settings, the software allows sci
entists, roboticists, engineers and architects to prepare for different and 

Fig. 8. Results of the Cloud-to-Cloud analysis performed between the synthetic point clouds derived from the Pyroduct-generated lava tube models and the real 
LiDAR data of Grotta di Monte Intraleo and Skull Cave. On the left, the synthetic lava tube point clouds are colourized according to the computed distance error with 
respect to the corresponding real datasets. On the right, the statistical results of the analysis are shown, as described in the paragraph above.
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plausible scenarios, from the worst to the best possible, and evaluate and 
test possible strategies, which this way can be empowered by an 
increased resiliency and adaptation readiness (Fig. 9) (see Video 1 in the 
Supplementary Materials). This approach could be particularly useful 
for the assessment of the stability of lunar and Martian lava tubes, a 
research direction currently under development, which has recently 
shifted attention from stability analyses performed on ideal cross- 
sections (Blair et al., 2017; Theniat et al., 2020; Fox and Benaroya, 
2026) to irregularly shaped cross-sections that are synthetically gener
ated rather than derived from real surveys. In this regard, despite the 
few studies currently available (Chwała et al., 2024a, 2024b), more 
recent developments have carried out finite element limit analysis 
(FELA) on real terrestrial lava tube cross-sectional data, specifically 
from Skull and Valentine Caves (Chwała et al., 2025). Studies of this 
kind, performed on Pyroduct-generated 3D models or on cross-sections 
extracted from the Pyroduct Digital Catalog, could significantly advance 
current knowledge of both terrestrial and planetary lava tube stability, 
leveraging a fully user-oriented parametric approach capable of 
enabling myriad different analyses and conditions, and strongly 
anchored to known terrestrial data.

4.2. Give a context to the lunar and Martian underground architecture

On Earth, many underground parts of cities are striking examples of 
the human use of underground space for many different purposes. Both 
ancient populations such as those of the vast underground city of 
Derinkuyu in Cappadocia and Chinese farmers of the Loess Plateau in 
Northwest China – living in underground dwellings known as yáodòng - 
and modern such as the people of Montreal and Coober Pedy have used 
the underground to shelter themselves from the extreme environmental 
conditions of the surface while using this hidden landscape for many 
aspects of their lives, such as dwelling, commerce, transportation and 
leisure time (Broere, 2016; Johnston et al., 2020; Ovenden, 2020). Other 
examples, such as the cities of Stockholm and Helsinki, have found in the 
underground a landscape with an intrinsic value: a proper environment 

with which to create visual and volumetric dialogues and bonds within 
what is anthropic and what is natural, nonetheless excavated by man 
(Johnston et al., 2020; Ovenden, 2020). As anticipated in the intro
duction, terrestrial lava tubes themselves have been widely used by 
different populations worldwide, providing interesting insights into 
human habitation and the use of the underground space (Romio and 
Lobosco, 2025). In this regard, in Section 1.1, we have previously 
anticipated that lava tubes are particularly interesting locations for the 
settlement of future lunar and Martian research stations. In fact, due to 
their underground setting, lava tunnels provide an invaluable, stable, 
and protected environment, capable of protecting future inhabitants 
from the dangers and hazards that characterize both the planetary 
bodies, such as extreme temperatures, toxic dust, and radiation (Horz, 
1985; Coombs and Hawke, 1992; Martin and Benaroya, 2023). In this 
sense, the future human uses of off-Earth lava tubes are not so different 
from how humans across different countries and cultures used these 
geological structures on Earth in ancient, past, and present history and, 
more generally, the underground space.

Despite the value of existing studies as a resource for understanding 
adaptation strategies for underground human settlement, highlighting, 
for instance, the importance of natural light and vegetation in confined 
environments (Johnston et al., 2020; Debrock et al., 2023), as well as 
approaches to subdividing internal space based on environmental fac
tors and the morphologies and dimensions of available lava tube sec
tions (Romio and Lobosco, 2025), the field of Architecture for Outer 
Space still lacks proper and credible environmental models in which to 
develop realistic lunar and Martian settlement proposals (Romio, 2022; 
Mizuguchi and Ikeda, 2023; Port San Antonio, 2023; ZA Architects, n. 
d.). In this sense, through its extensive database and possibilities of lava 
tube landscape generation, Pyroduct provides the means for the devel
opment of credible architectural and engineering proposals of lava tube 
adaptation for future human use, aiding students, architects, engineers, 
and planners in developing projects and visions of the future human use 
of the lunar and Martian underground. In these regards, the authors of 
this paper have collaborated on the development of an international 

Fig. 9. Left: image of a Martian lava tube candidate, with several cave accesses (skylights) and a close-up of one of them (NASA/JPL-Caltech/UArizona, n.d.). Right: 
four different possible scenarios of the underlying Martian lava tube produced with the Pyroduct plug-in.
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architectural competition launched by the organizer Young Architects 
Competitions (YAC) – a private company which develops international 
architectural competitions with a strong scientific background and the 
support of institutional and/or private companies - with the support of 
the ESA’s Topical Team on Planetary Caves in which an early prototype 

of Pyroduct was first used to model the hypothetical lava tube possibly 
accessible from the lunar “Lacus Mortis Pit”. The competition had more 
than 100 design proposals from around the world, which provided 
interesting and, in some cases, disruptive proposals for adaptation and 
settlement (YAC, 2023).

Fig. 10. Top left: routine to manually reconstruct the 3D model of a lava tube from 2D survey data, by utilising the Pyroduct Manual Generator. Below: detail of the 
routine to reconstruct a single segment of the lava tube. Each segment is defined by a starting cross-section and a following one (e.g., C1 and C2), which are taken 
from the Grotta del Gelo survey data and are available in the “Pyroduct Digital Catalog” component of the Pyroduct plug-in. The curves are then displaced and 
interpolated along the defined pyroduct path and scaled to match the lava tube survey data (see image above right). Top right: all the resulting scaled curves defining 
each reconstructed lava tube segment are merged into a single list and lofted to create the final lava tube 3D model, here shown in comparison with the original 
reference survey plan of Grotta del Gelo. Bottom: visualisation of the interior of the reconstructed lava tube 3D model.
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4.3. Terrestrial applications

During the research process for the creation of the Pyroduct Digital 
Catalog, discussed earlier in Section 2.2, we discovered a very large 
number of existing lava tube 2D surveys from different volcanic areas 
around the world. It is interesting to notice that the first survey of the 
Surtshellir lava tube, by Eggert Ólafsson and Bjarni Pálsson, was done in 
1772, just a century after the practice of cave surveying began to spread. 
Until the 20th century, the tools and methodologies used by the sur
veyors didn’t change much (Wookey, 2004). Generally, the equipment 
used included a notebook, a compass, a clinometer, or sometimes a 
theodolite, and a tape meter, which, starting in 1990, started to be 
replaced by laser distance meters (Judson, 1974; Wookey, 2004). For 
these reasons, until the first uses of LiDAR technologies in caves in the 
late 90s and especially the 2000s, most of this wealth is composed of 2D 
plans and sections, and, as shown in the Introduction, only a few LiDAR 
lava tube surveys exist and are available (see Table 1). Since access to 
this data is limited, this poses a significant limitation for researchers who 
are not equipped with the expertise or the equipment to perform LiDAR 
surveys of lava tubes to pursue analyses and research. In such cases, 
Pyroduct can be used as an alternative way to obtain lava tube 3D 
models: if 2D surveys of such lava tubes are available, either in literature 
or inside the Pyroduct Digital Catalog (PDC), researchers can easily 
reconstruct a 3D model of the cave of interest by utilising the software, 
giving them the possibility to perform different kinds of analyses and 
simulations, which would not be possible to perform on 2D data alone 
(Fig. 10). An example of this application could concern the reconstruc
tion of 3D models of lava tubes for the calculation of their internal 
volume, which provides scientists with valuable information about 
physical properties such as thermal conductivity and heat capacity 
(Yang et al., 2024). Furthermore, if integrated with additional data, such 
as the rheological properties of the lava, the internal geometry of lava 

tubes can also offer insights into the effusion rate of the eruption that 
formed them (Keszthelyi, 1995; Sauro, 2024), providing important in
sights into the lava discharge capacity of tubes in specific regions for 
volcanic hazard assessments. In addition to these uses, Pyroduct can also 
aid scientists in the modelling of inferred lava tube segments that are not 
possible to explore and survey due to their dangerousness. An example is 
the study of newly formed lava tunnels in places such as Iceland 
(Fagradalsfjall eruptions). While some sections of such caves might be 
possible to explore and survey, others might be too hot and dangerous. 
However, with the use of Pyroduct, scientists could reconstruct the 
segments they are missing in the overall survey, hypothesising the 
possible shapes of that inaccessible area and performing analyses 
(Sauro, 2024; Sauro et al., 2024). Similarly, national parks and public 
institutions could benefit from using Pyroduct to create digital envi
ronments of existing lava tubes without the need for costly LiDAR sur
veys. When 2D survey data is available or can be acquired, Pyroduct 
enables the reconstruction of 3D cave models that can serve as effective 
tools for making these underground landscapes more accessible to the 
public through VR or AR experiences. This is especially valuable in cases 
where caves are either too fragile or too hazardous to be physically 
explored. A compelling case study is the Museo Casa de los Volcanes in 
Lanzarote, Canary Islands, where visitors can engage with immersive 
and interactive experiences of digital lava tube environments. These 
installations allow access even for those who may be unable or unwilling 
to explore touristic sites such as La Cueva de Los Verdes (CACT Lan
zarote, 2025). Furthermore, researchers have demonstrated the value of 
digital forest environments in supporting forest managers with decision- 
making and stakeholder communication (Holm and Schweier, 2024). 
Similarly, when coupled with real-time visualisation platforms such as 
Epic Games’ Twinmotion, Pyroduct could support the creation of digital 
environments that not only enhance public accessibility but also serve as 
powerful tools for conservation, planning, and education (Fig. 11). In 

Fig. 11. Rendered view of the 3D model of the lava tube Grotta del Gelo. The visualisation was set with Epic Games’ free real-time visualisation tool “Twinmotion 
2025 1.1”. By utilising the software, it is possible to turn the Pyroduct’s output 3D models into Virtual Reality environments, to provide immersive experiences. This 
approach can help institutions, such as national parks, in the effort of making such landscapes available to the public, while achieving their protection, especially for 
the ones that are particularly delicate or dangerous.
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this sense, a widespread adoption of the Pyroduct Generator and the 
Pyroduct Digital Catalog among researchers, conservators and educators 
would offer the opportunity to foster a collaborative, open-access 
reference platform that could eventually become the most complete 
and up-to-date global repository of lava tube morphologies, while 
acknowledging the pioneering efforts of previous initiatives, such as Dr. 
Ronald Greeley’s “Lava Tube Database”, hosted at the Ronald Greeley 
Center for Planetary Studies at Arizona State University. Building upon 
this vision, we are currently developing a platform that will allow 
interested parties worldwide to request the upload of new entries by 
following a required format, namely, providing the essential informa
tion for each reference (see Table 2) and submitting the corresponding 
speleological or LiDAR survey for digitisation or inclusion in future 
updates of the Pyroduct Digital Catalog. Furthermore, we recognise the 
need for a shared, open repository for uploading and distributing lava 
tube LiDAR and speleological surveys globally, to which we aim to 
contribute through the present work, as this knowledge is currently 
scattered across repositories and libraries shelves or remains unpub
lished on proprietary hard drives.

5. Conclusions

In this paper, we have presented Pyroduct, an innovative and first-of- 
its-kind parametric generator for realistic 3D models of lava tubes. The 
software is released on Zenodo as an easily installable plug-in for 
Grasshopper, the visual programming language within the well-known 
3D modelling software Rhinoceros 3D. It includes what is likely the 
largest existing digital database of lava tube cross-sections: the Pyroduct 
Digital Catalog (PDC). With future lunar and Martian exploration and 
settlement missions in mind, where lava tubes remain unexplored by 
humans or robots, we have demonstrated the potential of Pyroduct to 
support scientists, engineers, architects, and planners in scenario 
development and strategic planning, enhancing robustness and resil
ience in design processes. The article has also highlighted how current 
representations of extraterrestrial lava tubes are often highly schematic 
and disconnected from terrestrial analogues, revealing a lack of tools 
capable of generating credible and geologically grounded digital envi
ronments. Moreover, we have shown how Pyroduct can be applied on 
Earth, aiding in the 3D reconstruction of lava tubes from 2D survey data, 
especially in cases where access to certain cave segments is limited or 
unsafe. The 3D models produced can be integrated with real-time 
rendering software to enable immersive experiences for tourism and 
education, and can also support conservation efforts and planning pro
cesses. In this context, Pyroduct offers a valuable platform for stake
holders, decision-makers, and park authorities to communicate 
strategies more effectively. Ultimately, this work aims to contribute to 
the advancement of the understanding, study, and design of under
ground landscapes on Earth, the Moon, and Mars by introducing a 
fundamental tool for the international scientific and design community. 
While this is only the second version of Pyroduct, we foresee many 
future developments, including expanded functionality and a growing 
dataset within the PDC.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.icarus.2025.116904.
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