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Abstract

Astrobiology is the study of life in the universe. The search for life beyond the Earth
requires an understanding of the signatures of life, and of the nature of the environments
that support it. Space exploration is a crucial factor to achieve these goals. The PhD
thesis focusses on developing novel techniques for astrobiological and Earth exploration.
It includes instrument prototyping, validation and calibration of a flight-ready space in-
strument.

This thesis explains the development of four instruments namely 1) KORE – a
robotic exploration rover designed for subsurface analogue planetary explorations; 2)
InXSpace3D – a 3D mapping payload for biogeomorphological analysis based on a com-
mercial RGB-D camera and an open-source algorithm; 3) S3ME2 – a self-sustainable
environmental monitoring station capable of withstanding harsh environments on Earth;
and 4) PACKMAN – a space weather monitoring instrument. The instruments are
devoted to: 1) the spatial exploration and characterization (KORE and InXSpace3D)
of a potentially habitable environment and 2) the monitorization of the rapidly vary-
ing environmental variables that may affect life (S3ME2 and PACKMAN), its evolution
and preservation. The instruments are developed according to the Technology Readiness
Level (TRL) Ladder and a cost and time effective methodology which maximizes the use
of Commercial Off-The-Shelf (COTS) components and Open source software.

The thesis also discusses the bioburden sterilization and control procedure of some of
the sensors on the flight-ready space Instrument HABIT (HabitAbility: Brines, Irradi-
ation and Temperature), that will be part of the ExoMars 2022 mission. Again, a COTS
and an open source software-based approach has been used in these higher TRL level
procedures. This demonstrates the fact that such an engineering approach can benefit
the scientific community by developing instruments with a minimal investment of time
and resources without compromising the scientific quality of the instrument. The thesis
concludes with the adaptation of the research methodology to adapt space technologies
that are applicable in space for human support systems to address an emerging problem
on Earth: ATMO-Vent, a low-cost COTS-based ventilator that produces an adapted
breathable atmosphere for COVID-19 patients.

During the PhD thesis, the author has published five peer-reviewed journal papers,
two peer-reviewed conference abstracts and two co-authored peer-reviewed journal pa-
pers. The first authored papers and conference abstracts have been appended to the
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Chapter 1

Introduction

Space exploration has witnessed a rapid growth with the evolution of the industrial
era pushing the frontiers to new horizons. At the time of writing this thesis, humankind’s
frontiers of robotic exploration have reached beyond the heliopause of the solar system
with the Voyager 1 spacecraft speeding through the interstellar space. Remote sensing
technologies have surpassed the limits of exploration from million miles to million light
years with the discovery of exoplanets orbiting distant stars, some of which could be
habitable.

1.1 History of In-situ Planetary Exploration
With Sputnik 1 of the Soviet Union demonstrating the capability to launch payloads
into Earth’s orbit, scientific exploration beyond the Earth’s atmosphere began with the
Explorer satellite launched by NASA on January 31, 1958. The Explorer satellite car-
ried a Geiger counter for characterizing the radiation environment and the discovery of
the Van Allen radiation belts became the first scientific observation using instruments
operating in space. The following year, Luna 2 became the first spacecraft to reach the
Moon with radiation detectors and fluxgate magnetometers, beginning the era of scien-
tific exploration beyond the Earth’s exosphere.

The Explorer and Luna missions, shown in Figure 1.1 laid the foundation for space
instrumentation for exploration which further culminated into in-situ planetary explo-
ration in the 1960s with the Venera missions to Venus by the Soviet Union. In-situ
measurements made by using probes and landers are crucial for investigating physical
processes at the microscale. The repeated in-situ probing of the Venusian atmosphere by
the Venera probes have made a detailed study on the atmospheric temperature, pressure,
chemical composition, optical, thermal characteristics and dynamics. Mars 3 from the
Soviet Union was the first successful mission to soft land on the Martian surface. The
Viking missions launched by NASA in 1975 were the first successful lander missions to
Mars. The Viking missions analysed the atmosphere and regolith chemistry with focus on

3



4 Introduction

Figure 1.1: (left) Explorer-1 and (right) Luna-2 satellite forerunners of the first scientific space
exploration. Credits: /NASA/National Space Science Data Center

detecting evidence that life exists or may have existed on the surface of Mars [1]. Rover
operations for planetary explorations began on July 4, 1997 with the Mars Pathfinder
mission from NASA deploying the Sojourner rover on the Martian surface. The 11.5kg
rover operated for 83 sols (85 Earth days) making observations of the origins of the rocks
and other deposits at the landing site of Ares. The rover also carried a proton x-ray
spectrometer to characterise the rocks and soils by chemical analyses [2].

The Mars Pathfinder mission from NASA was followed by the twin NASA Mars Ex-
ploration Rovers (MER), Spirit and Opportunity, which were launched on June 10, 2003
and July 7, 2003 respectively. The Mars Exploration Rover mission’s scientific objective
were to search and characterize a variety of rocks and soils that could hold clues to past
water activity, characterize minerals, determine the distribution and composition of min-
erals, rocks, and soils surrounding the landing sites, determine what geologic processes
have shaped the local terrain and influenced the chemistry, and perform calibration and
validation of surface observations made by Mars orbiter instruments and search for geo-
logical clues to the environmental conditions that existed when liquid water was present
[3]. The rovers were designed for a 90 day mission, but both surpassed their designed
mission time with the Opportunity working nearly 15 years on Mars, earning the record of
the most travelled robotic vehicle outside Earth. With the twin rovers having both found
dramatic evidence for a wetter past on Mars and conditions that could have sustained
possible microbial life, the Phoenix lander was sent to assess the local habitability and
to research the history of water on Mars. The robotic lander began operation in Mars on
May 25, 2008 and operated until November 2, 2008. Phoenix carried improved versions
of the University of Arizona panoramic cameras and volatiles-analysis instrument from
the ill-fated NASA Mars Polar Lander, as well as experiments that had been built for
the cancelled NASA Mars Surveyor 2001 Lander, including a JPL trench-digging robotic
arm, a set of wet chemistry laboratories, and optical and atomic force microscopes. The
science payload also included a descent imager, a LIDAR and a suite of meteorological in-
struments [4]. The Mars Science Laboratory (MSL) mission from NASA was launched in
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November 26, 2011 with the largest and most capable rover ever sent to Mars, the Curios-
ity rover. The MSL has been one of the crucial missions sent to Mars which has enriched
our understanding of the red planet. Curiosity has been assessing the Martian radiation
environment, helping scientists better understand the hazards that the radiation may
pose both to potential indigenous microbes and future human space exploration to the
red planet. The rover has also found ancient stream beds that once sustained flowing
water, has drilled and analysed core samples in rocks and investigated the phenomena of
liquid water transience [5]. The latest successful in-situ exploration mission to Mars has
been the Interior Exploration using Seismic Investigations, Geodesy and Heat Transport
(InSight) mission from NASA. The InSight mission is a robotic lander designed to study
the deep interior of Mars and understand the processes that shape the rocky planets of
the inner solar system [6].

The Near Earth Asteroid Rendezvous – Shoemaker (NEAR Shoemaker) mission from
NASA became the first mission to land on an asteroid on February 12, 2001 though it was
not designed as a landing system. The spacecraft equipped with an X-ray/gamma-ray
spectrometer, a near-infrared imaging spectrograph, a multi-spectral camera fitted with
a Charge-Coupled Device (CCD) imaging detector, a laser rangefinder, and a magne-
tometer landed on the asteroid 433 Eros. A radio science experiment was also performed
using the NEAR tracking system to estimate the gravity field of the asteroid [7]. The
Hayabusa probe from JAXA became the second mission to land on the small near-Earth
asteroid named 25143 Itokawa on September 12, 2005. The mission was also the first
of its kind to return an asteroid sample to Earth for analysis. The samples reached
Earth on June 13, 2010 and were found to contain abundant olivine [8]. The Rosetta
probe, launched on March 2, 2004 by ESA put the first robotic lander Philae on the
comet Churyumov–Gerasimenko on November 12, 2014. The Cometary Sampling and
Composition (COSAC) experiment aboard the Philae lander sniffed sixteen organic com-
pounds including many nitrogen-bearing species but no sulfur-bearing species, and four
compounds—methyl isocyanate, acetone, propionaldehyde, and acetamide—that had not
previously been reported in comets [9]. The recent sample return missions include the
Hayabusa 2 mission of JAXA and the OSIRIS-REx mission of NASA. The Hayabusa
2 mission to the near-Earth asteroid (162173) Ryugu (1999 JU3) carried four remote-
sensing instruments: a telescopic optical camera (ONC-T), a laser altimeter (LIDAR),
a near-infrared spectrometer (NIRS3), and a thermal infrared imager (TIR). It also had
three small rovers of MINERVA-II and a small lander MASCOT (Mobile Asteroid Surface
Scout). MASCOT was equipped with a wide angle imager (MasCam), a 6-band thermal
radiator (MARA), a 3-axis magnetometer (MasMag), and a hyperspectral infrared mi-
croscope (MicrOmega). Further, Hayabusa 2 had a sampling device (SMP), and impact
experiment devices which consist of a small carry-on impactor (SCI) and a deployable
camera (DCAM3) [10]. The samples collected from the surface layer are returned to Earth
for further analysis. The Origins, Spectral Interpretation, Resource Identification, and
Security–Regolith Explorer (OSIRIS-REx) is another asteroid sample return mission to
study near-Earth asteroid (101955) Bennu. The spacecraft carries a suite of instruments
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including an imaging camera suite, a visible and near-infrared spectrometer, a thermal-
emission spectrometer, an imaging LIDAR system, and an X-ray-emission spectrometer
[11].With several more missions planned, in-situ planetary exploration has a long way to
travel unearthing discoveries of the planetary systems and enriching our understanding of
the solar system. Emerging technologies and advancements in manufacturing processes
have miniaturised components reducing the size of the payload, creating opportunities
to accommodate more scientific payloads for planetary exploration.

1.2 Planetary Exploration - Astrobiology
Planetary exploration is a cross-discipline field including aspects of astronomy, atmo-
spheric science, geology, space physics, biology and chemistry. Planetary scientists use
observations from remote sensing and in-situ instruments to study a planetary system.
Remote sensing observations cover a wider spatial area at the cost of lower resolution
while in-situ observations are point observations with high accuracy. Every planetary
system is unique and the instruments are specifically designed to cater to the exploratory
requirements and the environment of a mission.

The search for extra-terrestrial life or any relevant prebiotic elements has always been
a daunting goal for humankind and is one of the key research areas in planetary explo-
ration. An umbrella covering wider disciplines of astronomy, geology, biology, chemistry
and sociology - Astrobiology seeks to study possible extant life outside Earth, its ori-
gin, evolution and nature. The existence of such life if found outside Earth could also
address the evolution of humanity in the cosmos that has been intriguing philosophers
since ancient times. The Viking missions from NASA made the first attempt to answer
the question by being the first astrobiological mission outside Earth to search for signs of
microbial life on the surface of Mars. The Viking landers performed three astrobiological
experiments relating to culturing potentially existing microbes if any and detect the signs
of their metabolic activity using samples from the top few centimeters of the Martian soil.
The three biology experiments discovered unexpected and enigmatic chemical activity in
the Martian soil, but provided no clear evidence for the presence of living microorganisms
in the soil near the landing sites [12]. The apparent reason for the absence of microbial
life on the surface of Mars was attributed to the high radiation levels on the surface and
the chemistry of the Martian soil being oxidizing in nature. The conditions that allow
the transient stability of liquid water transience on Mars [13], liquid water trapped under
Martian poles [14] and bio-signature detections such as trace gas emissions on Mars [15] ,
the discovery of organics in the plumes from the tiger stripes of Enceladus by the Cassini
spacecraft [16] and the controversial discovery of possible remains of bacterial life in a
Martian meteorite [17] have renewed the interest on the search for extra-terrestrial life
in our solar system. Planetary exploration missions with focus on in-situ astrobiological
experiments and sample return mission from Mars are the focus of the 21st century. The
ExoMars mission from ESA is one such example of a large mission to Mars with several
spacecrafts, an orbiter, a lander and a rover. [18]. The specific goals of the mission are:
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• Search for signs of past and present life on Mars;

• Investigate how the water and geochemical environment varies;

• Investigate Martian atmospheric trace gases and their sources.

The first mission launched in 2018 had two modules – A trace gas orbiter (TGO)
that carried scientific instruments to detect evidence of methane and other trace atmo-
spheric gases that could be signatures of active biological or geological processes and a
Entry, descent and landing Demonstrator Module, known as Schiaparelli. The latter
was designed to provide Europe with the technology for landing on the surface of Mars
with a controlled landing orientation and touchdown velocity. The second mission to be
launched in 2022 would deliver a European rover, Rosalind Franklin, and a Russian sur-
face platform, Kazachok, to the surface of Mars. The landing site chosen for the mission
is Oxia Planum, a site with a rich geological record of the planet’s wetter past, with ap-
proximately 4 billion-year-old sedimentary clay deposits. The rover would establish the
physical and chemical properties of Martian samples, mainly from the subsurface using
its suite of advanced instruments. The rover is equipped with a drill to collect samples
from a depth of 1.2 to 2 m from the subsurface which have been isolated from the Martian
surface. The need to drill to such depths enables collection of samples shielded from the
high surface radiation and the highly oxidizing hydrogen peroxide and perchlorates that
tends to degrade any organic molecule present on the surface. These samples would then
be analysed by instruments on the rover which includes a Raman spectrometer, a laser-
plasma spectrometer and an infrared spectrometer, constituting the Pasteur payload.
Sensors and instruments on the surface platform would be used to study the subsurface
water distribution at the landing site, investigate the exchange of volatiles between the
atmosphere and the surface, monitor the radiation environment and investigate the hab-
itability of this site.

The Mars 2020 mission from NASA is another astrobiological mission launched on
July 30, 2020 with a rover, intended to investigate an astrobiologically relevant ancient
environment on Mars and decipher its geological processes and history, including the
assessment of its past habitability and potential for preservation of biosignatures within
accessible geologic materials [19]. The Perseverance rover has four scientific goals:

• Looking for Habitability: Identify past environments capable of supporting micro-
bial life

• Seeking Biosignatures: Seek signs of possible past microbial life in those habitable
environments, particularly in special rocks known to preserve signs of life over time

• Caching Samples: Collect core rock and soil samples and store them on the Martian
surface

• Preparing for Humans: Test oxygen production from the Martian atmosphere.
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The sample caching would be performed to investigate the technological demonstra-
tion of future sample return missions from Mars, which would provide accessibility to a
more detailed analysis of the samples on Earth. The mission would also test the oxygen
production capability from the Martian atmosphere as a demonstration of an In-Situ
Resource Utilisation (ISRU) technique for the future human exploration to Mars. Fig-
ure 1.2 shows the space missions launched and to be launched to Mars with focus on
astrobiology.

Figure 1.2: (a) Viking Lander (b) Curiosity Rover (c) Perseverence Rover (d) ExoMars Rover.
Credits: /NASA/JPL/ESA

Astrobiology is still in its infancy and more scientific missions would be needed to
obtain a global context on extant life and habitability on different planets. The thesis
focuses on development of instruments and platforms characterizing the potentially hab-
itable extra-terrestrial environments where life may thrive or be preserved. Identifying,
exploring, and characterizing environments for habitability and biosignatures is one of the
six major topics in NASA road map of Astrobiology research [20]. Astrobiologists focus
on the goal of determining whether a particular environment was or is presently habitable
and whether it was or is able to generate and support life. Habitability indicators, includ-
ing biosignatures, need to be interpreted within a planetary and environmental context
and the goal is to understand how habitable worlds and environments form and evolve.
The development of new tools for determining the relative habitability of either present
or ancient environments within the solar system will facilitate future planetary missions
[21]. During the thesis, four such tools have been developed for characterizing the possi-
ble potential habitats. A subsurface operable rover - KORE and 3D mapping payload -
InXSpace3D aboard the rover aims to explore and characterize a natural geological envi-
ronment as a place to host or preserve life. S3ME2 and PACKMAN, two environmental
analysing tools focus on monitoring the environmental variables that change rapidly over
time but are critical to determine if the environment allows for the preservation, survival
and reproduction of life. The information obtained from these tools is not only of inter-
est for astrobiology, but it also contributes to the understanding of various processes in
planetary sciences.
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1.3 Scientific objectives for Space Instrument
Development

In the development of an instrument for planetary explorations, a scientific plan is first
formulated to address the key research questions. The scientific plan is then broken
down into basic principles. From the basic principles, the development of an instrument
goes through a Technology Readiness Level (TRL) ladder. Technology Readiness Levels
are a scale used to estimate the maturity of evolving technologies (components, devices,
materials, instruments, software, processes, projects, etc.) during their development and
through their operations. TRL metrics was developed by NASA to ensure that the tech-
nology of interest was reliable enough to be integrated into space systems. It is now being
used in industry, military and government research. The TRL scale is not calibrated and
it can vary for different technologies. The step sizes in the TRL scale may not be nec-
essarily linear. The TRL scale is also used to determine the costing by assigning step
costs during the development process. The TRL ladder with various stages is illustrated
in Figure 1.3.

Figure 1.3: TRL Ladder characterised with stages during the development of a project.
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Once the TRL concept became widely accepted in multiple fields, the ISO 16290:2013
was drafted for Technology Readiness Levels for Space hardware development. The stan-
dard has been widely used in Space hardware development since then with the European
Commission adopting it in its ECSS (European Commission for Space Standardisation)
ECSS-E-AS-11 guidelines for space project management. During the ”Research and De-
velopment” phase of an instrument that runs all the way from TRL 1 to TRL 6, specialists
developing the technologies use TRL assessment to present their development plans and
to communicate with non-specialists or project managers, the costs or risks involved in
taking particular technology choices with different TRLs. The stage-wise explanation of
the TRL scale for Space hardware development is detailed as follows in the Table 1.1
below. The table has been reproduced from ECSS-E-AS-11, adapted from ISO 16290
[22].

Table 1.1: TRL Ladder of Space Instrumentation. (Adapted from ISO 16290)

TRL Milestone achieved Verification status
TRL 1: Basic principles
observed and reported

Potential applications are
identified following basic
observations but element
concept not yet
formulated.

Technology Readiness
Assessment (TRA) is not
performed on this level.

TRL 2: Technology
concept and/or
application formulated

Formulation of potential
applications and
preliminary element
concept. No proof of
concept yet.

TRA is not performed on
this level.

TRL 3: Analytical and
experimental critical
function and/or
characteristic proof
of-concept

Element concept is
elaborated and expected
performance is
demonstrated through
analytical models
supported by experimental
data and characteristics.

Analytical model, study,
simulation, laboratory
experiment.

Continued on next page
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Table 1.1 – continued from previous page
TRL Milestone achieved Verification status

TRL 4: Component
and/or breadboard
functional verification in
laboratory environment

Element functional
performance is
demonstrated by
breadboard testing in
laboratory environment.

A laboratory breadboard
model of the element is
integrated to establish
that the “pieces” work
together to demonstrate
the basic functional
performance of the
element.

TRL 5: Component
and/or breadboard critical
function verification in a
relevant environment

Critical functions of the
element are identified and
the associated relevant
environment is defined.
Breadboards not full-scale
are built for verifying the
performance through
testing in the relevant
environment, subject to
scaling effects.

Breadboards not full-scale
are built for verifying the
performance through
testing in the relevant
environment, subject to
scaling effects.

Continued on next page
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Table 1.1 – continued from previous page
TRL Milestone achieved Verification status

TRL 6: Model
demonstrating the critical
functions of the element in
a relevant environment

Critical functions of the
element are verified,
performance is
demonstrated in the
relevant environment and
representative model(s) in
form, fit and function.

The critical functions of
the element are verified in
the relevant environment
(relevant for critical
functions). For that
purpose, a representative
model(s) in terms of form,
fit and function is used for
demonstrating the critical
functions and
unambiguously
demonstrating the element
performance. For this
verification include one or
more of the following for
critical functions: −
Engineering Model (EM),
− Structural Model (SM),
− Structural Thermal
Model (STM), − Thermal
Model (ThM), −
Development Model (DM).
This list is not exhaustive,
and depends on model
philosophy and critical
functions, the objective
being to achieve the design
of the element.

Continued on next page
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Table 1.1 – continued from previous page
TRL Milestone achieved Verification status

TRL 7: Model
demonstrating the element
performance for the
operational environment

Performance is
demonstrated for the
operational environment,
on the ground or if
necessary in space. A
representative model, fully
reflecting all aspects of the
Flight Model (FM) design,
is build and tested with
adequate margins for
demonstrating the
performance in the
operational environment.

The validation of the
element performance is
established through
testing to demonstrate
performance in the
operational environment
and validation of
qualification margins. The
element is successfully
tested following
qualification test
requirements as described
in ECSS-EST-10-03.
Those tests are conducted
on a Qualification Model
(QM) (or, depending on
the models philosophy, on
Engineering Qualification
Model (EQM) or
Proto-Flight Model
(PFM), see
ECSS-E-HB-10-02 clause
5.2.5.2).

TRL 8: Actual system
completed and accepted
for flight (“Flight
Qualified”)

Flight Model (FM) is
qualified and integrated in
the final system ready for
flight.

The qualified element (FM
or PFM) is integrated into
the final system which
were accepted for flight
(successful acceptance
review).

TRL 9: Actual system
“flight proven” through
successful mission
operations

Technology is mature. The
element is successfully in
service for the assigned
mission in the actual
operational environment.

The element is successfully
in service for the assigned
mission in the intended
operational environment.
A system, integrating the
element, has passed
through a successful
Commissioning Readiness
Review (CRR).
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The stages TRL1 to TRL6 are associated with the research and development part of
the project. During the stages between TRL3 to TRL6, the instrument is in prototyping
stage where the scientific objectives of the instrument are validated. Once the scientific
objectives of an instrument are validated, the instrument then enters the operation and
production phase as shown in Figure 1.4 below.

Figure 1.4: Flowchart of Technology Development to Operation/Production phase.

The ”Research and Development” phase of the project marks the translation of sci-
entific objectives into an Engineering Model (EM). This crucial phase involves a close
collaboration between scientists and Engineers in developing the instrument. This phase
lays down the operating principles of the instrument and technology development. TRL7
and higher involves conversion of the EM developed into a flight-ready instrument or
Flight Model (FM). Figure 1.5 shows the TRL levels of the instruments developed and
tested during the course of this PhD thesis.

1.4 Research Question
The thesis focuses on the research and development phase (TRL1 to TRL6) of instru-
ments devoted to planetary exploration, characterizing the environments with a focus on
astrobiology, focusing on the following research questions.

• Time and cost effective solution to expedite the prototyping phase of a space in-
strument without compromising the scientific quality of the instrument.

• Time and cost effective solution to validate and calibrate a flight-ready space in-
strument

• Transfer of knowledge of solutions developed for space instrumentation to address
social issues.

1.5 Research Methodology
The methodology used in the research involves maximizing the use of Commercial Off-
The-Shelf (COTS) hardware and Open-Source Software (OSS) in the prototyping and
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Figure 1.5: TRL levels of the instruments developed and worked during the course of the PhD.

validation phase of a space instrument. The prototypes have been used for Earth envi-
ronmental measurements as a benchmark for future planetary (and astrobiology) designs
and they are the seeds for future instruments that will be proposed for planetary ex-
ploration. The potential benefits of using COTS components includes a cost-effective,
reduced development time for systems and the availability and maturity of many com-
mercial tools and operating systems. However, COTS components have always been
viewed with scepticism owing to their volatile nature. COTS hardware is subject to
frequent modifications with trends in the commercial market and results in issues with
compatibility and reproducibility. But these limitations should not bar COTS from be-
ing used in technology development and demonstration. Utilizing COTS components
and such open-source technologies during the prototyping phase of space instruments
not only reduces the cost of technology development, but also reduces the development
time. This methodology would allow small research groups and organisations working
on various disciplines to contribute to the development of new technologies.

Moreover, this methodology serves as the best tool to transfer of knowledge, enabling
synergistic applications to unforeseen aspects of modern life. This approach also enables
the participation of people to develop a citizen science approach owing to the commercial
and open-source availability of COTS hardware to develop solutions.
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1.6 Outline
This thesis is divided into two parts with the first part providing a brief summary of
the thesis and the second part summarizing the research contributions. The first part
comprises of six chapters. Chapter 2 discusses the technology development of a space
instrument for astrobiological exploration using COTS components and open-source soft-
ware. Chapter 3 discusses the validation and calibration of the HABIT flight-ready space
instrument using a COTS based approach. Chapter 4 explains how a technology devel-
oped for space can be rapidly adapted to address social problems and transfer knowledge.
Chapter 5 summarises the contribution of the author to the appended papers enclosed
with the thesis. The final chapter, Chapter 6 concludes with the proposal of the future
work.



Chapter 2

Instrument prototyping for
astrobiological exploration

This thesis emphasizes on instrumentation for astrobiological exploration with focus
on Mars. The surface of Mars is a hostile environment for life, due to the high level of
ionising radiation, the oxidizing chemistry of the martian regolith and the dry and freez-
ing environment. Although the surface of Mars seems inhospitable to life, there exists
plausible scenarios for life to exist in the subsurface of Mars. The recent discoveries on
Mars of liquid water trapped under the south pole of Mars [14], the exposed ice-sheets
in the mid latitudes on Mars [23], the seasonal variation of the atmospheric composition
along Gale crater including the unexpected variability of gaseous biomarkers such as
methane and oxygen [24] have reopened the debate about the plausible existence of life
in the subsurface. Subsurface environments of astrobiological and geological importance
such as caves, lava tubes, impact or volcanic craters and subglacial conduits have been
detected on Mars through observations from the High Resolution Imaging Experiment
(HiRISE) onboard the Mars Reconnaissance Orbiter (MRO) [25]. The subsurface en-
vironments represent environments that are pristine and shielded from the often more
extreme conditions prevailing on the surface. The subsurface environments could hold
a diversity of trapped materials and minerals and they are the ideal habitable environ-
ments to test the hypothesis of the presence of microbial life such as extremophiles [26]
which might persist in the relatively shielded environment below from energetic particles,
ultraviolet (UV) insolation, extreme temperature cycles and the surface oxidizing envi-
ronment. These subsurface targets can also provide information on the volcanic, tectonic
and hydrological history of the extra-terrestrial bodies.

2.1 Robotic subsurface exploration - KORE
The current rover technologies are limited to the observations on the surface. In response
to this need, the KORE rover was developed and tested in an Earth analogue subsurface

17
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environment.and subsurface robotic exploration techniques need to be explored. KOm-
pact Rover for Exploration (KORE) is a low-cost, re-usable, rover multi-purpose platform
has been developed as a technological demonstrator for extra-terrestrial subsurface ex-
ploration. KORE, shown in Figure 2.1 is a large, semi-autonomous rover weighing 160
kg with L × W × H dimensions 1.2 m × 0.8 m × 1 m, with a payload carrying capacity
of 100 kg using 800 W traction power that can power to a maximum speed of 8.4 km/hr.
The main scientific payloads on KORE are: (1) a three-dimensional mapping system –
InXSpace3D, (2) a methane detection system, (3) an environmental station capable of
monitoring temperature, relative humidity, pressure and gases such as NO2, SO2, H2S,
formaldehyde, CO, CO2, O3, O2, Volatile Organic Compounds (VOC) and particulates
and (4) a robotic arm for sample manipulation. The design of the rover allows for integra-
tion of more sensors as per the scientific requirements of exploration. KORE is built with
a robust design maximizing the use of COTS components and minimum custom-made
parts to facilitate the research community to build such robotic platforms at a conserva-
tive budget without compromising the quality. The design ensures quick construction of
the rover and improves portability of the rover to different field sites. The components
used in the development of KORE are easily accessible and improves the serviceability of
the rover in case of any failure. KORE operates on skid-steer mechanism with commer-
cial wheelchair motor providing locomotion and rocker-bogie mechanism for suspension.
The design and construction of the rover is detailed in Paper-1 attached.

Figure 2.1: KORE Rover operating in the Boulby Underground Laboratory, UK. (Image pub-
lished in Paper-1)
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The TRL6 demonstration of the rover was validated during the analogue campaigns
at the Boulby Mine, UK. The mine is an analogue site for testing instruments for plane-
tary exploration which takes place under the framework of the MINAR (Mine Analogue
Research) campaigns. The MINAR campaign started as a workshop [27] which later
culminated into an almost yearly analogue planetary exploration campaign. MINAR is
a collaborative effort, organized and run by the UK Centre for Astrobiology, the Boulby
Underground Facility and Israel Chemicals Limited (ICL). The Boulby Mine is an active
potash mine run by the ICL in northern Yorkshire, UK, which is located at 1.1 km depth
and is one of the deepest mines in Europe. The mine exploits a Zechstein evaporite
deposit, which is the remnants of a 250-million-year-old epeiric sea that existed during
the Permian period stretching from the shoreline of the modern UK to Eastern Europe.
The evaporite minerals are rich in chloride and sulphate salts, including halite, sylvi-
nite, sylvite and polyhalite. The potash and polyhalite mine has a complex network of
roadways extending over 40 km, with some critical locations serving as an ideal location
for analogue subsurface planetary exploration. A review of the experiments and tech-
nological demonstration peformed at the Boulby mine during the MINAR campaigns is
detailed in [28].

2.2 Biogeomorphological approach to astrobiology –
InXSpace3D

Visual analysis is the basis of geological exploration and having three-dimensional (3D)
information of features rather than just 2D photographic images can provide us detailed
knowledge of the subsurface geology. The discovery of geological features such as lava
tubes and caves on Mars, has renewed the interest to explore these enclosed geological
structures in-situ with 3D mapping technologies. The geomorphological features detected
in such subsurface environments could be formed by a complex, two-way relationships
between biological, ecological and geomorphological systems over a wide range of spatial
and temporal scales [29].

The rovers designed for martian exploration have stereo cameras mounted on a mast
for capturing three-dimensional stereo images by combining two side-by-side images taken
from slightly different positions. These include the PANcam with a 0.8 mm pixel−1

Spatial Resolution at 3 m distance [30] on the Mars Exploration Rovers - Spirit and
Opportunity, Mastcam on Curiosity Rover with a 450 micron pixel−1 Spatial resolution
at 2 m distance for the left Eye (Mastcam-34) and 150 micron pixel−1 spatial resolu-
tion at 2 m distance for the right eye (Mastcam-100). The ExoMars rover will carry a
Panoramic Camera that will provide multi-spectral stereo images with 65° field-of-view
(1.1 mrad pixel−1) and high-resolution (85 µrad pixel−1) monoscopic ‘zoom’ images with
5° field-of-view [31]. The Mars2020 rover, Perseverance carries the Mastcam-Z multi-
spectral stereoscopic camera with a 0.5 mm pixel−1 spatial resolution at a distance of
2 m. The panoramic cameras are designed to perform digital terrain mapping and also
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multi-spectral geological imaging, capturing colour and stereo panoramic images, mea-
suring water vapour abundance and dust. These high-resolution imaging systems can be
exploited in future missions for the imaging of inaccessible locations such as crater walls.
Figure 2.2 shows the stereo cameras of the existing surface rovers for Mars exploration.

Figure 2.2: (a) PanCam on Mars Exploration Rovers; (b)MastCam on Curiosity Rover; (c)
MastCam-Z on Perseverence Rover; (d) PanCam on ExoMars Rover.
Credits: NASA/JPL/ESA

The limitation of such visible spectrum-based stereoscopic cameras is that they are
restricted to imaging only in ambient light conditions. Usage of artificial light sources to
illuminate regions of study induce problems such as image saturation of regions close to
the light source and shadows created by illumination [32]. Hence, they cannot be used
for exploration of subsurface features where there is a complete absence of ambient light
conditions. A Red Green Blue-Depth (RGB-D) camera coupled with infrared depth sen-
sor based on the structured light operating principle can address the issue of mapping in
3D in low-light conditions. This method combines depth information from the infrared
sensor of each pixel with an RGB pixel value.

To investigate the 3D mapping capability of such RGB-D camera in subsurface en-
vironments for performing geomorphological analysis of the structures beneath, the In-
XSpace3D mapping was designed. The approach to investigate the technological appli-
cation of RGB-D camera for the scientific purpose is based on COTS and open-source
software. This instrument uses a commercial RGB-D camera, the Microsoft Kinect™
first-generation camera which operates based on infrared structured light was used in
conjunction with open-source dense Simultaneous Localization and Mapping (SLAM)
algorithm to image features. The Kinect camera utilizes a projected infrared intensity
pattern to obtain the depth information of each pixel, enabling it to operate in dark
environments. The Kinect camera, primarily used for computer gaming can thus use the
infrared depth data to generate short-range and long-range 3D maps. The Kinect camera
is mounted on a two-axis pannable platform that allows capturing panoramic 3D images.
The InXSpace3D Kinect camera mounted on the camera panner platform is shown in
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Figure 2.3. The construction of the InXSpace3D system and its scientific exploitiation is
detailed in Paper-1.

Figure 2.3: InXSpace3D Microsoft Kinect camera mounted on a two-axis camera panner plat-
form. (Image published in Paper-1)

InXSpace3D system generates point clouds which are used in the geomorphological
analysis which can be further exploited to perform a biogeomorphological analysis. The
points are defined in a 3D co-ordinate system representing the shape of a real physical
systems in the form of 3D meshes and surfaces. The point cloud is a very accurate
digital record of an object or space and its potential for scientific and technological
applications is exploited using the InXSpace3D system. Point clouds can also store
information regarding the colour and reflectivity of the points of study which can be
used to study the physical features of samples.This information is used to study the
physical features of samples. Figure 2.4 shows the short-range mapped Digital Elevation
Model (DEM) of a polyhalite rock sample and a long-range mapped DEM of the mine
shaft walls.

Paper-2 compares the two most commonly used open-source dense Simultaneous Lo-
cation and Mapping (SLAM) algorithms - Kintinuous and RTAB-Map and their potential
application to such geomorphological studies. The paper also discusses the effect of light-
ing on the point cloud generation of subsurface features. InXSpace3D can be used as a
viable system to generate local maps of subsurface environments which is a pre-requisite
for autonomous navigation in remote environments. Autonomous navigation paths can
be generated from a 3D point cloud map scanning the subsurface environment. The TRL6
capability of the system has been validated during the two analogue testing campaigns
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Figure 2.4: InXSpace3D generated DEM of short-range and lon-range mapping

– MINAR5 and MINAR6 at the Boulby Mine, UK.

2.3 Subsurface Rover Environmental Station - S3ME2
The KORE Rover carries a multitude of sensors measuring common air pollutants, par-
ticulate matter and environmental parameters such as temperature, pressure and relative
humidity under ambient conditions. The measured gases are NO2, SO2, H2S, formalde-
hyde, CO, CO2, O3, O2, and Volatile Organic Compounds (VOCs). Commercial grade
electrochemical sensors are employed in the measurement of these gases and the data
are stored onboard the environmental station computer. The environmental station pro-
vides a vivid characteristic of the environment around the rover. The rover also carries
a dedicated laser absorption spectroscopy-based methane detector which can measure
methane concentrations from up to a distance of 50 m. The output from the detector
is the integrated concentration of methane along the path of the laser beam. Figure
2.5 shows the methane detector measuring the methane concentration from a simulated
methane plume emerging from under the rocks.

The use of such remote methane monitoring instrument with a long detection range
of 50 m to detect methane satisfies the application to preliminary astrobiology studies.
The laser-based methane detector is limited in sensitivity to 5 ppm and cannot determine
the C and H stable isotopes which are of interest to study the source of the methane. The
laser-based methane detector can be substituted or complemented with a more sophisti-
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Figure 2.5: Methane mapping using KORE. (Image published in Paper-2)

cated hyperspectral imager. Hyperspectral imagers are a great tool to remotely monitor
the hydrocarbon emissions along with gases such as carbon monoxide, carbon dioxide,
nitrogen dioxide and hydrogen sulphide. The remote (50 m) detection of these gases
can be used as a first screening step, to find regions of interest during the preliminary
phases of assessment of an environment by the rover. This may then be followed, after
an approach phase, by an in-depth analysis of samples with other specific instruments
devoted to the analysis of biomarkers.

The environmental station used on KORE, has a heritage from the S3ME2 station, a
Self-Sustainable Environmental Monitoring Station built for extreme environments pre-
sented in Paper 3. The station with a wide range of sensor suite is capable of studying
atmospheric and geophysical parameters in dynamic environments. The station is built
using a modular approach and COTS components enabling the addition of more sen-
sor modules to the system when needed. This modularity also allows to replace some
parts or modules without disturbing the functioning of the entire system. Some of the
modules used in S3ME2 are environmental gas monitoring, surface temperature, humid-
ity, pressure modules, wind speed module, subsurface temperature, humidity modules,
magnetic field sensing and seismometers. The stations can be applied to the study of
climate change [33], melting glaciers, and thinning ice-shelves [34], or thawing permafrost
that releases powerful greenhouse and toxic gases [35]. In addition, the station can be
used in a field that has increased greatly in the recent years: the study of the precursors
of Earthquakes [36]. The construction of the station with its operation is elucidated in
Paper-3. Figure 2.6 shows the S3ME2 station commissioned at the rocky terrains of the
Himalayas in India and in the sub-arctic climate at Luleå University of Technology, Swe-
den. The self-sustained Internet of Things (IoT) based S3ME2 station can be installed
at any extreme environment on Earth (from cold arid sub-arctic regions to hot deserts
and high-altitude mountain terrains), providing a continuous stream of environmental
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data. The stations have been installed and operated in sub-arctic climatic conditions
in the North Sweden (65.62 °N, 22.14 °E, 15 m) and high altitude mountain terrains
of Himalayas (34.1526 °N, 77.5771° E, 3500 m), demonstrating TRL6 maturity of the
stations. A network of such stations on Mars can provide a deeper understanding of the
martian environment.

Figure 2.6: (a)S3ME2 installed in the rokcy terrain of the Himalayas and in (b) the sub-arctic
climate at Luleå University of Technology, Sweden.

2.4 Radiation and Magnetic field Environment Char-
acterization – PACKMAN

The universe is filled with radiation emanating from different sources. In the case of
the Sun, the high energy particles that are released are called Solar Energetic Particles
(SEP). They consist mainly of protons, electrons and alpha particles (and small amounts
of 3He and heavy ions). These particles are propagated throughout the solar system by
the solar wind that blows through the space guided by the interplanetary magnetic field.
There is also another source of radiation called galactic cosmic rays (GCR) which are
highly energetic protons that originate from distant galactic sources such as stars and
nebulas. These energetic particles interact with the magnetic field if present on a planet.
The Earth and Ganymede, a moon of Jupiter, are the only two entities in the solar system
to have a permanent magnetic field that deflects these particles and prevents them from
raining down into the atmosphere and ionizing it. Some of these particles still manage
to seep down into the upper atmosphere, creating the beautiful auroras as observed in
the north and south pole of Earth. Characterizing the radiation environment is very
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crucial in planetary exploration especially from an astrobiology point of view. Radia-
tion can destroy the atmosphere of a planet by ionizing the gases present in it leading
to run-away effect. Mars lacks a global magnetic field like Earth and hence is being
bombarded constantly by the highly energetic particles. Mars’ atmosphere is considered
to be a remnant of the run-off effect of the original atmosphere that was destroyed by
the radiation raining down when the magnetic field of the planet collapsed as the core
cooled. The close interaction of the radiation and the magnetic field plays a key role
in the habitability of a planet and an in-situ characterization is needed. Mars has a
remnant of a local crustal magnetic field in certain regions [37]. These energetic particles
and radiation are responsible for the weather that exists in the interplanetary space,
called space weather. Space weather also has a great impact on Earth. At any point of
time, around 10,000 muons on average reach the sea level of the Earth covering a surface
of 1 square meter per hour and this number can rise during increased solar activity on
account of severe geomagnetic storms. The increased precipitation of high energetic par-
ticles can affect astronauts working in low-Earth orbits such as in International Space
Station (ISS), satellites and electric grid on Earth. The highly ionizing radiation can
also reduce the shielding of UV [38] on Earth. PACKMAN (PArticle Counter K-Index
Magnetic Anomaly) shown in Figure 2.7 is a low-cost scalable user-friendly instrument.
It has been designed and developed to investigate space weather phenomenon and its
interaction with the atmosphere at multiple latitudes and altitudes around the globe to
get a better understanding of the space weather phenomenon over a wider spatial and
temporal resolution.

Figure 2.7: PACKMAN Instrument without enclosure. (Image published in Paper-4)

PACKMAN is constructed using COTS hardware and open-source software, enabling
the goal of obtaining a low-cost and scalable network of instruments operating based
on a citizen science approach. The low-cost design approach ensures that PACKMAN
can be built with a minimum investment of resources enabling global affordability of
PACKMAN without compromising the scientific quality of the instrument. PACKMAN
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has operated at different latitudes: 1) Space campus LTU, Kiruna, Sweden (67.84°N,
20.41°E, 390 m); 2) LTU Main campus, Luleå, Sweden (65.62°N, 22.14°E, 15 m); 3) the
University of Edinburgh, United Kingdom (55.94°N, 3.19°W, 98 m); 4) Boulby Mine,
United Kingdom (54.56°N, 0.82°W, 93 m and -1.1 km), 5) the University of Akureyri,
Iceland (65.68°N,18.12°W, 23 m); and two PACKMAN units have been flown in balloons
to the stratosphere: 6) Cordoba airport, Spain (37.84°N, 4.84°W, 90 m to 27 km); and
7) Esrange Space Center, Sweden (67.88°N, 21.12°E, 328 m to 27 km). Figure 2.8 shows
the installation and operation of PACKMAN units at different latitudes and altitudes.

Figure 2.8: PACKMAN distribution map. (Image published in Paper-4)
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The development of the PACKMAN instrument is elucidated in Paper-4 and an
overview of the PACKMAN instrument with some scientific observations are presented
in Paper-5. The scientific maturity of the instrument can be interpreted from Figure 2.9,
which shows how PACKMAN was able to study the (a) Pfotzer maximum during the
two stratospheric balloon flights at Esrange, Sweden and Cordoba, Spain; (b) magne-
tometer readings of PACKMAN could be compared to Hartland magnetic field station,
UK; (c) magnetometer readings of PACKMAN could be compared to GOES-15 satellite;
(d) magnetic field perturbations recorded during a G1 geomagnetic storm.
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Figure 2.9: Summary of the scientific results obtained from PACKMAN. (a) Pfotzer maximum
during the two stratospheric balloon flights at Esrange, Sweden and Cordoba, Spain; (b) magne-
tometer readings of PACKMAN could be compared to Hartland magnetic field station, UK; (c)
magnetometer readings of PACKMAN could be compared to GOES-15 satellite; (d) magnetic
field perturbations recorded during a G1 geomagnetic storm. (Image published in Paper-4)

PACKMAN has thus demonstrated TRL8 maturity in Earth-based applications and
holds potential for planetary exploration. The PACKMAN unit operating at the ana-
logue planetary subsurface environment of Boulby Mine, UK justifies the purpose of
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such instrument for subsurface exploration to investigate habitability. The PACKMAN
instrument could be used to characterize the radiation environment in the subsurface,
which could be relatively shielded from the high radiation levels prevailing on the surface,
as observed on Mars.
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Chapter 3

Validation and Calibration of the
HABIT Space Instrument

This chapter discusses the calibration process of sensors on a flight-ready space instru-
ment – HABIT and the planetary protection sterilization and control measurements that
were applied to comply with the mission requirements. The calibration and validation
processes constitute the phases of TRL7-9 in the instrument development cycle.

3.1 The HABIT Instrument
The HABIT (HabitAbility: Brine Irradiation and Temperature) instrument is a Euro-
pean payload of the ExoMars 2022 Surface Platform Kazachok that will characterize the
present-day habitability at its landing place in Oxia Planum, Mars. HABIT instrument
consists of two modules: (i) EnvPack (Environmental Package) that monitors the ther-
mal environment (air and ground), the incident ultraviolet radiation, the near-surface
winds and the atmospheric dust cycle; and (ii) BOTTLE (Brine Observation Transition
To Liquid Experiment), an In-situ Resource Utilization instrument to produce liquid
water for future Mars exploration. BOTTLE module would investigate the electrical
conductivity properties of the Martian atmosphere, the present-day atmospheric-surface
water cycle and to evaluate the hypothesis of liquid water existing on Mars in the form of
brines, and their stability. These variables measured by HABIT are critical to determine
the present and future habitability at its landing place in Oxia Planum, Mars [39]. The
HABIT instrument with the respective modules marked is shown in Figure 3.1.

The dimensions of the Container Unit (CU) and the Electronic Unit (EU) of HABIT
are 150 mm x 63 mm x 43 mm and 172 mm x 172 mm x 55 mm (L x B x H) respectively
and weighs 918 g, consuming a power draw of 0.7 and 13.0 W (when the heaters in the EU
and CU are activated). The container Unit (CU) of HABIT consists of the six containers
of BOTTLE and the three Air Temperature Sensors (ATS) that will be exposed to the
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Figure 3.1: HABIT instrument Flight Model (FM) with respective units marked. (Image pub-
lished in Paper-5)

free flow of air, mounted on the edge of the ExoMars surface platform. The Electronic
Unit (EU) is mounted on top of the surface platform deck, with the ultraviolet sensors
(UVS) pointing to the sky, and the ground temperature sensor (GTS) pointing to the
side, with a clean field-of view, to monitor the temperature of the surface. The CU
contains the six electrical conductivity cells of BOTTLE and three ATS. Two cells are
open and four are sealed with a High Efficiency Particle Air (HEPA) filter, with pore
size 0.3 µm, and covered by a roof that allows the flow of air while preventing direct
obstruction by dust. The filter has two purposes: it prevents inbound and outbound
bioburden (organics or microbes) contamination and protects the salts from dust while
allowing air to flow in. The two open cells are aimed at investigating the electrical
conductivity of the Martian air, as it changes throughout days and seasons depending on
the amount of atmospheric water. Also, when airborne dust starts to accumulate at the
bottom of these containers, the electrodes will provide a measurement of the conductivity
of the Martian dust. The four central cells of BOTTLE are filled with four deliquescent
salts that have been reported on Mars, and a Super Absorbent Polymer (SAP) that will
form a hydrogel when the deliquescent salts absorb water. This hydrogel will keep the
brine in a semi-solid state, avoiding capillarity of the pure liquid phase while supporting
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the capture of water and thus allowing to measure electrical conductivity [39].

3.2 Calibration
Flight-ready space instruments have to be calibrated to ensure that the response of the
flight-model of the instrument is in accordance with the expected measurement quality.
Calibration is a crucial stage of space instrument development and is responsible for
translating the raw measurements of the sensors to a meaningful quantity to interpret
the science behind the study. Calibration is also performed during the technology devel-
opment of the instrument (TRL1-6), yet the updated electronics in the flight-model of
the instrument (TRL7+) could result in a different calibration function than the former
technology development prototype. The process involves development of fixtures, struc-
tures and techniques to obtain the calibration functions to convert the raw measurements
into a decipherable real-world parameters. This section discusses the calibration of the
UV photodiodes of the HABIT Instrument with respect to the inclination of the platform
and the temperature of the Martian environment. A COTS designed fixture was used to
calibrate the HABIT UVS by subjecting an UV beam at difference incidence angles to
the surface of the sensors and at different temperatures. The UV photodiodes on the EU
are marked with their corresponding measurement wavelength as shown in Figure 3.2.

Figure 3.2: UV photodiodes on the top of the HABIT FM electronic unit. The location of each
photodiode type is marked with arrows. (Image published in [39])

The UV photodiodes have heritage from the REMS instrument aboard the curiosity
rover operating on Mars [40]. The spectral range of the filters on the UV photodiodes are
listed in Table 3.1. The UV photodiodes on the HABIT are embedded within magnetic
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Table 3.1: Spectral bands of the HABIT UV photodiodes.
Channel Spectral band (nm)

UV-A 335–395
UV-B 280–325
UV-C 220–275

UV-ABC 210–380
UV-D 245–290
UV-E 310–335

rings to deflect the trajectory of in-falling airborne dust and extend the lifetime of the
sensors by keeping their field-of-view clean. The UV photodiodes have a free view of
sky of 60° solid angle which makes HABIT exposed to both direct sunlight and diffuse
irradiance without any shielding.

3.2.1 Incidence angle calibration
The direct beam of UV radiation from the Sun reaches the photodiode with an angle of
incidence that varies as the Sun moves in the sky. It depends on the hour of the day
and the season, and of course on the landing site and surface platform inclination. This
information can be obtained as ancillary data during the operation on Mars. The REMS
UV photodiodes follow a +/- 30° cosa(θ) response, as long as the direct beam is within
the nominal field-of-view of 30° [40][41]. This exponent is next calibrated for HABIT.
Figure 3.3 shows the COTS designed fixture used to perform the angle of incidence and
temperature dependence tests. The fixture controls the angle of incidence of the UV
beam striking the UV photodiodes using twin linear actuator, a screw-driven mechanism
and a micro-stepper motor with an open-loop control in the x-y axis.

The angle of incidence test was performed at ambient conditions using the COTS
designed fixture for 0–30° incidence angle, at increments of 5°. A 340 nm 0.33 mW UV
LED from Thor labs was utilised as the UV source during the incidence angle test. The
distance between the UV photodiode and the UV LED was accurately maintained at 6
cm. Figure 3.4 shows an example of the calibration curve, and the fit to acosn(θ)+b for
the UVA photodiode. The parameters of the fit for the UVA sensor are: nUVA = 15, aUVA
= 24, bUVA = 29.

3.2.2 Temperature dependence calibration
The spectral response of the SiC UV photodiodes increases with temperature, approx-
imately 1 percent per degree, due to small variations of the quantum efficiency of SiC
detectors and possibly also due to changes in the spectral response of the filters. This
makes the output shift towards longer wavelengths beyond 280 nm. Thus, photodiodes
UV-A, UV-E and partly UV-B whose spectral response is higher than 280 nm are more
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Figure 3.3: UVS Angle of Incidence calibration of the HABIT instrument Engineering Qualifi-
cation Model (EQM). (Image published in [39])

Figure 3.4: HABIT EQM - UV photodiode response with angle of incidence. (Image published
in [39])
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sensitive to the temperature changes [40]. The responsivity of the electronics can also
vary with temperature. The UVS is within the Electronic Unit (EU), on the Surface
Platform deck, and it is protected with a heater that is activated when its temperature
is below -33 °C and disabled if the temperature of the surface platform rises above 30
°C, therefore the tests were limited to the range -40 °C to 25 °C (ambient conditions to
compare with the rest of calibrations).

Figure 3.5: Calibration of UV photodiodes with temperature dependence. (Image published in
[39])

Figure 3.5 shows the temperature dependence test workbench along with the engi-
neering prototype inside the thermal chamber with the photodiodes and the collimating
lens in normal incidence orientation. This test uses an HM8112-3 precision multi-meter
from Rohde and Schwarz that measures the current across the UV photodiodes, a deu-
terium UV lamp from Avantes and a temperature measurement unit made using Ar-
duino, MAX31865 and PT1000 RTD. The UVS engineering calibration prototype houses
the same UV photodiodes used in the HABIT Flight Model (FM). A Heraeus Votsch
HT4010 climate chamber is used. A single-mode fibre optic cable of core diameter 800
µm was used to couple the deuterium UV lamp and the collimating lens thereby utilising
the full spectrum UV radiation from the UV lamp. The distance between the collimating
lens and the UV photodiodes is kept constant at 10 mm during the tests. Sufficient
warm-up time is provided for the UV lamp to obtain a stable output before proceeding
with the tests. The temperature measurements are obtained from the PT1000 RTD sen-
sor mounted close to the UV photodiodes as shown in Figure 3.5. The data from the
multi-meter and the PT1000 temperature sensor is logged at a frequency of 1 Hz. Figure
3.6 shows, an illustration, the relative change of the response with respect to the nominal
ambient response for UV-ABC and UV-C. Once on Mars, for a given temperature of the
photodiodes, the temperature correction factor can be interpolated from these data.
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Figure 3.6: UVABC (210–380nm) and UVC (220–275nm) response with temperature changes.
(Image published in [39])

3.3 BOTTLE Salt validation
The BOTTLE is the container element of HABIT with four independent vessels hous-
ing deliquescent salts, namely calcium chloride, ferric sulphate, magnesium perchlorate,
and sodium perchlorate, which are known to be present on Mars, and also their phase
diagrams allow to absorb atmospheric water and eventually hold liquid conditions under
the expected temperature range of Oxia Planum. Also, these salts have been chosen
because their response to the Earth environment is such that it allows for long storage
under cleanroom conditions until mission launch without initiating deliquescence into
liquid. The testing of the salts was performed at Kiruna, Sweden exposing them to sub-
arctic winters to determine their deliquescent properties under the existing cold and dry
environment. Figure 3.7, shows a ventilated plastic environmental chamber built with
COTS hardware. The chamber is fitted with a commercial Internet Protocol (IP) cam-
era, temperature and humidity sensor to study the deliquescence of the pure salts, salt
SAP mixture and sodium alginate matrix hydrogel of the salts in various proportions.
The chamber also housed the Engineering Model (EM) of the HABIT Instrument inves-
tigating the long term operation of the BOTTLE unit subjected to sub-arctic winters.

During some extended testing of the HABIT instrument with the salts filled in the
BOTTLE unit, capillarity effect of the hydrated salts could be observed. In order
to prevent the capillarity and maintain the liquid brine in a semi-solid state within
the container, a mixture of the salt with Super Absorbent Polymer (SAP) based on
Poly(acrylamide-co-acrylic acid) was used. Each salt mixture in HABIT BOTTLE con-
stitutes 1.5 g of the respective salt and 0.75 g SAP, mixed in a weight ratio of 2:1. The
ratios of the products in the HABIT BOTTLE unit along with their cell position in
BOTTLE is listed in Table 3.2. Cells 1 and 6 are open to the Martian atmosphere to
accumulate the Martian dust.

Hydrogel derived matrices of the hygroscopic salts using sodium alginate [42] were
tested, but they did not have the desired properties of reusability through mild tem-
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Figure 3.7: (left) Outdoor Environmental chamber built using COTS hardware used to inves-
tigate long term deliquesence of the salt at sub-arctic winter temperatures (right) Live image
recorded by the IP camera through remote access

Table 3.2: Cell Contents in HABIT BOTTLE

Cell # Product formula Product name Dry weight (g)

2 CaCl2:
C6H8KNO3

Calcium chloride + SAP 2.25=(1.5+0.75)

3 Fe2(SO4)3:
C6H8KNO3

Ferric sulphate + SAP 2.25=(1.5+0.75)

4 Mg(ClO4)4:
C6H8KNO3

Magnesium perchlorate + SAP 2.25=(1.5+0.75)

5 NaClO4:
C6H8KNO3

Sodium perchlorate + SAP 2.25=(1.5+0.75)

perature cycles including the frozen state. Figure 3.8 (left) shows the beads of sodium
alginate hydrogel derived matrices of Calcium Chloride, while Figure 3.8 (right) shows
the mixture of SAP and Calcium Chloride. With the sodium alginate hydrogel beads
not having the desirable properties for application in HABIT BOTTLE, the SAP was
tested. The swelling ratio of SAP mixture was measured after dry heat sterilization at
125 °C and also under depressurized conditions. The SAP did not suffer any degradation
in swelling ratio performance and was therefore selected as hydrogel agent for BOTTLE.
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Figure 3.8: (left) Hydrogel derived sodium alginate matrices of Calcium Chloride (right) SAP
and Calcium Chloride mixture

3.4 Bioburden reduction and analysis of HABIT BOT-
TLE contents

The efforts to explore the extra-terrestrial bodies comes with a responsibility of protect-
ing the bodies from being introduced with terrestrial biological contamination. Planetary
protection aims to prevent the contamination of extra-terrestrial bodies by Earth life and
protecting Earth from possible life forms that may be returned from other extra-terrestrial
bodies. Planetary exploration missions sets limits on the level of acceptable microbiolog-
ical contamination depending upon the extra-terrestrial body’s potential to host extant
life. Planetary protection constraints are a legal obligation and the Committee on Space
Research (COSPAR) has formulated a planetary protection policy to guide compliance
with the United Nations Outer Space Treaty. COSPAR categorises missions into five
categories depending on the target body’s potential to host possible extant life. Table
3.3 elucidates the five categories in planetary protection.

As the HABIT instrument is a part of the lander mission to Mars it is categorized
under Category IVb. The Category IVb demands a strict bioburden requirement such
that the entire landed system is restricted to a surface bioburden level of ≤ 0.03 spores
per m2, or to levels of bioburden reduction driven by the nature and sensitivity of the
particular life-detection experiments [43]. Any subsystem of the lander system that is
involved in the mission must also be subjected to a bioburden control of ≤ 0.03 spores per
m2. The full hardware of the HABIT instrument along with the contents of the BOTTLE
unit must also meet these requirements. To ensure the compliance with the required
standards, the bioburden control and analysis has been made on the BOTTLE contents
based on the European Cooperation for Space Standardization (ECSS) norms. ECSS is a
cooperative effort of the European Space Agency, national space agencies and European
industry associations for the purpose of developing and maintaining common standards.
This section discusses the bioburden reduction and control process implemented on the
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Table 3.3: Mission Type Categories as Specified in COSPAR’s Planetary Protection Policy

Mission
Category Mission Type Planetary Bodies

I Any
Bodies not of direct interest

for understanding the process
of chemical evolution or the origin of life.

II Any

Bodies of significant interest relative
to the process of chemical evolution
and origin of life, but only a remote

chance that contamination could
compromise future investigations.

III Flyby, orbiter
(no direct contact)

Bodies of significant interest to the
process of chemical evolution and/or

origin of life and where scientific opinion
provides a significant chance that
contamination could compromise

future investigations.

IV Lander, probe
(direct contact)

Bodies of significant interest to the
process of chemical evolution and/or

origin of life and where scientific opinion
provides a significant chance that
contamination could compromise

future investigations.

V (unrestricted)
Earth return

after contact with
another body

Earth-return missions from bodies
deemed by scientific opinion

to have no indigenous life forms.

V (restricted)
Earth return

after contact with
another body

Earth-return missions from bodies
deemed by scientific opinion

to be of significant interest to the
process of chemical evolution

and/or origin of life.

BOTTLE contents of the HABIT instrument along with the development of a COTS
based low-cost portable cleanroom facility in which the planetary protection procedure
was carried out.

3.4.1 Planetary Protection standards and techniques used
The approach to comply with the planetary protection standards for the BOTTLE con-
tents is based on past mission strategies coupled with a portable clean-area solution to
conform to the planetary protection standards recommended by the COSPAR planetary
protection Policy [43]. Table 3.4 mentions the ECSS standards used in the BOTTLE
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Bioburden reduction and control of the HABIT instrument.

Table 3.4: ECSS standards used in the bioburden reduction of BOTTLE contents

Standard Title
ECSS‐Q‐ST‐70‐55C Microbial examination of flight hardware and cleanrooms
ECSS-Q-ST-70-57C Dry heat bioburden reduction for flight hardware
ECSS-Q-ST-70-58C Bioburden control of cleanrooms

With a wide range of strategies available for bioburden control, the preferred strat-
egy adopted to achieve compliance with the bioburden requirement for the salt mixture
is Dry Heat Microbial Reduction (DHMR). A commercial-grade oven with a real-time
temperature monitoring capability was used to ensure that the temperature stays within
the DHMR limit of 125 °C. The humidity in the oven is also monitored such that it
remains constant and low. The DHMR procedure imparted is illustrated in Figure 3.9.
The bioburden analysis after subjecting the BOTTLE contents to DHMR is detailed in
Paper-6.

Figure 3.9: Sequence of DHMR process carried out on the HABIT BOTTLE mixture. 1).Weigh-
ing of salts and SAP in proportion of 2:1; 2). Wrapping in aluminium foil to distribute heat
evenly; 3). Samples ready for DHMR; and 4). DHMR process carried at 125 °C for 10 hours.
(Image published in Paper-6)
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The entire procedure is carried out in a specifically designed portable cleanroom tent
with ISO-7 cleanliness level. The tent has been constructed by using a commercial-
grade gazebo and coupled with a household HEPA filter based air purifier. The 9 m2

cleanroom tent interitor is shown in Figure 3.10. The ISO validation of the cleanroom tent
was performed along the ISO 14644-1 standards. The METONE HHPC 6+ cleanroom
particle meter from Beckman Coulter was used to establish the ISO standard of the
cleanroom. The METONE HHPC 6+ instrument has 6 channels to measure particles
with dimensions from 0.3 - 10 µm. The construction of the tent along with the protocols
adopted for maintaining the cleanroom appropriacy and ISO validation process has been
detailed in Paper-6.

Figure 3.10: Interior of the cleanroom tent constructed with a commercial gazebo. The inset
image shows the HEPA filter based air purifier that is kept inside the cleanroom tent. (Image
published in Paper-6)

Figure 3.11 shows the results of the cleanroom analysis indicating the ISO-7 clean-
liness standards compared to the ISO-8 standards outside the cleanroom tent. The low
microbial content has been validated using the Sartorious air sampler with a gelatine
substrate to capture the cultivable microbes in the ambient air. 1000 L of air were sam-
pled at 50 L/minute over a gelatine substrate was then cultivated on a petri dish with 20
ml R2A agar in an incubator maintained at 32 °C. Microbial counts observed after 24, 48
and 72 hours respectively indicated zero counts inside the cleanroom tent. The results
of the microbial count analysis are shown in Figure 3.12. Daily cleaning of the tent with
isopropyl alcohol based disinfectant had a great impact on the microbial concentration in
the air. It can be observed from Figure 3.12 that the number of colony forming unit rises
when cleaning is only applied on alternate days. A control was included in the study by
sampling the area outside the tent.
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Figure 3.11: (Top) ISO-8 level of the workspace outside the cleanroom tent. (Bottom) ISO-7
validation of the cleanroom standard inside the cleanroom tent. Air volume of 5.66 L was
sampled in 2 minutes based on the requirement of ISO 14644-1 standard which necessities
minimum sampling of 2 L for a minute. (Image published in Paper-6)

Figure 3.12: Microbial colony forming units detection in the 1000 L air samples taken from
inside and outside the tent. The picture on the right shows the colonies observed after 72 hours
incubation. (Image published in Paper-6)
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The analysis reveals the low-cost portable cleanroom tent’s capability to exhibit very
low biological contaminants in the air compared to the natural background of microor-
ganisms in the ambient air outside the tent. The low cost portable cleanroom tent design
has potential to adapt a laboratory to have a temporary cleanroom area where products
or hardware can be manipulated, sterilized and tested. Such low-cost portable cleanroom
tents with aseptic manipulation with proper cleanroom gear can be of interest for small-
sized payloads or components as it requires a minimal investment of time and resources.
Alternatively, this may also have applications in other fields, such as medicine and health
care, or pharmacy or food industry.



Chapter 4

Transfer of knowledge from space
instrument development to society

It is not enough to be
compassionate. You must act.

Dalai Lama

With space technologies contributing to the digital era of humanity, most facets of
modern human society have been positively impacted by space exploration. It is not
only the applications of space technologies that have an impact on the society, but also
the technology developments for space applications that do have a synergistic influence.
This section presents some examples of the transfer of knowledge from a space instrument
development to societal applications with focus on utilizing the COTS and open-source
technologies.

4.1 Space technology development to Mine Safety
Mining is one of the most important commercial activities carried around the globe to
meet the energy and mineral resource requirements of humankind. According to the
International Labour Organisation (ILO), mining industry employs around 15 million
people around the world [44] and demands extensive safety regulations in such haz-
ardous environments. Mines are a hostile environment if there is any accumulation of
toxic and flammable gases. Coal mines are more prone to methane deposits that serve as
a severe hazard for miners. Hence, it is of critical relevance to utilize robotic exploration
tools such as rovers for analysing the mine environment, prior to human access. Aside
from potential hazardous gas pockets, mines pose several hazards ranging from aquifer
crackdowns, shaft collapse, flooding, etc. Recent technology transfers from space appli-
cation to mines include the anthropometric database used by NASA for Space shuttle
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programs that is now being extended to mine safety by using them in the development
of optimal operator cabs in mines that are safer and more comfortable [45]. The Com-
mercial Crew Transport-Air Revitalization System that was designed to provide clean
air for crew members on short-duration space flights is also now utilized to save miners
in the event of any underground disaster [46]. Technology developed for space is also
being used for rescue, aid and saving human lives. For example, PackBot, a mini-rover
developed from the design of the Sojourner Martian Rover has been deployed in battle
fronts to aid in the rescue of soldiers and victims [47].

The KORE rover, which was designed for subsurface robotic exploration to cater
the needs of geological and astrobiological exploration, has the potential to contribute to
mine safety on Earth. The potential to serve as a tool for mine safety has been illustrated
during the MINAR campaigns organised at the Boulby Underground Laboratory, UK.
The synergy between mining and analogue studies for planetary exploration is one of
the fundamental drivers for the MINAR campaigns [27] which emphasizes technology
transfer between both fields. The synergistic application of an astrobiological exploration
tool for human safety not only caters to terrestrial mining but also to future human
space exploration of extra-terrestrial subsurface or enclosed environments on the Moon
or Mars. The InXSpace3D payload of KORE rover has the ability to perform real-time
3D mapping that can scan the shaft walls and relief features to identify possible spots of
shaft fractures and warn the miners far ahead before human access.

Figure 4.1: (left) RGB image of the metal frame failure detected and (right) shows the 3D point
cloud of the failure. Also, the bolts along the metal frame are visible in the point cloud data.
(Image published in Paper-2)

Figure 4.1 shows the walls of the mine scanned by the InXSpace3D system to analyze
a snap in the metal frame against the mine wall that occurred due to compressive forces
acting along the mine shaft walls. The advantage of having a 3D point cloud of the fail-
ure part in close range mapping rather than a 2D image is that the point cloud analysis
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allows a precise monitoring of the dimensions of failures in such hazardous regions. The
periodic real-time monitoring ensures that these regions do not grow over a period of
time. Also, from the point cloud image, it could be observed that the bolts that hold the
metal frames to the mine shaft walls are clearly visible, which can allow a remote mon-
itoring of these critical components. Manual inspection of these critical elements using
traditional visual methods is time-consuming, laborious and prone to human factor errors.

The InXSpace3D on KORE rover was also utilized in demonstrating mine safety
for rescue operations by mapping a miner in complete pitch-black darkness. The test
showed that InXSpace3D could be a viable tool for identifying miners who are trapped
in the mine due to mine shaft wall collapse or other hazardous scenarios. By close range
mapping, the facial features from the 3D point cloud generated could be obtained to
account for the trapped person. Figure 4.2 shows the 3D point cloud image of a miner
sitting on a rock down in the mine shaft.

Figure 4.2: 3D reconstruction of a miner sitting on a rock in the Boulby mine with the green
box indicating the position of the camera as the KORE rover approached him. The scale bar is
in m. (Image published in Paper-2)

Autonomous robotic exploration is always the first step in space exploration and
monitoring, in a cave environment, the accumulation and release of volatiles may also be
important to understand other surficial processes like methane or oxygen release which
have been observed robotically on the surface of Mars by the Curiosity rover [15], [24]
and may have their origin in the subsurface. Similar gases with biological significance in
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extra-terrestrial subsurface habitats pose serious hazards to miners in terrestrial mining
environments. The remote gas detection capability on KORE rover enhances mine safety
operations, as these detectors can be used to scan a potential hazardous location from a
safe distance rather than a close human encounter.

Figure 4.3: Formaldehyde levels in ug/m3 observed by the Environmental Station aboard KORE
rover operating over a span of 22 hours. The initial 2 hours are neglected to account for the
sensor warm up time. (Image published in Paper-2)

Figure 4.3 shows the formaldehyde concentrations measured by the Environmental
Station aboard KORE rover. Formaldehyde has a strong implication in extra-terrestrial
environments as a prebiotic chemical [48] and hence monitoring the volatile is very useful
for astrobiology [49]. In terrestrial environments, monitoring the formaldehyde levels is
very important in enclosed environments such as mines where the dilution of these gases
with the ambient air is restricted and is very crucial for the occupational health of the
miners. Formaldehyde has been associated with irritation to the eyes, skin, nose, and
throat, however there is a substantial variation in individual responses [50].

4.2 Space Instrumentation to adapted breathing at-
mosphere for COVID-19 patients

The Earth’s atmosphere provides a safe haven for life to sustain with breathable air,
thanks to the proportionate mixture of the gases needed to sustain life. With human
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exploration reaching far beyond the Earth’s troposphere, an adapted breathing environ-
ment is needed to facilitate the exploration. Such an adapted breathing environment
necessities a control over the pressure, temperature and mixture of the constituent gases.
Scenarios arise when such adapted breathing systems maybe needed as life-saving crucial
systems to safeguard human lives on Earth and or space. The COVID-19 pandemic situa-
tion resulted in an unprecedented spread of the respiratory virus SARS-CoV-2 that tested
the limits of medical infrastucture in many countries. In every country affected, the ris-
ing number of COVID-19 patients requiring mechanical ventilator support in intensive
care units (ICU) soared up beyond the availability of the limited number of mechanical
ventilators. In order to mitigate the stress on the healthcare systems especially to battle
the crisis of mechanical ventilators, a modular, and robust DIY ventilator, ATMO-Vent
(Atmospheric Mixture Optimization Ventilator) was designed which can be fully mounted
within two days by two operators. The ATMO-Vent has been designed using low-cost,
robust, Commercial Off The Shelf (COTS) components, with many features comparable
to a full-fledged ventilator. Figure 4.4 shows the ATMO-Vent unit designed.

Figure 4.4: ATMO-Vent enclosed in CPU housing. (Image published in Paper-7)

ATMO-Vent has been designed based on the United Kingdom Medicines & Healthcare
products Regulatory Agency (UK-MHRA) guidelines for Rapidly Manufactured Ventila-
tor System (RMVS). ATMO-Vent is capable of adjusting the Fraction of Inspiratory Oxy-
gen (FiO2) levels, Tidal Volume (TV), frequency of breaths, Inspiratory/Expiratory ratio
(I/E), Peak Inspiratory Pressure (PIP) and Positive End-Expiratory Pressure (PEEP).
ATMO-Vent can operate in two modes - Continuous Mandatory Ventilation (CMV) using
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Volume-Controlled Ventilation (VCV) and in Assisted Control (AC) mode with pressure
triggered by the patient. It also has safety features and alarms when the PIP is reached,
or a required tidal volume and frequency requirements are not met. The design of ATMO-
Vent facilitates a tiny dead-space promoting efficient gas exchange. ATMO-Vent has an
operating software that is similar to those used in clinical applications. The full ATMO-
Vent equipment is enclosed within a re-used PC cabinet so that it is compact, stable and
is electromagnetically shielded. ATMO-Vent has undergone rigorous testing and qualifies
under Class B Electric and Magnetic Compatibility (EMC) requirements of EN 55011
CISPR 11 standards. Figure 4.5 shows the architecture block diagram of ATMO-Vent.

Figure 4.5: ATMO-Vent block diagram. (Image published in Paper-7)

ATMO-Vent is a BVM based ventilator which has been completely designed using
readily available COTS components. The materials used have been meticulously chosen
such that there is a very minimal adaptive work needed to fit the ventilator application.
The components used in-line with the patient’s airway, has been constrained purely to
medically approved and compatible elements. ATMO-Vent uses an efficient design con-
struction utilizing minimal components without compromising the safety and operability
of the ventilator. The modes of operation programmed in ATMO-Vent were implemented
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with an efficient GUI, resembling the interface of the commercially available Hamilton C1
ventilator. This was done in keeping mind of the ease of training to the clinicians, respi-
ratory therapists and intensive care nurses to operate ATMO-Vent. Figure 4.6 shows the
display on the commercial Hamilton C1 ventilator on the left along with the ATMO-Vent
GUI interface on the right.

Figure 4.6: ATMO-Vent GUI. (Image published in Paper-7)

Paper-7 details the construction of the ATMO-Vent in the Hardware-X journal. The
purpose of the article is to share in an open format, the mechanical and electrical in-
structions and the software required to build and operate ATMO-Vent with Commercial
Off The Shelf (COTS) components that will serve to provide bounds of the cost and the
time of development per unit for future applications. The document also provides the
list of the specific components, assembly, and operating instructions for any institution
who may need to construct such a device to aid the medical care in such distress times.

4.3 Citizen Science approach to Space weather inves-
tigation

The PACKMAN instrument, discussed in this thesis has been developed as a low-cost,
robust instrument built using COTS hardware and open-source software to investigate
space weather phenomena at varying latitudes and altitudes. With the data from PACK-
MAN compared with the cutting edge sophisticated magnetic observatories and satellites
which justifies the scientific maturity of the instrument, a citizen science approach to build
and operate such instrument would enrich the study of space weather and its implications
on a global context. The open-access data approach from PACKMAN space weather ob-
servations can be useful for a wide range of fields apart from research, including aviation,
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infrastructure and telecommunication, as well as for education and outreach. Paper-4
attached in the Part-II of the thesis elucidates how the public can build PACKMAN
units from scratch with minimal resources and contribute to the understanding of global
space weather phenomena. A network of such open-source PACKMAN units operating
around the world would help to fill the missing gap of information regarding the amount,
energy, time variability, and type of space radiation that reaches the lower layers of the
atmosphere, as well as on its geographic and altitude distribution and the implications
on infrastructures and climate.



Chapter 5

Summary of Contributions

The appended publications are presented in the order enclosed in the thesis. This
section presents a summary of these papers as well as the contributions made by the
author.

Summary of Appended Papers
Paper-1: Subsurface robotic exploration for geomorphology, astrobiology, and mining
during MINAR6 campaign, Boulby Mine, UK: Part I (Rover development).
Authors: Thasshwin Mathanlal, Anshuman Bhardwaj, Abhilash Vakkada Ramachan-
dran, María-Paz Zorzano, Javier Martín-Torres, Charles S. Cockel, Sean Paling, and Tom
Edwards.
Published in: International Journal of Astrobiology.
Summary: The paper, first part of a series of two, focuses on describing the development
of a rover platform (KORE) to perform dedicated geomorphological, astrobiological, and
mining tasks. KORE was further tested in Mine Analogue Research 6 (MINAR6) cam-
paign during September 2018 in the Boulby mine (UK), the second deepest potash mine
in Europe at a subsurface depth of 1.1 km.

Contributions: The author was responsible for design and development the Rover
and the payloads.

Paper-2: Subsurface robotic exploration for geomorphology, astrobiology, and mining
during MINAR6 campaign, Boulby Mine, UK: Part I (Results and Discussion).
Authors: Thasshwin Mathanlal, Anshuman Bhardwaj, Abhilash Vakkada Ramachan-
dran, María-Paz Zorzano, Javier Martín-Torres and Charles S. Cockell.
Submitted to: International Journal of Astrobiology.
Summary: The paper, second part of a series of two, focuses on the results obtained
from the rover platform (KORE) and its payloads during the MINAR6 campaign.
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Contributions: The author was responsible for analyzing the data obtained from the
MINAR6 campaign.

Paper-3: Self-Sustainable Monitoring Station for Extreme Environments (S3ME2): De-
sign and validation.
Authors: Thasshwin Mathanlal, Anshuman Bhardwaj, Javier Martín-Torres, María-
Paz Zorzano.
Published in: 2018 Second International Conference on Green Computing and Internet
of Things (ICGCIoT 2018).
Summary: The paper describes the development of a self-sustainable, versatile environ-
mental monitoring station, the S3ME2, with a multitude of sensors capable of operating in
extreme environments (from cold arid sub-arctic regions to hot deserts and high-altitude
mountain terrains), providing real-time quality data of critical climate and geophysical
parameters for a wide field of research such as pressure, surface and sub-surface temper-
ature and humidity, magnetic field and seismic activity.

Contributions: The author was responsible for the design and development of the
S3ME2 station and analyzing the data from the station.

Paper-4: PACKMAN – A portable instrument to investigate space weather - Develop-
ment.
Authors: Thasshwin Mathanlal, Abhilash Vakkada Ramachandran, Maria-Paz Zorzano,
Javier Martin-Torres.
Submitted to: HardwareX.
Summary: The paper describes the design and development of PACKMAN (PArticle
Counter k-index Magnetic ANomaly), an autonomous and light space weather instrument
for operation within the subsurface, surface and atmosphere (as payload in stratospheric
balloons) of the Earth.

Contributions: The author was responsible for the design and development of PACK-
MAN instrument.

Paper-5: PACKMAN – A portable instrument to investigate space weather - Results.
Authors: Thasshwin Mathanlal, Abhilash Vakkada Ramachandran, Maria-Paz Zorzano,
Javier Martin-Torres.
Published in: Proceedings of the International Astronautical Congress (IAC) 2018.
Summary: The paper describes the PACKMAN (PArticle Counter k-index Magnetic
ANomaly), an autonomous and light space weather instrument for operation within the
subsurface, surface and atmosphere (as payload in stratospheric balloons) of the Earth
and the results obtained from the instrument in various field environments.

Contributions: The author was responsible for the design and development of PACK-
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MAN instrument and analyzing the results.

Paper-6: Implementing bioburden reduction and control on the deliquescent hydrogel
of the HABIT/ExoMars 2020 instrument.
Authors: Thasshwin Mathanlal, Miracle Israel Nazarious, Abhilash Vakkada Ra-
machandran, Maria-Paz Zorzano, Javier Martin-Torres and Petra Rettberg.
Published in: Acta Astronautica.
Summary: The paper describes the process of implementing the bioburden reduction on
the contents of the BOTTLE container in the HABIT instrument. The paper discusses
the methadology used and the construction of a portable cleanroom tent to facilitate the
bioburden reduction process.

Contributions: The author was responsible for the bioburden reduction experiments
and was involved in the design of the portable cleanroom tent.

Paper-7: ATMO-Vent: an adapted breathing atmosphere for COVID-19 patients.
Authors: Thasshwin Mathanlal, Miracle Israel Nazarious, Roberto Mantas-Nakhai,
Maria-Paz Zorzano, Javier Martin-Torres.
Published in: HardwareX.
Summary: The paper describes the design and development of ATMO-Vent (Atmo-
spheric Mixture Optimization Ventilator), a modular and a robust DIY ventilator con-
structed using low-cost, robust, Commercial Off The Shelf (COTS) components, with
many features comparable to a full-fledged ventilator. The ventilator has been designed
to cater to the growing demand for mechanical ventilation in COVID-19 patients.

Contributions: The author was responsible for the design and development of the
ATMO-Vent ventilator along with the co-authors.
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Chapter 6

Conclusions and Future work

This thesis outlines the development of several instruments for exploration and en-
vironmental research (KORE, InXSpace3D, S3ME2 and PACKMAN), that are the seed
for future instruments that can be proposed in planetary (and astrobiology) missions.
The Thesis includes all the steps, from the definition of requirements to accomplish their
scientific objectives to the development of operational prototypes. It also includes the
calibration and validation of the flight-model of the space instrument HABIT that will
be part of the ExoMars 2022 mission. COTS and open-source software is used for the de-
velopment and calibration of the instruments in this thesis. TRL metrics have been used
to characterise the stages of instrument development and validation. The use of COTS
and open-source software in the prototyping stages of the instrument development have
proven to be: 1) a time and cost-effective solution to expedite the prototyping phase of a
space instrument without compromising the scientific quality of the instrument, 2) a time
and cost-effective solution to validate and calibrate the flight-ready space instrument, and
3) transfer of knowledge of the solutions developed for space instrumentation to address
social issues. The methodology has emphasised that small research groups and organisa-
tions working on diverse disciplines in Earth and planetary exploration could contribute
to the development of technologies with a minimal investment of time and resources and
enable global collaboration.

The thesis has also shown that technologies developed for space exploration can have
synergistic applications to meet social demands. The COVID-19 pandemic has been one
of the severe challenges to humankind and demanded a quick response in diverse fields
to battle the crisis caused. The cost-effective methodology of using the readily avail-
able COTS and the open-source software heralded the development of ATMO-Vent. The
open-access literature on the development of ATMO-Vent is now listed under the World
Health Organisation (WHO) Global literature on coronavirus disease [51]. The low-cost
portable cleanroom tent constructed for the HABIT bioburden analysis and reduction
has also been validated and has demonstrated its potential to adapt a laboratory to
have a temporary cleanroom area where products or hardware can be manipulated, ster-

57



58 Conclusions and Future work

ilised and tested. Such low-cost portable cleanroom tents with aseptic manipulation with
proper cleanroom gear can be of interest for small-sized payloads or components as it
requires a minimal investment of time and resources. Such low-cost portable cleanroom
tents have also synergistic applications needing an aseptic environment.

Increasing the TRL standards of the instruments to qualify the instrument for field
deployment is the ultimate goal in the development of an Instrument. This future scope
of work on the individual instruments developed is presented below.

KORE

Future exploration missions to Moon and Mars will significantly rely on technological
advancements to enable subsurface investigations. KORE has a TRL6 maturity, and to
improve the TRL of the rover and the instrumentation for the experiments to be carried
out using the rover platform, it is crucial to develop autonomous navigation techniques
in complex environments and test such platforms in analogues on Earth, mimicking sub-
surface extra-terrestrial environments. LIDAR based navigation and dense point cloud
mapping are the next steps to advance the TRL of KORE rover.

InXSpace3D

InXSpace3D has successfully demonstrated its capability to map subsurface environments
and features using the commercial RGB-D Microsoft Kinect Camera as a technological
demonstrator. The next steps of action would be to increase the TRL standard of In-
XSpace3D by developing a radiation-hardened RGB-D camera coupled with a radiation-
hardened computer to process the point clouds. The algorithms for dense 3-D point
cloud mapping, when coupled with Convolutional Neural Network (CNN), would pro-
vide a higher dimensionality. They would permit the inclusion and extraction of spectral
data from the depth point cloud. Deep learning techniques and CNN can be exploited to
obtain a detailed topographical study of such features over a more comprehensive spatial
and temporal resolution.

S3ME2

The S3ME2 stations have been developed for environmental and geophysical sensing on
Earth and have proven TRL6 maturity by operating in extreme environments. Installa-
tion of more S3ME2 stations in environments such as glaciated mountainous river basins
at different elevations would provide better and more accurate modelling of the weather
and climatic parameters. Installing S3ME2 in volcanic and active seismic areas would
aid in the study the various atmospheric and geophysical parameters in that region and
investigate precursors of Earthquakes. Hence, S3ME2 being a versatile weather station
for extreme environments can be beneficial to a wide range of field experts ranging from
climatologists, glaciologists, geologists, meteorologists and people working on habitabil-
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ity, lithology, seismology and planetary exploration. S3ME2 can be scaled for Martian
applications in future, and such installations can provide a continuous stream of in-situ
data for research in the fields of climate, atmosphere and geosciences.

PACKMAN

The PACKMAN instrument has demonstrated its capability to serve as a low-cost tool
to study the space weather phenomena by serving as a stand-alone unit and also as a
network by installation at multiple latitudes and altitudes. The fluxgate magnetometers
used in PACKMAN are not calibrated to absolute magnetic field levels. This limits the
quantitative study of the magnetic field anomalies. Hence calibration of the fluxgate
magnetometers is the next step in PACKMAN to improve the scientific return of the
instrument. With PACKMAN employing dual Geiger counters to measure energetic par-
ticles, coincidence detection would aid in isolating muon counts, which is crucial in the
study of cosmic ray particles. With TRL8 maturity of the instrument established through
stratospheric balloon launches, the scope of improvement in the scientific returns cou-
pled with a radiation-hardened design would propel the instrument for extra-terrestrial
applications.

ATMO-Vent

ATMO-Vent has been carefully designed in consideration with the minimal clinical re-
quirements of ventilators, using the UK Medicines Healthcare products Regulatory
Agency (UK-MHRA) RMVS document as a guideline. However, the mechanical, electri-
cal and software robustness for a long-sustained operation needs to be tested mainly when
applied in clinical use. During the long-sustained operation, the configuration of the ven-
tilator needs to be adapted, for diagnosis and evaluation. ATMO-Vent has to be certified
for operation in healthcare facilities. The equipment needs to be certified according to the
industrial and medical standards ISO 13485:2016(E). Although its design is in everything
equal to existing commercial ventilators, before its operation in clinical use, it needs to
be tested with trained healthcare personnel. The ventilator should also be subjected to
Closed Suctioning Test to ensure continuous ventilator operation during the suctioning
procedure, where the tracheal secretions are removed through the endotracheal tube in
mechanically ventilated patients. ATMO-Vent can be used in the future as support for
other respiratory diseases. Oxygen therapy coupled with mechanical ventilation is meant
to support patients so that an adequate oxygen saturation (>88%) in arterial blood is
maintained. The ability of ATMO-Vent to provide non-invasive assisted ventilation sup-
port with control over the fraction of inspired oxygen can help patients who are in the
development stage of respiratory distress. This shall ensure that patients who develop
ARDS could be attended with a full-fledged ventilator. Besides this, and beyond its
clinical use, ATMO-Vent will be miniaturised and used for its future usage as 1) portable
life-support equipment for long-inhabited environments without rapid access to hospitals
(emergency clinics in rural environments, ships, camping sites, migrant-settlements, mil-
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itary or scientific bases in remote regions); 2) life support system for Space applications
using space-qualified components.
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Abstract

Autonomous exploration requires the use of movable platforms that carry a payload
of instruments with certain level of autonomy and communication with the operators.
This is particularly challenging in subsurface environments, which may be more danger-
ous for human access and where communication with the surface is limited. Subsurface
robotic exploration, which has been to date very limited, is interesting not only for sci-
ence but also for cost-effective industrial exploitation of resources and safety assessments
in mines. Furthermore, it has a direct application to exploration of extra-terrestrial sub-
surface environments of astrobiological and geological significance such as caves, lava
tubes, impact or volcanic craters, and subglacial conduits, for deriving in-situ miner-
alogical resources and establishing preliminary settlements. However, the technological
solutions are generally tailor-made and are therefore considered as costly, fragile, and
environment-specific, further hindering their extensive and effective applications. To
demonstrate the advantages of rover exploration for a broad-community we have devel-
oped KORE (KOmpact Rover for Exploration); a low-cost, re-usable, rover multi-purpose
platform. The rover platform has been developed as a technological demonstration for
extra-terrestrial subsurface exploration and terrestrial mining operations pertaining to
geomorphological mapping, environmental monitoring, gas leak detections, and search
and rescue operations in case of an accident. The present paper, the first part of a series
of two, focuses on describing the development of a robust rover platform to perform ded-
icated geomorphological, astrobiological, and mining tasks. KORE was further tested in
Mine Analogue Research 6 (MINAR6) campaign during September 2018 in the Boulby
mine (UK), the second deepest potash mine in Europe at a subsurface depth of 1.1 km,
the results of which will be presented in the second paper of this series. KORE is a large,
semi-autonomous rover weighing 160 kg with L x W x H dimensions 1.2 m x 0.8 m x 1
m and a payload carrying capacity of 100 kg using 800 W traction power that can power
to a maximum speed of 8.4 km/hr. The rover can be easily dismantled in 3 parts facili-
tating its transportation to any chosen site of exploration. Presently the main scientific
payloads on KORE are: (1) a 3D mapping camera, (2) a methane detection system, (3)
an environmental station capable of monitoring temperature, relative humidity, pressure,
and gases such as NO2, SO2, H2S, formaldehyde, CO, CO2, O3, O2, volatile organic com-
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pounds, and particulates, and (4) a robotic arm. Moreover, the design of the rover allows
for integration of more sensors as per the scientific requirements in future expeditions.
At the MINAR6 campaign the technical readiness of KORE was demonstrated during 6
days of scientific research in the mine, with a total of 22 hours of operation.

1 Introduction
Subsurface exploration of planetary bodies is gaining momentum owing to the recent
findings such as the exposed subsurface ice sheets on Martian mid-latitudes [1] and the
detection of molecular hydrogen in the plumes of the Saturnian moon Enceladus, show-
ing evidence of hydrothermal activity in the subsurface of the moon [2]. Another recent
finding suggests evidence of liquid water trapped below the ice of the South Polar layered
deposits in a well-defined, 20-kilometer-wide zone on Mars [3]. The subsurface environ-
ments of astrobiological and hydrological importance usually include caves, lava tubes,
impact or volcanic craters, and subglacial conduits. These subsurface targets of interest
provide a unique environment for studying the geomorphology [1], geology [4], astrobi-
ology [5], [6], geobiology [7], [8] and mineralogy [9] of an extra-terrestrial body as these
environments are pristine and shielded from the often more extreme conditions prevail-
ing on the surface. These subsurface environments hold a diversity of trapped materials
and minerals and can be places to search for habitable environments and test the hy-
pothesis of the presence of microbial life such as extremophiles [10] which might persist
in the relatively shielded environment below from energetic particles, ultraviolet (UV)
insolation, extreme temperature cycles and the surface oxidizing environment. These
subsurface targets can also provide information on the volcanic, tectonic and hydrolog-
ical history of the extra-terrestrial bodies. Evidence of the effects of climate change on
glacial systems have been deciphered from closely monitoring subglacial environments
[11] and in the context of planetary exploration, such findings have implications for un-
derstanding climate and landscape evolution. The presence of lava tubes and caves in
extra-terrestrial bodies such as Moon and Mars are corroborated with the findings from
Mars Onboard Camera aboard the Mars Global Surveyor mission [12], High Resolution
Imaging Science Experiment (HiRISE) camera on the Mars Reconnaissance Orbiter [13],
Selenological and Engineering Explorer (SELENE) moon mission [14], and Thermal In-
frared Imaging aboard Hayabusa2 to image Asteroid 162173 Ryugu [15]. Besides lava
tubes, caves formed by other means such as past hydrological activity have also been
detected on Mars [16,17,18]. Lunar caves have been detected in Mare Deposits using the
Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera (NAC) [19].

With human exploration of extra-terrestrial gathering pace, the recent trend is to
utilize robotic exploration tools for the study of these subsurface targets. Visual analysis
is the first step towards exploration and having three-dimensional information of features
rather than just 2D photographic images would provide us a detailed knowledge of sub-
surface features. Real time mapping in 3D is required for the investigation of planetary
geomorphological structures. With the discovery of geological features such as lava tubes
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and caves on Mars, the curiosity to explore these enclosed geological structures in-situ
with 3D mapping technologies is overwhelming. Ground based imagery with rovers pro-
vides higher resolution at close range compared to orbiters which have a coarse spatial
resolution. i.e., the Mars Exploration Rovers PANcam provided a 0.8 mm/pixel Spatial
Resolution at 3 m distance [20], and the ExoMars rover will carry a Panoramic Cam-
era that will provide multi-spectral stereo images with 65° field-of-view (1.1 mrad/pixel)
and high-resolution (85 µrad/pixel) monoscopic ‘zoom’ images with 5° field-of-view [21].
The panoramic cameras are designed to perform digital terrain mapping and also multi-
spectral geological imaging, capturing colour and stereo panoramic images, measuring
water vapor abundance and dust. These high-resolution imaging systems can be ex-
ploited in future missions for the imaging of inaccessible locations such as crater walls.
The limitation of such visible spectrum-based stereoscopic cameras is that they are re-
stricted to imaging only in ambient light conditions. Usage of artificial light sources to
illuminate regions of study induce problems such as image saturation of regions close to
the light source and shadows created by illumination [22]. Hence, they cannot be used for
exploration of subsurface features where there is a complete absence of ambient light con-
ditions. A Red Green Blue-Depth (RGB-D) camera coupled with Infrared depth sensor
based on the Structured Light operating principle can address the issue of mapping in 3D
in low light to pitch black conditions by combining depth information from the Infrared
sensor of each pixel with an RGB pixel value. Commercial RGB-D cameras such as the
Microsoft Kinect™ first generation camera operates based on infrared structured light
and utilizes a projected intensity pattern to obtain the depth information of each pixel.
Artificial lighting may corrupt the pattern and hence these cameras tend to perform
well in absence of ambient lighting [22]. The Microsoft Kinect™ camera, primarily used
for computer gaming, thus can also prove to be an excellent tool for geomorphological
studies by utilizing the infrared depth data to generate short range 3D maps. Microsoft
Kinect™ has been utilized as an inexpensive system, with great potential to obtain fast,
automatic and accurate grain size distributions of sedimentary deposits [23]. Mapping
of the underwater terrains using the Microsoft Kinect™ has been reported in Nakagawa
et al. (2016) [24]. Microsoft Kinect™ has been utilized for characterizing geologic and
paleontological features such as the slip-surface roughness in mesoscale [25].

1.1 Subsurface environment’s potential for astrobiological study
Subsurface environments also serve as ideal candidates for astrobiological investigation
as microbial life can grow in subsurface environments shielded from radiation from by
the solar wind impinging on the surface of the extra-terrestrial body. Subsurface en-
vironments can protect biosignatures that can be sought to test the hypothesis of the
presence of life. Also, the temperature gradient down these environments tend to be
more uniform and can protect a rich mineralogy that has not been exposed to the de-
grading surface conditions. Robotic exploration for astrobiology investigation began in
1976 with the Viking landers on Mars and has grown rapidly and culminated in the
recent astrobiology experiment tool on the ExoMars rover – the Pasteur payload [26]
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flag shipped by the Aurora program. The science panoramic camera mounted on the
pan/tilt mast, a ground penetrating radar sounder mounted underneath the rover, a me-
teorology/environmental sensor package mounted separately on the rover and the Pasteur
module-accommodated instruments: an optical colour microscope, a combined Raman
spectrometer/ laser-induced breakdown spectrometer, a gas chromatograph/mass spec-
trometer, an oxidant sensor, and life marker chip constitute the astrobiological payload.
For sample collection, especially from depth of 1.2 m to 2 m, the ExoMars carries a
drill, which would collect samples from the subsurface which have been isolated from the
Martian surface. The need to drill to such depths is because Mars is covered with highly
oxidizing material such as hydrogen peroxide that tends to degrade any organic molecule
present on the surface. These samples would then be analysed by instruments on the
rover which includes a Raman spectrometer, a laser plasma spectrometer and an infrared
spectrometer.

There are many analogues on Earth that provide us a platform for experimental as-
trobiology. On Earth, Life On ice: Robotic Antarctic eXplorer (LORAX), a robotic
mission has been deployed in Antarctica to study the characterization of microbes in the
icy sheets of Antarctica as they have the potential to sustain and preserve organic activity
[27]. Kapvik, a micro-rover designed by the Canadian Space Agency (CSA) was geared
toward identifying and characterizing methane emission on Mars and two analogue mis-
sions were carried out in Quebec, Canada on the Jeffrey Mine and in the Norbestos Mine
[28]. Methane detection on extra-terrestrial bodies is also a current topic of research.
since it is reported in the atmosphere of Mars. Methane on Earth is mainly produced
from biological processes and thus its presence on extra-terrestrial bodies like Mars raises
curiosity to find its source. Methane could be from potential sources or reservoirs that
may be abiotic [29]. The abiotic processes include geological production such as serpen-
tinization of olivine [30], ultraviolet (UV) degradation of meteoritically delivered organics
[31], [32], [33], production by impacts of comets [34], release from subsurface clathrates
[35] or regolith-adsorbed gas [36], [37], erosion of basalt with methane inclusions [38] or
geothermal production [39]. More speculatively, a biological source has also been dis-
cussed in Atreya, Mahaffy and Wong, (2007) [29] and Krasnopolsky, Maillard and Owen,
(2004) [40]. These processes have been discussed in determining the reason behind the
plumes of methane detected in the Martian atmosphere [41].

1.2 Mine as an analogue for exploration in subsurface extrater-
restrial environments

Subsurface environments on Earth, both natural and man-made, are yet to exploit the
fullest possibilities of robotic explorations. Mines are one of the largest subsurface en-
vironments that humans occupy. Mines serve as an excellent analogue for subsurface
extra-terrestrial research as these environments are less influenced by diurnal variations,
climatic conditions, meteorological parameters. Mines can also be used to investigate
microbial communities in the deep subsurface and to understand the metabolic and
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physiological requirements of organisms that life in deep subsurface settings [7]. The
mines also serve as an excellent environment to simulate extra-terrestrial robotic explo-
ration. Apart from the scientific objective, there also exists a synergy between robotic
exploration and safety and occupational health of the people working down the mine.
Mines can be a hostile environment if there is the potential for an accumulation of toxic
and flammable gases. Coal mines are more prone to methane deposits that serve as a
severe hazard for miners. Hence, it’s of great concern to utilize robotic exploration tools
such as rovers for analysing the mine environment, prior to human access. Aside from
gases there are several hazards ranging from aquifer crackdowns, shaft collapse, flooding,
etc.

There is also an emerging need to establish a direct link between planetary explo-
ration and industrial applications of space technology for the benefit of humanity on
earth. Some of the recent technology transfers from space application to mines are dis-
cussed below. The anthropometric database used by National Aeronautical and Space
Administration (NASA) for Space shuttle programs is now extended to mine safety by
using them in the development of optimal operator cabs in mines that are safer and more
comfortable [42]. The Commercial Crew Transport-Air Revitalization System that was
designed to provide clean air for crewmembers on short-duration space flights is now
utilized to save miners in the event of any underground disaster [43]. Technology devel-
oped for space is also being used for rescue, aid and saving human lives. For example,
PackBot, a mini-rover developed from the design of the Sojourner Martian Rover has
been deployed in battle fronts to aid in the rescue of soldiers and victims [44]. Another
application where space-grade technology and equipment can be extremely beneficial for
geophysical exploration is ongoing subsurface mining activities on Earth. Rovers with
real time 3D mapping can scan the shaft walls and relief features to identify possible spots
of shaft fractures and warn the miners far ahead before human access. This aspect of
mapping relief features can be extended to extra-terrestrial subsurface exploration where
astronauts can be warned of critical structures that can be quarantined.

In this paper, we describe the design and development of a Rover, KORE (KOmpact
Rover for Exploration) made with commercial off the shelf components (COTS) to exploit
robotic exploration of subsurface environment from a geomorphology, astrobiology and
mining point of view. The paper is structured with background, discussing on the state
of the art of technology utilized for the exploration, followed by the design of the rover
and the payloads tailored for the subsurface environment exploration and the conclusion
with the future work to be done. This paper is the first in the series of two papers where
the second paper will focus on the field site testing and experimentations conducted by
KORE.

2 Background
The Boulby Mine (UK) as an analogue site for testing instruments for planetary ex-
ploration began with the MINAR1 (Mine Analogue Research1) campaign that was held
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between 22–24 April 2013 as a workshop in Boulby Potash mine, United Kingdom [45].
The Boulby Mine is an active potash mine run by the Israel Chemicals Limited (ICL)
in northern Yorkshire, United Kingdom, which is located at 1.1 km depth and is one of
the deepest mines in Europe. The mine exploits a Zechstein evaporite deposit, which
is the remnants of a 250-million-year-old epeiric sea that existed during the Permian
period stretching from the shoreline of the modern United Kingdom to Eastern Europe.
The evaporite mineral are rich in chloride and sulphate salts, including halite, sylvinite,
sylvite and polyhalite. MINAR is a collaborative effort, organized and run by the UK
Centre for Astrobiology, the Boulby Underground Facility and ICL. The fifth version of
the MINAR (MINAR5) campaign used a Mars Yard outside the Boulby Underground
Laboratory that hosted the campaign. During MINAR5, a decision was taken at the
Luleå University of Technology (LTU) to develop the KORE rover to participate in the
sixth edition of MINAR (MINAR6). In MINAR6 KORE was used as a platform to host
the sensors (some of them improved) tested during MINAR5. The objectives and the
campaign along with the extensive analogue research done during MINAR 5 are pre-
sented in Cockell et al. (2018) [46]. One of the experiments carried out in the MINAR5
campaign was testing of a real time 3D mapping system, In-situ 3D mapping tool, eX-
ploration of space 3D (InXSpace 3D) using commercial RGB-D camera and open source
algorithms. The 3D mapping with RGB-D camera was chosen owing to its lower cost
and better resolution in a short-range mapping. The 3D mapping with RGB-D camera
can also provide a real time analysis of the area of the study unlike Light Detection
and Ranging (LIDAR), which is another competing alternative for mapping in low light
environments. LIDAR with a higher operating range than RGB-D cameras suffers from
increased data set size and computing and requires complex post-processing. The major
drawback of LIDAR is the generation of a real time map of the environment from a sparse
3D point cloud [47]. The real time mapping is essential for robotic explorations and for
assisting human exploration of subsurface features for the crew to get an immediate pic-
ture of the surrounding environment. Real time in-situ mapping can provide a clear
picture for the scientists who are operating in the main station, to guide astronauts in a
remote subsurface location and provide suitable advice on the mission. This can range
from sample collection for astrobiology studies, geological studies and geomorphological
analysis. Moreover, the real time 3D mapping can provide an excellent tool for local-
ization and navigation of the robotic exploration rovers for autonomous path traversal.
The PANGEA program from ESA [48] which aims to train European astronauts in the
field of planetary exploration can provide a viable platform for exploiting the use of such
robotic explorers for future space missions.

2.1 Preliminary instrument testing
During the MINAR5 campaign, close range and long-range mapping was performed with
the InXSpace 3D system. Figure 1 shows the Digital Elevation Model (DEM) of the close-
range mapping of a polyhalite sample. The inset shows the polyhalite sample screened
using the InXSpace 3D system. InXSpace 3D system generates point clouds which are
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used in the geomorphological analysis. Point clouds are a set of data points defined
in a 3-dimensional co-ordinate system. Point clouds are used in defining the shape of
some real or created physical systems and are used to create 3D meshes and surfaces
that can be used in various fields including medical imaging, architecture, 3D printing,
manufacturing, 3D gaming and various virtual reality (VR) applications. Point cloud
is a very accurate digital record of an object or space and its potential for scientific
investigation is exploited using the InXSpace 3D system. Point clouds can also store
information regarding the colour and reflectivity of the points of study. Figure 2 shows
the point cloud of a well-preserved polygon structure on the mine ceiling mapped with
InXSpace 3D system. The vertices are indicated by purple dots. The polygons are well
defined features formed on the Zechstein halite deposit with dark black/brown lineation
containing accumulations of enhanced mineral and carbon [46]. Measuring exact dimen-
sions of such polygonal features can aid to our understanding of their exact formation
and development mechanism. The procedure to measure these polygon features and the
necessity to study these features would be detailed in the follow-up paper.

Figure 1: Digital Elevation Model (DEM) of a polyhalite sample with the inset showing the
polyhalite sample. The colour scale on the bottom left shows the depth information in m of the
3D point cloud of the polyhalite sample, along the applicate orientation from the camera. The
scale bar is in m.

The long-range mapping in MINAR 5 campaign with InXSpace 3D was accomplished
by mounting the RGB-D camera on a trolley and moving the trolley parallel to the scan-
ning zone. Figure 3 shows the InXSpace 3D system on a temporary trolley setup and the
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Figure 2: Point cloud of a well-preserved polygon feature occurring on the ceiling of the mine.
The scale bar is in m.

Figure 4 shows the DEM map of the scanned mine shaft. The trolley had limited angular
movements and platform instability in rough terrain, and these limitations restricted the
scanning area and performance, further prompting for a need to develop KORE as a
sensor platform. The InXSpace 3D was tested in the MINAR5 campaign by astronaut
Mattias Maurer as a part of the European Space Agency (ESA) CAVES-PANGEA pro-
gram [46].

The InXSpace 3D system used the Microsoft Kinect™ first generation camera that
works with OpenNI driver. The main reason for choosing OpenNI library was due to
cross-platform support and compatibility with various mapping algorithms. The first ver-
sion of the Microsoft Kinect™ camera works based on Structured Light technology where
the camera projects an active pattern and obtains the depth information by analysing
the deformation of the pattern. The Microsoft Kinect™ camera also has a depth error in
the order � 1 mm to 75 mm depending upon the measurement distance from the sensor.
Below 3 m the error rate is less than 1 mm, which justifies its application to short range
mapping. The total mapping range of the Kinect camera is 0.8 m to 4 m. The working of
the Kinect camera sensor is discussed by Zhang (2012) [49]. The Kintinuous and Elastic-
Fusion dense SLAM algorithms were used in the InXSpace 3D system. The Kintinuous
is a real-time large scale dense visual SLAM algorithm that creates high quality point
and mesh reconstructions by scanning over targets over a wider spatial resolution [50],
[51, [52], [53]. ElasticFusion is a real-time dense visual SLAM algorithm that has the
capability to capture comprehensive dense globally consistent surfel-based maps of room
scale environments over a smaller spatial resolution [54], [55]. Both algorithms utilize
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Figure 3: InXSpace 3D system operated on a trolley during the MINAR5 campaign.

Figure 4: DEM of the mine shaft walls mapped with InXSpace 3D in MINAR 5 campaign. The
colour scale provides the depth information in m, from the camera pointing along the applicate
orientation. The scale bar is in m.

the RGB-D camera for generating the point cloud. During the MINAR5 campaign, the
Kintinuous algorithm was used to generate point clouds of mine walls and similar tar-
gets from a wider coverage, while the ElasticFusion algorithm was used in generating
point clouds of polyhalite and potash samples. The Boulby Mine served as an excel-
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lent environment for testing the InXSpace 3D system owing to the naturally occurring
geomorphological structures such as Polygons on the ceilings of the mine shafts and sta-
lactites over the brine pools. With the InXSpace 3D as a technological demonstrator
in the MINAR5 campaign focused on testing the real time 3D mapping, there was no
dedicated platform to mount the RGB-D camera.

2.2 Transition from MINAR 5 to MINAR6 – Development of
KORE

After MINAR5 campaign [46] we learnt that a Rover platform was necessary to mount
the InXSpace 3D system to cover a wider spatial area with robust control on the sensor
platform and operations to ensure reliable 3D data. The InXSpace 3D system is highly
portable and having a dedicated platform for the InXSpace 3D system opens up the
opportunity to house a wider payload for exploring the mine analogue. The platform
would be capable of not just performing 3D mapping but also would enable collection
of contextual environmental data to facilitate other astrobiological and mining related
tasks. With these requirements in mind KORE Rover (Figure 5), was designed at the
Luleå University of Technology, also with the two additional constraints. The Rover had
to be designed, fabricated and fully tested prior to operation in the mine in a short time
of less than a year and with a low investment. Furthermore, this rover should serve as
multipurpose solution interesting to other projects and applications. For this specific
application for mine exploration the weight was not a limiting factor. For the present
campaign, the payload carrying capability of the Rover were set to an upper limit of 100
kg and the rover mechanical design was adapted accordingly. Without loss of generality,
this robotic explorer can be scaled down for other applications.

The MINAR6 3D mapping system is an improved version of InXSpace 3D with
pannable cameras exploiting the state-of-the-art Robotic Operating System (ROS). With
the mine environment serving as an analogue environment for investigation of subsurface
geomorphology and astrobiology studies of samples, the need for a robotic arm for sam-
ple manipulation was necessitated. After MINAR5 it was also learned that methane is a
critical gas of interest which is both relevant for safety in mines, as for extra-terrestrial
explorations as potential biomarker. Thus, the rover was updated to incorporate methane
monitoring capabilities.

Methane detection with electrochemical sensors limits detection to a narrow spatial
resolution. To overcome the proximity issue, optical based methane detection is an ideal
instrument to measure methane concentrations. Methane detection with laser absorption
spectroscopy has the capability to measure methane concentrations with a very fast re-
sponse time (0.1 seconds) with a good measurement range up to 50 m. More sophisticated
methods include hyperspectral imaging which provides a wider field of view and spatial
resolution [56] at the expense of higher operating costs and power. Hence the Rover
was fitted with the Laser Absorption Spectroscopy based Methane detector. It is also of
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Figure 5: (a) Side view of KORE (left) (b) Isometric view of KORE (right) with complete
payload for MINAR6 campaign.

great importance to measure the presence of toxic gases in the mine environment. The
Rover is also fitted with an environmental monitoring station that could measure gases
such as NO2, SO2, H2S, formaldehyde, CO, CO2, O3, O2, volatile organic compounds,
and particulates along with sensors to measure the environmental parameters such as the
temperature, pressure and relative humidity around the rover. In the subsequent section,
we discuss the steps which were crucial in the rover development and sensor integration.

3 Design and Development
KORE is built with a robust design maximizing the use of COTS components and min-
imum custom-made parts to facilitate intelligibility to the research community to build
such robotic platforms at a conservative budget without compromising the quality. The
design ensures quick construction of the Rover and improves portability of the rover to
different field sites. The components used in the development of KORE are easily acces-
sible and improves the serviceability of the Rover in case of any failure. Moreover, the
rover has the provision for easy and instant integration of more sensors as per the user
requirements. This section is categorized in seven sections with each section describing
in detail the features of the design.

3.1 Rover locomotion and suspension
Locomotion is the basis of any robotic explorer rover. The choice of locomotion mecha-
nism for a rover is very specific to the terrain the rover has to traverse. In general, the
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terrains inside a mine or a cave can be extremely undulating, rocky, and steep. Hence
there is a need to have a locomotion system with a very stable suspension to ensure the
rover is able to climb obstacles and maintain its stability. Human intervention to access
these rovers in case of failures is challenging and hence the design has to be very robust
with a good traction power to ensure the rover is not caught in gullies or tumbles down a
slope. These events can compromise the entire exploration as it can severely damage the
instruments on the rover deck. Among the number of robotic missions with the capability
of deploying rovers on extra-terrestrial surfaces, the six-wheel system rover have proven
to be a reliable mechanism since its inception on Mars Pathfinder in 1997 [57], Mars
Exploration Rover in 2003 [58] and Mars Science Laboratory in 2011 [59]. The extensive
heritage of the six-wheel rocker-bogie design with its exceptional vehicle stability was a
dominant factor in incorporating the mechanism to KORE. KORE utilises commercial
wheel chair motors to locomote each wheel. The use of a brushless high torque wheel
chair motor provides an exceptional power to KORE. The specifications of the motor
and the wheels used in KORE is tabulated in the Table 1.

Table 1: Specifications of the electric motor and wheel used in KORE locomotion.

Operating Voltage 24 V
Output Power 200 W
No-load Current <3.6 A
Motor Speed ± 5% 3550 RPM
No-load Output Speed 135 RPM
Gear Ratio 26.25: 1
Sound Level ≤ 58 dB(A)
Brake Torque ≥ 33.4 Nm
Gear Motor Rated Torque 16.95 Nm
Motor Outer Diameter 79 mm
Output Shaft Outer Diameter 17 mm
Motor Weight 15.5 lbs
Wheel Outer Diameter 13 inches
Wheel Tread Width 4 inches
Wheel Weight 6.7 lbs
Maximum load bearing capacity 300 pounds

at 30 PSI
Tube Type Pneumatic
Maximum Rover Speed @12V 8.4 km/hr

Six-wheel rocker-bogie rovers allow each of the six-wheel assemblies to rotate for rover
”arc-turn” and ”turn-in-place” manoeuvres [60]. KORE does not have an assembly to
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rotate each of the individual wheel and hence cannot execute turn in place manoeuvres.
It can perform an arc-turn manoeuvre or tank-turn manoeuvre by applying skid-steering.
The rocker-bogie suspension allows each of the wheels to be in contact with the ground
passively irrespective of the terrain and this allows the pressure acting on each wheel
to be equilibrated. This ensures the rover does not sink into soft terrains which could
result when the weight acting on the wheels is not spread uniformly through the six
wheels. Also, the contact between each wheel and the terrain at all times ensures that
the torque produced by each motor is utilised by the rover to propel through the rough
terrain. Figure 6(a) shows the CAD modelled counter rotating differential mechanism
used in KORE. The counter differential mechanism ensures that when one side of the
rocker-bogie is raised, the other side is pushed down to exert the maximum torque on
contact with the ground.

Figure 6: (a) CAD model of the counter differential mechanism to be used in KORE (left) (b).
Counter Differential of KORE before assembling on to aluminium chassis (right).

The gears used in this counter differential are miter gears, which are bevel gears
with a gear ratio of 1:1. The role of these gears is to change the direction of rotation
by transferring the motion to a perpendicular orientation and again transferring it to
parallel orientation. Figure 6(b) shows the miter gear counter differential mechanism
incorporated in KORE, with (Table 2) showing the specifications of the miter gear used
in the counter differential assembly.

A redundant fourth gear in the counter differential increases the surface area of the
gear faces in contact and improves the load bearing capacity of the differential. The
improved load bearing capacity of the differential is very crucial for the rover to withstand
shocks when moving through rough terrains. The differential mechanism is mounted on
the Rover chassis to which the Rocker and Bogie are connected.
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Table 2: Specifications of the Miter gear used in KORE counter differential.

Pitch 6
Pitch Circle Diameter 24 mm
Number of Teeth 101.6 mm
Material EN8
Bore diameter 25.4 mm
Face Width 28.6 mm
Outside Diameter 107.7 mm
Hub Length 20.6 mm
Pressure Angle 20◦

3.2 Rover Mechanical design
The Rover chassis constitutes the frame of the rover, which houses the counter differential,
the payload table and the Rocker-Bogie. The Rover chassis is subjected to impulsive load
and shocks when the rover traverses’ terrains. Hence there is a need for the chassis to
absorb these impulses and shocks which are detrimental to the instruments on the Rover.

Rover frame

The KORE frame is constructed from commercial aluminium profiles which provides
greater flexibility to mount payloads and accessories such as the payload table. The
optimal aluminium profile to build the frame was selected by performing simple static
stress analysis on the Computer Aided Design (CAD). Figure 7 shows the stress analysis
results when KORE aluminium frame is subjected to distributed loads. The Solidworks®
(www.solidworks.com) software was used in the CAD modelling and stress analysis. In
the Figure 7 (top), the aluminium frame is subjected to a distributed load of 2000 N
and in the Figure 7 (bottom) a distributed load of 1000 N is simulated to act on the
aluminium frame (pink arrow) along the -Z direction. In both the studies, the extreme
end aluminium profiles are fixed (green arrow) such that deformation can occur only
on the inner two aluminium profile. The Rocker-Bogie pivoted along the extreme end
profiles would add rigid support, while the inner two aluminium profiles would be void
of support and hence studying their deformation under load is essential. A maximum
threshold of 100 kg was defined to be payload carrying capability of the Rover. Hence
simulation was performed with 1000 N and 2000 N distributed load on the frame.

A deformation of maximum 0.51 mm is prone to occur when a 2000 N is distributed
to act on the entire area of the aluminium frame and a deformation of 0.26 mm is prone
to occur in the later circumstance. The deformation study of the frame is critical as it is
the centre point for the entire load acting on the chassis. The deformation is negligible
for up to a load of 2000 N and it justifies the design of the aluminium frame.
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Figure 7: Stress analysis of the aluminium frame along the XY-plane when subjected to dis-
tributed loads of 2000N (top) and 1000N (bottom). The colour scale shows the deformation in
mm with red indicating maximum deformation zones and blue with the least deformation.

Rover Rocker and Bogie

The Rocker constitutes the front arm that is connected directly to the front traction
motors. The Bogie is the trailing arm that houses the rear motors of the rover. The
rockers are connected to the differential and to the bogie pivot. The bogie pivot is a pivot
bearing that holds the rocker to the bogie. The connecting points between the rocker and
differential and rocker and bogie are shown in Figure 9. The rocker and bogie carry the
entire weight of the Rover and hence they need to be rigid to maintain the stability of the
rover. Commercial Steel tubing of 40 mm dimeter and 2 mm wall thickness were used in
the construction of the Rocker-Bogie structure. The Rocker-Bogie structure is made with
a 2:1 ratio scale where the rocker arm length is twice the length of the bogie arm and the
angle between the horizontal and the rocker-bogie wheel attachment is fixed at 45° and
135° respectively. Figure 8 shows the Rocker-Bogie of KORE assembled and painted with
anti-rust coating. Anti-rust coating is particularly critical for exploration of a salt mine.
Halites increase corrosion of steel and this corrosion increases drastically on exposure to
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higher relative humidity. The influence of sodium chloride on the atmospheric corrosion
of steel is discussed by Ericsson (1978) [61]. Figure 8 shows rust formation on a steel
plate fixture of the Methane detector without anti-rust protection. The extensive rusting
could be observed in a narrow timeframe of just one month once after the campaign, and
once the rover was exposed to ambient temperature and relative humidity conditions out
of the mine.

Figure 8: Accelerated Rusting observed on the methane detector fixture after taken to the surface
from mine.

A motion study of the rocker-bogie assembly was performed using Solidworks® motion
study tool to analyse the characteristics of the mechanism by simulating the rover motion
over undulances. The CAD model of KORE chassis, shown in the Figure 10 (top)
was subjected to motion analysis. The braking torque of the motors required was also
simulated with a slope of 30° to obtain an estimate of the motor torque needed to actuate
the rover. The braking torque for actuating the chassis is shown in the plot Figure 10
(bottom). For a slope of 30° and mass of the chassis of approximately 80 kg without
payload table, payload and batteries, the torque was estimated to be around 7.7 Nm.
With all accessories mounted, the complete Rover was estimated to weigh about 160 kg
and a motor of torque twice the simulated calculation was needed.
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Figure 9: Rocker-bogie with anti-rust paint. The second layer of paint was sprayed upon the
anti-rust coating to improve the shelf life of the Rover Rocker-Bogie.

Figure 10: CAD model (top) of the Rover Chassis which was subjected to motion analysis with
simulated terrain in Solidworks® motion study. The model was also subjected to actuate along
a 30° slope to calculate the braking torque, which gives an approximate idea of the motor torque
needed, shown in plot (bottom). The red box indicates the peak torque generated along the slope.

Rover payload table

The Rover payload table is the mounting plate for the payloads and the Rover computer.
A commercial aluminium milled T-slot table is chosen as the Rover payload table owing
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to its good load bearing capacity at reduced weight. An important criterion of any
vehicle design is to avoid increasing the height of the centre of gravity as it can severely
compromise the vehicle stability. Hence it is of great importance to distribute the weight
evenly and the T-slot aluminium table being lighter and stronger justifies its purpose as
a payload table. Moreover, the milled T-Slots allow easy of mounting payloads by sliding
M6 bolts through the grooves, to hold the payload to the payload table.

3.3 Rover electrical design
The KORE is furnished with three batteries to power the Rover and the payload. The
batteries used in KORE are sealed lead acid Gel batteries. Two 12 V, 35 Ah batteries are
connected in parallel to provide 70 Ah capacity at 12 V for powering the six motors of
the Rover. A 12 V, 50 Ah battery is used to power the payload on the Rover. The motors
are controlled through a commercial motor driver, Sabertooth dual channel 60 A motor
driver that supports a maximum current of 60 A on each channel. Three motors on either
side of the Rover are connected in parallel to the individual channels. The Sabertooth
motor driver is very versatile for control as it can take inputs such as differential radio
control inputs, Pulse Width Modulation (PWM) signals or Transistor-Transistor Logic
(TTL) serial input to control the speed and direction of the motor. KORE is programmed
to use both TTL serial input signals and radio control signals for Rover control. The
former is used to control the Rover through the onboard computer using Internet. The
latter is used to control the Rover in close range through a standard 2.4 GHz telemetry
link.

To power the payloads on the Rover, KORE is furnished with a 600 W pure sine
wave inverter that boosts the voltage from the 12 V, 50 Ah battery to provide a stable
220 V sine wave output. The availability of 220 V power sockets on the rover matches
the standard requirement of most payloads. All the connections from the battery are
provided with battery isolators and fuses to prevent any fire hazard or explosion in case
of short circuit or misconnections. An additional emergency switch is used to cut the
power to the motor driver in case of emergency situations. The flowchart, Figure 11
discusses the complete electrical circuitry of KORE rover.

3.4 Rover onboard computer
The onboard computer of KORE serves multitude of purpose. The control of the Rover,
payloads and sensors are all interfaced to the Rover onboard computer. The onboard
computer is the backbone of the InXSpace 3D system discussed in the forthcoming section
of the paper. To cater the Graphical processing required by InXSpace 3D and also
to provide a large number of input/output ports for Rover and payload control, the
nVIDIA® Tegra TX2 processor with the embedded development kit is chosen as the
onboard computer of the KORE rover. The specification of the onboard computer is
highlighted in (Table 3) and the onboard computer mounted on the Rover is shown in
the Figure 12.
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Figure 11: Locomotion and payload electrical circuit architecture of KORE.

Table 3: nVIDIA® Jetson TX2 specifications

CPU ARM® Cortex-A57 (quad core) 2GHz+
nVIDIA® Denver2 (dual-core) 2GHz

Memory 8GB 128-bit
Storage 32 GB eMMC 5.1

USB 3.0 and 2.0
Power 7.5 W

Connectivity 1 Gigabit Ethernet,
802.11ac WLAN, Bluetooth

3.5 InXSpace 3D mapping system

The InXSpace 3D system is built using the commercial RGB-D camera, Microsoft Kinect™
and dense SLAM software algorithms such as Kintinuous, ElasticFusion and RtabMap.
All these software’s are based on visual SLAM using RGB-D data generated by the
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Figure 12: GPIO pinout of onboard computer to connect control circuitry shown along with the
relay board that controls the various payloads attached to Rover such as the linear actuator,
InXSpace 3D pan/tilt control and Rover drive motor controller.

camera and use common frameworks such as OpenCV. A detailed comparison between
Kintinuous and RtabMap is discussed by Altuntaş et al. (2017) [62]. For the develop-
ment of the new InXSpace 3D system, two RGB-D cameras were tested. The Microsoft
Kinect™ that was used in the MINAR5 campaign was compared with the Orbbec Astra
pro, a new RGB-D camera in the 3D camera market. The specifications of both these
cameras are compared in Table 4.

Table 4: Comparison between the commercial RGB-D cameras.
Characteristics Microsoft Kinect™ V1 Orbbec Astra Pro
RGB Camera 640 x 480 pixel 1280 x 720 pixel

FPS in RGB Camera 30 30
IR Camera 640 x 480 pixel 640 x 480 pixel

FPS in IR camera 30 30
Depth acqui-
sition method

Structured IR
light pattern

Structured IR
light pattern

Depth distance 800-4000 mm 600-8000 mm
Horizontal Field of view 57◦ 60◦

Vertical Field of view 43◦ 49.5◦
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The ARM architecture of the nVIDIA® Tegra TX2 processor, limits the driver avail-
ability for most devices. Orbbec Astra Pro suffers from a poor driver support and hence
the first version of Microsoft Kinect™ was preferred owing to its compatibility with all
the three algorithms used. The compromise made on choosing Microsoft Kinect™ in
spite of better range of Orbbec Astra pro will be resolved with development of better
driver support in the future work. The OpenNI driver is supported by most visual SLAM
algorithms and it improves the versatility of the Microsoft Kinect™ camera. The fol-
lowing section discusses the setup of InXSpace 3D with calibration and testing before
deployment on the KORE.

Setup

The nVIDIA® Tegra TX2 development kit is updated with Ubuntu 16.04 platform with
Linux 4.4.38 kernel using the nVIDIA® Jetpack 3.2.1 for L4T system. The ubuntu
repository for installing and building the visual SLAM algorithms is updated. ROS
Kinetic is used in the GPU. System dependencies such as libraries of sqlite3, pcl and
opencv are installed in the GPU. These dependencies are required to build the RtabMap
package. The Kintinuous and ElasticFusion are not supported on the ARM architecture
of nVIDIA® Tegra TX2 chipset and a separate laptop with nVIDIA® GPU is used to
run these algorithms. The field of view of the Microsoft Kinect™ camera is 57° and 43°
respectively in the horizontal and vertical directions and there is a need for a steerable
system to rotate and tilt the camera to cover a wider field of view. A commercial camera
panner with servo motors is used to adjust the camera rotation and tilt to produce a
3D map of larger spatial area. Figure 13 shows the RGB-D Microsoft Kinect™ camera
mounted on the camera panner.

Figure 13: Microsoft Kinect™ RGB-D camera connected to commercial photographic camera
pan / tilt assembly. The pan / tilt system allows 15° of freedom in tilt axis on either direction
and 360° of freedom in pan direction.
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Calibration

The Microsoft Kinect™ camera uses 2 monocular camera, one which captures RGB data
and the other which works with Infrared. Both cameras need to be calibrated to obtain
precise information from the RGB data and the depth data. A checkerboard is used to
obtain the calibration parameters using a python-based calibration application for the
ROS OS. Figure 14 shows the calibration checkerboard used to perform the calibration
of the RGB-D camera.

Figure 14: The RGB-D camera was calibrated for both the RGB visual image and depth IR
image using the checkerboard of known dimensions. The calibration factor thus obtained is input
into the algorithms to autocorrect offsets.

Testing

The testing of the new InXSpace 3D system was performed in the corridor of the Inspire
Lab, Luleå University of Technology, Sweden by moving the rover through the alley and
mapping the environment. Figure 15 shows the 3D DEM map generated from the point
clouds of InXSpace 3D. The DEM map is projected in the Z-axis with the elevation of
the alley indicated in blue representing the floor and red representing the highest points,
the ceiling. The open source CloudCompare software [63] is used to generate the DEM
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map from the point cloud. Also, the system was tested for its accuracy by measuring
the size of the circular glass window by taking two points on the diagonal of the window
in the 3D point cloud. The measured value obtained from the point clouds matches the
physical measurement of the circular window with a negligible error of 0.003 m.

Figure 15: DEM point cloud of the laboratory corridor of the Department of Computer Science,
Electrical and Space Engineering, Luleå University of Technology. The scale bar is in m.

3.6 Laser Methane detection system

The KORE rover uses a remote laser methane detection system from Hesai photonics,
which is a portable instrument designed to be mounted on drones and vehicles for in-
specting methane leaks from a point source. The methane detector that works based on
absorption spectroscopy is pre-calibrated in the factory and is operable on field out of the
box. However, the methane detector was tested, and the readings were validated in labo-
ratory conditions before mounting on the KORE rover. The detector provides a methane
concentration output which is the integrated concentration of methane along the path of
the laser beam. The methane detector is powered by the onboard power supply of the
Rover and the data from the instrument is collected by the nVIDIA® computer through
serial communication. Table 5 shows the specifications of the methane detector.
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Table 5: Hesai Methane leak detector specifications.

Working Principle Laser Absorption
Spectroscopy

Method Laser reflection
Sensitivity 5 ppm ∗ m

Detection range 0 to 99999
ppm ∗ m

Detection distance 50 m
Response time 0.1 s

3.7 Rover Robotic Arm

The Robotic Arm is a very crucial payload of KORE that performs as a standalone pay-
load and also serves as a self-sufficient platform to handle other payloads. A commercial
robotic arm from Dobot [64] is used on KORE. The Robotic arm has a limited reach of
maximum 320 mm and there is a need to bring the entire arm assembly down from the
Rover to collect samples on the ground. Hence, the need to have a linear actuator to
house the robotic arm assembly was required. A 12V linear actuator is housed on the
Rover, connected to the aluminium chassis by means of a fixture made from aluminium
profiles and steel plates. Figure 16 shows the linear actuator fixture with the Robotic
arm and (Table 6) lists some of the characteristics of the robotic arm.

Figure 16: Robotic arm assembly fixed to KORE chassis.
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Table 6: Specifications of the Robotic arm

Number of Axes 4
Maximum payload capacity 500 g
Maximum arm reach 320 mm
Communication USB / Wi-Fi / Bluetooth
Power Consumption 60 W
End Effectors Gripper Range: 27.5 mm

Type: Pneumatic
Force: 8 N

3.8 Environmental Station

The Environmental Station on the KORE Rover has a multitude of sensors measur-
ing common air pollutants, particulate matter and environmental parameters such as
temperature, pressure and relative humidity. The gases measured are NO2, SO2, H2S,
formaldehyde, CO, CO2, O3, O2, and volatile organic compounds (VOC). Commercial
grade Electrochemical sensors are employed in the measurement of these gases and the
data is stored onboard the environmental station computer. The data can be accessed
through the rover computer or also directly from the environmental station itself. The
environmental station provides a vivid characteristic of the environment around the rover.

Figure 17: (left) KORE during testing at Luleå University of Technology, Sweden, where its
mobility was analysed when traversing a slope path of 15 to 30 degrees (right) KORE climbing
down stairs test its stability in rugged terrain.
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The Figure 17 (left) shows KORE during testing in Luleå University of Technology,
Sweden, where its mobility was tested by climbing a smooth terrain slope of 15 to 30
degrees. Also, KORE was tested for its stability by climbing down stairs as shown in
Figure 17 (right). These tests were performed before the MINAR6 campaign to check
KORE performance in different terrains after which it was dis-assembled and shipped
to the Boulby Mine in UK for commencing the subsurface exploration. The summary
highlighting the specifications of KORE is elucidated in (Table 7) as follows:

Table 7: Summary specifications of KORE.

Weight 160 kg approx.
Weight of payload 12 kg
Scientific payload Laser Methane Detector, In-

Xspace3D, Robotic arm,
Environmental station

Size 1.2 x 0.8 x 1 m
Battery 2 x 35 Ah, 1 x 50 Ah

Total estimated hardware cost 3500 Euro
Power consumption 800 W (Traction)

200 W (Payload)
Days of operation 6

Environmental conditions 33◦ C and 29 % RH
Hours of scientific operation 22 hours

Data volume acquired 530.8 MB
Size of areas where mobil-
ity has been demonstrated

250 m

Depth of the mine 1.1 km
Demonstrated TRL in sub-

surface mine exploration
6

During the MINAR6 campaign, the Rover was subjected to rigorous testing for mo-
bility and the platform was deemed stable and endured traverses through slopes of more
than 30°. There occurred no scenario of parts to be replaced after the campaign, if such
scenario needs to arise in future campaigns, the replacement of parts is very easy own-
ing to utilization of COTS components. KORE can be dismantled in three major parts
(the aluminium frame with differential, the Rocker-Bogies and the payloads) for easy
transportation and quick reinstallation at the site of exploration (Figure 18).
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Figure 18: Three major components of KORE dismantlable for transportation to field site, red
box – Rocker Bogie, blue box – aluminium frame with differential, purple box - payload

4 Conclusion
Future exploration missions to Moon and Mars will significantly rely on technological
advancements to enable subsurface investigations. To improve the technological readi-
ness level (TRL), and the instrumentation and experiments to be carried out using rover
platform, it is important to develop and test such platform in analogues on earth. In this
work we had two main goals: (1) to design and develop a rover for subsurface exploration,
and (2) to test and use the rover for geomorphological, astrobiological, and mining ap-
plications. Both goals have been achieved and the latter one will be discussed in Part
II of this issue [65]. KORE has been designed and developed using COTS components
which makes it versatile. Most of the components are commercially available, making it
easier to provide fixes in case of any operational failure. In subsurface exploration, access
to locations in the dark and identifying any unknown object is one of the main tasks;
the RGB-D camera onboard KORE can 3D map the area in which it is operating even
in the low light environment. This technology could be used by the mining industry in
decision making regarding future mine expansions using 3D geomorphological mapping,
and safety and rescue operations such as identifying persons trapped inside debris. In
future space missions, such semi-autonomous mapping and sample collecting platforms
can enable quick and effective access to caves and other subsurface environments. KORE
has the compatibility to mount more sensors and customize according to research require-
ments. This rover has proven to be combination of reliable science value with reasonable
cost which makes it more suitable for current subsurface exploration.
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Abstract

Geomorphological studies of the hidden and protected subsurface environments are
crucial to obtain a greater insight to the evolution of planetary landforms, hydrology,
climate, geology, and mineralogy. From an astrobiological point of view subsurface en-
vironments are of interest for their potential habitability as they are local environments
that are partially or fully shielded from the high levels of space and solar radiation.
Furthermore, in the case of Mars, there is an increasing interest in searching for the
presence of past or extant life in its subsurface. These applications make it mandatory to
investigate equipment and instrumentation that allow for the study of subsurface geomor-
phology, as well as organic chemical biomarkers, such as biomolecules, carbon, nitrogen
and sulphur isotopes, and other biologically significant minerals and gases. Mines on
Earth can be used as analogues to investigate the geomorphology of Martian subsurface
environments and perform astrobiology studies. With that goal, we have developed a
low-cost, robust, remotely operable subsurface rover called KORE (KOmpact Rover for
Exploration). This work illustrates the studies of a terrestrial analogue for the exploration
of Mars using KORE during the Mine Analogue Research 6 (MINAR 6) campaign with
the low-cost 3D mapping technology InXSpace 3D (In situ 3D mapping tool eXploration
of space 3D). InXSpace 3D utilizes a RGB-D camera that captures depth information in
addition to the RGB data of an image, operating based on the structured light principle
capable of providing a depth information in mm scale resolution at sub 3m mapping
range. InXSpace 3D is used to capture point clouds of natural and artificial features,
thereby obtaining information about geologically relevant structures and also to incorpo-
rate them in earth mining safety. We tested two of the dense Simultaneous Localization
and Mapping (SLAM) algorithms: Kintinuous and Real-Time Appearance-Based Map-
ping (RTAB-Map) to check the performance of InXSpace 3D in a dark mine environment.
Also, the air accumulation of volatiles such as methane and formaldehyde due to ther-
mogenic and mining process was measured with the environmental station payload on
the rover platform, which caters to both astrobiological significance and mine safety.
The main conclusions of this work are: (1) a comparison made between the RTAB-Map
algorithm and Kintinuous algorithm showed the superiority of Kintinuous algorithm in
providing better 3D reconstruction; although RTAB-Map algorithm captured more points
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than the Kintinuous algorithm in the dark mine environment; (2) a comparison of point
cloud images captured with and without lighting conditions had negligible effect on the
surface density of the point clouds; (3) close-range imaging of the polygonal features
occurring on the halite walls using InXSpace 3D provided mm-scale resolution to enable
further characterisation; (4) heuristic algorithms to quickly post-process the 3D point
cloud data provided encouraging results for preliminary analyses; (5) we successfully
demonstrated the application of KORE to mine safety; and (6) the multi-sensors plat-
form on KORE successfully monitored the accumulated volatiles in the mine atmosphere
during its operation. The findings obtained during this KORE campaign could be in-
corporated in designing and planning future subsurface rover explorations to potential
planetary bodies such as Mars with synergistic applications to subsurface environments
in mines on Earth.

1 Introduction
Subsurface environments of a planetary body have their own geomorphological and as-
trobiological significance as they are partially or fully shielded from the atmosphere and
radiations [1]. In particular, in the case of Mars, caves have been proposed as Special
Regions which require planetary protection measurements because of their potential to
sustain terrestrial life. They also are of interest as shelter for the future human ex-
ploration of Mars [2],[3]. Subsurface environments influence the surface environment
directly and indirectly. For example, on Earth, subsurface ground aquifers contribute to
the Earth’s hydrology and the interaction with the surface is one of the main processes
of water exchange in the planet. Subsurface aquifers have also been reported to support
plate tectonics on Earth [4], [5]. Moreover, there is a diverse microbial ecology in the
extreme subsurface environments on Earth, highlighting the astrobiological importance
of such studies [6], [7].

Until the commissioning of the Mars Advanced Radar for Subsurface and Ionosphere
Sounding (MARSIS) instrument aboard the ESA Mars Express mission [8], there was
no direct observation of the unexposed Martian crust except for the study of exposed
features such as crater and valley walls through high resolution photography obtained
through the Mars Orbiter Camera [9] and the High Resolution Imaging Experiment
(HiRISE) onboard the Mars Reconnaissance Orbiter (MRO) [10]. Since the Mariner 9
mission to Mars, outflow channels have been detected in the Elysium region of Mars,
indicating the presence of subsurface volatile reservoirs [11]. The recent Martian break-
through discoveries such as the detection of putative sub-glacial liquid water below the
ice in the south pole layer deposits [12], the detection of methane plumes within the
Gale crater [13], exposed ice sheets in the mid-latitudes [14] and seasonal variation of
the atmospheric composition along Gale crater [15] have further raised interest in ex-
ploring the subsurface of Mars and potentially habitable environments where there is an
interaction with the surface environments. Geomorphological studies of subsurface envi-
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ronments are crucial to obtain a greater insight to the evolution of planetary landforms,
hydrology, climate, geology, and mineralogy. The uniqueness of the Martian subsurface
environments for geomorphological studies have been elucidated by [14] Dundas et al.
(2018), where radar soundings indicate the presence of debris-covered glaciers as well as
buried regional ice sheets [16], [17]. The volcanic, tectonic and hydrological history of the
extraterrestrial bodies can also be obtained from the study of subsurface environments.
Monitoring subglacial environments has shown evidence of climate change impacting the
glacial systems [18]. Also, the study of subsurface geology with its implication for the
survival of biosignatures has been discussed by Dartnell et al. (2007) [1]. With the state
of the art exploration focussed on the study of organic chemical biomarkers, carbon and
sulphur isotopes, biologically significant minerals to search for the presence of past or
extant life on Mars, the new approach to biosignature detection involves study of bio-
geomorphological characteristics [19], [20], [21], [22], [23], [24]. This approach to explore
Martian astrobiology through geomorphological analysis of surface and subsurface fea-
tures on earth analogues has been reported by Corenblit et al. (2019) [25].

The understanding of the evolution of ancient climate and the development of life
on Earth has been derived from the study of mineralogical, textural, and geochemical
signatures preserved in the sedimentary rock record in stratigraphic sections [26]. Surface
environments of Mars are rich in sedimentary outcrops that exhibit visible stratigraphic
features at a range of spatial scales [27],[28], [29], [30], [31], [32], thus highlighting the
importance of studying subsurface layering and compositions.

We have developed a subsurface operable rover called KORE (KOmpact Rover for Ex-
ploration) to facilitate the autonomous investigation of the geomorphology of subsurface
environments and perform astrobiology studies in Martian analogues, with applications
to mining on earth. KORE has been designed making use of commercial off the shelf
components (COTS). KORE is a large, semi-autonomous rover weighing 160 kg with L
x W x H dimensions 1.2 m x 0.8 m x 1 m and a payload carrying capacity of 100 kg
using 800 W traction power that can power to a maximum speed of 8.4 km/hr. The
design and development of the rover for analogue research in mines on Earth has been
elucidated in Mathanlal et al. (2019) [33]. This manuscript is a continuation of that
work where a nominal operation of the rover is demonstrated. It demonstrates the use
the low-cost, robust, and remotely operable subsurface rover KORE to perform geomor-
phology, astrobiology and environmental characterization studies during its operation in
the Mine Analog Research (MINAR6) campaign during September 2018 in the Boulby
mine (UK).

2 MINAR6 campaign
MINAR is an advanced series of subsurface exploratory research to study the mine en-
vironments as a Mars analogue for geological, geomorphological, and astrobiological re-
search, building on potential collaboration between planetary scientists within an active
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mine. The MINAR programmes enhance the testing and development of instruments and
scientific studies related to the robotic and human exploration of the deep subsurface [34],
[35], [36]. One of the main identified research gaps in this direction was demonstrating
synergy between space technology and mining. Though space and mining represent two
potentially separate facets of technology, there is a great scope for incorporating technol-
ogy used in these fields in a synergistic manner. The comprehensive nature of the MINAR
campaigns provide an ideal scenario to test new scientific instruments and technologies
and also gather useful and reliable data for meeting the needs of research in deep sub-
surface environments. The MINAR6 campaign was a more concise version, succeeding
the MINAR5 campaign with a focus on subsurface robotic exploration. The two-week
campaign was a hypothesis driven campaign, and in this work, we summarize the results
related to some of these hypotheses. One of the hypotheses was that the autonomous
monitoring of the distances and shapes of certain natural or artificial features could be
performed using a low-cost, robust 3D mapping point cloud generation system that can
be used to: 1) inform about geologically relevant structures; and 2) inform about safety
of the mine. The second hypothesis is that in an enclosed subsurface environment, the
air may be accumulating volatiles. Some of them are potentially hazardous to the miners
and monitoring them remotely is necessitated. The second hypothesis though deviates
from the domain of astrobiology, is a crucial synergistic application of an astrobiological
exploration tool for human safety which not only caters to terrestrial mining but also to
future human space exploration of extra-terrestrial subsurface or enclosed environments
on the Moon or Mars. A corroboration between astrobiology exploration with human
safety is elucidated in (Lim et al., 2019) [37] where the design of NASA Biologic Analog
Science Associated with Lava Terrains (BASALT) research program is discussed. Fi-
nally, autonomous robotic exploration is always the first step in space exploration and
monitoring, in a cave environment, the accumulation and release of volatiles may also be
important to understand other surficial processes like methane or oxygen release which
have been observed robotically on the surface of Mars by the Curiosity rover [15], [38]
and may have their origin in the subsurface. To validate these hypotheses, the KORE
rover platform was updated with a set of low-cost dedicated instruments. The instru-
ments aboard the rover provided useful and reliable data for meeting the research needs
which are highlighted in this paper. Logistics issues and active mining work restricted
the accessible region close to the Boulby Underground Laboratory. Though with the
limited operating spatial area, most of the requirements to validate the hypothesis were
justified.

3 Materials and Methods
KORE is a low cost, robust rover platform designed to carry a wide suite of instruments
for subsurface exploration in extraterrestrial analogue environments and key terrestrial
environments such as mines. KORE is built with a robust design maximizing the use
of COTS components and minimum custom-made parts to facilitate intelligibility to the
research community to build such robotic platforms with a conservative budget with-
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out compromising the quality. The design ensures quick construction of the rover and
improves portability of the rover to different field sites. The components used in the
development of KORE are easily accessible and improve the serviceability of the rover
in case of any failure. Moreover, the rover has the provision for easy and instant inte-
gration of more sensors as per the user requirements [33]. The In-situ 3D mapping tool
eXploration of space 3D (InXSpace 3D) system, LASER-based methane detector and
environmental sensors are the most critical instruments aboard the KORE rover. Figure
1 shows KORE during operation in the MINAR 6 campaign with the major components
marked in the image.

Figure 1: KORE rover operating in the Boulby mine during MINAR 6 campaign. The equipment
is marked

3.1 InXSpace 3D system
The InXSpace 3D system is a real time 3D mapping system designed using a Microsoft
Kinect™ first generation camera that works based on Structured Light technology where
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the camera projects an active pattern and obtains the depth information by analysing
the deformation of the pattern. The Microsoft Kinect™ camera also has a depth error in
the order � 1 mm to 75 mm depending upon the measurement distance from the sensor.
Below 3 m the error rate is less than 1 mm, which justifies its application to short range
mapping. The total mapping range of the Kinect camera is 0.8 m to 4 m.

3.2 LASER-based methane detector

The KORE rover utilizes a portable drone-mounted remote laser methane detection sys-
tem from Hesai photonics. The methane detector works based on absorption spectroscopy
and is pre-calibrated in the factory and is operable in the field out of the box. However,
the methane detector was tested, and the readings were validated, in laboratory condi-
tions before mounting on the KORE rover. The detector provides a methane concentra-
tion output which is the integrated concentration of methane along the path of the laser
beam. The specifications of the methane detector can be found in Table 5 of the first
paper [33].

3.3 Environmental Station

The Environmental Station on the KORE Rover has a multitude of sensors measur-
ing common air pollutants, particulate matter and environmental parameters such as
temperature, pressure and relative humidity. The gases measured are NO2, SO2, H2S,
formaldehyde, CO, CO2, O3, O2, and volatile organic compounds (VOC). Ultra-Low
Power Analog Gas Sensor Modules (ULPSM) from Spec Sensors are used to measure the
gases NO2, SO2, H2S, CO, O3 and VOC. Formaldehyde measurements are obtained from
DFRobot Air Quality Monitor module. O2 measurement is obtained using digital UV
Flux 25% Oxygen Sensor from CO2meter and CO2 measurement is obtained from The
CozIR®-A 2,000 ppm CO2 Sensor from CO2meter. These sensors are pre-calibrated in
the factory and have been particularly chosen for its pre-calibration which dissuades the
need to perform a calibration procedure before deployment, saving cost and time. An
Arduino microcontroller is employed in the retrieval of these gases and the data is stored
onboard the environmental station computer. The data can be accessed through the
rover computer or also directly from the environmental station itself. The environmental
station provides a vivid characteristic of the environment around the rover.

During the MINAR6 campaign, a number of experiments were performed with these
instruments onboard with a 6-day experimentation window with a total experimentation
time of 22 hours. MATLAB and Cloud Compare software were extensively used during
the analysis of the experiments.
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4 Results and Discussion

4.1 Algorithm testing with InXSpace 3D
During the MINAR6 campaign, experiments were made with two dense Simultaneous Lo-
calization and Mapping (SLAM) algorithms, Kintinuous [39] and Real-Time Appearance-
Based Mapping (RTAB-Map) [40], to choose the best algorithm for InXSpace 3D system.
These two dense SLAM algorithms were chosen for study as they were compatible with
the OpenNI driver through which the Microsoft Kinect first generation camera was inter-
faced to the onboard Nvidia JETSON computer. The region along the mine shaft walls
were chosen to test the resolution of the system with its capability to generate a point
cloud with very minute details. The features along the mine shaft walls with the ground
provided an ideal scenario to validate the 3D reconstruction capabilities of the algorithms
used. KORE was made to perform two traverses with each algorithm loaded on a tra-
verse. The traverses were made with identical velocity to ensure that both the algorithms
had the similar time for scanning. The results from the two algorithms are shown in Fig-
ure 2. It could be determined from the reconstructed Digital Terrain Model (DTM),
that the Kintinuous algorithm produced a more pronounced point cloud compared to
the RTAB-Map. The RTAB-Map captured more points than the Kintinuous algorithm
but suffers from poorer reconstruction of 3D map from the points. Figure 3 shows the
histogram plot that indicates the number of points captured by each of the algorithms
against the co-ordinate distance along z-axis. The spectral color coding in the histogram
marks the depth information of the points along the z-axis, with blue indicating points
close to the ground and red in the farthest vertical height from the ground, as seen in
the Figure 2. As clear from Figure 3, RTAB-Map captured a larger portion of the wall
in the same lighting conditions from the fixed point of observation, resulting in a greater
number of points (Figure 3). However, the point density of Kintinuous (7637 points/m2)
was better and that resulted in an extremely well-constructed DTM where even cm-scale
pebbles on the surface or minor grooves in the mine wall were clearly discernible. Thus,
the use of either of these algorithms can be attributed to the user need for either higher
resolution DTM or covering larger area in lesser time at coarser resolutions.

A detailed comparison between Kintinuous and RTAB-Map algorithm is elucidated
by (Altuntas et al., 2017) [41]. Both the algorithms are visual SLAM systems but how-
ever their approach to map features result in different performance rates. Kintinuous
is more dependent on depth data, while RTAB-Map effectively uses RGB data. Since,
lighting conditions in subsurface environments are limited, the RTAB-Map suffers poor
reconstruction of point cloud giving Kintinuous an upper hand in 3D reconstruction of
the point clouds. Thus, the further analyses of InXSpace 3D performance in this paper
has been evaluated using Kintinuous algorithm as we were more interested in observing
the clarity of reconstructed 3D terrain. InXSpace 3D can operate in pitch black dark
scenarios owing to the presence of the infrared projector and scanner. The Microsoft
Kinect camera projects a structured infrared light against the target to determine the
depth information, which is then combined with the RGB-data. The Kintinuous algo-
rithm uses these two data sets to obtain the 3D point cloud, enabling the capability to
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Figure 2: Digital Terrain Model (DTM) of mine shaft walls generated from point cloud obtained
through two different dense SLAM algorithms – Kintinuous and RTAB-Map. The scale bar is
in m. The red ellipse marks the barricade that was not resolved by RTAB-Map and the red
arrows mark the pebbles and rocks on the surface.

operate under varied lighting conditions. However, the influence of lighting on the point
cloud generation with the Kintinuous algorithm was tested to determine if there was any
significant drop in efficiency with zero lighting conditions. KORE was made to perform
two traverses at identical velocities with onboard lights switched on and switched off.
The DTMs obtained from the point clouds generated by Kintinuous algorithm during
the two traverses are shown in Figure 4.

It could be seen from both the DTMs of the mine shaft walls that the point clouds are
remarkably similar except for a few blanks (yellow ellipses in Figure 4) in the lights-off
condition. The reason for the loss of points in the lights-off condition is attributed to
the operation of the Kintinuous algorithm. The Kintinuous algorithm uses two methods
to estimate the pose, with geometric estimation being the first method utilized. This
method matches the infrared depth data with the closest point in the scanned 3D volume.
The second method utilizes the photometric estimation by comparing RGB data from
two consecutive frames. The Kintinuous algorithm then estimates the final pose by
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Figure 3: Histogram of the points in the point cloud image along the z-direction for both the
algorithms – Kintinuous (left) and RTAB-Map (right). The scaling in both the algorithms is
different accounting for the observed differences in z-coordinates.

Figure 4: DTM obtained from the point cloud captured using Kintinuous algorithm in two condi-
tions - Lights ON and Lights OFF. The green box denotes the camera position and orientation
at the beginning of the scan. The scale bar is in m. The yellow ellipses highlight the blank
regions in Lights-OFF conditions.

taking a weighted sum of the geometric and photometric estimation. As elucidated in
(Altuntas et al., 2017) [41], Kintinuous primarily uses depth data than RGB-data for the
3D reconstruction of point clouds. With the presence of lights in the later scenario, the
availability of more RGB data points provides a slightly better pose estimation of the
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point clouds. A statistical evaluation of the surface density of the point clouds under
both lights-on and lights-off condition is shown in the Figure 5.

Figure 5: Surface density of the point clouds under lights on condition (left) vs the surface
density of the point clouds under lights off condition (right). The Kernel size of the points in
both cases is 0.035.

The graph on the left shows denser point cloud counts observed in the lights-on
condition, whereas, the graph on the right shows a rarer point cloud counts in the lights-
off condition. This explains the few blank spots observed in the DTM image of the mine
shaft walls. However it could be determined that the surface density profile of the point
clouds were very similar. This shows that the resolution obtained in both the cases is
indistinguishable. Thus it is validated that the InXSpace 3D system has a very good
capability of 3D reconstruction in pitch black conditions.

4.2 Mapping of polygonal features with InXSpace 3D
One of the most interesting geomorphological features found in the Boulby mine are the
dark lined polygon features observable in the ceiling of the mine shafts which represents
a 250 million-year-old Permian evaporitic deposit. Figure 6 shows the RGB image of the
polygon feature observed in the Boulby mine.

These polygons with black rims and white salty matrix in the middle are hypothesized
to be remnant minerals from the Zechstein that generated these evaporitic deposits 250
million years ago. During the MINAR 5 campaign [36], samples were taken by sterile
drilling of cores and the samples were analysed for the presence of lipid biomarkers. The
recent analysis of the lipid biomarker has revealed the presence of very low abundance
of biomass dominated by primarily alkanes and low levels of hopanes and steranes which
are proposed to have been uniformly distributed along the interior of the polygons quite
rapidly before the crystallization of the halite [42]. The study also concludes that lipid
biomarkers should have been from a terrestrial source and they have not undergone a
significant thermal maturation since their deposition. The formation mechanisms of the
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Figure 6: RGB-image of the polygons observed in the mine shaft of the Boulby mine.

polygons are not precisely known. They could be desiccation cracks, cracks caused by
thermal contraction or they could be formed by other mechanisms [43], [44]. In the case
of desiccation, tepee-like structures are often formed [44]. The black rimmed polygons
which were studied for lipid biomarkers were scanned with InXSpace 3D system to look
for any observable tepee projections along the black rim of the polygons. Figure 7, shows
the 3D point cloud image of the polygon feature (left) and the DTM of the corresponding
3D point cloud image. The InXSpace 3D was positioned such that the Kinect camera
was pointing straight up to the polygons (Z-axis) on the ceiling, parallel to the polygon
plane.

From the DTM it could be found that there is no tepee pattern observable correspond-
ing to the black rims of the polygon. This case shows however the ability to observe 3D
features with a very high resolution of 4 mm, which in this case are artificial and have
been produced by the tools that were used to scrape this wall and expose the polygons.
This was a case-specific scenario where the topographic changes were not present in the
underlying polygon and only colour differences were marking the polygon boundaries.
Thus, it does not mean that the system is unable to detect the topographic changes if
they are actually present in another scenario or the algorithm is unable to make use
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Figure 7: (left) RGB point cloud of the polygon; (right) DTM analysis of the polygon feature.
The camera was positioned along the z-axis parallel to the polygon plane. The scale bar is
denoted in m.

of such detected topographical information in mapping. In spite of the absence of 3D
features, the observable colour variations could indicate the presence of a different prod-
uct, accumulated through a contraction-expansion process and/or a water cycle process.
This boundary may concentrate different minerals, and create a different environment
where biomarkers may have been preserved. These data show the potential for the use
of this type of imaging for geomorphological analysis on Earth and in the subsurface of
extraterrestrial bodies. Geomorphological mapping system cannot be considered as an
absolute tool to study biomarkers but it is of course an accessory, as demonstrated by
InXSpace 3D, that may be used for sample selection. The evolution of life on Earth has
led to the formation of several biogeomorphological changes in the landforms and sur-
face processes [45], [46]. Extending the capability of the InXSpace 3D apart from RGB
imaging and depth map generation, an image processing framework has been developed
in MATLAB to characterize the corner points in the polygon features. The framework
was originally built to analyse polygons on Mars through the HiRISE images obtained
from the Mars Reconnaissance Orbiter (MRO). Figure 8, shows the HiRISE image of the
Martian polygon dunes, captured by the MRO on 18th March 2013.
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Figure 8: HiRISE image of polygonal dunes of Mars (ESP_031138_1380) in original size (scale
factor 1) with the inset image showing a zoomed-in polygonal dune (scale factor 10

The reason for the formation of such polygonal geomorphological shapes on Mars often
vary with many mechanisms put forth such as aeolian processes, thermal contraction,
desiccation, volcanic, and tectonic processes [47], [48], [49], [50], [51], [52]. Figure 9,
shows the sequence of operations performed by the image processing framework to obtain
the information regarding the dimensions of a scanned polygonal dune.

The image processing framework developed to characterize the branch points in the
polygons of Mars, can equivalently be applied to the analysis of polygons on the Boulby
mine walls. Repeated observations over a wider temporal resolution of these polygons
would provide us an insight to the evolution of these features. Figure 10 shows the
sequence of operations performed by the image processing framework on a point cloud
of the polygon.

The current framework utilises heuristics to determine the disconnected pixels which
limits the framework to polygons with well-defined sharp boundaries. This limitation
can be overcome by utilizing Convolutional Neural Network (CNN). CNN’s high dimen-
sionality offers the prospect for merging the CNN algorithm with 3D mapping algorithm
such as Kintinuous to permit the inclusion and extraction of spectral data from the depth
point cloud. Deep learning techniques and CNN can be exploited to obtain a detailed to-
pographical study of such features over a wider spatial and temporal resolution. A CNN
based approach using HiRISE images to study geological landforms of Mars, primarily
volcanic rootless cones and transverse aeolian ridges has been discussed by (Palafox et al.,
2017) [53]. Similarly, a rapid machine learning based approach to extract and measure ice



120 Paper-2

Figure 9: a) Scale factor 10 zoomed-in HiRISE image of a Martian polygonal dune; b) Sobel
edge detection algorithm applied to binary image to determine edges; c) Dilated disk along the
edge morphological structure; d)Thinning the morphological structure; e) Filtering disconnected
isolated pixels (heuristics); f) Branch points determined; g) Branch points removed; and h) End
points connected to trace polygon. Perimeter and area of polygon measured are shown in the
bottom-right box.

wedge polygons from high resolution DTM generated by airborne lidar survey using CNN
has been put forth by (Abolt et al., 2019) [54]. The application of deep learning CNN
for edge detection can provide a powerful tool for surface and subsurface geomorpholog-
ical exploration of planetary bodies with stereoscopic depth cameras. Polygonal features
found on Mars underlain by ice heightens interest in life-detection as their close looking
terrestrial ice wedge polygons found in the arctic have been found to contain a higher
amount of culturable respiring microorganisms compared to other ice-bearing habitats
[55]. The is of great interest from an astrobiology perspective as these water-bearing
habitats could have harboured extant life on Mars.

4.3 Long Range Mapping and Localization with InXSpace 3D
A long range 3D mapping of the mine shaft was also performed to test the consistency of
the InXSpace 3D system over longer distances. The RTAB-Map algorithm was used in
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Figure 10: Image processing framework to obtain the corner points in the polygon point cloud. a)
the original point cloud image in RGB; b) filtered point cloud converted to binary image with only
RGB pixels greater than the mean of entire point cloud RGB; c) Sobel edge detection algorithm
used to capture edges; d) filtering isolated pixels (heuristics); e) dilating the filtered pixels; f)
thinning the dilated pixels; g) filtering the connected pixels in binary image; h) obtaining the
corner points in the polygon indicated in red; and i) Overlaying the corner points over the binary
image of the polygons.

this test rather than the Kintinuous algorithm owing to the poor volumetric estimation
as the camera is subjected to rotational estimation error and tangential drifting of cam-
era pose. This limitation of Kintinuous algorithm restricts its application to mapping
along a single plane. However, a novel algorithm based on Iterative Closest Point (ICP)
scheme has been proposed by (Ren et al., 2019) [56] which can account for the tangential
drifting and erroneous rotational estimations due to input device errors and these can be
incorporated into the existing Kintinuous algorithm. Figure 11 shows the 3D point cloud
image of the mine shaft made by KORE as it traversed a length of 10m with the path
marked with tapes and the end point marked with a stone. While the striped tape line
would obviously not exist on a planetary context, other naturally formed features (like
ground cracks or limiting regions with contrasting albedo) may be followed similarly and
autonomously.
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Figure 11: The image on the top shows KORE following a marked traversal path of 10 m. The
image below shows the long-range mapping point cloud of the mine shaft generated by using the
RTAB-Map algorithm. The absence of points in a semi-circle pattern in the lower part of the
point cloud indicate the shadow zone of KORE.

From the first point on the point cloud to the point representing the stone, the dis-
tance could be observed to be approximately 10 m. This test shows that the InXSpace
3D can be used as a viable system to generate local maps of subsurface environments
which is a pre-requisite for autonomous navigation in remote environments. The 6 Degree
of Freedom (DOF) camera odometry estimation along with the novel GPU-based imple-
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mentation of an existing dense RGB-D visual odometry algorithm and an advanced fused
real-time surface coloring of the Kintinuous algorithm for spatially extended KinectFu-
sion enables a robust tracking along with RGB-D mapping [57] (Whelan et al., 2012).
Localization is beneficial for Rover navigation especially in places like subsurface envi-
ronments where there is an absence of Global Positioning System (GPS) signal reception.
The use of depth camera for localization have been elucidated by Li and Li, (2014) [58]
and Biswas and Veloso, (2012) [59]. The localization data from the pose graph estimates
of the InXSpace 3D system can be exploited to create autonomous navigation paths for
future exploration rovers after a primary rover such as KORE has scanned the subsurface
environment and created a 3D point cloud map. Figure 12 shows the traversal path of
KORE from the localization data obtained from the pose graph of the Kinect camera.

Figure 12: Rover path with the camera position obtained from the pose graph data obtained
through the Kintinuous algorithm during mapping of the mine shaft walls.

4.4 Mine Safety with InXSpace 3D
Along with the mapping capability of the InXSpace 3D system for geomorphological
studies, the system was tested for its applicability to mine safety. The synergy between
mining and analogue studies for planetary exploration is one of the fundamental drivers
for the MINAR campaigns [35] which emphasizes technology transfer between both fields.
The InXSpace 3D on KORE was utilized in demonstrating mine safety by mapping a
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miner in complete pitch-black darkness. This test showed that InXSpace 3D could be
a viable tool for identifying miners who are trapped in the mine due to mine shaft wall
collapse or other hazardous scenarios. By close range mapping, the facial features from
the 3D point cloud could be obtained to account for the trapped person. Figure 13 shows
the 3D point cloud image of a miner sitting on a rock down in the mine shaft.

Figure 13: 3D reconstruction of a miner sitting on a rock in the Boulby mine with the green
box indicating the position of the camera as the KORE rover approached him. The scale bar is
in m.

Moreover, the InXSpace 3D system can be used as an inspection tool to analyse safety
features in the mine shaft. Figure 14 indicates a snap in the metal frame against the
mine wall that occurred due to compressive forces acting along the mine shaft walls. The
advantage of having a 3D point cloud of the failure part in close range mapping rather
than a 2D image is that the point cloud analysis allows a precise monitoring of the di-
mensions of failures in such hazardous regions to ensure that these regions do not grow
over a period of time. Also, from the point cloud image, we can observe that the bolts
that hold the metal frames to the mine shaft walls are clearly visible, which can allow a
remote monitoring of these critical components. Manual inspection of these critical ele-
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ments using traditional visual methods is time-consuming, laborious and prone to human
factor errors. Robotic exploration is a viable option that reduces inspection time and
can account for reduced errors. Image processing with RGB image data sets using deep
learning have been discussed by Huang, Li and Zhang (2018) [60]. However, utilizing 3D
point cloud data for such inspection supersedes the use of 2D images [61]. The 3D point
cloud data generated from the RGB-D camera using the SLAM algorithms can also be
exploited for such automatic detection of missing bolts or anomalies by incorporating
neural networks as proposed in detecting the polygonal geomorphological features. The
synergistic application is not only limited to terrestrial mining but could also be used a
crucial safety assessment tool to analyse unknown subsurface extra-terrestrial environ-
ments especially during human space exploration.

Figure 14: (left) RGB image of the metal frame failure detected and (right) shows the 3D point
cloud of the failure. Also, the bolts along the metal frame are visible in the point cloud data.

4.5 Astrobiology experiments
Subsurface environments span the entire solar system with every planetary body being
unique. Subsurface oceans have been found to exist on the moons of Jupiter such as
Ganymede, Callisto, Europa and Saturnian moons such as Enceladus and Titan, and
there are other bodies in the solar system where possible subsurface ocean could exist.
The presence of these subsurface oceans further raises the question of life in them. Apart
from the presence of subsurface oceans on the icy moons, subsurface environments of
rocky planet such as Mars are proposed to have had the right conditions to host life
[62]. The intense UV radiation bombarding the planet, low pressures close to the triple
point of water, oxidizing perchlorate rich soil and cold freezing temperatures provide
an inhospitable scenario for life to exist on the surface of Mars. Unlike the surface
of Mars, the subsurface of Mars is expected to have a higher pressure [63], shielding
from intense UV irradiation and galactic cosmic rays, a stable temperature [64], and
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potentially the presence of subglacial liquid water [12] which provides an ideal scenario
to host life. A study made by Michalski et al. (2017) [65], suggested that life could exist
in the subsurface of Mars up to 8 km. A detailed study on the subsurface habitability
of Mars was done by Cockell (2014) [66]. Methane detected on Mars, raises question
of whether it could be from biotic or abiotic sources. One of the hypotheses is that
methane could be produced by the methanogens in the subsurface of Mars. During the
MINAR 5 campaign, methane analysis was performed at 13 locations in the mine tunnel
shafts and it was found that the methane concentrations at few places reached above
100 ppm [36]. The presence of these methane concentrations may represent the partial
trapping of upwelling thermogenic methane found concentrated within certain mineral
layers like potash. However, in a study by Fernández-Remolar et al. (2008) [67] of
underground habitats in the Rio Tinto Basin, Spain, methane could be detected between
13 to 34 ppm in one of the boreholes dug, with an inverse correlation with hydrogen
signifying the presence of methanogenesis. During the MINAR6 campaign, KORE was
fitted with a laser absorption spectroscopy-based methane detector on a linear actuator
which could detect methane plumes from about a distance of up-to 50 m. The setup could
be controlled remotely to scan an area of interest using the rover locomotion and linear
actuator-based platform. A technological demonstration of the setup was performed by
simulating a methane plume from under a rock rubble as shown in the Figure 15 by
releasing methane from an aluminium coated Tedlar bag. Issues with logistics prevented
rover access to the sites explored in MINAR5 campaign with methane produced by
thermogenic activity.

Figure 15: (left) KORE pointing the laser methane detector at a simulated methane plume
created with a methane packet placed under the rock rubble; (right) 3D point cloud of the rock
rubble with the green point indicating the laser impingement point.
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The use of such remote methane monitoring instrument with a long detection range
of 50m to detect methane satisfies the application to preliminary astrobiology studies
and mine safety. The laser-based methane detector is limited in sensitivity to 5ppm
and cannot determine the C and H stable isotopes which are of interest to study the
source of the methane. The laser-based methane detector can be substituted with a
more sophisticated hyperspectral imager. Hyperspectral imagers are a great tool to
remotely monitor the hydrocarbon emissions along with gases such as carbon monoxide,
carbon dioxide, nitrogen dioxide and hydrogen sulphide. These gases are of biological
significance and scanning potential habitats such as polygonal structures can provide
an insight to the biosignature detection in such closed environments. The use of such
remote monitoring instruments provide a very flexible platform to study locations which
are quite inaccessible. The remote gas detection techniques on rovers enhances mine
safety operations, as these detectors can be used to scan a potential hazardous location
from a safe distance rather than a close encounter.

4.6 Environmental sensors

KORE is fitted with an environmental station that measures atmospheric parameters
such as temperature, humidity, pressure along with various gases such NO2, SO2, H2S,
CO, CO2, O3, O2, formaldehyde, volatile organic compounds and particulates. The
environmental station was operated for a quite a short period of time (22 hrs) due to
operational limitations, especially with the limited battery capacity and hence some of
the electrochemical sensors such as the ones measuring CO, O3, SO2, NO2, H2S and
volatile organic compounds failed to stabilize within this interval of time. The data
obtained from the temperature, humidity, pressure, CO2, O2 and formaldehyde sensors
are shown in the following plot, Figure 16. The first two hours of data can be neglected
to account for the time required for the sensors to stabilize.

The mean carbon dioxide levels in the mine are above 1000ppm which is expected
owing to the presence of an indoor environment down in the mine shafts. The most
interesting observation from the gas measurements was the levels of formaldehyde present
in the mine. During the 22 hrs of operation of the environmental station, we could
observe an average formaldehyde concentration of 78.5 µg/m3 which is well within the
safe exposure levels as with concentration of above 100 µg/m3, formaldehyde has been
associated with irritation to the eyes, skin, nose, and throat, however there is a substantial
variation in individual responses [68]. Hence monitoring the formaldehyde levels is very
important in enclosed environments such as mines where the dilution of these gases
with the ambient air is restricted and is very crucial for the occupational health of the
miners. Formaldehyde has also a strong implication in extra-terrestrial environments as
a prebiotic chemical [69], [70] and hence monitoring this or other potentially relevant
prebiotic or life-related volatiles is very useful for astrobiology [71].
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Figure 16: Plots obtained from the data of the Environmental sensors aboard KORE rover
operating over a span of 22 hours. The initial 2 hours are neglected to account for the sensor
warm up time.

5 Conclusion
The KORE rover has been built as a technological demonstration for analogue explo-
ration of subsurface environments. For this purpose, it has been completely designed
using Commercial Off the Shelf (COTS) components and thus none of the components
used in the rover are still flight qualified. Technical demonstrators allow to test and
show the scientific application of a payload while estimating the power consumption,
volume, weight etc. needs and finding the most important functional requirements that
limit or allow operability. These low Technological Readiness Level (TRL) prototypes
are the first step required to build space exploration spacecrafts and/or payloads. Dur-
ing the MINAR6 campaign, a number of observations were implemented using KORE
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as an autonomous laboratory rover with instrumentation that is used to validate certain
hypothesis. The rover campaign lasted 6 days with a total experimentation time of 22
hours. As a hypothesis driven campaign, the MINAR 6 served as an ideal scenario to val-
idate the hypothesis of using a low-cost subsurface rover platform with low-cost mapping
technologies to capture point clouds of both man-made artificial features and naturally
occurring polygons on the polyhalite roofs of the mine. The methodology incorporated
in the mapping with InXSpace 3D system coupled with machine learning and CNN can
be exploited for future surface and subsurface robotic explorations to obtain a more vivid
study of the geomorphological features.

The 3D point cloud data generated using the Kintinuous algorithm can also be uti-
lized to perform inspection of critical elements such as bolts in the mine shafts and with
deep learning incorporated, their inspection capability can be further enhanced. The lo-
calization information obtained from the mapping algorithms can be used to create a local
map of the environment, which would provide an automated navigation capability to the
rover. This would help the rover traverse a relatively plain terrain without encountering
large boulders and debris. The study of the volatile accumulation in the mine has also
been validated from an astrobiological point of view, using a methane detection payload
and environmental station to measure formaldehyde concentrations, which is crucial to
the occupational health of the miners. This study demonstrates that a low-cost, robust
remotely operable subsurface platform can be used for geomorphology, astrobiology and
mining study and it has been successfully validated by utilizing KORE.
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Self-Sustainable Monitoring Station for Extreme
Environments (S3ME2): Design and validation

Thasshwin Mathanlal, Anshuman Bhardwaj, Javier Martín-Torres, María-Paz Zorzano

Abstract

We describe the development of a robust, self-sustainable, versatile environmental
monitoring station, the S3ME2, with a multitude of sensors capable of operating in ex-
treme environments (from cold arid sub-arctic regions to hot deserts and high-altitude
mountain terrains), providing real-time quality data of critical climate and geophysical
parameters for a wide field of research such as pressure, surface and sub-surface temper-
ature and humidity, magnetic field and seismic activity. The dedicated communication
modem utilizes IoT technology and can deliver this data from remote regions. The
S3ME2 has been designed as a low-cost instrument to facilitate the production of multi-
ple units. During the pilot phase, it has demonstrated continuous operability for up to
6 months, including survival during extremely cold, snowy, and low insolation, and low
wind periods in the Sub-Arctic region. With its robust design, S3ME2 exploits the use
of renewable sources of energy such as solar and wind power to power the system. The
S3ME2 has also been designed from a modular point of view with commercial off the
shelf components (COTS) and open source hardware, considering long term operability
of the station. The sensor modules can be easily added, replaced, or upgraded such that
a stable functioning of the system is guaranteed.

1 Introduction
The atmosphere of a planet is a continuously evolving dynamic system that plays a very
crucial role in the evolution of a planet and has a huge influence on the biosphere and the
ecosystem. The terrestrial landforms of a planet also have a close interaction with the
atmosphere extending from the troposphere to the exosphere and vice versa. A compre-
hensive overview of how the critical atmospheric parameter, temperature can be used as
an indicator of landform influence on the atmospheric process is discussed by [1]. There
are several parameters (e.g. temperature, humidity, wind speed. etc.) that affect the
geological landforms and activities and in return these geological landforms and activities
do influence the atmosphere. Observing such parameters in extreme earth environments
such as the polar regions, deserts, and high mountains which are far from human interfer-
ence can give us better conclusions without the background of anthropogenic influences
but can also serve to monitor these regions which are delicate and have large influence on
global climate. Acquiring a continuous stream of in-situ data from these environments
is critical for multiple Earth-related research fields including climate, atmosphere and
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geosciences. The self-sustained IoT based S3ME2 station which is described here can be
applied to the study of climate change [2], melting glaciers, and thinning ice-shelves [3], or
thawing permafrost [4] that releases powerful greenhouse and toxic gases. In addition, it
can be used in a field that has increased greatly in the recent years: the study of the pre-
cursors of Earthquakes [5]. The occurrence of Earthquakes cannot be predicted, excepts
for within wide statistical margins, typically several years or decades [6], [7]. A detailed
discussion of these precursors has been briefed in several review papers [8], [9], [10]. The
sensor suite of the S3ME2 has the potential to measure parameters that are associated
with precursors of Earthquakes. Obtaining a set of continuous, real-time, in-situ mea-
surements is particularly hard to be achieved in such extreme and remote environments.
The S3ME2 is a technological demonstrator of a specifically designed self-sustained sta-
tion that will show the power of IoT to be applied to natural disaster prediction and
climate change characterization in remote regions. In this work we focus on the design
and validation of one unit, but the concept can be scaled up to as many nodes and
sites as required. The S3ME2 serves as a generic weather station with a wide suite of
sensor modules such as temperature sensors, humidity sensors, pressure sensors, fluxgate
magnetometers, geophones, thermopile pyranometer, anemometers that can measure the
various atmospheric and geophysical parameters for characterizing the surface and sub-
surface environment. The modular design enables addition of more sensor modules to the
system when needed. The state of the art of existing weather stations has been analyzed
and taken into account before the design of the S3ME2. The S3ME2 has been designed
considering a global-targeted installation unlike the SNOWWEB [11], Glacsweb [12] and
PermaSense [13], Antarctica AWS [14] which are strictly confined to cold environments.
Moreover, each of the above-mentioned stations differ in terms of their end objective and
goals. The modularity design of S3ME2 allows it to be customizable depending upon the
site of installation and the choice of data dissemination.

2 System Design
The unforgiving climatic conditions prevailing in the extreme earth environments where
S3ME2 shall be commissioned puts forth a challenging scenario in the design of the
system. Moreover, such sites are located faraway from technological and inhabited areas
and thus the system needs to be autonomous, self-sustaining and reliant.

2.1 Design of the Power System
The Power system is the most crucial system of the S3ME2. The Power system must cater
the needs of the instrumentation in S3ME2. The S3ME2 on an average consumes 800mA
of power operating at 12V DC. In contrast to the Antarctica AWS, which consumes 3mA
maximum at 12V DC, the S3ME2 has a higher power consumption owing to increased
number of sensor modules. To satisfy the power requirement and provide a continuous
supply especially considering the polar nights in arctic environments, a hybrid power
system consisting of Solar and Wind power is used. The selection of Battery for S3ME2
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is very crucial. Not all batteries can withstand the very cold and hot environments.
Application of a wrong battery in a critical environment will affect its SoC (State of
Charge). Deep cycle AGM-VRLA and gel-VRLA batteries are a viable option. Gel-
VRLA batteries have a higher endurance to cold temperatures than AGM batteries. [15]
have discussed the performance of Gel-VRLA over the other types of VRLA batteries.
The Fig. 1 shows the hybrid power system incorporated in S3ME2.

Figure 1: Hybrid Power generation system

A LVD (Low Voltage Disconnect) makes sure that the battery is not deep discharged
beyond its critical value. Deep discharging a battery will have detrimental effects on its
operating lifetime and in worst case can terminate its lifetime pre-maturely and cannot
be reversed. The Gel-VRLA batteries should not be discharged below 11.6V [15]. Thus,
by utilizing the LVD, we make sure that the battery is not discharged below 20% of its
capacity. On the event of discharge below 20%, the S3ME2 system will automatically
turn off to protect the batteries and will turn back on once it reaches 50% of its capacity.
The LVD will automatically reconnect the load to the battery when the voltage exceeds
the 50% mark of voltage. The entire flow chart of the power system is shown in Fig. 2.

The following image, Fig. 3 shows the power system incorporated in the S3ME2.

2.2 Design of the Communication System
The S3ME2 uses a HSPDA USB Modem for communicating with the external world
through Point to Point (PPP) Internet Protocol. With several commercial models of
HSPDA USB modem available in market, the Huawei E173 was selected to be used
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Figure 2: Power system flow chart of S3ME2

Figure 3: S3ME2 Power System assembled with protective fuses and low voltage disconnects

because of its compatibility with Linux based operating system with which the S3ME2
system operates. The USB-ModeSwitch tool in the Linux platform is used to configure
the modem automatically to modem mode and a shell script is programmed to monitor
the status of the modem through verification of the device Identity (ID). The Internet
Connection is established using the PPP protocol by AT commands. A monitoring shell
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script reconnects the Internet access in case of connection failure. The Fig. 4. illustrates
the topology of S3ME2 communication system.

Figure 4: S3ME2 communication system topology

The Internet connectivity enables data uploading to the cloud server. The new data
generated is uploaded every hour to the cloud server. For the maintenance of the S3ME2
computing unit and for troubleshooting a back-end connection is required. The dynamic
IP issue with mobile operators and closed port access does not permit port-forwarding to
have a direct Secured Shell Host access to the S3ME2 computing unit, Hence, a reverse
SSH tunnel is constructed using scripts. A helper script monitors the tunnel status and
makes it sure that the tunnel does not collapse. On the event of a network issue or tunnel
breakdown, the script builds it again. Through the reverse SSH tunnel, any updates can
be performed on the S3ME2 computing unit. For the House-Keeping system an Arduino
GSM (Global System for Mobile Communications) Shield is programmed to work with
an Arduino Uno microcontroller to receive Short Message Service (SMS) from a remote
ground station through which remote commands are sent to perform critical tasks such
as resetting the main Instrumentation system of S3ME2 or turning it off for maintenance.

2.3 Design of the Computing Unit
The central processing unit of S3ME2 is the Raspberry Pi computer to which the cir-
cuitries of various sensors are interfaced. The Raspberry Pi 3 Model B is chosen as the
computing unit for the S3ME2 instrument because of its higher processing speeds and
memory. The Raspberry Pi runs on Raspbian Jessie, which is configured to run in a
lite mode, with only the necessary modules needed for the functioning of the system.
The Raspbian Jessie operating system is pre-modified with the necessary services to run
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the Raspberry Shake seismic sensor and the S3ME2 Instrumentation. The modifications
made in the operating system begin from the Linux systemd kernel. The boot sequence of
the services is modified such that the Network Time Protocol (NTP) service only begins
after the network service has been established. This is very crucial to ensure that the
time of the S3ME2 computer is in synchronous with the Universal Coordinated Time
(UTC). This UTC time of the computer provides the time stamp to the measurements
from the sensors.

2.4 Design of the Sensor modules
The sensor modules are stand-alone water-proof ingress-protected structures packed with
sensors and their associated microcontrollers. All the sensors are calibrated by supplier
before shipment and hence there is no necessity to perform calibration procedures. The
modules can be interconnected to one another through water-proof ingress-protected con-
nectors. I2C protocol is used for communication between the Arduino microcontroller
of the modules and are connected in Slave configuration to the Master Arduino in the
S3ME2 Instrumentation. The modules can be interconnected in any order and the con-
nectors are poke-yoke so that wrong connection is not possible. The Fig. 5. shows the
flowchart of modules data connectivity.

Figure 5: Data connectivity of sub-surface modules in S3ME2 is established through I2C com-
munication protocol

Temperature/Humidity Sensor Module

The Temperature/Humidity Sensor Module is a part of the sub-surface measurement sys-
tem where several such modules are stacked in a vertical fashion to study the temperature
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and humidity profile variations over depth. The sensor used in the temperature/humidity
sensor module is SHT10 from Sensiron AG which is enclosed in a sinter metal mesh cas-
ing which is weatherproof and keeps water from seeping into the body of the sensor and
damaging it while allowing air to pass through it. Waterproof DS18B20 temperature
sensors are also used in redundancy with SHT10 sensors as a backup in case of sensor
failure.

Tri-axial Fluxgate Magnetometer Module

Three FGM-3 Sensors are used in Tri-axial Fluxgate Magnetometer Module held in an
orthogonal orientation with a 3D printed plastic structure to get the field data on all three
axes as shown in Fig. 6. These magnetometers are highly sensitive to magnetic fields in
the in the ±50 microtesla range. The output of the FGM-3 is a robust 5V rectangular
pulse whose period is directly proportional to the field strength from 8.5 microseconds
to 25 microseconds.

Figure 6: Overview of the Fluxgate Magnetometer module with the power conditioning and
Microcontroller circuit

A dedicated Arduino Pro Mini microcontroller is programmed to measure the fre-
quency output from the fluxgate magnetometers which is proportional to the magnetic
field.
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Geophone Module

The Geophone module of S3ME2 comprises of Raspberry Shake [16] custom circuit from
www.raspberryshake.org. The module has a single channel 4.5 Hz geophone which is
extended to lower frequencies of about 0.5 Hz electronically. The custom circuit has
a 24-bit digitizer that collects the data samples from the geophone at 50 samples per
second. The data is then processed by the Raspberry Pi and a mini-SEED file containing
the seismogram is generated.

Surface Environmental Sensor Module

The surface environmental sensor module houses the pressure sensor, the IMU sensor
and the SHT10 temperature and humidity sensor. The BMP180 Pressure sensor from
Bosh Sensors, is used for barometric measurement of pressure sensor. An anemometer
is also interfaced to this module to record wind speed. A dedicated Arduino Nano
microcontroller is used to read the data from the respective sensors. The Arduino Nano
is connected directly to the Raspberry Pi through USB connectivity which offers serial
communication. The data acquisition frequency is 1Hz for this module.

Air quality sensor Module

The air quality sensor module utilizes dedicated gas sensors for monitoring components
of air such carbon dioxide, carbon monoxide, Sulphur dioxide, ozone, particulate matter
and volatile organic compounds. These dedicated gas sensors are commercial grade
and use digital mode of communication. The Raspberry Pi computer performs the data
acquisition from these sensors at 1Hz frequency. These gas sensors are primarily employed
to measure the gaseous emissions during the glacier melts and permafrost thawing.

Thermopile pyranometer sensors

The Albedometer is a combination of two thermopile pyranometer from Apogee Instru-
ments, SP-510 constitutes the upward facing pyranometer and the SP-610 which con-
stitutes the downward facing pyranometer. The two pyranometers are connected to an
Arduino Mega 2560 microcontroller that performs the computation of solar radiance
through a LT2499 24bit ADC.

3 Mechanical Design
The modularity of S3ME2 is the greatest design aspect of the entire system. The modules
buried under the ground need to withstand water penetration and to remain intact even
after extended periods of time. This is made sure using Ingress Protection (IP) standards.
By utilizing IP certified enclosures, the entire S3ME2 system is designed to be waterproof
and dustproof. Commercial electrical junction boxes of square cross section were chosen
as shown in Fig. 7 (a) and (b). These commercial electrical junction boxes are IP67
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rated and suits the modular design of S3ME2. The wirings are done through IP67 rated
cable glands that makes sure that the wiring does not permit any water intrusion.

Figure 7: (a) Temperature/Humidity module of S3ME2 (b) Sub-Surface modules of S3ME2
assembled and ready for installation

The S3ME2 main Instrumentation control is housed in an IP67 rated electrical casing
shown in Fig. 8a and Fig. 8b shows the fully assembled S3ME2 station.

Figure 8: (a). Power, communication and computing unit of S3ME2 assembled in the IP67
enclosure (b) Fully assembled S3ME2 station
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The support structure of S3ME2 is one of the most crucial requirements of the entire
system. The support structure of S3ME2, is also made in a modular fashion using
stainless steel pipes of diameter 48.5mm with 2mm thickness each of 1m length. The
modular design of S3ME2 components facilitates handing and shipment of the system
and can be installed easily on site. The number of pole structures required to mount the
system depends on the site of installation and local terrain conditions.

4 Pre-deployment Testing
The S3ME2 system designed has been tested in Luleå University of Technology, (65.62°N,
22.14°E, 15 m above sea level), in Sweden, exposed to near-arctic weather conditions. The
operation of the system has been monitored and its endurance to the extreme weather
conditions has been validated. The Fig. 9. shows S3ME2 installed in Luleå University
of Technology, operating in the winter covered with 50 cm of snow.

Figure 9: S3ME2 installed in Luleå University of Technology.

The S3ME2 had successfully passed the winter test in the near-arctic exposed to
cold freezing temperatures and gails. The data were transmitted in real-time, archived
and stored. An online-graphical user interface was designed with server-side scripts and
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dygraph to have real time plots that are updated at every hour. Fig. 10. shows the
webpage layout. Fig. 11 shows the measured hourly variation of the incoming and
outgoing shortwave solar irradiance.

Figure 10: Example of real-time online graphical analysis. Online-GUI of S3ME2 real time
data visualization [29]. The plots in the figure show the temperature variation for the day of
2nd February 2018.

Figure 11: Measured incoming and outgoing shortwave solar irradiation during one day of
operation. Post-processed from the data acquired in the pilot-phase in Luleå, (65.62°N, 22.14°E),
Sweden.
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Figure 12: Operating hours of S3ME2 weather station per day. As day-light increases from
March through May, the number of operative hours increases.

Fig. 12. shows the number of operating hours per day of since its installation. The
data gaps found predominantly during the mid-December 2017 and January 2018 are
attributed to the short, diffused solar insolation, combined with heavy snow resulting
in poor conditions for charging batteries. In such conditions, the station turned off
automatically to protect the batteries from deep discharging. With occasional gails,
the windmills charged the batteries and the station rebooted to function. Thus, the
self-reliant autonomous operability of S3ME2 was established during the testing phase.
Through this campaign it was demonstrated: 1) the survival to low temperatures, snow,
water-melt and moisture of all the components; 2) the robustness of the power-system,
data acquisition and saving, and the security-mode; 3) the ability to re-awake when
the batteries are charged and re-start communication and data transmission; and 4)
the unique capability of S3ME2 to provide in-situ observations remotely without human
intervention. The working philosophy of S3ME2 and operating cadence was defined
following the same strategy of the Rover Environmental Monitoring Station (REMS),
on-board the Curiosity rover on Mars [17].

5 Deployment
The first version of S3ME2 shall be deployed during the summer of 2019 along the
foothill of the Vatnajokull glacier (64.601783, -18.370955), the largest glacier in Iceland
which has a key importance for geophysical studies, specially to study how the glacier
responds to the climatic variations, extending during the winter, and retreating during
the summer. Moreover, the increased volcanic and seismic activity over the recent years
in Iceland has put forth an increased demand on research of that region. S3ME2 will
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be used to study the various atmospheric and geophysical parameters in that region and
also to investigate precursors of Earthquakes with its wide suite of sensors as mentioned
earlier. The remote location of the installation site in Iceland far away from any source
of anthropogenic activities is the ideal location for studying the dynamics of glaciers,
effect of climate change on the thinning glaciers and the effect of melting glaciers and
thawing permafrost on the environment especially by the release of greenhouse gases and
toxins. The S3ME2 will also complement the seismic data from the SIL network station
in Iceland [18].

6 Conclusion
This work has shown that a robust, self-sustaining modular environmental monitoring
station can be designed and fabricated with COTS components such that they can be
adapted for the purpose of specific remote, scientific evaluation in extreme environments
using IoT. The S3ME2 has been designed as a low-cost instrument to facilitate the
production of multiple units that can be deployed elsewhere in the future. Such long-
term data dissemination from the station would provide ground-truth and complement
the data from remote sensing satellites to have a deeper knowledge of the evolution of
the atmospheric and geophysical parameters in dynamic environments. S3ME2 can also
be installed in glaciated mountainous river basins at different elevations for a better and
more accurately model the weather and climatic parameters [19]. Hence, S3ME2 is a
versatile weather station for extreme environments that can be beneficial to a wide range
of field experts ranging from climatologists, glaciologists, geologists, meteorologists and
people working on habitability, lithology, seismology and planetary exploration.
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Abstract

PACKMAN (PArticle Counter k-index Magnetic ANomaly) is an autonomous, light
and robust space weather instrument for operation within the subsurface, surface and at-
mosphere (as payload in stratospheric balloons) of the Earth. It has been designed using
Commercial Off-The-Shelf (COTS) components to reduce the cost of each unit and to
allow to have multiple units monitoring simultaneously at different sites and also incor-
porate an open-access citizen science approach. The hardware-core of each PACKMAN
units, weights around 600 g and consumes about 500 mA of current at 12V. PACK-
MAN has been deployed at multiple latitudes and altitudes ranging from stratospheric
heights (corroborating its TRL8 maturity) to subsurface depths of around 1km. The data
from PACKMAN have been compared with the state-of-the-art ground-based observa-
tories, and satellites and scientific observations have been documented. A 3-D network
of PACKMAN units operating continuously around the globe, from the subsurface to
the stratosphere, would help to improve the understanding of the space weather phe-
nomena, and its implications on the climate and infrastructures. PACKMAN is also an
excellent tool for education and outreach. This article outlines the building instructions
of two types of PACKMAN units: PACKMAN-S for ground-based measurements and
PACKMAN-B for stratospheric measurements aboard high-altitude balloons.

1 Hardware in context
Space weather, the weather phenomena invisible to the naked eye caused by solar wind,
solar flares and cosmic ray particles coupled with the variability in the meteorological
processes in the lower atmosphere [1] has a crucial impact on our planet. The Earth’s
atmosphere is constantly bombarded by high energetic particles emanating from the Sun
and outer space. Cosmic rays from distant galaxies also make it to the Earth’s atmo-
sphere and are termed as Galactic Cosmic Rays (GCR). The dynamic interaction of these
high energy particles with the Earth’s magnetic field is responsible for the space weather
that prevails in the near-Earth space and the upper part of the Earth’s atmosphere. One
of the visible effects of space weather is observed as the colourful northern lights, Aurora
Borealis and southern lights, Aurora Australis observed in the Northern and Southern
latitudes respectively. Space weather has been attributed to impact various atmospheric
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Table 1: Summary of PACKMAN Instrument
Hardware name PACKMAN [PArticle Counter k-index Magnetic Anomaly]
Subject area item Environmental, Planetary and Agricultural Sciences
Hardware type

• Measuring physical properties and in-lab sensors

• Field measurements and sensors

• Electrical engineering and computer science

Open Source License GNU General Public License (GPL) 3.0
Cost of Hardware 835 GBP
Source File Reposi-
tory

https://data.mendeley.com/datasets/g86wh6k6dh/
draft?a=8a975f46-6b65-4a03-afc0-b727dcc1475a

processes, by altering the atmospheric chemistry and temperature [2], [3], [4], global elec-
tric circuit [5] and cloud formation [6], [7], and dynamics from the thermosphere down to
the surface [8]. Space weather also impacts our modern infrastructure like power grids,
satellites, high-altitude flights and space exploration [9]. Space weather can have a major
impact on the economies [10], [11], [12], [13], [14], [15]. [16] discusses space weather as an
emerging natural hazard. Studies on forecasting space weather events to mitigate some
disruptions to satellite operations and electric grids are elucidated in [17]. Yet till date,
there is a missing gap of information regarding the amount, energy, time variability,
and type of space radiation (particles trapped in the Earth’s magnetic field; particles
shot into space during solar flares; and galactic cosmic rays, which are high-energy pro-
tons and heavy ions from outside our solar system) that reaches the lower layers of
the atmosphere, as well as on its geographic and altitude distribution. Obtaining such
information over a broader spatial and temporal resolution would enrich our understand-
ing of the implications of space weather on infrastructures and climate. The purpose
of this article is to describe in detail a low-cost scientific instrument for autonomous,
and robust, field operation, which in this case can monitor radiation and environmental
parameters at the subsurface, surface and atmosphere up to the stratosphere of Earth.
To generate a long-time, multiple-site, open-access record of space radiation on Earth
we have designed PACKMAN (PArticle Counter k-index Magnetic ANomaly): an open-
source, autonomous instrument, with Commercial Off-The-Shelf (COTS) components.
PACKMAN is a robust, light-weight instrument with sensors to monitor space radi-
ation, magnetic disturbances and environmental parameters. PACKMAN collectively
measures all the three types of space radiation with a Geiger counter providing a basic
insight on the radiation environment at different altitudes and latitudes. PACKMAN
has operated at different latitudes: 1) Space campus LTU, Kiruna, Sweden (67.84°N,
20.41°E, 390 m); 2) LTU Main campus, Luleå, Sweden (65.62°N, 22.14°E, 15 m); 3) the
University of Edinburgh, United Kingdom (55.94°N, 3.19°W, 98 m); 4) Boulby Mine,
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United Kingdom (54.56°N, 0.82°W, 93 m and -1.1 km), 5) the University of Akureyri,
Iceland (65.68°N,18.12°W, 23m); and two PACKMAN units have been flown in balloons
to the stratosphere: 6) Cordoba airport, Spain (37.84°N, 4.84°W, 90 m to 27 km); and
7) Esrange Space Center, Sweden (67.88°N, 21.12°E, 328 m to 27 km). An overview of
PACKMAN and some scientific observations from the instrument are presented in [18].

2 Instrument Description
The concept of utilization of COTS components and open-source software for the de-
velopment of PACKMAN has been an important design consideration. This is critical
to ensure the development of a low-cost, scalable network of PACKMAN’s. The design
is easily reproducible with the components available in the local market. The low-cost
approach ensures the development of PACKMAN with a minimum investment of re-
sources, such that PACKMAN is globally affordable PACKMAN is an instrument of its
kind and competes for existing terrestrial instruments such as the uRAD environmental
network [19]. uRAD is an Internet of Things (IoT) device chain that provides visual data
representation of the radiation at nodes installed around the globe. uRAD monitoring
network lacks magnetic field observation, and the data is not available in open format.
PACKMAN combines a broader sensor suite under one roof with sensors to monitor
space radiation, magnetic anomaly and environmental parameters such as temperature,
humidity and pressure. Moreover, the data from PACKMAN would be available in an
open format for public, universities and researchers around the world to access. PACK-
MAN can also be deployed aboard stratospheric balloons to study the interaction of
energetic particles precipitating in the atmosphere at higher altitudes. PACKMAN is
available in two configurations – PACKMAN-S and PACKMAN-B. The former is the
surface version which operates on a standard 12V DC 2.5A power supply and requires an
active LAN (Local Area Network) Internet connection to upload data to a cloud service.
PACKMAN-B is deployed as a payload aboard stratospheric and high-altitude balloons
and is powered by 10 AA-size FR6 batteries. It constitutes a piggyback payload and
operates independently of other payloads on balloons. The two configurations are iden-
tical in construction with minor changes in configuration and software. Fig. 1 shows the
block diagram elucidating the operation of PACKMAN.

As shown in the figure above, both the versions of PACKMAN have identical block
design, except for the extra sensors such as the MS5607 altimeter, BN0555 Inertial Mea-
surement Unit (IMU) sensor, Global Positioning System (GPS) sensor and camera. The
sensors chosen for the PACKMAN have a suitable range of measurements needed for the
scientific analysis, along with good accuracy and precision. They can be easily interfaced
with the Arduino platform using either Inter-Integrated Circuit (I2C) or Serial Periph-
eral Interface (SPI) protocol and have excellent library support. Table 1 below shows the
sensors used in PACKMAN along with their basic specifications such as range, accuracy
along with the manufacturer and breakout board designer details. The sensors exclusive
to PACKMAN-B such as the GPS and IMU does not provide direct scientific information
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Figure 1: PACKMAN operational Block Diagram

and hence can be substituted with the best alternative.

Considering long-term commissioning of PACKMAN, COTS sensors can retire from
the market and would need to be substituted with sensors of equivalent configuration.
Other sensors with similar specifications can be replaced for in PACKMAN. The specifi-
cations of the sensors listed meet the exact needs of the instrument. In the event of such
replacement, the users have to update the Arduino codes based on the sensor used and the
data format, units and data frequency have to be maintained as that of the original code
to preserve uniformity and conformance. The raw Geiger Counts Per Minute (CPM) are
extracted from the sensor, and their conversion to equivalent radiation dosage (uSv/h)
would depend upon the type of Geiger tube used. LND712 can measure alpha, beta and
gamma radiation collectively with the capability to detect alpha particles above 3 MeV
in energy, beta radiation above 50 KeV and X-Ray and Gamma radiation above 7 KeV.
The full range of measurement counts of the LND712 Geiger tube is 1 Count Per Minute
(CPM) to 10000 Counts Per Second (CPS). The conversion factor of LND712 equates to
108 CPM per uSv/h. Information on commercial Geiger tubes available in the market
along with their specifications and conversion factor has been detailed in [20].
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Table 2: PACKMAN basic sensor specifications

Sensor ID Physical
variable Range Accuracy Manuf

-acturer

Breakout
Board
Design

LND712 G1
G2

Particle
count

(α/β/γ)

0 to 10
mSv/hr

0.01
uSv/hr

LND
INC Sparkfun

FG-3+
M1
M2
M3

Magnetic
Field

±
50,000 nT NA FG

Sensors NA

Temperature -40 to
85 °C ± 1.25 °C

P2 Humidity 0 to 100
% RH ± 3%

BME280
Pressure 300 to 1100

mbar ± 1 mbar
Bosch Adafruit

MS5607 P1 Pressure 10 to 1200
mbar

0.054
mbar

TE
Connectivity

PT100/
MAX31865

T1
T2 Temperature -200 °C

to 600 °C 0.5 °C Maxim
Integrated Adafruit

The Raspberry Pi used on the PACKMAN-B version is the model A+, while the
PACKMAN-S version uses the Raspberry Pi 3 B+ Model. The PACKMAN-B does not
need real-time data access, and hence it is fitted with a low power consuming model A+
which lacks network connectivity. PACKMAN-S needs to have real-time data access and
therefore requires a Raspberry Pi with RJ45 LAN connectivity. PACKMAN-B can be
ideally used as PACKMAN-S by disabling camera at the cost of no real-time data dis-
semination. In contrast, the latter cannot be used as a Balloon payload as it lacks flight
sensors such as altimeter and IMU. PACKMAN-B uses GPS to create a Network Time
Protocol (NTP) server using the National Marine Electronics Association (NMEA) data
which provides timestamp to the sensor measurements with a few hundred-millisecond
accuracies. The Pulse Per Second (PPS) enabled GPS unit enables precise measure-
ment of the start of the second and enables accuracy to few nanoseconds. In the case of
PACKAMAN-S, the default NTP configuration of Raspbian operating system is used for
timekeeping as there is network access available through LAN connection.

PACKMAN units operate with Raspberry Pi as the central processing computer.
The Raspberry Pi provides excellent flexibility to interface sensors and Arduino mi-
crocontrollers. The cost of the Raspberry Pi computers is comparatively lower to the
competitive System on Chip (SoC) computers available in the commercial market. The
increased technical support available online and global availability is one of the driving
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factors to use Raspberry Pi in the PACKMAN units. Arduino is used as the preferred
microcontroller, owing to similar reasons of the Raspberry Pi such as low-cost, flexibil-
ity, global availability, more extensive technical support online. The PACKMAN uses
Raspbian operating system on the Raspberry Pi burnt on an industrial-grade microSD
card. These industrial-grade microSD cards are built to withstand advanced wear levels
and have data integrity protections features and are robustly durable to withstand harsh
-40°C to 85°C temperature operable environments. The Raspbian OS is pre-configured
with the python scripts, launch scripts and needed system configuration such that the
OS can be used straight out of the box. However, the python scripts, shell scripts and
configuration files are also attached with the article in case users would like to upgrade
any component of PACKMAN. PACKMAN-S uses the ownCloud service to upload the
data to the cloud. Users can create their ownCloud workspace and upload the data from
the PACKMAN to their workspace, which can later be shared across research groups
around the world. The data will be available for the global research community, as long
as the instrument team is properly recognized in the references and data sources.

The data from the PACKMAN is generated in date-time based folder hierarchy. The
data structure is explained in the following flowchart, Fig. 2. Having a uniform data
format improves readability and simplifies processing of the data and enables comparison
of data from different PACKMAN units operating around the globe. ISO 8601-1:2019
based date and time representation format has been used in PACKMAN.

Figure 2: PACKMAN data folder architecture

The Camera data folder exists only for PACKMAN-B version. The parameters mea-
sured along with their respective units of measurement are saved in the Environ.csv and
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Geiger.csv files. The order in which the variables are saved is tabulated as follows in
Table 3. A quick look at the sample data file from PACKMAN-B is shown in Fig. 3.
The parameters marked in blue are measured by PACKMAN-B exclusively. Each line in
the file ends with a new line character.

Table 3: The data format of PACKMAN data files.

Geiger TimeStamp YYYY-MM-
DDTHH:mm:ssZ

1 min

Geiger - A CPM
Geiger -B CPM

Environ TimeStamp YYYY-MM-
DDTHH:mm:ssZ

5 sec

Temp_BME280 ◦ C
Humidity_BME280 % RH
Pressure_BME280 mbar
Temp_PT100 ◦ C
Mag_X Hz
Mag_Y Hz
Mag_Z Hz
Pressure_MS5607 mbar
Temperature_MS5607 ◦ C
Altitude m
Pitch Deg
Yaw Deg
Roll Deg

PACKMAN units have a potential for following applications

• Real-time dissemination of particle counts, magnetic field and environmental data.

• Monitor natural radiation sources.

• Compare with Earth climate observations.

• Education and Public awareness – Citizen Science approach.

3 Design Files
The source to the design files can be found in the Mendeley repository > Data > Design
Files.
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Table 4: Table of Design Files

Design file name File
type

Open source
license

Location of the file

PACKMAN_BASE .STL CC BY 4.0 Mendeley > Data >
CAD_Files

PACKMAN_BOX .STL CC BY 4.0 Mendeley > Data >
CAD_Files

PACKMAN_LID .STL CC BY 4.0 Mendeley > Data >
CAD_Files

PACKMAN_DECK_TOP .STL CC BY 4.0 Mendeley > Data >
CAD_Files

PACKMAN_DECK_BASE .STL CC BY 4.0 Mendeley > Data >
CAD_Files

PACKMAN_GEIGER_SPACER .STL CC BY 4.0 Mendeley > Data >
CAD_Files

PACKMAN
_MAGNETOMETER_HOLDER

.STL CC BY 4.0 Mendeley > Data >
CAD_Files

PACKMAN
_MAGNETOMETER_SLAVE

.INO GNU General
Public License
(GPL) v3

Mendeley > Data > Ar-
duino_Programs

PACKMAN_S_MASTER .INO GNU General
Public License
(GPL) v3

Mendeley > Data > Ar-
duino_Programs

PACKMAN_B_MASTER .INO GNU General
Public License
(GPL) v3

Mendeley > Data > Ar-
duino_Programs

PACKMAN_GEIGER_PYTHON .PY GNU General
Public License
(GPL) v3

Mendeley > Data >
Python_Scripts

PACKMAN_ENV_PYTHON .PY GNU General
Public License
(GPL) v3

Mendeley > Data >
Python_Scripts

PACKMAN_B_CAMERA
_PYTHON

.PY GNU General
Public License
(GPL) v3

Mendeley > Data >
Python_Scripts

PACKMAN_B_FILE
_TRANSFER

.PY GNU General
Public License
(GPL) v3

Mendeley > Data >
Python_Scripts

continued on next page
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continued from previous page
PACKMAN_S_CRONTAB
_CONFIG

.TXT GNU General
Public License
(GPL) v3

Mendeley > Data >
Python_Scripts

PACKMAN_B_CRONTAB
_CONFIG

.TXT GNU General
Public License
(GPL) v3

Mendeley > Data >
Python_Scripts

PACKMAN_B_MOUNT .SH GNU General
Public License
(GPL) v3

Mendeley > Data >
Shell_Scripts

PACKMAN_S_CONFIG .SH GNU General
Public License
(GPL) v3

Mendeley > Data >
Shell_Scripts

PACKMAN_B_OS .IMG GNU General
Public License
(GPL) v3

Mendeley > Data > Op-
erating_System

PACKMAN_S_OS .IMG GNU General
Public License
(GPL) v3

Mendeley > Data > Op-
erating_System

Hardware

PACKMAN_BASE, is the CAD file of the 3D printed PACKMAN BASE that mounts
all the components.
PACKMAN_BOX, is the 3D printed CAD file of the PACKMAN enclosure.
PACKMAN_LID, is the 3D printed CAD file of the PACKMAN enclosure lid.
PACKMAN_DECK_TOP, is the 3D printed CAD file of PACKMAN, that holds the
magnetometer Arduino slave PCB and Arduino Nano Master PCB.
PACKMAN_DECK_BASE, is the 3D printed CAD file of PACKMAN, that holds the
Raspberry Pi, Power PCB and GPS unit.
PACKMAN GEIGER_SPACER, is the 3D printed CAD file of PACKMAN, that is used
to mount the Geiger boards
PACKMAN_MAGNETOMETER_HOLDER, is the 3D printed CAD file of the PACK-
MAN fixture used to mount the magnetometers on the orthogonal axis.

Software

PACKMAN_MAGNETOMETER_SLAVE, is the Arduino program for the three Ar-
duino Nano slaves.
PACKMAN_MASTER, is the Arduino program for the Arduino Nano master.
PACKMAN_GEIGER_PYTHON, is the python code to capture data from the Geiger
sensors.
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PACKMAN_GEIGER_ENV_PYTHON, is the python code to capture data from the
environmental sensors.
PACKMAN_CAMERA_PYTHON, is the python code to capture data from the cam-
era.
PACKMAN_FILE_TRANSFER, is the python code that executes the data transfer to
the USB drive.
PACKMAN_CRONTAB_CONFIG, is a text file containing the CRONTAB entries that
initiate the python scripts on the Raspberry Pi.
PACKMAN_MOUNT, is the shell script that works along with PACKMAN_FILE_TRANSFER
python script.
PACKMAN_B_OS, is the image file of the Raspbian OS pre-configured to operate
PACKMAN-B.
PACKMAN_S_OS, is the image file of the Raspbian OS pre-configured to operate
PACKMAN-S.

Figure 3: Sample data file – Geiger data (top) and Environmental data (bottom) gener-
ated by PACKMAN-B. The yellow highlighted part of the data shows the typical data output
from PACKMAN-S. The blue highlighted portion of the information is exclusively made by
PACKMAN-B in addition to the yellow part. The parameter headings of the corresponding data
entries are shown in Table 3.
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4 Bill of Materials
The full bill of materials is shown in Table 5. The materials needed exclusively for
PACKMAN-B are colour coded in blue and materials solely needed for PACKMAN-S are
colour coded in green. Standard materials are colour coded in yellow. The sensors and
critical components are labelled with ID number corresponding to the Block Diagram,
shown in Figure 1. The source links to the components can be found in the Bill of
Materials (BOM) excel document uploaded to the Mendeley repository > Data > Bill of
Materials. The prices mentioned are indicative and not considering the Minimum Order
Quantity (MOQ).

Table 5: Bill of Materials.

S.No Material Quantity Price
(GBP)

Supplier

1 (C1) Raspberry Pi Model A+ 1 16 RS com-
ponents

2 (P1) MS5607 Altime-
ter Breakout Board

1 24 Parallax

3 (I1) BNO055 9-DOF
IMU Breakout Board

1 27 Adafruit

4 (I2) MTK3339 GPS Breakout Board 1 32 Adafruit
5 (I3) Raspberry Pi Camera No-IR V2 1 20 RS Com-

ponents
6 9V Battery Connector clip 1 0.323 RS Com-

ponents
7 10 AA size Battery Holder 1 1.3 RS Com-

ponents
8 AA FR6 Lithium Battery 10 28 RS Com-

ponents
9 Push Button 2 0.08 RS Com-

ponents
10 32GB USB Drive 1 6 Verbatim
11 (C2) Raspberry Pi 3 Model B+ 1 28.39 RS com-

ponents
12 12V DC 2.5A Power Supply 1 22.82 RS Com-

ponents
13 RJ45 CAT5 ethernet cable 1m 1 2.61 RS Com-

ponents
continued on next page
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continued from previous page
14 DC Barrel Socket 1 0.183 RS Com-

ponents
15 ATP 32 GB MicroSDHC Card Class 10 1 40 RS com-

ponents
16 Arduino Nano 4 57.6 RS com-

ponents
17 (T2) MAX31865

PT100 Breakout Board
1 15 Adafruit

18 (T1) PT100 3 Wire RTD probe 1 12 Adafruit
19 P(2) BME280 Breakout Board 1 20 Adafruit
20 (M1,M2,M3) Fluxgate

Magnetometer FG-3+
3 90 FG Sensors

21 (G1,G2) LND712
Geiger Breakout Board

2 300 Sparkfun

22 Multistrand wires 24 AWG color pack 1 2.5 RS com-
ponents

23 T-Cobbler Plus 2x20 PCB 1 7.5 Adafruit
24 Perma-Proto Half-

sized Breadboard PCB
2 9 Adafruit

25 Mini (35 x 50 mm) Breadboard PCB 4 12 Sparkfun
26 (D1)R-78B5.0-1.5 DC/DC Converter 2 16.6 Recom
27 (D2) R-78B9.0-1.0 DC/DC Converter 1 7.52 Recom
28 Male Micro USB B to

Bare Wire USB Cable
1 1.69 RS Com-

ponents
29 USB 2.0 Cable USB A

Plug - USB B Plug 500mm
1 1.68 RS Com-

ponents
30 5mm LED with resistor 3 0.6 Elfa
31 Spacers M2x5 20 1.6 RS Com-

ponents
32 M4x50 Bolts 20 5 Local

Supplier
33 M3x30 Bolts 20 5 Local

Supplier
34 M4 nuts 15 4 Local

Supplier
35 M3 nuts 15 4 Local

Supplier
continued on next page
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continued from previous page
36 Universal Instant Glue 1 3.3 RS Com-

ponents
37 DB-9 Male Connector Kit 2 5 Adafruit
38 DB-9 Female Connector Kit 2 5 Adafruit

5 Build Instructions
This section is split into two parts – hardware building and software configuration, respec-
tively. The former part details the 3D printed component assembly, PCB assembly and
wiring. The latter elucidates the software configuration needed to operate PACKMAN.

Hardware Building
The hardware building for PACKMAN-B and PACKMAN-S are identical except for few
more added sensors, file transfer PCB and power connection variation in PACKMAN-B.
PACKMAN-S operates using a wall-mounted power supply with a DC barrel jack and
hence uses 2mm barrel connector fixed to a male DB-9 connector. In case of PACKMAN-
B, the unit operates on AA-size batteries connected in series through a battery holder.
The battery holder clip is connected to the male DB-9 connector. Radio Frequency
(RF) interference from wall mounted power supplies do not pose a threat to the sensor
operations of PACKMAN owing to the presence of linear regulator built-in the Arduino
boards which reduce the switching noise present in the output of wall mounted supplies.

Step -1: 3D printing

The 3D printed components used in PACKMAN are 3D printed in PolyLactic Acid (PLA)
material with a sufficient infill density (>80%), for increased strength. Appropriate sup-
port settings are used depending upon the 3D printer model. The 3D printed components
have no overhanging structures except for the tubular PACKMAN_MAGNETOMETER
_HOLDER component and some windows in the PACKMAN_BOX component. Sup-
port is needed only for these two components and ensures the structures are removed
carefully and edges smoothened with files and sandpaper. The CAD file of the 3D printed
camera enclosure is not attached with the design files. Depending upon the Raspberry
Pi camera used, suitable 3D printed enclosure can be used.

Step -2: PCB assembly

PACKMAN has five custom PCB’s - Four mini 35x50mm size PCB from Sparkfun and
two 81x51mm size PCB from Adafruit. An Adafruit T-Cobbler Plus 2x20 PCB is used
to connect the GPS, status LED and Geiger counter PCB’s. A 35x50mm size PCB is
connected to the Raspberry Pi housing two buttons and an LED, which are used to
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initiate the data transfer from the PACKMAN-B to the USB drive. The full circuitry
connection of PACKMAN is shown below in Fig. 4.

Figure 4: PACKMAN Circuit Connections

Step -3: Wiring

Multistrand copper wires of gauge 24AWG are used in wiring the individual circuits. Use
of appropriate colour coding can help to trace the wiring between circuits. (E.g. Red
for positive line, black for ground line, green for I2C clock line (SCL) and blue for I2C
data line (SDA). Such methodical colour coding can help to trace conductivity between
components during troubleshooting of bad soldering joints. Tinting the multi-strand
copper wires before soldering to the PCB prevents bad soldering joints. Wires between
PCB’s and magnetometers are provided sufficient length, to facilitate easy assembly. The
power DB-9 and LED status DB-9 pins are not soldered at this time as the wires have
to go out through the 3D printed PACKMAN_BOX. DB-9 pins are used as they offer
fool-proof (poke-yoke) capability, and wrong polarity connections cannot be made.
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Step -4: Assembly

Once the individual components are soldered and wired onto the respective PCB’s, the
Raspberry Pi, Arduino, GPS and soldered, PCBs can be assembled onto the 3D printed
Deck 1 and Deck 2. The assembly is done in the bottom to top approach with Deck
1 containing the PCB of the magnetometer Arduino slaves and the Master Arduino
PCB. The Deck 2 Is fitted with Power PCB, Raspberry Pi, and GPS. Deck 2 would
also house the IMU sensor and pressure sensor in case of PACKMAN-B. The orienta-
tion of the IMU sensor is crucial for calibrating the PACKMAN-B unit. Ensure the
IMU sensor is soldered to the PCB with the axis orientation aligned with the fluxgate
magnetometer XYZ orientation which is mentioned in the following section. Appropri-
ate spacers are used to mount the PCB’s, Raspberry Pi and GPS on to the 3D printed
decks. Four M4x50 bolts and nuts are used to secure the decks one above the other to
create the deck assembly. The Geiger counter PCB is then mounted onto the PACK-
MAN_BASE 3D printed part towards the edge. Four M4 holes are drilled on the base,
and M4x60 bolts with PACKMAN_GEIGER_SPACER is used to stack the Geiger coun-
ters one above the other. The Deck assembly is then fixed next to the Geiger assembly
by drilling the base from the bottom and attaching with four M4x20 bolts and nuts.
The PACKMAN_MAGNETOMETER_HOLDER is glued using Universal instant glue
to the extreme corner of the PACKMAN base on the farthest extent from the Geiger
counter. The three fluxgate magnetometers are then inserted into the 3D printed PACK-
MAN_MAGNETOMETER_HOLDER in proper axis configuration. The vertical stem
constitutes the Z-Magnetometer, and the Y-Magnetometer is fixed along the longer side
of the PACKMAN_BASE. Cable ties are used to route the wires to avoid dangling of
the wires properly. Connect the USB cable between the Raspberry Pi and the Arduino
Master Nano present in the lower deck. Attach the Camera ribbon cable to the Rasp-
berry Pi camera socket. The PT100 probe wire is fixed to the sensor breakout board.
The Raspberry Pi micro USB cable can be plugged into the Raspberry Pi power socket.
The overall assembly of the PACKMAN unit would resemble Fig. 5 below without the
PACKMAN_BOX enclosure.

The entire PACKMAN_BASE is then placed into the PACKMAN_BOX 3D printed
enclosure, which in turn is placed into a Styrofoam box. A Styrofoam box of 250 x 200 x
150mm inner dimension has been used to house PACKMAN units. The Camera ribbon
cable, status LED wires, power wires and PT100 are taken out through the respective
windows, and the DB-9 connectors of the status LED and power are soldered. The PT100
probe wire, status LED and power wires are fed through M3 cable clamps attached to
the 3D printed enclosure. A M5 cable clamp is used to fix an 8mm tube which is used to
equalize the pressure inside and outside the Styrofoam box of PACKMAN-B during flight.
In the case of PACKMAN-S, this tube is used to provide airflow into the PACKMAN
unit. The PACKMAN_BOX is then placed into the Styrofoam box, as shown in the
figure, Fig. 6 below. Padding is provided with pieces of insulation foam to prevent the
PACKMAN_BOX from moving within the Styrofoam. The insulation sheet also offers
excellent thermal isolation for the temperature sensitive fluxgate magnetometers. The
external PCB in PACKMAN-B is kept under these insulation pieces before flight.
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Figure 5: PACKMAN unit assembled and 3D printed components marked.

Figure 6: PACKMAN unit enclosed in the Styrofoam box.

Holes are made in the Styrofoam box to route the PT100 probe, status LED and
camera out of the Styrofoam box in PACKMAN-B. In case of PACKMAN-S, holes are
made on the Styrofoam box to route PT100 probe, status LED and RJ45 LAN cable. It
is up to the user’s discretion to decide the layout of the hole positions on the Styrofoam
box to route the cables.
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Software configuration
The system configuration of PACKMAN-B and PACKMAN-S are explained in the follow-
ing section. The operating systems for both the versions of PACKMAN are pre-configured
and are attached in the Mendeley repository. PACKMAN-B OS can be used as such with
no configuration settings needed. In the case of PACKMAN-S, a configuration utility is
designed to facilitate the quick and easy setup of PACKMAN-S.

Setting up PACKMAN-B

1. Download the PACKMAN_B_OS from the Mendeley repository using the link men-
tioned in the Design file section.

2. Use Win32DiskImager software to write the downloaded OS to the memory card
from the Windows operating system. In case of Linux or Mac operating system,
the following commands are executed in terminal to write the OS to the SD card.

• fdisk -l
The command would list the mounted drives and note down the sdX for the
memory card connected.

• dd bs=4M if=PACKMAN_B_OS.img of=/dev/sdX

The command writes the contents of the img file to the SD card.

3. After the memory card is written with the OS, eject the memory card and insert
into the Raspberry Pi SD card slot.

Setting up PACKMAN-S

1. Download the PACKMAN_SURFACE_OS from the Mendeley repository using the
link mentioned in the Design file section.

2. Use Win32DiskImager software to write the downloaded OS to the memory card
from Windows operating system. In case of Linux or mac operating system, the
following commands are executed in terminal to write the OS to the SD card.

• fdisk -l

The command would list the mounted drives and note down the sdX for the
memory card connected.
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• dd bs=4M if=PACKMAN_B_OS.img of=/dev/sdX

The command writes the contents of the img file to the SD card.

3. After the memory card is written with the OS, eject the memory card and insert
into the Raspberry Pi SD card slot.

4. Connect the LAN cable of the Raspberry Pi to the ethernet port of a desktop
computer or laptop.

5. Power the PACKMAN unit with a 12V DC supply connected to the Power DB-9
pin and wait for a couple of minutes.

6. Use a ssh terminal app such as PuTTY on a windows-based machine or the inbuilt
terminal in Linux and mac computer.

7. Type ssh mailto:packman@packman-s.localpackman@packman-s.local to login to the
PACKMAN-S terminal. Login with the following credentials:

Login: packman

Password: packman123

8. After the system is logged in, type sudo packman-config. This opens the
PACKMAN-S configuration utility. The home screen of the configuration utility
is shown as follows in Fig. 7. The configuration utility can be used to view some
critical system information such as the Raspbian version, Linux kernel version and
available memory space, as shown in Fig. 8. The utility can also be used to perform
a data backup to a USB drive.

9. Edit the ownCloud configuration using the third option in the home screen. The
options available in this window are shown in Fig. 9 as follows:

Fill the configuration details one after the other and finally press Save and Reboot.
The shortcut alphabets can also be used to enter the respective configuration details.

10. Once the system is rebooted, the PACKMAN-S is ready for operation.
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Figure 7: PACKMAN-S configuration utility home page

Figure 8: PACKMAN-S system information screen

6 Operation Instructions
PACKMAN-S operation

1. Connect the LAN cable and a 12V DC 2.5A adaptor to the PACKMAN-S unit.

2. Once, the status LED blinks green, and the PACKMAN-S has begun operation.

3. To view the data, login into the ownCloud workspace from any computer. The data
is uploaded in every one-hour interval.
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Figure 9: PACKMAN-S ownCloud configuration page

6.1 PACKMAN-B operation
PACKMAN-B operates on a DC power supply from 12V to 18V. AA-size batteries in
series are used to power the PACKMAN-B. 10 AA-size FR6 batteries can provide an
operational time of around 8 hours for PACKMAN operation. Lithium-based AA size
batteries are preferred as they are about 30% lighter than the regular alkaline batteries
and have a better performance at sub-zero temperatures. PACKMAN-B operation is
very straightforward. A 32GB USB drive is all that is needed to recover the data from
PACKMAN-B after the flight.

Before Launch

Just before the launch, the AA batteries are fixed in the battery holder, and the connector
clip is secured to the battery holder. PACKMAN-B takes 5 minutes to begin operation.
Ensure that PACKMAN-B is kept in an open environment (outside the building) during
these 5 minutes. The 5-minute waiting time is given for the GPS to get a fix and also
to calibrate the BNO055IMU sensor. The calibration sequence is performed as follows,
as shown in Table 4. Ensure that the PACKMAN-B Styrofoam lid is held securely when
performing the calibration procedure, to avoid the contents from dropping down.

PACKMAN-B will turn on after 5 minutes, and it can be verified by the LED blinking
either red or green. The calibration status of PACKMAN can be obtained in the data
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Table 6: Before launch Calibration Procedures.
Magnetometer Calibration
Move the PACKMAN-B, as
shown in the pattern in one full
cycle. The long side of the Sty-
rofoam box has to face the user
irrespective of the direction.

Accelerometer Calibration
Place the PACKMAN-B in these
six stable positions for 2 sec-
onds each. The orientation is
such that in the first position, the
top of the Styrofoam box faces
to sky marking the z-direction
(blue) and the long side is ori-
ented along the Y-axis (green)
and x-axis (red) is perpendicular
to the orientation of the long side.

Gyroscope Calibration
Place the PACKMAN-B on a sta-
ble, flat position for about 5 sec-
onds.

file. The BNO055 sensor used returns a value between 0 to 3 (0 representing uncalibrated
and 3 with best calibration). Proper calibration procedure followed should return a value
greater than 0.

Data Retrieval

With the payload recovered after the flight, the data can be transferred from the microSD
card of PACKMAN-B to the USB drive by using the PCB with two pushbuttons. Table
5 illustrates the procedure to be adopted to initiate the data transfer to the USB drive.
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Table 7: PACKMAN-B data retrieval instructions.

1. Remove the Styrofoam lid from
PACKMAN-B and disconnect the
battery connector from the battery
holder.

2. Disconnect the status LED DB-9
pin and lift the PACKMAN_LID to
reveal the inner PACKMAN_BOX
3D printed enclosure.

3. Remove the black insulation ma-
terial to reveal the external PCB
with the two buttons and a LED.

continued on next page



6. Operation Instructions 179

continued from previous page

4. Disconnect the USB wire con-
nected to the Raspberry Pi. Ensure
that the camera ribbon wire is not
damaged during this step. Connect
a 32GB USB drive to the USB port
of the Raspberry Pi. The space is
very confined and hence use a USB
drive that is not very long. A small
USB drive, like the one mentioned
in the Bill of materials, is preferred.

5. Connect the status LED DB-9
cables and insert a new set of 10 AA
size batteries in the battery holder
and secure the battery connector.
The red LED should blink in about
6 to 7 minutes. The data is now
ready to be transferred to the USB
drive.

6. After the RED led on the
PACKMAN-B side has started to
blink, press and hold the yellow but-
ton first and simultaneously press
the green button. The red LED on
the PCB should begin to glow. If the
red LED on the PCB blinks three
times, then there is an error with
the USB drive. Ensure the USB
drive is adequately fixed or replace
the USB drive with another drive
with FAT32 partition.

continued on next page
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continued from previous page

7. If the red LED on the PCB lights
continuously, then the data transfer
process has started. Wait till the
red LED on the PCB stops glowing.
The data generated is high, espe-
cially after 8-hour flights, and the
process will take a lot of time de-
pending on the data frequency rate
set for the sensors. The figure below
shows the file transfer in progress
with the red LED glowing.

8. Once the red LED has stopped
glowing, it is safe to disconnect
the battery terminal and remove
the USB drive from PACKMAN-B.
The data then can be viewed on a
PC. Disconnect the DB-9 LED pin.
Connect the USB cable back to the
Raspberry Pi. Put back the PCB
with buttons in the Styrofoam slot
and put back the insulation material
on top of it and close the PACK-
MAN_LID. Now connect the DB-9
LED cable and close the Styrofoam
box. The data in the PACKMAN-
B is automatically erased after the
contents are copied to the USB
drive.

7 Validation and Characterization
PACKMAN was developed and tested in three campaigns, one within the Dark Matter
Research facility, Boulby Mine, in cooperation with the UK Center for Astrobiology,
and two balloon campaigns with Zero2Infinity (Córdoba, Spain) and, Esrange (Kiruna,
Sweden) with the support of the Swedish Space Corporation (SSC). Some of the results
that demonstrate TRL8 for surface and balloon operation have been presented before
[18], [21]. The data distribution concept has been presented in [22] and in the concept
for the ESA/European balloon community [23]. Figure 6 shows the map of PACKMAN
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units operating sites. The operating sites of PACKMAN are listed below in Table 8.

Figure 10: Map of PACKMAN installation sites and stratospheric balloon field campaigns.

The scientific observations made from PACKMAN are detailed in [8]. The following
are some of the results from [8], where the data was disseminated by PACKMAN’s during
its operation at stratospheric altitude and subsurface levels of 1.1km below the surface
of the Earth.
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Table 8: Operating sites of PACKMAN units with geographic coordinates.
Location Geographic

Coordinates
Altitude

Space campus LTU,
Kiruna, Sweden

67.84◦ N, 20.41◦ E 390m

LTU Main cam-
pus, Luleå, Sweden

65.62◦ N, 22.14◦ E 15m

Boulby Mine, Cleave-
land, United Kingdom

54.56◦ N, 0.82◦ W 93m

The University
of Edinburgh,

United Kingdom

55.94◦ N, 3.19◦ W 98m

The Univer-
sity of Akureyri,

Iceland

65.68 ◦ N,18.12 ◦ W 23m

Cordoba airport,
Cordoba, Spain

37.84◦ N, 4.84◦ W 90 m to 27 km

Esrange Space Cen-
ter, Kiruna, Sweden

67.88◦ N, 21.12◦ E 328 m to 27 km

7.1 PACKMAN-B
PACKMAN-B had been flown twice on stratospheric balloon campaigns as a piggyback
payload with an approximate flight time of around 8 hours. The maximum altitude
reached during both the launches was approximately 27km with temperatures reaching -
47 °C. The maximum altitude reached during both the launches was approximately 27km.
The first flight took place at Cordoba Airport, Spain in collaboration with Zero2Infinity
company and through the way up the Geiger tubes recorded a steady increase in radiation
levels measured in particle Counts Per Minute (CPM). The rise was also observed during
the second flight, which was from Esrange Space Centre in Kiruna 67.88°N, 21.12°E
launched by Swedish Space Corporation (SSC). The Fig. 11 shows the PACKMAN-B
payload attached to the tether of the stratospheric balloon as a standalone payload during
the launch from Esrange Space Centre, Kiruna. The rise in particle counts observed is
due to the Pfotzer Maximum phenomenon, where there is an increase in the incoming
secondary radiation levels reaching the lower layers of the atmosphere. The secondary
radiation is produced when the primary cosmic rays reaching Earth, interact with the
upper atmosphere and this secondary radiation intensify at lower heights around 15-20
km depending on latitude [24], where the loss effects balance the secondary radiation.
This effect was observed by direct measurement of ionization at various altitudes in the
atmosphere by Erich Regener and George Pfotzer [25], [26], [27]. The point at which
the maximum radiation is measured is called the Regener-Pfotzer maximum (RP-max).
Below this point, the secondary radiation intensity is gradually reduced due to absorption
and decay processes [28], [29]. The Fig. 12, shows the plot of the radiation levels measured
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in CPM against altitude with the Pfotzer Maximum observed during both the flights.
Similar studies of Pfotzer Maximum have been explicated in [30].

Figure 11: PACKMAN-B attached to stratospheric balloon during launch from Esrange, Kiruna.

Figure 12: PACKMAN-B CPM against altitude. The yellow and orange dots indicate the CPM
during the flight from Cordoba, and the green and blue dots indicate the CPM during the flight
from the Esrange space centre. The inset image shows the PACKMAN-B payload during the
Cordoba Flight campaign.
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In PACKMAN, we are more interested in studying the collective particle dose rates
and not in identifying the type of particles and their constituent energies. The instrument
is meant to be light and autonomous, so that it can be easily mounted on balloons and
give information about the vertical profile, its diurnal and seasonal variability. Future
studies may use more specific high cost instrumentation, in dedicated campaigns, as
designed by geo-space and ionospheric researchers. But this kind of instrumentation
may be useful to provide a first assessment.

7.2 PACKMAN-S
The fluxgate magnetometers used in PACKMAN provide a frequency output in the range
of 120KHz to 50 kHz depending upon the magnetic field changes. The magnetometers
are not calibrated to absolute magnetic field levels. The fluxgate magnetometers pro-
vide an almost linear response with change in magnetic field with a non-linearity of
about 5.5%. The fluxgate magnetometers are very sensitive to temperature fluctuations
and stray magnetic fields and would need a very stable environment to calibrate the
frequency output to absolute magnetic field. The limitation in such facility required de-
ferred from calibrating the fluxgate magnetometer and is not in the scope of this article.
Future studies will be devoted to calibrating uncertainties, but the purpose of this article
is to describe the fabrication of a low-cost instrument with COTS components. The
manuscript provides details about the construction and operation of PACKMAN for the
readers of this journal. The magnetometers are sensitive, translating a 1nT magnetic field
change to 1Hz output, such that we could observe the changes in the frequency output
during different conditions of geomagnetic activity. The geomantic activity is measured
using a Kp index. In the plot shown in Fig. 13, the continuous fluxgate magnetome-
ter response to G1 geomagnetic storm (Kp 5) that occurred between 20th November
2017 and 21st November 2017 is shown. The colour heat map, overlayed on the magne-
tometer measurement, indicates the temperature at the time of measurement. A stable
temperature is one of the essential criteria for shallow magnetic field sensing as fluxgate
magnetometers are very sensitive to the temperature fluctuation., The Styrofoam box
with the thermal isolation padding provides a stable temperature environment for the
fluxgate magnetometers of PACKMAN. The Kp values indicated have been taken from
the GFZ Postdam Data Archive from Helmholtz Centre, Postdam.

The performance of the magnetometers in PACKMAN have been compared with the
state-of-the-art magnetic observatories and satellite data. The magnetic field responses
of PACKMAN-S operating at the Boulby mine, 1.1km below the surface of the Earth has
been compared with the magnetic field observations from Hartland station magnetome-
ters which are situated at 50.995° N, 355.516° E, 95m above sea level and is operated by
the British Geological Survey. The plot in Fig. 14 (top) shows the correlation between
the magnetic field perturbations recorded by the magnetometers in PACKMAN and the
Hartland Magnetic observatory magnetometers during an increased solar activity with a
Kp ranging between 4 and 6 (G2 storm) during the measurement period from 6th to the
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Figure 13: PACKMAN Magnetometer-Z response to G1 geomagnetic storm with temperature in
the colour map and a bar graph showing the Kp indices. The inset image shows the PACKMAN-S
operating in the Boulby mine, 1.1km below the surface of the Earth.

9th of November 2017. The plot Fig. 14 (bottom) shows the comparison of the readings
obtained from the PACKMAN-S operating in the Boulby mine with the GOES-15 Mag-
netometer 1. The readings (fitted with Bezier curves) are taken during the G1 storm
that occurred between 24th and 27th of June 2018. Although GOES-15 is operating far
from the Earth, and its measurements are dominated by magnetospheric processes, we
include here some comparison to illustrate the different time-scales of the variability of
both magnetic measurements. Also this is interesting to illustrate that portable instru-
ments such as PACKMAN may be updated in the future to operate on cubesats or on
landed platforms on the Moon.

The particle response in subsurface environments was analysed with the PACKMAN-
S operating down in the Boulby mine, 1.1km below the surface of the Earth. The experi-
ment was performed during the Mine Analog Research (MINAR) program at the Boulby
Mine, UK [21]. The readings from the Geiger counters of PACKMAN-S unit operating
on the surface of the mine was compared with the reading from the Geiger counters of
PACKMAN-S unit operating below in the mine. The Fig. 15 shows the difference in
particle counts observed. A 12 min moving average has been taken to smoothen the plot.
The radiation ‘quietness’ of the mine owing to the kilometre of crust that shields the
mine tunnels from the background radiation can be observed.
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Figure 14: Comparison of the magnetic field measurements from the PACKMAN-S Boulby
against the Hartland magnetic field observatory (Top) and GOES satellite data (Bottom).
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Figure 15: Figure showing the lower background radiation experienced in Boulby Mine (dots)
compared with surface particle flux (solid line), validating the instrument in a ‘quiet’ radiation
environment.

A more detailed scientific analysis of the observations made by PACKMAN is dis-
cussed in [18] and [31] where the data disseminated is compared to geomagnetic events
of varied magnitudes.

8 Conclusion
The PACKMAN instrument is designed to be a low-cost, robust instrument to investigate
space weather phenomena at varying latitudes and altitudes. The robustness of the
instrument along with the TRL8 maturity, has been validated through stratospheric
balloon launches in campaigns with Zero2Infinity (Córdoba, Spain) and, Esrange (Kiruna,
Sweden) with the support of the Swedish Space Corporation (SSC) and deployment in the
Boulby Mine, in cooperation with the UK Center for Astrobiology, operating at 1.1km
below the surface of the Earth. Also, the data from PACKMAN has been compared
with the cutting edge sophisticated magnetic observatories and satellites which justifies
the scientific maturity of the instrument. The use of COTS components ensures easy
availability and parts can be replaced with suitable alternatives, should there be a need
to upgrade with wear and use. Replacement of the components with appropriate options
ensures that the data is repeatable and comparable with the other PACKMAN units.
The open-access data approach from PACKMAN space weather observations can be
useful for a wide range of fields apart from research, including aviation, infrastructure
and telecommunication, as well as for education and outreach. A network of such open-
source PACKMAN units operating around the world would help to fill the missing gap of
information regarding the amount, energy, time variability, and type of space radiation
that reaches the lower layers of the atmosphere, as well as on its geographic and altitude
distribution and the implications on infrastructures and climate. Through this paper, the



188 Paper-4

public can build PACKMAN units from scratch with minimal resources and contribute
to the understanding of global space weather phenomena.
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Abstract

The Earth’s atmosphere is continuously bombarded by energetic charged particles
and high energy photons from space. To date, there is a missing gap of information re-
garding the amount, energy, time variability, and type of space radiation that reaches the
lower layers of the atmosphere, as well as on its geographic and altitude distribution and
the implications on infrastructures and climate. To generate a long-time, multiple-site,
open-access record of space radiation on Earth we have designed PACKMAN (PArti-
cle Counter k-index Magnetic ANomaly): an open source, autonomous instrument, with
Commercial Off The Shelf (COTS) components. PACKMAN is a robust and light instru-
ment that monitors gamma, beta, alpha radiation and muons and includes environmental
sensors to monitor pressure, temperature, relative humidity, and magnetic perturbations.
PACKMAN has operated at different latitudes: 1) Space campus LTU, Kiruna, Sweden
(67.84°N, 20.41°E, 390 m); 2) LTU Main campus, Luleå, Sweden (65.62°N, 22.14°E, 15
m); 3) University of Edinburgh, United Kingdom (55.94°N, 3.19°W, 98 m); 4) Boulby
Mine, United Kingdom (54.56°N, 0.82°W, 93 m and -1.1 km), 5) University of Akureyri,
Iceland (65.68°N,18.12°W, 23m); and two PACKMAN units have been flown in balloons
to the stratosphere: 6) Cordoba airport, Spain (37.84°N, 4.84°W, 90 m to 27 km); and
7) Esrange Space Center, Sweden (67.88°N, 21.12°E, 328 m to 27 km). In this work,
we describe the design and operation of these instruments, and show examples of scien-
tific observations. The data are compared to various ground based and orbiter instru-
ments such as the magnetic field observations from Hartland station magnetometers, the
Kp global index from GFZ-Potsdam and the Geostationary Operational Environmental
Satellite (GOES)-15 Magnetometer. During the flight in two stratospheric balloon cam-
paigns, PACKMAN captured the Pfotzer maximum and its variation in height depending
on latitude, time and season and reaching altitudes of 10 km. While operating down at
1.1km below the surface, in the Boulby Mine (U.K), PACKMAN has recorded the mag-
netic anomaly occurring due to geomagnetic storm activity and the results are presented
quantitatively.

1 Introduction
The Earth is continuously bombarded by energetic particles emanating from the Sun and
the outer space. The former, termed as solar energetic particles (SEP), consist mainly
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of protons, electrons and alpha-particles (and small amounts of 3He and heavy ions)
and they find their way to the Earth through propagation of the solar wind that blows
through the interplanetary space guided by the interplanetary magnetic field. Other
type of energetic particles hitting our planet are the galactic cosmic rays (GCR). They
are mostly highly energetic protons that originate from distant galactic sources such as
stars and nebulas and travel several millions light years before reaching Earth. These
energetic particles affect various atmospheric processes [1], [2] as they stream down to
the Earth. The Earth’s magnetosphere acts as the first screening layer for these particles,
however during increased solar activity such as during the occurrence of solar flares, the
magnetosphere is disturbed [3], resulting in the formation of geomagnetic storms which
are particularly intense in the polar regions. The GCRs undergo primary ionization on
the interaction with Earth’s atmosphere generating pions. These pions are highly unsta-
ble and they dissociate to form secondary particles such as muons, neutrinos and gamma
rays. This cascade of secondary particles is called a cosmic ray shower. The muons
decay into positrons and electrons and still some muons find their way to the surface of
the Earth. Thus, a high energetic particle originating from the vastness of the universe
finds its way to the Earth’s atmosphere. At any point of time, around 10,000 muons
reach the seal level of the Earth covering a surface of 1 square meter per hour. During
the period of increased solar activity, especially during severe geomagnetic storms, this
number can increase. This increased precipitation of particles affects Earth, astronaut
operations, navigation, and communication. In particular, it has an impact on the at-
mosphere and environment by depleting the stratospheric ozone and then reducing the
shielding of UV [4]. On the other hand, the increased precipitation of particles poses a
potential hazard to astronauts working on low Earth orbit space such as the International
Space Station (ISS) exposing them to increased dosage of radiation. Aircraft flying at
high latitudes will also be exposed to increased radiation leading to health issues. The
electronics onboard the satellites can be affected by these particles by the so-called single
event upsets (SEU) which can affect the communication and the navigation services that
these satellites offer. In the worst cases, the electronics can be permanently damaged
leaving the satellites inoperable. The increased precipitation of particles can generate
higher auroral currents that can induce power surges in the electric grid lines leading to
blackouts. Solar storms such as the damaging Carrington event of 1859 can leave catas-
trophic impacts in our current society owing to our dependence on technology advances
in the last century (electricity, wireless communications, GPS navigation). Actually, the
Earth missed a solar storm of a magnitude similar to that of the Carrington event in 2012
by a narrow margin. Today we have many orbiters that provide real time monitoring of
the Sun and warn us about such occurrences, like SOHO (Solar and Heliospheric Obser-
vatory), STEREO (Solar Terrestrial Relations Observatory), or SDO (Solar Dynamics
Observatory), ACE (Advanced Composition Explorer) and Parker Solar Probe.

The energetic particles may also have an impact on the Earth’s climate and there
is a missing gap of information on this topic. One of the phenomena to investigate
is the cloud nucleation. Experiments to study nucleation in an ultra-low ionization
environment have been carried to study the influence of cosmic ray particles on the
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cloud nucleation but where only limited to one region of study [5]. Here is where we
introduce PACKMAN (PArticle Counter K-Index Magnetic Anomaly), a low cost scalable
user-friendly instrument designed and developed to study space weather phenomenon
and its interaction with the atmosphere and the Earth. PACKMAN can operate as
stand-alone and also as a network with installation at multiple latitudes and altitudes
around the globe to get a better understanding of the space weather phenomenon over a
wider spatial and temporal resolution. There are other existing environmental networks
such as the uRAD environmental network [6] with an Internet of Things (IoT) device
chain that provides visual data representation of the radiation at nodes installed around
the globe. However, the uRAD monitoring network lacks magnetic field observation.
Moreover, the data from the uRAD network is not available in open format. The future
PACKMAN-network on the other hand will provide open access to data. The sensor suite
with atmospheric parameter sensing sensors such as temperature, humidity and pressure
coupled with the sensitive fluxgate magnetometers provide a much wider data source to
study space weather and its interaction with the atmosphere. The PACKMAN competes
the predecessor campaigns of space weather research by having a suite of sensors for space
weather study such as particle counter, magnetometer and environmental sensor housed
together under one roof unlike the REM-RED experiment launched in REXUS17 that
utilizes only particle detectors to study cosmic ray intensity and its direction sensitivity
[7]. The PACKMAN network shall utilize the current state of the art PDS4 data format,
which is used in Space missions and is very versatile [7]. The work is in progress. In
this paper, we discuss the results we have obtained from the various PACKMAN units
operating at different latitudes and altitudes. We also provide an outline of the design
of the PACKMAN instrument and its easy operability.

2 Material and Methods
The concept of utilization of COTS components for the development of PACKMAN has
a critical influence on the design of the instrument. With the final goal of obtaining
a low cost and scalable network of instruments, the choice of commercial components
played a key role. The following section summarizes the design of PACKMAN from
three critical modules namely the particle detecting Geiger module, the tri-axial fluxgate
magnetometer module and the environmental sensor module (see Fig. 1).

2.1 Module-I: particle detecting Geiger module
This module forms the PACK (PArticle Counter k-index) part of PACKMAN. The parti-
cle detectors used in the PACKMAN are LND-712 Geiger tubes with a thin mica window.
The mica window is protected by a silicone cover to shield the Geiger tubes from alpha
particle detection. The primary target of interest of particles to study with PACKMAN is
the high energetic cosmic ray particles. Table 1 covers the specifications of the LND-712
Geiger tube. The LND-712 Geiger tubes are made of 446 stainless steel and its geometry
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Figure 1: Components of PACKMAN Instrument.

has been carefully designed for a stable performance and is the same choice of Geigers
than in the uRAD radiation network.

Table 1: PACKMAN Geiger Tube Specifications.
Gas Filling Ne + Halogen

Material of Cathode 446 Stainless Steel
Maximum

Length (mm)
49.2

Effective
Length (mm)

38.1

Maximum Di-
ameter (mm)

15.1

Effective Di-
ameter (mm)

9.1

Operating
Temperature

-40 °C to +75 °C

2.2 Module-II: magnetometer module
The Magnetic Anomaly (MAN) module of PACKMAN uses three fluxgate magnetome-
ters placed orthogonally to measure the X, Y and Z components of the magnetic field.
The COTS magnetometers used in the PACKMAN are highly sensitive magnetic field
sensors operating in the 50 microtesla range (0.5 oersted). They are three terminal sen-
sors operating at 5V providing an output which is a 5V rectangular pulse whose period is
directly proportional to the magnetic field strength, the frequency thus varying inversely
with the magnetic field. The full-scale measurement range of these fluxgate magnetome-
ters lies between 8.5ms to 25ms corresponding to a frequency output between 120KHz
to 50 KHz. This is a clear indication of the sensitivity of the magnetometers used. The
fluxgate magnetometers are not calibrated to produce an output in nT and we utilize the
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Figure 2: PACKMAN operational concept.
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time variation of the frequency changes to investigate qualitatively the geomagnetic field
variations during the periods of increased solar activity. This is similar to the concept of
the Kp index, which is derived from the maximum fluctuations of horizontal components
observed on a magnetometer during a three-hour interval. The K-index, and by exten-
sion the Planetary K-index Kp, are used to characterize the magnitude of geomagnetic
storms. Kp is global indicator of disturbances in the Earth’s magnetic field and is used
to decide whether geomagnetic alerts and warnings need to be issued for users who are
affected by these disturbances. As shown in Fig. 4, we utilize the COTS microcon-
troller board Arduino for data acquisition. Each fluxgate magnetometer is interfaced to
a microcontroller separately through voltage stabilization circuits and finally a master
Arduino is used to collect the data from the individual microcontrollers to the Raspberry
Pi computer.

2.3 Module-III: environmental sensor module
The Module 3 of the PACKMAN houses the generic atmospheric sensors such as temper-
ature, pressure, humidity and a GPS module (only in case of balloon version of PACK-
MAN, PACKMAN-B). The utilized BME280 sensor measures these atmospheric param-
eters under one package. The absolute accuracy of temperature measurement with these
sensors is ±0.5° C, absolute accuracy in humidity is ±3% RH and the absolute accuracy
of pressure measurement is ± 1hPa. An Arduino microcontroller board is used for the
data acquisition and reports to the Raspberry Pi computer. The GPS module is an
essential part of the balloon version of the PACKMAN to provide accurate time stamp
to the data collected. For the PACKMAN on the surface, the time stamp is accurately
established through Network Time Protocol. The overall functioning of the PACKMAN
with the three discussed modules is as follows:

2.4 Additional units: camera and batteries for balloon opera-
tion and enclosure

The core of the balloon version of PACKMAN weighs around 600 g with electronics.
With a plastic mechanical enclosure, the total weight of the PACKMAN unit is 1kg with
a maximum dimension of 30x30x20cm. The enclosure is packed with polystyrene foam to
maintain a stable temperature for the electronic components as the temperature plunges
to -50°C at high altitudes. The PACKMAN consumes about 500mA of power at 12V
and can be powered by lithium batteries which are light and have a high-power density.
The balloon version (Fig. 3) of PACKMAN had a camera to record the different phases
of the launch and we present an image (Fig. 4) captured during the flight from Esrange
Space Center, Kiruna.

When operated on ground, the PACKMAN exploits the use of IoT technology. The
data from the three modules of PACKMAN are logged by a central Raspberry Pi com-
puter, that provides real time data communication with to a cloud server where all the
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Figure 3: PACKMAN on the train of payload in the Esrange Balloon campaign.

Figure 4: The Sun and Earth atmosphere captured by the PACKMAN camera during the
stratospheric balloon campaign at Esrange, Kiruna.
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data from respective PACKMAN are synchronized. The data is then made available to
the users through a web-based interface where the users can visualize the data and make
comparisons. The users can also download the data for further analysis. Thus, PACK-
MAN provides an open source data for studying space weather in a user-friendly way. At
present, we are working on presenting the data from the PACKMAN units in PDS4 data
format adhered by NASA and ESA for the planetary exploration scientific missions for a
unified data access system which could be scalable to the future PACKMAN network [7].
When operated from balloon the data are saved in a memory card and when the payload
is recovered after landing they are retrieved and the instrument is verified, adjusted and
reset for the next campaign.

Figures 5 and 6 show the two variations of PACKMAN. The PACKMAN-B for strato-
spheric balloon campaigns is more compact and entirely housed in one enclosure while
the surface PACKMAN’s have a modular design. The data is recorded in a standard
micro-SD card and is retrieved upon landing. The standalone feature of PACKMAN
makes it an ideal payload for balloon campaigns as there is no interference with other
payloads and is flexible and robust with respect to allocation, it can operate on the
train, or on the gondola and requires no connection to power supplies or data storage or
commanding communication units.

Figure 5: PACKMAN-B for stratospheric balloon campaigns.
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Figure 6: PACKMAN unit for surface installation.

3 Results and Discussion
PACKMAN has demonstrated its operability at different latitudes and atmospheric
heights (in balloons). As of today, several PACKMAN units have been installed and
have operated already at multiple latitudes: 1) Space campus LTU, Kiruna, Sweden
(67.84°N, 20.41°E, 390 m); 2) LTU Main campus, Luleå, Sweden (65.62°N, 22.14°E, 15
m); 3) University of Edinburgh, United Kingdom (55.94°N, 3.19°W, 98 m); 4) University
of Akureyri, Iceland (65.68°N,18.12°W, 23m) 5) Boulby Mine, United Kingdom (54.56°N,
0.82°W, 93 m and -1.1 km). Finally, two PACKMAN units have been flown in balloons
to the stratosphere: 6) Cordoba airport, Cordoba, Spain (37.84°N, 4.84°W, 90 m to 27
km); 7) Esrange Space Centre, Sweden (67.88°N, 21.12°E, 328 m to 27 km).

The map (Fig. 7) shows the current PACKMAN installations: i) the inset top shows
the PACKMAN operating in Luleå, Sweden; ii) the middle-inset shows PACKMAN oper-
ating in the Boulby Mine, UK, 1.1km below underground and iii) the bottom inset shows
PACKMAN-B before the balloon launch from Cordoba Airport, Spain. The stratospheric
balloon campaigns conducted in Esrange Space Centre, Kiruna (Sweden) and Cordoba
Airport (Spain) gave us a clear picture of the phenomenon of Pfotzer Maximum [8]. The
plot (see Fig. 8) shows the CPM measured by the Geiger tubes of PACKMAN against
the altitude of the balloon.

The first flight was from Cordoba Airport in Spain 37.84°N, 4.84°W, was launched
by ZeroToInfinity on 29-07-2017. This was a night time flight and lasted approximately
around 3.5 hours. The solar activity was quite with Kp index 2. The experiment was
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Figure 7: PACKMAN Installation and Operation sites.

turned on 15 mins before the flight and started ascending which reached a maximum
altitude of 27.9 Km. Through the way up the Geiger tubes could clearly see the Pfotzer
maximum as there was a steady increase in the incoming radiation levels reaching the
lower layers of the atmosphere until 15-20 km. The maximum count recorded was 447
counts per minute. Then the radiation level stabilizes at around 27 km. Once the balloon
was cut off and started the descent the particle count started to increase again but there
was a shift in the altitude coming down to 10 km. This is really important, as this is the
upper layer of the troposphere, where the water cycle takes place suggesting that space
radiation may indeed interact with the atmosphere and enhance the nucleation of clouds
when saturation is reached.
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Figure 8: Radiation profiles observed during the two stratospheric balloon campaigns.

The second flight was from Esrange Space Centre in Kiruna 67.88°N, 21.12°E launched
by Swedish Space Corporation (SSC). This flight took place on 18-10-2017, the instru-
ment was a piggy back on the flight with an autonomous system. The solar activity
for this day was quiet with a Kp index of 2. The instrument was switched on 1 hour
before the flight and started to lift off at 11:00 AM. As the altitude increased there was
a steady rise in particle count recording maximum up to 1074 counts per minute in the
Pfotzer maximum range. The balloon reached until 26.5 km and floated there for 2 hours
where the particle counts stabilized. Once the balloon started its fall the particle counts
increased but the shift in Pfotzer maximum was not observed. The characteristics of
these campaigns are summarized in Table 2.

This shows that the increased radiation levels of the Pfotzer maximum may reach
the low layers of the atmosphere during the night and thus interact with the atmosphere
producing ionization and inducing nucleation. In order to investigate the implications
of the variability of the Pfotzer maximum height we shall participate in more balloon
sounding campaigns. Additionally, a circumpolar long (several days) stratospheric bal-
loon campaign would be ideal to monitor at high altitudes during different Kp scenarios.

The PACKMAN operating in the Boulby Mine, 1.1km below the surface of the Earth
can detect the magnetic field perturbations during the occurrence of the geomagnetic
storms. The fluxgate magnetometers used in PACKMAN provide a frequency output
which changes when the magnetic field changes. These changes are presented in the
plots below during different conditions of geomagnetic activity. The colour heat map,
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Table 2: Characteristics of PACKMAN Stratospheric Balloon Campaigns.

Characteristics First launch
(Night flight)

Second launch
(Day flight)

Place Cordoba, Spain
(37.84°N, 4.84°W, 90 m)

Kiruna, Sweden
(67.88°N, 21.12°E, 328 m)

Date and Time 29-July-2017_ 23:11:01 18-October-2017_09:57:00
Flight duration ∼3.5 hours ∼5.5 hours

Minimum ambient T - 42.16 °C - 41.76 °C
Maximum altitude 27.9 km 26.5 km

Highest count 447 CPM 1074 CPM
Pfotzer height (km) 24.9 km 24.6 km

Kp Index 2 (quiet) 2 (quiet)

overlayed on the measurement, indicates the temperature at the time of measurement
as stable temperature is one of the most important criteria for very low magnetic field
sensing. As an example, the plot (see Fig. 9) shows the continuous fluxgate magnetometer
response to G1 geomagnetic storm that occurred between 20th November 2017 and 21st
November 2017. The Kp values for the plots discussed below have been taken from the
GFZ Postdam Data Archive from Helmholtz Centre Postdam.

Figure 9: Magnetic perturbations recorded by PACKMAN Boulby during G1 geomagnetic
storm.(Kp data source: GFZ-Potsdam)
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The plot (see Fig. 10) shows the magnetic field perturbations during the G2 geomag-
netic storm that occurred between 7th November 2017 and 8th November 2017. Fluxgate
Magnetometers are very sensitive to temperature and the constant temperature in the
mine provides a stable condition for precise magnetic field perturbation detection.

Figure 10: Magnetic perturbations recorded by PACKMAN Boulby during G2 geomagnetic
storm.(Kp data source: GFZ-Potsdam)

The plot (see Fig. 11) shows the magnetometer response on a geomagnetically quiet
day where there is no significant solar activity. The Kp index on this day of measure-
ment, 15th December 2017 was less than 2. The amplitude of Hz changes in a quiet day
is 100Hz, whereas during a day of activity such as G1 storm it rises to 300 Hz and maxes
to 600Hz during G2 storms.

The magnetic field responses of PACKMAN Boulby are compared with the magnetic
field observations from Hartland station magnetometers. The Hartland station situated
at 50.995° N, 355.516° E, is operated by the British Geological Survey. It is situated
northwest boundary of the village of Hartland. The plot (see Fig. 12) shows the cor-
relation between the magnetic field perturbations recorded by the magnetometers in
PACKMAN Boulby, 1.1km below the surface and the Hartland magnetometers, located
95m above sea level. There was an increased solar activity with a Kp ranging between 4
and 6 (G2 storm) during the measurement period from 6th to the 9th of November 2017.
The Hartland magnetometers are a pair of symmetrical calibration coils in a dedicated
non-magnetic building which provides an excellent low-field facility (LFF) for calibrating
compasses and magnetometers for the oil and avionics industries.
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Figure 11: PACKMAN Boulby magnetometer responses on a geomagnetically quiet day (Kp
data source: GFZ-Potsdam)

Figure 12: Comparison plot of magnetic field perturbations recorded by PACKMAN Boulby and
the magnetometers in Hartland Observatory with bezier curve fit.
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Figure 13: Comparison plot of magnetic field perturbations recorded by PACKMAN Boulby and
the Magnetometer-1 in GOES-15 satellite fitted with bezier curves.

The magnetometer perturbations recorded by PACKMAN can also be compared with
the readings obtained from the GOES Satellite. The plot (see Fig. 13) shows the compar-
ison of PACKMAN Boulby readings with the GOES-15 Magnetometer 1. The readings
are taken during the G1 storm that occurred between 24th and 27th of June 2018. The
lines are fitted with bezier curves from the hourly average data points in the comparison
plots (Fig. 12, Fig. 13).

4 Conclusion
The PACKMAN instrument has demonstrated its capability to serve as a low-cost tool
to study the space weather phenomena by serving as a standalone unit and also as
a network by installation at multiple latitudes and altitudes. The comparison of the
data from PACKMAN with the cutting edge sophisticated magnetic observatories and
satellites shows its quality and robustness. With two successful stratospheric balloon
campaigns, the TRL-8 maturity of PACKMAN has been demonstrated. The selection
of the low-cost components in the development of PACKMAN have been justified both
in terms of the data quality produced and also its durability to last through multiple
campaigns without the need of building new units for every campaign. The use of COTS
components ensures easy availability and replicability of components, should the need
arise for upgrade with wear and use. The major challenge that needs to be addressed
with use of COTS components is that for repeatable and comparative results, the same
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batch of components is needed, and multiple PACKMAN units shall ideally have the
components of same provider and batch to ensure conformance and uniformity.

Allowing the open access data from PACKMAN space weather observations can be
useful for other fields, besides research, it can also be of interest for aviation, infrastruc-
ture and telecommunication, as well as for education and outreach. Space weather has a
profound impact on the delicate electronics used on-board aircrafts, telecommunication
devices and a real time data of the radiation environment is very crucial to monitor the
working of critical components. Stratospheric balloon campaigns with PACKMAN can
record a unique data set to investigate the Pfotzer maximum variability through differ-
ent seasons, latitudes and stages of solar activity. The network of PACKMAN operating
on the surface shall provide a real time study of space weather and its interaction with
the local weather conditions. PACKMAN can also be used an excellent tool to monitor
the natural radiation environments. Through this work, PACKMAN has been demon-
strated to be an excellent open source affordable platform to investigate space weather
phenomena.
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Abstract

The HabitAbility: Brines, Irradiation and Temperature (HABIT) instrument will be
part of the ExoMars 2020 mission (ESA/Roscosmos) and will be the first European In-
situ Resource Utilization (ISRU) instrument capable of producing liquid water on Mars.
HABIT is composed by two modules: Environmental Package (EnvPack) and Brine Ob-
servation Transition To Liquid Experiment (BOTTLE). EnvPack will help to study the
current habitability conditions on Mars investigating the air and surface thermal ranges
and Ultraviolet (UV) irradiance; and BOTTLE is a container with four independent ves-
sels housing deliquescent salts, which are known to be present on Mars, where the liquid
water will be produced after deliquescence. In order to prevent capillarity of deliques-
cent or hydrated salts, a mixture of deliquescent salts with Super Absorbent Polymer
(SAP) based on polyacrylamide is utilized. This mixture has deliquescent and hydro-
gel properties and can be reused by applying a thermal cycle, complying thus with the
purpose of the instrument. A High Efficiency Particulate Air (HEPA) grade filter made
of polytetrafluroethylene (PTFE) porous membrane sandwiched between spunbounded
non-woven fabric stands as a physical barrier allowing interaction between the gaseous
molecules of the Martian atmosphere and the salt mixtures, and at the same time pre-
venting the passage of any potential biological contamination from the cells to the outside
or vice-versa. In addition to the physical barrier, a strict bioburden reduction and analy-
sis procedure is applied to the hardware and the contained salt mixtures adhering to the
European Cooperation for Space Standardization protocol of microbial examination of
flight hardware (ECSS-Q-ST-70-55C). The deliquescent salts and the SAP products need
to be properly treated independently to adhere to the planetary protection protocols. In
this manuscript, we describe the bioburden reduction process utilized to sterilize the salt
mixtures in BOTTLE and the assays adopted to validate the sterilization. We also de-
scribe the construction of a low-cost, portable ISO-7 cleanroom tent, exclusively designed
for planetary protection tests. The sterilization process involves Dry Heat Microbial Re-
duction (DHMR) of the deliquescent salts and the SAP mixtures. The performance
of SAP after DHMR is validated to ensure its working efficiency after sterilization. A
slightly modified version of the standard swab assay is used in the validation process
and a comparison is made between samples exposed to a thermal shock treatment and
those without thermal shock, to determine the best assay to be applied for future space
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hardware utilizing such salt mixtures for planetary investigation and In-Situ Resource
Utilization (ISRU). The demonstration of the compatibility of these products with the
processes commonly required for space applications has implications for the future ex-
ploration of Mars.

1 Introduction
The HABIT (HabitAbility: Brines, Irradiation and Temperature) instrument will be a
part of the ExoMars 2020 mission (ESA/Roscosmos). It will be the first Swedish Instru-
ment to land on the surface of Mars and the first European In-Situ Resource Utilization
(ISRU) instrument capable of producing liquid water on Mars. For that it will extract
water vapor from the atmosphere and will produce liquid brines by deliquescence of the
salts stored in the Brine Observation Transition To Liquid Experiment (BOTTLE) con-
tainer. HABIT also will study the current habitability conditions on Mars investigating
the air and surface thermal ranges and the Ultraviolet (UV) irradiance. The HABIT in-
strument consists of two physical parts, namely (1) the Electronic Unit (EU) that houses
the electronics, the Ground Temperature Sensor (GTS) and Ultraviolet (UV) photodi-
odes to measure the UV irradiance on the surface and (2) the Container Unit (CU) which
consists of three Air Temperature Sensors (ATS) and the BOTTLE unit. The BOTTLE
is the container element of HABIT with four independent vessels housing deliquescent
salts, namely calcium chloride, ferric sulphate, magnesium perchlorate, and sodium per-
chlorate, which are known to be present on Mars, that will be exposed to the Martian
atmosphere. The deliquescence process will be monitored by observing the changes in
electrical conductivity (EC) in each container [1]. Figure 1 shows the flight model of the
HABIT instrument.

Figure 1: HABIT Flight Model. The physical units and sensors are labelled.
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The HABIT instrument is mounted on the Russian lander of the ExoMars 2020 pay-
load, also called “Kazachok”. The landing site chosen for the ExoMars 2020 mission is
Oxia Planum. Oxia Planum preserves a rich geological record of the planet’s wetter past,
with approximately 4 billion-year-old sedimentary clay deposits. This region is marked
by ancient highland cratered terrains highly eroded towards the highland–lowland bound-
ary, and falls in a wide basin at the outlet of the Cogoon Vallis System between Mawrth
Vallis and Ares Vallis [2]. The geomorphological setting of the region and the composi-
tion of clay sediments indicate a possibility of them being lagoon or deltaic deposits near
an ancient Martian ocean, and hence serves as an ideal location to search for clues that
may reveal the presence of past life on Mars [3]. ExoMars, being a two-part astrobiology
mission, has the goal to search for the presence of past life on Mars. The ExoMars 2020
mission relies on the use of a lander and a rover system to investigate the presence of past
life, and demands a strict bioburden control to prevent forward contamination by the
spacecraft with earth borne microbes that may compromise the results of the experiment,
and also contaminate the Martian environment.

The Committee on Space Research (COSPAR) Planetary Protection (PP) policy
places lander missions to Mars under Category IV [4], which requires stringent biobur-
den reduction. Furthermore, because the primary goal of ExoMars is the search for the
presence of past life on Mars, the mission is assigned Category IVb. The Category IVb
demands a strict bioburden requirement such that the entire landed system is restricted
to a surface bioburden level of ≤ 0.03 spores per m2, or to levels of bioburden reduction
driven by the nature and sensitivity of the particular life-detection experiments [5]. Any
subsystem of the lander system that is involved in the mission must also be subjected
to a bioburden control of ≤ 0.03 spores per m2. The contents of the BOTTLE unit of
HABIT (and of course the full hardware of the HABIT instrument) must also meet these
requirements. To ensure the compliance with the required standards, the bioburden con-
trol and analysis is made based on the European Cooperation for Space Standardization
norms (ECSS). ECSS is a cooperative effort of the European Space Agency, national
space agencies and European industry associations for the purpose of developing and
maintaining common standards. This manuscript discusses the bioburden reduction and
control process implemented on the BOTTLE contents of the HABIT instrument along
with the development of a low-cost portable cleanroom facility in which the planetary
protection procedure was carried out.

2 Material and Methods

2.1 Planetary Protection standards used
Our approach to comply with the Planetary Protection standards for the BOTTLE
contents is based on past mission strategies coupled with a portable clean-area solution to
conform to the planetary protection standards recommended by the COSPAR Planetary
Protection Policy [5], [6]. Table 1 mentions the ECSS standards used in the BOTTLE
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Bioburden reduction and control of the HABIT instrument.

Table 1: ECSS standards used in the bioburden reduction of BOTTLE contents.
Standard Title Date of Publica-

tion
ECSS‐Q‐ST‐70‐55C Microbial examination of flight hardware

and cleanrooms
15 November 2008

ECSS-Q-ST-70-
57C

Dry heat bioburden reduction for flight
hardware

30 August 2013

ECSS-Q-ST-70-
58C

Bioburden control of cleanrooms 15 November 2008

2.2 HABIT BOTTLE contents
The HABIT BOTTLE has a High Efficient Particulate Air (HEPA) filter, with pore size
0.3 µm. In general, in space applications, HEPA filters are used for contamination con-
trol, preventing any molecular and particulate contamination that could be detrimental
to the required operation, reliability or performance of a part, component, subsystem
or system, including science instruments looking for life processes [7]. In the configu-
ration of HABIT, the HEPA filter isolates the contents of the BOTTLE from getting
into contact with the external environment and also prevents any inward contamination
to the BOTTLE products, which can produce liquid water on Mars. This provides the
first layer of planetary protection thereby preventing any forward contamination of the
BOTTLE contents to the Martian environment. In addition to this, the BOTTLE has
also been sterilized and controlled.

The BOTTLE contents of HABIT are a mixture of four deliquescent salts with Su-
per Absorbent Polymer (SAP). The four deliquescent salts, namely calcium chloride,
ferric sulphate, magnesium perchlorate, and sodium perchlorate, have been chosen for
BOTTLE because they have been found on Mars, and also their phase diagrams allow
to absorb atmospheric water and eventually hold liquid conditions under the expected
temperature range of Oxia Planum. For each salt, the eutectic temperature, the lowest
possible melting temperature over all of the mixing ratios of salt and water is indicated in
Table 2. Additionally, these salts have been chosen because their response to the Earth
environment is such that it allows for long storage under clean room conditions without
initiating deliquescence into liquid.

In order to maintain the liquid brine in a semisolid state within the container, a
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Table 2: Eutectic temperature and humidity of HABIT Salts.
Salt Te (K) RH (% ) Reference

NaClO4 236 53 Hennings et al. (2013a,b) [8]

CaCl2 226 60 Toner et. al., 2014 [9]
Mg(ClO4)2 206 52 Stillman and

Grimm (2011) [10]
Fe2(SO4)3 246.35 40 Hennings et al., 2013a [11]

mixture of the salt with SAP was used. Each salt mixture in HABIT BOTTLE constitutes
1.5 g of the respective salt and 0.75 g SAP, mixed in a weight ratio of 2:1. Table 3 lists
the final contents and ratios of products in the HABIT BOTTLE unit. Hydrogel derived
matrices of the hygroscopic salts using sodium alginate [12] were tested, but they did not
have the desired properties of reusability through mild temperature cycles including the
frozen state (not shown). SAP was tested instead, and its swelling ratio was measured
after dry heat sterilization at 125 °C and also under depressurized conditions. The SAP
did not suffer any degradation in swelling ratio performance and was therefore selected
as hydrogel agent for BOTTLE. The SAP used in the HABIT BOTTLE is based on
Poly(acrylamide-co-acrylic acid). The SAP has a grain size ranging from 200-1000 µm.

Table 3: Final contents in HABIT BOTTLE.
Cell
#

Product
formula

Product name Dry weight (g)
(salt+SAP)

1 Open container to collect Martian dust
2 CaCl2:

C6H8KNO3

Calcium chloride + SAP 2.25=(1.5+0.75)

3 Fe2(SO4)3:
C6H8KNO3

Ferric sulphate +SAP 2.25=(1.5+0.75)

4 Mg(ClO4)4:
C6H8KNO3

Magnesium perchlorate + SAP 2.25=(1.5+0.75)

5 NaClO4:
C6H8KNO3

Sodium perchlorate + SAP 2.25=(1.5+0.75)

6 Open container to collect Martian dust

2.3 Bioburden Reduction technique
The use of such salt mixtures in HABIT BOTTLE is the first of its kind for an instrument
payload and adhering to the bioburden requirements for planetary protection without
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Figure 2: HEPA Filter Assembly of HABIT Flight Model glued and screwed to the BOTTLE
structure using six M2 bolts.

compromising the efficiency of the water absorbing capability of the salt mixture is a
challenge. There exists a wide range of strategies for bioburden control [13], but the
preferred strategy adopted to achieve compliance with the bioburden requirement for the
salt mixture is Dry Heat Microbial Reduction (DHMR). Wet heat sterilization cannot
be adopted owing to the presence of deliquescent salts and the effect of UV sterilization
or gamma sterilization on the behaviour of the SAP has not been validated. Hydrogen
Peroxide sterilization has been discarded for the same reason. The oven temperature is
monitored continuously to ensure that the temperature stays within the DHMR limit of
125 °C. The humidity in the oven is also monitored such that it remains constant and
low. Figure 3 illustrates the DHMR process carried out. The entire procedure is carried
out in a portable cleanroom tent that we have designed with an ISO-7 cleanliness level.
Figure 4 shows the interior of the portable cleanroom tent constructed with a commercial
grade gazebo and with a HEPA filter based air purifier.

2.4 Portable cleanroom tent construction
The tent is constructed with a double walled enclosure made of 90% polyester, 10%
polyurethane to minimize the influx of particles from getting into the interior. Polyester
is normally used in the manufacture of cleanroom wipes owing to low particle genera-
tion. Polyurethane adds strength to the tent walls making it more durable and robust.
A third layer of plastic covering is spread over the tent to further prevent particle influx.
In order to have an optimal ventilation to the cleanroom space, a netted space is left in
bottom close to which we have installed a commercial air purifier with a HEPA filter.
The commercial air purifier has a dual filter that ensures greater cleaning ability with
a combination of HEPA filter and an activated carbon filter. The 40W power rated air
purifier has the design capability to clean an area of approximately 35m2 which is much
greater than the tent area of 9 m2. To ensure the cleanliness of the cleanroom tent, a
strict housekeeping with 45% isopropanol based disinfectant (DAX Surface Disinfection
Plus from CCS Healthcare AB) is used. Though the 70% isopropanol based disinfec-
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Figure 3: Sequence of DHMR process carried out on the HABIT BOTTLE mixture. 1).Weighing
of salts and SAP in proportion of 2:1; 2). Wrapping in aluminium foil to distribute heat evenly;
3). Samples ready for DHMR; and 4). DHMR process carried at 125 °C for 10 hours.

Figure 4: Interior of the cleanroom tent constructed with a commercial gazebo. The inset image
shows the HEPA filter based air purifier that is kept inside the cleanroom tent.

tant has the maximal disinfectant capability, and is recommended in the standard, due
to commercial limitation on the time of delivery of this product at the time of these
tests, we used 45% isopropanol instead as disinfectant. As our tests demonstrated, this
concentration, together with all other precautions taken, was sufficient to achieve the
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desired level of disinfection. Once the interior of the cleanroom tent is cleaned with the
isopropanol based disinfectant, the air purifier is switched on. To guarantee the adequate
cleanliness level, the area is pre-cleaned with the air filter during a period of 48 hours
before each experiment. The qualitative reduction in number of particulates was easily
detected with the cleanroom particle meter. Further cleaning of the tent interior with
isopropyl alcohol based disinfectant is done every morning before beginning the experi-
ments to have a very low microbial concentration in the air. This was verified by sampling
the air inside the tent using a Sartorious air sampler with a gelatine substrate to capture
the cultivable microbes in the ambient air. 1000 L of air were sampled at 50 L/minute.
The gelatine substrate was then cultivated on a petri dish with 20ml R2A agar in an
incubator maintained at 32 °C, proceeding with microbial colony counts noted after 24,
48 and 72 hours respectively. As it can be observed in Figure 5, the daily cleaning of
the tent with isopropyl alcohol based disinfectant had a great impact on the microbial
concentration in the air. The number of colony forming unit rises when cleaning is only
applied on alternate days.

For control, we include the studies of the area outside the tent. This serves to illustrate
what is the existing natural background of microorganisms in the ambient air of the
laboratory. The comparison with the interior of the tent, when cleaning is applied on a
daily basis, shows that this solution produces a very dramatic improvement in a semi-
enclosed environment. Cleanroom garment is also mandatory to enter into the cleanroom
space. ISO-5 certified, one-time-use, cleanroom garment was chosen for our application.
Figure 6 shows the full cleanroom garment suit worn prior to entering the cleanroom
tent. To maintain the cleanroom standard, top to bottom cleanroom dressing with double
gloves, sleeves, facial mask, headgear and cleanroom boots was necessitated. A portion
of the laboratory where the cleanroom tent was installed was cordoned off, cleaned and
designated as the gowning area. A combination of strict garmenting and housekeeping
along with the commercial grade tent and air purifier had provided us a ISO-7 cleanroom
workspace as per the 14644-1 standard.

2.5 Portable cleanroom tent validation
The ISO rating has been verified using the METONE HHPC 6+ hand held cleanroom
monitor instrument with reference to the ISO. The cleanroom tent with an area of 9
m2 was sampled at three different locations inside the tent. The METONE HHPC 6+
instrument has 6 channels to measure particles with dimensions from 0.3 - 10 µm. A
target cleanliness level of ISO-5 was chosen and 0.5 µm sized particle was taken as the
reference. Air volume of 5.66 L was sampled in 2 minutes based on the requirement of
ISO 14644-1 standard which necessities minimum sampling of 2 L for at least one minute
in a single location. The same process was repeated for the region outside the cleanroom
tent.

Figure 7 shows the particle count analysis outside (top) and inside (bottom) of the
cleanroom. It could be demonstrated that the exterior of the cleanroom tent was ISO class
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Figure 5: Microbial colony forming units detection in the 1000 L air samples taken from inside
and outside the tent. The picture on the right shows the colonies observed after 72 hours
incubation.

Figure 6: A very strict garmenting is followed inside the cleanroom tent using ISO-5 certi-
fied one-time use bunny suits with double gloves tapped over the sleeves to avoid gapping and
contamination release.

8. This portable approach allows to achieve a ISO reduction of one class in cleanroom
standards within a normal laboratory environment. Based on the ECSS-Q-ST-70-58C,
we are well within the ISO level required to perform the bioburden reduction and the
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Figure 7: (Top) ISO-8 level of the workspace outside the cleanroom tent. (Bottom) ISO-7
validation of the cleanroom standard inside the cleanroom tent.

bioburden assay validation.

2.6 Bioburden assay procedure
The bioburden monitoring and validation for the HABIT BOTTLE salt mixtures was
done by following the protocol of the ECSS-Q-ST-70-55C standards. The bioburden as-
say validation was also performed inside the portable cleanroom tent. All the materials
used in the bioburden assay validation have been procured from Sigma Aldrich and VWR
Sweden. A modified version of the standard swab assay procedure was followed for the
bioburden assay validation, where the swab is skimmed over the top surface of the salt
mixture in the jelly state. ECSS-Q-ST-70-55C standard necessitates swabbing an area
of 0.0025 m2 as required for Category IVb missions, but due to the limited amount of
salt mixtures (2.25g) needed in the HABIT BOTTLE cells, the salt mixtures could only
be spread evenly over an area of 0.00125 m2, which is half the swabbing area mentioned
in the ECSS-Q-ST-70-55C standard. Nevertheless the full volume of the salt mixtures
used in the HABIT BOTTLE cells was swabbed.The sterilized SAP salt mixture in the
aluminium container is skimmed with a flocked sterile Nylon swab (FLOQSwabs® from
Copan) dipped in an Eppendorf tube containing 1ml of sterile water. The swabbing was
performed at an angle of 30° to the surface to be swabbed. The process was repeated
two times, each time changing the direction of the swabbing motion by 90°. And by
also rotating the head of the swab each time when the swabbing motion is changed. The
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swab is then broken at the breaking point which is 80mm away from the tip of the flocked
swab and is then suspended into a 15ml sterile centrifuge tube which is filled with 2.5ml
of sterile Phosphate Buffer Saline (PBS + 0.02 v/v % Tween 80, pH 7.2). The sample
must be analyzed within 24 hours and needs to be maintained at a temperature between
4-8 °C. Four samples were taken following the described process.

As a double verification strategy, the bioburden assay validation was done in parallel
with two samples each sent to the Institute of Aerospace Medicine, DLR, Germany. The
samples were shipped in a temperature-controlled box with temperature maintained be-
tween 4-8° C and a delivery time within 24 hours. The centrifuge tubes containing the
buffer and the swab is then mixed on a vortex mixer at maximum power for 5‐6 seconds.
A heat shock procedure is imparted to target the mesophilic aerobic spores and bacte-
ria that are able to survive the heat treatment for 15 minutes at 80° C. The vortexed
centrifuge tubes are subjected to a heat shock by immersing the centrifuge tubes in the
hot water bath at 80±2°C for 15 minutes. Care is taken to ensure that the level of the
buffer in the centrifuge tubes lies below the water level in the water bath. The centrifuge
tubes are then taken out of the hot water bath and cooled rapidly in an ice bath such
that the temperature of the buffer is around 30-35 °C. Prior to plating the suspension on
the agar plates, the centrifuge tubes are again vortexed for 5-6 seconds. Then 0.5ml of
the suspension is aseptically pipetted from the centrifuge tube on to the surface of the
R2A agar plate using the EHP (Ergonomic High Performance) Micropipette tool with
sterile pipette tips. A L-shaped sterile spreader is used to spread the buffer evenly onto
the surface of the ready to use R2A agar plate. Care is taken to ensure that the spreader
does not pierce into the agar medium. The incubation is carried out aerobically at 32 °C
in an incubator with the agar plates kept inverted to prevent moisture from condensing
onto the agar medium and interfering with the growth of microbial colonies. The plates
are checked every 24 and 48 hours and later examined for colony counts at 72 hours. It
should be ensured that the petri dish cover is not opened until the 72nd hour. The petri
dish is examined for the number of colony forming units (CFU) counts observed. Having
no CFU in the sample area swabbed, passes the planetary protection sterilization tests.

In case of higher colony counts observed, the sterilization and cleaning procedures
need to be repeated with even better aseptic handling. During the standard swab assay,
controls are also needed to be tested by undergoing the same procedure indicated above
over the non-DHMR salt+SAP mixtures. Furthermore, two lab negative controls are
also performed by swabbing a surface area 5x5 cm2 area of the worktable and the walls
of the clean room tent. Figure 8 shows the entire procedure followed right from sample
preparation, assay and validation. The disposal of the bacterial colony filled agar petri
dish is very crucial. Proper care should be taken to dispose the cultured agar petri dishes
in biohazard containers.
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Figure 8: Bioburden assay validation steps followed for HABIT BOTTLE Planetary Protection
requirement. The Petri dish on the bottom-left shows a microbial colony of 2 CFU, corresponding
to one of the lab negative controls obtained from swabbing a 5x5 cm2 area of a table outside
the cleanroom tent (the reflection from the lid of the Petri dish in inverted position is seen as
a false duplicate colony nearby the observed true colonies).

3 Results and Discussion

The results of the number of CFU after plating of the cultivable microorganisms from
the samples show no CFU in the HABIT BOTTLE salt mixture that has been exposed
to DHMR even after 72 hours of incubation. In order to determine the presence of aer-
obic mesophiles in the sample, a non-thermal shock version of the bioburden assay was
also carried. For this version, the samples were not subjected to thermal shock. After
vortexing the swabs in PBS, the sample was directly pipetted out and plated on the
petri dish and incubated. Figure 9 shows the consolidated test results obtained with
the thermal shock assay and non-thermal shock assay. Two samples for each assay was
processed and validated (not shown). In both the thermal shock and the non-thermal
shock version, the presence of aerobic mesophiles or aerobic mesophilic bacteria or spores
could not be detected in the samples. However, in the sample taken from outside tent,
the non-thermal shock assay indicated the presence of microbial colony forming units.
This is consistent with the observations of colonies in the direct agar plating from the
Sartorious air sampler, that was shown in Figure 5.

The results from the Institute of Aerospace Medicine, DLR, Germany, to where the
samples were sent also confirm the absence of colonies in the HABIT BOTTLE swabs.
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Figure 9: Consolidated bioburden results obtained through thermal shock and non-thermal shock
assays with colony count monitoring every 24 hours.

The complete absence of colony forming units in both the samples subjected to DHMR
and the control (not subjected to DHMR) indicate that the salt itself as delivered by the
provider, Sigma Aldrich, as dry fine powder in a closed container is not contaminated.
Not surprisingly, these pure salts (i.e. 100% concentration and no water) in turn inhibit
the growth of microbes. Different salt concentrations influence the ability of microbes
to grow depending on the bacterial species and the salt. E.g. the bacterium E. coli
(Escherichia coli) can grow in the presence of 2.5% ( 0.25 M) sodium perchlorate whereas
Staphylococcus aureus (S. aureus) exhibit slow growth in the presence of up to 7.5%
( 0.75 M), but no growth has been observed when the concentration increases to 10%
( 1.0 M) of sodium perchlorate.

A study on haloarchaea suggests that the haloarchaeon Haloarcula argentinensis can
grow in the presence of 5% ( 0.5 M) perchlorate and even in medium containing about
15% ( 3.0 M) of NaCl [14]. Another study indicates strong growth of halotolerant Haloar-
cula, Haloferax and Halomonas in the presence of 4% ( 0.4 M) Sodium perchlorate and
a weak growth of Haloferax at 6% ( 0.6 M) [15]. Methanogenesis has been demonstrated
to proceed in the presence of 1% ( 0.1 M) perchlorate, but not in higher concentra-
tions for strains of Methanobacterium, Methanosarcina and Methanothermobacter [16].
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However, when adapted to higher concentrations of perchlorate salts, these methanogens
appeared to metabolize despite the presence of up to 0.5 M ( 5%) of perchlorate con-
centration but did not metabolize at 1.0 M ( 10%). Microbes can also use perchlorate
as a terminal electron acceptor for anaerobic respiration [17], [18], [19], [20], [21], [22]
however in concentrations below 1 mM. This is of great astrobiology relevance owing to
the deliquescent nature of the salts which may induce the formation of brines [23] and
its stability in the liquid state [24], however any putative life form would still need to
be tolerant to very high concentrations of salts [25]. The studies above, describe sub-
stantial microbial growth in lower concentrations of perchlorate. However, in the case of
HABIT, a set of experiments have been performed under simulated Martian conditions
for the expected environmental conditions at the ExoMars landing site at Oxia Planum,
with these products mixtures and in the same amount. The experiments allowed to
calculate the amount of water that can be absorbed from the atmosphere by 1.5 g of
these salts. These tests show that the expected salt concentration in a brine formed
by hydration and deliquescence on Mars would be for Calcium chloride (CaCl2), 58%
w.t.=1.5/(1.5+1.06); for Ferric sulphate Fe2(SO4)3, 68% w.t.=1.5/(1.5+0.71); for Mag-
nesium perchlorate Mg (ClO4)2, 62% w.t.=1.5/(1.5+0.93) and for Sodium-perchlorate
(NaClO4), 64% w.t.=1.5/(1.5+0.83). These values are very high, and therefore the low
water activity of these solutions should inhibit the growth of terrestrial-like microbial life
[26].

The absence of microbes in the lab negative controls from swabbing the region outside
the tent in the thermal shock version and the presence of very few colony forming units in
the non-thermal shock version indicate the low microbial population of aerobic mesophiles
in the environment where the LTU campus is located, near the Arctic circle. This can
be corroborated with a study in the Arctic indicating a very low microbial dispersal and
its implications to study planetary protection for human mars missions [27].

Avoiding re-hydration of the HABIT BOTTLE salt mixtures during storage and trans-
fer phase is crucial. An aluminium lid with a custom-made silicone gasket has been de-
signed to seat over the HEPA filter of the BOTTLE. The aluminium lid with the gasket
forms a hermetic seal which shall be replaced with the original HABIT lid prior to launch.
Figure 10 (left) shows the aluminium lid with the HEPA filter mounted on the HABIT
BOTTLE, for ground-configuration (during transport, storage and integration), and the
flight ready configuration of HABIT with the original lid (right). The first measurements
of HABIT, after delivery to IKI and integration in the Surface Platform, confirm the
absolute hermeticity of this sealing with the conductivity indicating zero (not shown)
demonstrating that the salts have not been exposed to laboratory air.

4 Conclusion
We conclude that salt+SAP mixture in the BOTTLE container of HABIT is compli-
ant with the ExoMars planetary protection Category IVb. requirements. The low cost
portable clean room tent design has also been validated and has demonstrated its po-
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Figure 10: (left) HABIT BOTTLE fitted with the solid aluminium lid and HT870 gasket
during the storage phase; (right) HABIT BOTTLE fitted with the roof, which is the flight ready
configuration of the HABIT BOTTLE.

tential to adapt a laboratory to have a temporary clean room area where products or
hardware can be manipulated, sterilized and tested. Such low-cost portable cleanroom
tents with aseptic manipulation with proper cleanroom gear can be of interest for small
sized payloads or components as it requires a minimal investment of time and resources.
The procedures that should accompany any of these activities have been described here:
1) cleaning; 2) particulate monitoring; 3) bioburden monitoring; and 4) sterilization ac-
cording to the DHMR standards with adequate training of the personnel
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ATMO-Vent: an adapted breathing atmosphere for
COVID-19 patients instrument

Thasshwin Mathanlal, Miracle Israel Nazarious, Roberto Mantas-Nakhai, Maria-Paz
Zorzano, Javier Martin-Torres

Abstract

The ongoing worldwide pandemic of coronavirus disease 2019 (COVID-19), has been
one of the most significant challenges to humankind in centuries. The extremely conta-
gious nature of the SARS-CoV-2 virus has put forth an immense pressure on the health
sector. In order to mitigate the stress on the healthcare systems especially to battle the
crisis of mechanical ventilators, we have designed a modular, and robust DIY ventilator,
ATMO-Vent (Atmospheric Mixture Optimization Ventilator) which can be fully mounted
within two days by two operators. The ATMO-Vent has been designed using low-cost,
robust, Commercial Off The Shelf (COTS) components, with many features comparable
to a full-fledged ventilator. ATMO-Vent has been designed based on the United Kingdom
Medicines Healthcare products Regulatory Agency (UK-MHRA) guidelines for Rapidly
Manufactured Ventilator System (RMVS), yet scalable to the specific requirements of
different countries. ATMO-Vent is capable of adjusting the Fraction of Inspiratory Oxy-
gen (FiO2) levels, Tidal Volume (TV), frequency of breaths, Inspiratory/Expiratory ratio
(I/E), Peak Inspiratory Pressure (PIP) and Positive End-Expiratory Pressure (PEEP).
ATMO-Vent can operate in two modes - Continuous Mandatory Ventilation (CMV) using
Volume-Controlled Ventilation (VCV) and in Assisted Control (AC) mode with pressure
triggered by the patient. ATMO-Vent has undergone rigorous testing and qualifies under
Class B Electric and Magnetic Compatibility (EMC) requirements of EN 55011 CISPR
11 standards.

Hardware name ATMO-Vent (Atmospheric Mixture Optimization Ventilator)
Subject area

• Medical

Hardware type

• Life-saving equipment

Open Source License GNU General Public License (GPL) 3.0
Cost of Hardware 1000 GBP
Source File Repository https://data.mendeley.com/datasets/2c4cwmvcs8/1
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1 Hardware in context

Mechanical ventilators are crucial for patients who develop Acute Respiratory Distress
Syndrome (ARDS), a sudden and severe lung failure, and with the current pandemic
situation, the need for them is increasing day by day with tens of thousands of people
being infected by SARS-CoV-2. A mechanical ventilator pushes air, using an endotra-
cheal tube (ETT), in and out of a patient’s lungs. The ventilator itself does not cure the
patient of the COVID-19 disease, but they are useful in the patient’s recovery along with
other antibiotics treatments (in case of microbial infection) and patient’s immunological
system. Many research groups, companies, and individuals have already responded to
the call from different governments to the need for ventilators by creating new innova-
tive designs. For example, the companies in the VentilatorChallengeUK consortium have
received formal orders from the UK Government for more than 15,000 ventilator units.
When applied, mechanical ventilators may be typically needed for a couple of weeks, and
this requires about a million cycles of assisted ventilation. Mechanical ventilators should
be used under the supervision of a qualified licensed health professional. During this
time, the configuration of the ventilator needs to be adapted, for diagnosis and evalua-
tion and to be readapted to the evolving condition of the patient, which may eventually
lead to retire the supporting ventilation. Therefore, not only the robustness and indus-
trial compliance of any mechanical ventilator needs to be certified according to the local
industrial and medical standards, but also the information displayed in the screen, and
the operating software interface has to be adapted so that the professionals that are ma-
nipulating it can rapidly and intuitively implement their tasks and also that alarms can
warn the user when specific values get out of their nominal range. The purpose of this
article is to share in an open format, the mechanical and electrical instructions and the
software required to build and operate ATMO-Vent (Atmospheric Mixture Optimization
Ventilator), a mechanical ventilator that can be entirely made with Commercial Off The
Shelf (COTS) components. This will serve to provide bounds of the cost and the time
of development per unit for future applications. This document also provides specific
components, assembly, and operating instructions for any institution who may need to
construct such a device.

ATMO-Vent can be used as both a non-invasive positive pressure ventilator (NPPV)
with facial masks or as an invasive ventilator with intubation using an endotracheal
tube. ATMO-Vent has been designed with adherence to the guidelines elucidated in
the United Kingdom Medicines Healthcare products Regulatory Agency (UK-MHRA)
guidelines for Rapidly Manufactured Ventilator System (RMVS) [1]. Few healthcare
regulation agencies such as Spanish Agency of Medicines and Medical Devices (AEMPS)
of Spain and United States Food and Drug Administration (US FDA) have also issued
guidelines for developing such emergency use ventilators, but with the absence of a global
standard for design of open source ventilators, the UK RMVS guidelines are used as the
baseline standard for development of such ventilators. Safety and easy operability by
healthcare professionals are the two main factors considered in ATMO-Vent development.
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In terms of safety, most of the components of the ventilator mainly used in-line with the
patient’s airway are approved by the Food and Drug Administration (FDA) and are
medically compatible. The ventilator interface has been designed in such a way that it
requires minimal training to operate the ventilator. ATMO-Vent mimics some of the
modes found in a full-fledged mechanical ventilator like the volume-control Continuous
Mandatory Ventilation (VC-CMV) and Assisted Control (VC-AC) modes in Hamilton
C1 and Dräger Savina 300 ventilators. The ATMO-Vent DIY design is unique compared
to the similar open-source DIY designs currently available, in its ability to control various
respiration parameters and the modes of operation. The design utilizes the Bag Valve
Mask (BVM) as the core respiration component similar to the designs of E-Vent of MIT
[2], OxVent of University of Oxford and King’s College London [3] and ApolloBVM
from Rice University [4]. The ATMO-Vent uses a linear actuator to actuate the BVM,
which provides higher versatility in controlling the respiration parameters such as the
Tidal Volume (TV), frequency of breaths, Peak Inspiratory Pressure (PIP) and Positive
End-Expiratory Pressure (PEEP). The Graphical User Interface (GUI) of ATMO-Vent
is very similar to that of the existing, commercial, full-fledged mechanical ventilator with
the ability to display respiratory parameters such as Plateau Pressure, Mean Airway
Pressure, Minute Ventilation, Resistance and Compliance which are crucial for healthcare
professionals to determine the lung condition of the patient. Adhering to the RMVS
guidelines, ATMO-Vent features a CMV Mode which minimally is a VCV in addition to
an AC-VCV which can be pressure triggered by the patient. The former mode is used as
invasive ventilation with intubation for people with ARDS, and the latter can be used as
non-invasive positive pressure ventilation for people with mild to moderate respiratory
discomfort. ATMO-Vent incorporates safety features such as audio-visual alarms when
the frequency of breaths is below the set threshold, pressure in airway exceeds the PIP or
if the set TV is not delivered to the patient. In case of airway pressure exceeding the set
PIP, the linear actuator movement immediately ceases, and the solenoid actuating valves
opens to vent any excess pressure. All these features are designed using commercial
open-source electronics platforms such as Arduino and Raspberry Pi along with medical
device compatible sensors. A robust construction along with a carefully designed software
architecture in compliance with the RMVS guidelines adhering to modes of ventilation,
infection control, safety alarms and biological contamination make ATMO-Vent a unique
DIY solution to battle the current ventilator crisis with a minimal investment of time,
financial and human resources.

2 Hardware Description
ATMO-Vent is a BVM based ventilator which has been completely designed using read-
ily available COTS components. The materials used have been meticulously chosen
such that there is a very minimal adaptive work needed to fit the ventilator application.
The components used in-line with the patient’s airway, has been constrained purely to
medically approved and compatible elements. ATMO-Vent uses an efficient design con-
struction utilizing minimal components without compromising the safety and operability
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of the ventilator. Based on the Harvard EdX course on mechanical ventilation [5], the
modes of operation programmed in ATMO-Vent were implemented with an efficient GUI,
resembling the interface of the commercially available Hamilton C1 ventilator. This was
done in keeping mind of the ease of training to the clinicians, respiratory therapists
and intensive care nurses to operate ATMO-Vent. Fig. 1 shows the architecture block
diagram of ATMO-Vent. The block diagram is colour coded in six categories as follows:

Figure 1: ATMO-Vent block diagram with six colour-coded sub-modules.
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2.1 Air-Oxygen Mixture Optimization Circuit:
The Air-Oxygen Mixture Optimization circuit controls the Fraction of Inspiratory Oxy-
gen (FiO2). Compressed medical-grade air and oxygen are supplied into the circuit using
the 8mm tubing. The polyurethane tube is FDA approved for use in the food indus-
try. The circuit does not include the humidifier and the pressure regulating valve, which
are commonly found in healthcare infrastructure. The flow rates of air and oxygen are
controlled using the flow meters. The MR3000 flow meter from Brooks Instruments can
control the flow of each gas from 2 LPM to 30 LPM with a full-scale accuracy of ±
4%. The flow meter can handle 6.9 bar pressure of the gas, and it is crucial to ensure
that the pressure setting on the pressure regulating valve at the source is below 6.9 bar.
The output from the flowmeters is connected to the non-return check valves. The valve
prevents the flow of the gas with a higher flow rate into the other path in the reverse
direction. The output of the non-return check valves is connected to the Y-branch, where
the mixing of air and oxygen takes place. The output of the Y-branch is connected to
the oxygen inlet of the BVM. A reservoir is attached to the BVM, to store the excess gas
mixture which acts a reservoir during subsequent breaths. The reservoir also has a valve
to vent out excess atmosphere to avoid building up of pressure. This ensures a uniform
flow of air-oxygen mixture to the patient. The ratio of air and oxygen is controlled by
the health care professional based on the patient’s requirements. The BVM used in the
ATMO-Vent is designed to accommodate a maximum of 30 LPM air and oxygen flow
combined. Over 30 LPM the duck-bill valve would partially open irrespective of being
actuated and would increase the resistance against which the patient has to exhale. This
limits the current design of ATMO-Vent to deliver a maximum of 30 LPM of pure air
or 100% oxygen or any mixture within the 30 LPM range without increasing exhalation
resistance. We plan to increase the individual flowmeter range to 60 LPM each and in-
clude a normally closed solenoid valve in the proximal tube after the BVM, such that it
only opens when the linear actuator compresses the BVM. This would allow for the aver-
age adult ventilation flow rate of 50-60 LPM without increasing the exhalation resistance.

Dead space is a critical issue which can limit the gas exchange in the lungs by ac-
cumulating carbon dioxide from the patient’s exhaling breath in the long proximal tube
between the BVM and the patient. In order to mitigate the dead space, ATMO-Vent
uses a double duck-bill valve assembly (one at the output of the BVM and the other at
the exhaust as close as possible to the patient) to reduce the proximal tube length. The
exhaust of the duck-bill valve assembly close to the patient is fixed with a spring-loaded
PEEP valve that maintains an end positive pressure in the airway after exhalation. This
positive pressure prevents the alveoli of the lungs from collapsing after a breath. The
PEEP valve is connected to the exhaust port using a PEEP adapter through a High-
Efficiency Particulate Air (HEPA) filter. The filter ensures that any virus or microbe
from the patient’s airway does not spread out into the ambient atmosphere. The HEPA
filter is crucial to prevent health care professionals from being infected by the patient.
The second duck-bill valve within 15 to 20 cm from the patient’s face, is the patient
inflating valve which allows the flow of air and oxygen mixture from the BVM to venti-
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late the patient and at the same time closes the expiratory limb. During expiration, the
valve closes the inspiratory limb and exhausts the exhaled air through the PEEP valve
and HEPA filter assembly. Having the duck-bill valve close to the patient reduces the
dead space, which prevents patients from re-breathing excess carbon dioxide, should the
duck-bill valve be located far from the patient by increasing the proximal tube length.
The Laerdal (duck-bill) and Ambu based patient valves are widely used as non-return
valves in Bag Valve Mask (BVM) based resuscitators owing to their simplicity and re-
liability [6]. The validation of the duck-bill valve as a patient inflating valve has been
discussed in the Validation and Characterization section of the article. Duckbill valves
in Resuscitation bags may tend to perform poorly during Pre-Oxygenation and are less
effective, with only 40% oxygen or less being delivered during spontaneous ventilation.
This is because the Resuscitation bags using duck-bill inspiratory valves function differ-
ently during manual versus spontaneous ventilation [7]. ATMO-Vent is purely based on
manual mechanical ventilation, where there is flow only during inspiration as opposed to
the continuous flow observed in spontaneous ventilation, and hence the duck-bill valve
should not be of concern regarding the Pre-Oxygenation.

2.2 Actuating Mechanism:
The linear actuator is the core of the ventilator. Various modes of actuation have been
proposed in various DIY ventilator designs such as gripping arm design of E-Vent [2],
compressed air in OxVent [3], and Rack and pinion mechanism in ApolloBVM [4]. The
use of an electric linear actuator in ATMO-Vent provides a versatile approach to control
the stroke length and stroke speed, which makes it possible to control the frequency of
breaths and tidal volume, both parameters that are monitored and are adjustable in
commercial mechanical ventilators. This controlled motion allows for a continuous vol-
ume of air resulting in a typical breathing cycle and highly customizable for patient’s age
and size. In contrast, other actuating mechanisms like the automated single-direction
camming solution do not allow versatile control of the volume of air as needed for a
typical breath cycle. The linear actuators used in ATMO-Vent do not involve the use of
feedback circuit and use built-in limit switches to detect position of the actuator. The use
of external sensors has not been considered as 1) it makes the design more complicated
involving more sensors increasing risks of failure 2) cost of the development increases with
the additional sensors. Hence, the displacement of the linear actuator in ATMO-Vent is
controlled through an open loop system using PWM signals.

The choice of the linear actuator is one of the most critical design factors to consider
in building ATMO-Vent. ATMO-Vent uses an adult-sized BVM which has a height of
approximately 120mm in the distended state. BVM, when operated by hand, provides a
volume of approximately 500ml per squeeze. Tidal volume into the lung represents the
average volume of air displaced between normal inhalation and exhalation when extra
effort is not applied. It is approximately calculated by multiplying the bodyweight of
the patient in kg, times 6ml per kg. [8]. In any case, the choice of TV is decided by
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the respiratory therapist and is an important parameter to be controlled and monitored.
The stroke length decides the tidal volume delivered to the patient. The frequency of
breath is another crucial parameter to be controlled, and patients with respiratory illness
may demand a higher frequency of breaths. The stroke length and speed decide the
maximum stroke speed of the linear actuator limits the minute volume delivered to the
patient since the maximum frequency of breaths for a particular tidal volume that can
be provided by the ventilator. The current linear actuator LD3 used in ATMO-Vent
can provide a maximum stroke speed of 25mm/s, and this constrains the frequency of
breaths in high tidal volume requirements. The 12V LD3 linear actuator has an inbuilt
limit switch that switches off the motor when the end effector is in the highest position
or vice-versa. The stroke speed is controlled by VNH3SP30 motor driver module using
Pulse Width Modulation (PWM). The master Arduino Mega 2560 generates the PWM
signals to control the linear actuator. The Arduino Mega 2560 is chosen for its higher
programmable memory of 256 KiloBytes (KB). The software algorithm is discussed in
the Computing and Interface section.

2.3 Measurements:
Pneumatic systems, including life-saving ventilators, need to have a strict measurement
system to monitor and control the flow of gases. Ventilators have three basic parameters
to be controlled and monitored – Pressure, flow rate and volume. ATMO-Vent uses an
Arduino Mega 2560 as a slave microcontroller to monitor pressure and flowrate. The
volume of the air-oxygen mixture is calculated from the latter by integrating the flowrate
over the inhalation time period. The native 10-bit Analog to Digital Conversion (ADC)
capability of Arduino Mega 2560 limits the resolution of the output voltages measured
from the Pressure and flowrate sensors. This is mitigated by using an external 16-bit
ADC such as ADS1115 interfaced to the Arduino using an I2C interface. The ADS1115
is a four-channel programmable gain amplifier with gain up to 16x. A gain of 1x is used
with the pressure and flow measurements since the output voltages from the sensors are
in the range of the 5.0V reference voltage used.

Pressure sensing and control:

The pressure is an important parameter to be controlled as it is commonly associated
with Ventilator Induced Lung Injury (VILI) such as barotrauma. Excess pressure can
be fatal to the patient by damaging the alveoli, or an under-pressure may not be able
to overcome the resistance of the patient’s lungs preventing the lungs from getting the
required airflow. Hence, there needs to be tight monitoring and control of the pressure.
SDP2000-L Differential Pressure sensor from Sensiron is used in ATMO-Vent connected
to the proximal tube. The sensor has been designed specifically for ventilators, and
its range of -100Pa to 3500Pa best fits the pressure monitoring requirements. The low
limit (-100Pa) of the sensor can provide a negative pressure trigger capability of 1cm
H20. The other pressure-based measurands such as the Peak Inspiratory Pressure (PIP),
Mean airway pressure, Plateau Pressure, Positive End-Expiratory Pressure (PEEP) are
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calculated from the pressure measured. The sensor operates at 5V and provides a 0.25
to 4.0V analogue output with zero offset and excellent long-term stability. The sensor is
interfaced to the Arduino Mega 2560 via I2C through a 16-bit ADS115 breakout board
from Adafruit. Equation 1 is used to convert the raw ADC output of the differential
pressure sensor into the pressure values in cm H20.

Pressure [cm H20] = [((adcvalue x 0.000125)− 0.250) x 3500 /3.750] x 0.0101972
(1)

A solenoid operating Normally Closed (NC) valve is connected to the proximal tube of
ATMO-Vent, to release the excess pressure, in case the pressure generated from the BVM
exceeds the PIP set by the healthcare professional. The solenoid valve is connected to the
Arduino Mega 2560 through an IRF520 Metal Oxide Field Effect Transistor (MOSFET).
The power MOSFET is used to switch a 12V DC supply to the solenoid valve when the
pressure measured exceeds the PIP.

Flow rate measurement:

Flow rate is also a critical parameter to be monitored as it is also associated with VILI.
A higher flow rate leads to frictional losses occurring along the airway epithelium leading
to tissue damage [9]. Modern Intensive Care Unit (ICU) ventilators provide a flow rate
varying between 50 LPM to 60 LPM. Due to the unavailability, during the pandemic sit-
uation, of a commercial flow rate sensor with this lower range of flow measurement apart
from the sensors specifically manufactured for ventilators such as Sensiron SFM3000, we
explored new possibilities that can be used for DIY ventilators. Flow rate sensors for air
medium operate by the pressure difference across venturimeter, ultrasonic principle, or
hot-wire anemometer. The hot-wire anemometer method is widely used in automobile
engines as a Mass Air Flow (MAF) sensor. The robust, low-cost, efficient and readily
available MAF sensor is chosen for ATMO-Vent. The MAF sensors have a very high
measurement range of flow up to few thousand kg/hr, while the small petrol engine cars
with TDIH engines having the least range of 480 kg/hr. Moreover, they cannot be di-
rectly interfaced to the 18mm or 30mm flex hoses used in BVM, owing to their larger
diameter. Hence, a custom-made 3D-printed part (Flow Meter Adaptor) was designed
for ATMO-Vent to couple the MAF sensor to the existing 18mm flex hose used in ATMO-
Vent. The sensor operates at 12V and provides a 0 to 5V analogue output depending on
the flow rate. Fig. 2 (Left) shows the MAF sensor core in the inlet manifold tube and a
calibration curve of the MAF sensor used in ATMO-Vent is shown in Fig. 2 (Right).

This commercial calibration curve provided by the manufacturer cannot be directly
used to calibrate the MAF sensor, as they have been calibrated for the larger diameter
engine inlet manifold. The calibration curve has been scaled down to match with the
diameter of the 3D printed component holding the MAF sensor core. Fig. 3 (Left) shows
the MAF sensor core attached to the 3D printed MAF core holder and Fig. 3 (Right)
shows the scaled-down calibration curve. Equations (2) to (5) are used to convert and
calculate the scaled-down calibration curve. The calculation has been done in MATLAB
code, which is also attached to the article.
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Figure 2: (Left) Mass Air Flow (MAF) sensor in the original casing (Right) Calibration curve
for the Bosch MAF sensor.
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where subscript ‘1’ denotes the original engine inlet manifold, and ‘2’ denotes the adapted
configuration with the 3D printed MAF sensor holder for ATMO-Vent.

Figure 3: Left) 3D printed MAF sensor holder with the MAF sensor core attached (Right)
Calibration curve in accordance with the 3D printed MAF sensor holder.

The output voltage of the flow meter is obtained from the raw ADC measurements
using the equation (6).
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V oltage [V ] = adcvalue x 0.000125 (6)

The calibration function between the measured output voltage and the equivalent
airflow is given by equation (7). The coefficients are obtained by curve fitting with a R2

value of 0.9476.

Airflow
[
kg
hr

]
= 11.97823 + 44.87742 + 86.7963 − 53.8707 (7)

As an alternate method, the flow rate can also be calculated using a venturimeter with
a differential pressure sensor. The pressure drop between the entrance and the throat
of the venturimeter provides the flow rate. The SDP2000-L differential pressure sensor
is again used for this venturimeter. The block diagram of the venturimeter is shown in
Fig. 4.

Figure 4: Differential Pressure sensor-based flow meter.

The flow rate is calculated from the raw ADC output of the SDP2000-L pressure
sensor as follows using equation (8) and (9):

deltaP [N/m2] = [((adcvalue x 0.000125)− 0.250) x 3500 / 3.750] (8)

Flowrate (LPM) = A2 x

√√√√√ 2 x deltaP((
rho ∗

(
1−

(
A2

A1

)2
))) x 60000 (9)

Where, A1 is the Area of the entrance, A2 is the Area of the throat, and rho is the
density of air = 1.225 kg/m3. The area A1 and A2 affect the maximum flow rate that
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can be measured with the venturimeter.

The MAF sensor is the preferred flow meter owing to its higher accuracy and a high-
frequency response allowing measurement of turbulent flows. In either case, the sensor
is connected to the output of the BVM between the first and the second duck-bill valve
such that they measure the inspiration flow rate. Either sensor can detect a reverse flow
when placed along the proximal tube, but the measurements would not be accurate, and
hence it is placed in the inhalation phase.

Volume determination

The volume of the air-oxygen mixture flowing out of the BVM is calculated from the flow
rate measurements by integrating the flow rate over the inspiration time. The volume
calculation is done on the master Arduino Mega 2560 of ATMO-Vent. The volume
measured is sent to the python software running on the Raspberry Pi. Raspberry Pi 4
Model B 2GB RAM is used in ATMO-Vent for its higher processing speed of 1.5 GHz
with a Quad-core Cortex-A72 (ARM v8). The Quad-core design allows multi-threading
of the ATMO-Vent software. The software architecture is detailed under the Computing
and Interface section. The volume calculation yields TV, Minute Ventilation, Resistance
and Compliance.

2.4 Power Supply and Conditioning
Most of the components of ATMO-Vent operate at 12 VDC except for the Raspberry
Pi, that operates at 5 VDC. The most robust, cost-effective and readily available power
supply module was from the Desktop Personal Computer (PC) itself. An ATX CPU
power supply is used in ATMO-Vent with a maximum power output of 320 W. The
power supply provides 12 VDC with a peak current capability of 16 A, which is more
than sufficient to power the modules of ATMO-Vent which consumes 44 W. M185A, a
robust automotive variable DC-DC converter from Kemo Electronics, is used in ATMO-
Vent to step down the 12 VDC voltage to 5 VDC needed by Raspberry Pi.

2.5 Computing and Interface
This section describes the software architecture of ATMO-Vent, which provides the feed-
back and control of ATMO-Vent. The processing unit of ATMO-Vent consists of two
Arduinos and the Raspberry Pi computer. Raspbian operating system is used on the
Raspberry Pi and it could be replaced with Realtime Operating Systems (RTOS) as the
program itself has been designed in python to be flexible with a multitude of operating
systems. The two Arduinos are connected in a master-slave SPI configuration with the
Arduino Mega 2560 constituting the master Arduino connected to the linear actuator
VNHCP30 motor driver and the IRF520 power MOSFET. The slave Arduino Mega 2560
is connected to a 16-bit ADC breakout board, Adafruit ADS1115. The two Arduinos are
connected through a serial interface to the Raspberry Pi 4 operating at a baud rate of
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115200 Kbps. The GUI of ATMO-Vent is designed in python3 with graphical widgets
for control, in a way very similar to commercial ventilators, as shown in Fig. 5.

Figure 5: above) GUI of ATMO-Vent with the respiratory parameters on either side in the green
background and the settings panel in grey at the bottom. The pressure, flow rate and volume
measurements are displayed as real-time plots. (below) Hamilton-C1 monitor showing essential
respiration parameters. (Credits: www.hamilton-medical.com) This GUI model has been used
as a reference for the ATMO-Vent GUI design.
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A touch-based desktop monitor can be connected to ATMO-Vent via an HDMI con-
nector to control the GUI. A keyboard and monitor can also be used with an ordinary
monitor if the former is not available. A buzzer is also integrated into the General-
Purpose Input-Output (GPIO) of the Raspberry Pi. The buzzer alarms whenever crucial
parameters such as PIP, frequency and TV are out of range from the set values. Fig. 6
shows the software architecture of ATMO-Vent with a consolidated flowchart.

Figure 6: ATMO-Vent software architecture sub-divided in three levels, where the green zone
represents the slave Arduino, yellow represents the master Arduino and Blue represents the
Raspberry Pi. The abbreviation labels are explained in the pink section, on the top left.

The master Arduino Mega 2560 (Yellow section) receives the operation command
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from the GUI through serial communication and performs the inhalation and exhalation
sequence based upon the requested mode. It also reads the pressure and the MAF sensor
flow data in real-time from the slave Arduino Mega 2560 (Green portion) through an
interlinked Serial - SPI interface. The master Arduino Mega 2560 then calculates the TV,
the inhalation time and exhalation time, frequency and other respiratory parameters such
as the PIP, Plateau Pressure, and PEEP based upon the input settings. The two Arduinos
work in tandem with the Raspberry Pi, and through efficient thread management, a
smooth GUI interaction is guaranteed. The GUI displays the respiratory parameters
measured in real-time and also calculates the resistance and compliance, which are used
by the healthcare professionals to monitor patients on the ventilator and determine the
lung recovery. The modes of operation are detailed in the Operation Instructions section
of the article.

2.6 PC Cabinet:
An ATX Desktop PC cabinet has been modified to enclose the ventilator. The main
reason to enclose all the hardware in a PC cabinet casing is to comply with the Portable
Appliance Testing (PAT) standards stated in the UK Guidelines for RMVS. The guide-
lines mention compliance with the IEC 60601, IEC 62353 standards, which emphasizes
on Electro-Magnetic Compatibility (EMC). In addition to protecting the elements in-
side from ambient exposure in the clinical environment (for example to liquids, dust, or
undesired human contact), the PC cabinet shields off electromagnetic noises and also
provides immunity to the electronics against Electro-Magnetic Interference (EMI). The
PC cabinet fans also help to regulate the temperature of the Raspberry Pi computer and
prevents over heating with continuous operation. ATMO-Vent has undergone rigorous
testing and qualifies under Class B requirements of EN 55011 CISPR 11 standards. The
testing procedure is detailed in the Validation and Testing section of the article.

Overall, this low-cost, rapidly developable ATMO-Vent ventilator would support the
patients with respiratory distress by:

• Providing invasive ventilation by continuous mandatory ventilation for patients with
ARDS.

• Providing a non-invasive assisted ventilation support to patients who need not have
to be intubated.

• Providing monitoring of the critical respiratory parameters for diagnosis.

3 Design Files
The source to the design files can be found in the Mendeley repository > Data > Design
Files.
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Design file name File
type

Open source li-
cense

Location of the file

Pressure Sensor & Relief
Adaptor

.STP,

.STL
CC BY 4.0 Mendeley > Data >

Design Files
MAF Sensor Adaptor .STP,

.STL
CC BY 4.0 Mendeley > Data >

Design Files
BVM Holder Input End .STP,

.STL
CC BY 4.0 Mendeley > Data >

Design Files
BVM Holder Output End .STP,

.STL
CC BY 4.0 Mendeley > Data >

Design Files
BVM Piston .STP,

.STL
CC BY 4.0 Mendeley > Data >

Design Files
MR3000 Flow Meter Fixture .STP,

.STL
CC BY 4.0 Mendeley > Data >

Design Files
Duck-bill Valve Adaptor .STP,

.STL
CC BY 4.0 Mendeley > Data >

Design Files
ARDUINO_MASTER .INO GNU General Public

License (GPL) v3
Mendeley > Data >
Arduino Software

ARDUINO_SLAVE .INO GNU General Public
License (GPL) v3

Mendeley > Data >
Arduino Software

ATMO_RPI_GUI .py GNU General Public
License (GPL) v3

Mendeley > Data >
GUI Software

FLOW_METER
_CALIBRATION

.m GNU General Public
License (GPL) v3

Mendeley > Data >
Flow Meter Calibration

FLOW_METER
_CALIBRATION_DATA

.txt CC BY 4.0 Mendeley > Data >
Flow Meter Calibra-
tion> Sample

Quick guide for building
ATMO-Vent

.docx CC BY 4.0 Mendeley > Data >
Quick Guide

Pressure Sensor and Relief Adaptor is the CAD file of the 3D printed sensor and valve
hose adaptor.
MAF Sensor Adaptor is the CAD file of the 3D printed adaptor housing the MAF sensor.
BVM Holder Input End is the CAD file of the 3D printed front holder to hold BVM.
BVM Holder Output End is the CAD file of the 3D printed rear holder to hold BVM.
BVM Piston is the CAD file of the 3D printed piston that is attached to the linear actu-
ator.
MR3000 Flow Meter Fixture is the CAD file to cut the aluminium sheet to fix the MR3000
flow meters.
ARDUINO_MASTER is the source code to the master Arduino Mega 2560.
ARDUINO_SLAVE is the source code to the slave Arduino Uno.
ATMO_RPI_GUI is the python3 source code of the ATMO-Vent GUI.
FLOW_METER_CALIBRATION is the MATLAB code to obtain the calibration curve
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for the MAF sensor with the 3D printed adaptor.
FLOW_METER_CALIBRATION_DATA is the data used to obtain the calibration
curve for the MAF sensor.
Quick guide for building ATMO-Vent, is the document which summarizes the steps to
build ATMO-Vent.

All the CAD files can be 3D printed with PLA material [10] using a 0.8 mm nozzle with
a layer height of 0.2 mm. The “Pressure Sensor Relief Adaptor” part may require using
a 0.4 mm nozzle to print the smaller pressure sensing tubes in the design correctly. The
“MR3000 Flow Meter Fixture” could ideally be cut in a 1.2 mm thick aluminium sheet,
but it may also be 3D printed.

4 Bill of Materials
The full bill of materials is shown in Table 1. The table is subdivided into six categories
with different colour coding, as mentioned in the hardware description section. The source
links to the components can be found in the Bill of Materials (BOM) excel document
uploaded to the Mendeley repository > Data > Bill of Materials.

S.No Part
Code

Material Quantity Price
per ven-
tilator
(GBP)

1 A1 Tubing 8mm OD, 6mm ID: polyurethane FDA 2m 2.7
2 A2 Tubing 6mm OD, 4mm ID: polyurethane FDA 1m 1
3 A3 NPT 1/8 Male to 8mm Push Connector 2 pcs 22
4 A4 Flow Meter 2 to 30 LPM 2 pcs 135
5 A5 Non Return Check valve 2 pcs 14
6 A6 Y-branch 1 pc 7
7 A7 Bag Valve Mask (BVM) - Disposable BAG II 1 pc 30
8 A8 Laerdal Disposable PEEP Valve Assembly 1 pc 36.1
9 A9 Extra Flex Hose 4 pcs 8
10 B1 Electric Linear Actuator 100m stroke Length 1 pc 127
11 B2 Motor Driver VNH3SP30 1 pc 12
12 C1 Mass Air Flow (MAF) Sensor (max. 450 Kg/hr) 1 pc 100
13 C2 Differential Pressure Sensor SDP2000-L 1 pc 77
14 C3 16-bit ADC ADS1115 breakout board 1 pc 32
15 C4 IRF520 Breakout board 1 pc 4
16 C5 12V NC Solenoid Pneumatic Valve 1 pc 23

continued on next page
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continued from previous page
17 D1 DC-DC Converter - M015N 1 pc 14
18 D2 ATX 320W PC Power Supply 1 pc 100
19 D3 DC Plug Cable Mount 2 pcs 2
20 D4 Terminal Block Connector, 3 Way/Pole, Spring

Cage Terminals
2 pc 0.8

21 D5 Terminal Block Connector, 5 Way/Pole, Spring
Cage Terminals

2 pc 1.3

22 D6 12 way Non-Fused Terminal block 1 pc 0.8
23 E1 Arduino Mega 2560 1 pc 30
24 E2 Raspberry Pi 4 Model B Kit 1 pc 65
25 E3 Buzzer 1 pc 2.63
26 E4 Shielded cable 24 AWG (CAT5) 2m 6
27 E5 Shielded cable 24 AWG 1 Twisted pair 0.5m 0.5
28 E6 Straight Pin Header 2.54mm pitch 1 pc 0.3
29 E7 Breadboard Jumper Wire Kit 1 pc 2.4
30 E8 Panel Contact USB 2.0 A 500mm 1 pc 28
31 E9 HDMI Socket 1 pc 9
32 E10 USB 2.0 Cable USB A Plug - USB B Plug 500mm 2 pc 5.6
33 E11 HDMI cable - 500mm 1 pc 12
34 E12 Male Micro USB B to Bare Wire USB Cable 1 pc 2.4
35 F1 Bosch Rexroth Aluminium Strut, 40 x 40 mm,

10mm Groove
0.5m 8.5

36 F2 Bosch Rexroth Strut Profile T-Head Bolt and M8
Nut 20mm

2 pc 1.6

37 F3 Natural Aluminium Sheet, 300mm Long,
2.71g/cm³, 500mm x 3mm

1 pc 14.6

38 F4 Natural Aluminium Sheet, 200mm Long,
2.71g/cm³, 300mm x 1.2mm

1 pc 2

39 F5 Cable Tie Set - Assorted 1 pc 10
40 F6 Self-Adhesive Natural Cable Tie Mount 1 pc 1.59
41 F7 Tesa 62936 Double sided White Foam Tape 1 pc 1.59
42 F8 HP EliteBook 8000 series Tower Desktop ATX Cab-

inet
1 pc 50

43 F9 Openable Ferrite Ring, 15.5 x 18.5 x 14mm, For
Consumer Electronics

2 pc 2.6

continued on next page
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continued from previous page
44 F10 3M 1181 Conductive Copper Tape, 50mm x 16m 1 pc 17

Total cost: GBP 1000 approx.

5 Build Instructions
This five-step instruction guide provides a visual overview of the assembly actions re-
quired to build an ATMO-Vent unit. Each component has been assigned a part code
with the nomenclature in the Bill of Materials. A quick guide for building ATMO-Vent
is also enclosed in the Mendeley repository.

Step 1 (Fig. 7): Prepare the PC Cabinet (F8) by removing the motherboard and hard
disk bay. The hard disk bay is secured to the base of the Cabinet using eyelets. Use a
drill with a diameter similar to the eyelet head to remove the eyelet. Exercise caution
and use Personal Protection Equipment (PPE), especially for the eyes, when performing
this step as tiny metal fragments can be released during this operation. Replace the
cabinet power switch with an ON-OFF switch.

Figure 7: The first step of ATMO-Vent building – PC Cabinet preparation.

Step 2 (Fig. 8): Dismantle the CD/DVD drive and remove the CD tray and the un-
derlying electronics. Use the metal enclosure to house the ATMO-Vent electronics. The
two Arduino Mega 2560 (E1) with the 16-bit ADS1115 ADC shield (C3), and VNHSP30
motor driver (B2) are mounted inside the CD drive using the double-sided tape (F7),
and proper cabling is done using the shielded CAT5 cable (E4), shielded twisted pair
cable (E5) and jumper wires (E7) fitted with headers (E6) on the ends. The ground
in the shielded cables are soldered to the base of the CD drive enclosure to provide a
single point grounding. This is crucial to reduce the noise generated by the electronics.
Use adhesive copper tape (F10) to wrap any spaces in the CD drive enclosure to make a
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perfect faraday cage. The CAT5 cable (E4) connects the ADC shield (C3) input to the
MAF sensor.

Figure 8: Second step of ATMO-Vent building – Electronics assembly.

Step 3 (Fig. 9): The 1.2mm aluminium plate (F4) is cut, as shown in 1 (top left) of
Fig. 9 as per the CAD design of the part “MR3000 Flow Meter Fixture” provided in the
Mendeley repository. Flowmeters (A4) are attached to the aluminium plate. Use proper
PPE when working with the aluminium sheet. Chamfer the edges to prevent sharp edges.
The 8mm tubing (A1) is used to route the input from the air/oxygen inlets to the inlet
of the flowmeters through the NPT 1/8 threaded connector (A3). The output of the
flowmeter is connected to individual non-return check valves (A5). The check valves are,
in turn, connected to the Y-branch (A6). The union of the Y-branch is connected to the
oxygen inlet of the BVM (A7) through the same 8mm tubing (A1). The parts mentioned
above are enclosed inside the PC cabinet. The tubing outside the PC cabinet involves
the “Duck-bill Valve 2” where the PEEP valve assembly adaptor (A8) is connected for
exhaust.

Figure 9: The third step of ATMO-Vent building – Air-Oxygen mixture circuit.
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Step 4 (Fig. 10): Use the 2mm aluminium sheet (F3) to prepare a base for the
linear actuator assembly. The aluminium needs to be cut as per the profile in the PC
cabinet where the motherboard used to be fastened. Chamfer the edges to avoid sharp
edges. Attach the linear actuator (B1) to the aluminium profile (F1) through the fixtures
provided with the actuator. Fasten the aluminium profile to the sheet (F3) using T-bolts
(F2). Use the same screws used to fasten the motherboard to fasten the sheet (F3) to
the base of the cabinet. Fix the power supply unit (D2) to the cabinet and fasten with
screws. Fig. 10 (top) shows the components before assembly into the PC cabinet. The
six modules follow the same colour code nomenclature, as indicated at the beginning of
the article. Fig. 10 (bottom) shows the modules assembled in the PC cabinet. The
3D printed “MAF Sensor Adaptor” is fixed right after the “Duck-bill Valve 1” assembly
attached to the outlet of the BVM inside the PC cabinet. The extra hoses (F9) are used
to connect the 3D printed “Pressure Sensor Relief Adaptor” outside the PC Cabinet
after the “Duck-bill Valve 2” assembly as close as possible to the patient. “Duck-bill
Valve 2” is obtained by removing the right-angled outlet port from another BVM and
connected to the flex hose through the 3D printed Duck-bill Valve Adaptor. 6mm Tubing
(A2) is used to connect the 3D printed “Pressure Sensor Relief Adaptor” outlets to the
Differential Pressure sensor (C2) and solenoid valve (C5) respectively. This tube, after
the “Duck-bill Valve 2” assembly, is called the proximal tube. This tube is attached to
the patient through a face mask or endotracheal tube. The proximal tube assembly is
shown in Fig. 10 (Bottom).

Figure 10: The fourth step of ATMO-Vent building – Assembling the individual sub-modules.
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The Raspberry Pi computer (E2) enclosed in its casing is secured to the aluminium sheet
(F3) using double-sided tape (F7). The existing PC cabinet rear panel mount is used to
fix the panel mount adaptors – HDMI (E11) and USB (E8). The adaptors are connected
to the Raspberry Pi through the respective cables (E1011). Power cabling from the PC
power supply is routed through Terminal Block connectors (D3, D4, D5 and D6). It
should be ensured that the Raspberry Pi is connected to a 5V supply of DC-DC con-
verter through a micro USB port (E12) and not to the 12V input supply from the PC
power supply. The ON-OFF switch is connected to the ground and switch wire of the
PC Power supply. The switch wire can be found from the datasheet of the power supply.

Step 5 (Fig. 11): With all the components connected, the PC cabinet side door is
fixed and secured using its screws. The ATMO-Vent is now ready for operation. Fig. 11
(top) shows the fully assembled ATMO-Vent with side door opened and Fig. 11 (bottom)
shows the side and front view of ATMO-Vent with the side door fixed.

Figure 11: The final step of ATMO-Vent building.

6 Operation Instructions
ATMO-Vent operation is very straight-forward, and the GUI is very intuitive, resembling
the modern mechanical ventilators. ATMO-Vent has two modes of ventilation – Contin-
uous Mandatory Ventilation (CMV) and Assisted Control Ventilation (AC). Both modes
follow Volume Control Ventilation (VCV), where tidal volume is the primary regulating
parameter. The following steps outline the operation of ATMO-Vent.
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Step – I (Fig. 12): Connect the Pe-
ripherals - Monitor, Keyboard and Mouse
to ATMO-Vent.

Step – II (Fig. 13): Turn on the Power
Switch from position 0 to 1.

Step – III (Fig. 14): From the ATMO-
Vent GUI, click Patient Settings. A sub-
menu pops up. Enter the Weight, Height
and Gender. Choose the volume per kg.
bodyweight of the patient. Default is
6ml/kg.

Step – IV (Fig. 15): From the ATMO-
Vent GUI, click Flow calculator. A sub-
menu pops up. Enter the total flowrate and
the FIO2 needed. The calculator provides
the air flowrate and O2 flow rate in LPM.
The maximum flow rate is restricted to 30
LPM to avoid the increase in exhalation re-
sistance.

Step – V (Fig. 16): Turn on the Gas
Supply and make sure to check that the pres-
sure regulating valve is indicating a reading
below 6.9 bar.

Step – VIII (Fig. 17): Set the calculated
LPM from the flow calculator in both the
flowmeters. Clockwise rotation of the knob
increases the flowrate and vice-versa. The
bottom of the steel ball corresponds to the
reading on the scale.
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Step- IX: Set the PEEP pressure by rotating the knob on the spring-loaded PEEP
valve. Note down the PEEP setting as this would be used in the next step to define the
negative trigger pressure.

Step – X: In the case of AC ventilation, select the Assisted Control Ventilation Tab.
Enter the minimum frequency of breaths, desired TV in ml, Inspiratory Pause (0.0 to
0.5) in seconds, and Trigger Pressure. The Trigger Pressure depends upon the PEEP
settings. Ideally, without any PEEP settings, the default Trigger Pressure is -1 cm H20.
With a PEEP setting, e.g. 5 cm H20, the trigger pressure has to be set as 4 cm H20.

Then enter the Peak Inspiratory Pressure (PIP) value in the corresponding textbox
in units of cm H20. The PIP value determines the maximum allowed inspiratory pres-
sure into the airway. All the values must be entered in the respective text boxes and
double-checked before proceeding to Step XII. Fig. 18 shows the GUI with all the values
filled in for the AC Mode.

Figure 18: AC Mode GUI with parameters filled in.

Step – XI: In the case of CMV ventilation, select the Continuous Mandatory Ventila-
tion Tab. The settings of CMV are very similar to AC ventilation except for the Trigger
settings. CMV is a mandatory mode where the ventilator provides inhalation and ex-
halation sequence with the programmed frequency, tidal volume, Inspiratory pause, I/E
setting and maximum PIP that can be encountered. In CMV mode, the maximum in-
spiration time is by default restrained to one second. Thus, the downward operation of
the linear actuator will occur until the set tidal volume is reached or for one second,
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whichever precedes. All the values must be entered in the respective text boxes and
double-checked before proceeding to Step XII. Fig. 19 shows the GUI with all the values
filled in for CMV mode.

Figure 19: CMV Mode GUI with parameters filled in.

Step – XII: This step is more of a medical procedure and is out of the scope of this
article. In the case of NPPV, fasten the BVM mask on the patient and ensure that it
has a tight seal around the patients’ nose and mouth. In the case of invasive ventilation,
intubation has to be performed by a trained healthcare professional. Once the necessary
procedure is done, it must be ensured that the proximal tubing is securely connected to
the patient.

Step – XIII: With the proximal tube double-checked in place, the start button on the
GUI is pressed. In the case of CMV mode, the ventilator would start immediately and
ventilate the person. In case of Assisted control modes, the ventilator would wait for the
patient to trigger the inhalation sequence and then would ventilate the patient. Modifi-
cations to the respiration parameters is allowed during the ventilator operation after the
Start button is pressed, by entering the new parameters and pressing the Update button
on the GUI.

Alarms:

ATMO-Vent has three crucial alarm features respective to CMV or AC mode, namely
PIP alarm, frequency alarm and tidal volume alarm.
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PIP alarm: This alarm fires in both CMV and AC mode, when the PIP pressure exceeds
the maximum PIP set by the healthcare professional. The label with the increased PIP
value would highlight in red, accompanied by a high-frequency buzzer. The increased
PIP value would quickly revert to the healthcare professional set maximum PIP value,
as the linear actuator would immediately cease motion and safety solenoid valves would
open. The buzzer can only be turned off after the acknowledgement from the operating
physician by clicking the bell button.

Frequency alarm: This alarm fires only in the AC mode, when the patient has breaths
per minute below the minimal value set by the healthcare professional. This alarm is
indicated by the low bpm value highlighted in red, accompanied by the high-frequency
buzzer sound. The healthcare professional has to manually turn off the alarm by clicking
the bell button and decide further course of action on the patient.

Volume alarm: This alarm can fire in both CMV and AC mode. ATMO-Vent being
a volume-controlled ventilator is driven by tidal volume as the primary control variable.
There can be scenarios when the needed tidal volume is not being delivered to the patient.
This can be due to any leaks in the proximal tube or increased fluid accumulation in the
lungs. The alarm is indicated by the low tidal volume highlighted in red, and the buzzer
is producing a high-frequency buzzing sound. Again, this alarm can only be turned
off manually by a healthcare professional by clicking the bell button after assessing the
situation.

7 Validation and Characterization

ATMO-Vent, similar to any medical device, has to be approved by any public body.
Several critical factors have to be validated and characterized. This section discusses the
compatibility of ATMO-vent in terms of its performance and compliance with the RMVS
guidelines of UK-MHRA. The Electromagnetic Compliance (EMC) and Electromagnetic
Interference (EMI) tests have been conducted in accordance with the IEC 60601: Medical
design standards for power supplies, which is one of the minimum criteria to be satisfied
according to the RMVS guidelines by UK-MHRA.

7.1 Performance characteristics

A demonstration scenario with Continuous Mandatory Ventilation (CMV) mode was
executed on a Mannequin with the input respiration parameters that resulted in the
following output as provided in Table 2. Fig. 20 shows the pressure, flow rate and
volume plots during the 10 consecutive breaths during the ATMO-Vent operation.
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Respiration Parame-
ter

Input Output

Frequency (bpm) 30 29
Tidal Volume (ml) 300 267.7
Inspiration pause (sec) 0 0
I:E ratio 1 1
Peak Inspiratory Pressure
(PIP, cm H2O)

20 (cut-off pressure) 3.89

Positive End-Expiratory
Pressure (PEEP, cm H2O)

0 0.11

Figure 20: Pressure, flow rate and volume plots during 10 continuous breaths in CMV mode.

The achieved frequency and tidal volume (highlighted in red in Table 2) is lower than
the set values in the CMV mode. Therefore, the minute volume supplied by ATMO-
Vent is lower than the set input value. The reason for this discrepancy is because of
the limitation in the speed of the linear actuator. The maximum inspiration time for a
patient is one second and the flow rate should be such that the minute volume should
be achieved. The lower speed of the current linear actuator limits the minute volume
achieved by the reduced flow rate. Typically, a flow rate of 50-60 LPM is required for a
patient under ventilation. In the following version of ATMO-Vent, we plan to improve the
stroke speed of the linear actuator to attain a higher flow rate and match the required
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minute volume. Further tests are to be performed with a lung simulator in order to
quantify the output respiration parameters accurately.

7.2 Patient inflating valve validation
The validation of a duck-bill valve as a patient inflating valve is discussed in this section.
The second duck-bill valve used in ATMO-Vent along the proximal tube is fundamentally
the patient inflating valve. During manual ventilation, the air-oxygen mixture is forced
through the valve base, opening the duck-bill valve and air-oxygen mixture is delivered to
the patient’s lungs. This force also seals the valve base to the exhalation port preventing
the fresh air-oxygen mixture from venting through the exhalation port. During exhala-
tion, the valve base returns to its former position, and, thus, exhaled gases are vented
through the exhalation port. To validate the optimal operation of the duck-bill valve in
ATMO-Vent, a simple experiment is performed to ensure that the expiratory limb of the
exhalation circuit is closed despite higher pressures generated by lung resistance. The
experimental setup is shown in Fig. 21 as follows.

Figure 21: Patient Inflating Valve test using an expandable latex glove acting as a lung and a
packaged food tin simulating the lung resistance. The inset image shows the packaged food tin
weighed to be 473g.

A latex, flexible and expandable, glove is attached to ATMO-Vent to act as a lung.
A packed food tin weighing 473g is used as a dead weight and is placed over the glove
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to simulate the lung resistance. A CMV mode of operation with 400ml tidal volume
and 1:2 I:E ratio is used in the experiment. It could be observed from the experiment
that the 473g tin is lifted during the inspiration phase. This experiment validates the
operation of the duck-bill valve as a patient inflating valve in ATMO-Vent. The video of
the experiment is enclosed in the Mendeley repository for reference.

7.3 UK-MHRA compliance Table:
The RMVS guidelines from UK-MHRA provides consolidated information regarding the
set of features a ventilator for the current pandemic situation needs to satisfy. The
guidelines outline the minimum modes of ventilator operation, with requirements on
monitoring various respiratory parameters in real-time along with safety constraints.
The specifications are the minimal clinically acceptable ventilator configuration that can
be used in the current COVID-19 pandemic. A ventilator with lower specifications than
mentioned in the RMVS guidelines is unlikely to be approved as it is likely to provide
no clinical benefit and might lead to increased harm, which would be unacceptable for
clinicians. The RMVS guidelines also mention about the biological safety and infection
control of the components used in the ventilator. Any part of the breathing system
that may come into contact with the patient’s expired gas must be both single patient
use only and labelled with an ISO 7000-1051 mark. They should also have appropriate
labelling to ensure that they are either one time use or sterilizable. ATMO-Vent uses
a double duck-bill valve design which ensures a minimum dead space and also prevents
expired gas from travelling back to the BVM. The proximal tube along with the 3D
printed “Pressure Sensor Relief Adaptor”, HEPA filter, and the PEEP valve needs to
be changed from person to person. These components are in direct contact with the
patients expired gas and are a biological hazard. They have to be carefully handled
and disposed. The tubes connecting the 3D printed “Pressure Sensor Relief Adaptor”
can be sterilized or they can also be replaced. The pressure sensor and solenoid valve
are the endpoints the expiratory circuit, and they have to be replaced after every patient.

A summary of ATMO-Vent compliance with the minimum mandatory requirements
of the RMVS guidelines is illustrated in Fig. 22. The text in yellow indicates work in
progress for ATMO-Vent. One of the mandatory requirements for a ventilator system is
to have a battery backup to keep the ventilator working for a minimum of 20 minutes
until the power supply is restored. ATMO-Vent shall be fitted with a commercial PC Un-
interrupted Power Supply (UPS) module, which shall not only provide backup power to
the ventilator but also, provide alarms function during electricity failure and also provide
shielding to the ATMO-Vent power supply from surges and voltage drops. IEC61000-4-4
electrical fast transient tests, IEC61000-4-5 surge tests, IEC610000-4-6 Conducted RF
Immunity test, and IEC61000-4-11 voltage dip, dropout and interruption tests would be
performed on the commercial UPS to validate its minimal compliance with the IEC60601
Medical Design Standards for Power Supplies.
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Figure 22: UK-MHRA compliance Table.
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7.4 EMC/EMI Testing:

The electromagnetic compatibility (EMC) tests for radiated emission, conducted emission
and radiated immunity were so far carried out at the anechoic chamber facility (Fig.
23) at the Luleå University of Technology, Sweden. The series of technical standards
encompassed in IEC 60601: Medical design standards for power supplies (document
enclosed in Mendeley repository under Data > Medical Standards), were followed to
ensure the safety and effectiveness of medical electrical equipment, in our case the ATMO-
Vent ventilator. The results for different tests are described below.

Figure 23: ATMO-Vent undergoing EMC Testing in the Anechoic chamber at Luleå University
of Technology, Sweden.

Background radiated emission:

Test Specification: Radiated Emission EN55022 Class B Vertical Antenna located at a
distance of 3m from the ventilator. EN55011 Class B device requirements are also in
range with the Radiated Emission EN55022 Class B standards.

Scan Settings:

Frequencies Receiver Settings
Start Stop Step Res BW M-Time Atten Preamp

30 MHz 1 GHz 40khZ 120 kHz
(6dB)

1 ms Auto On
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Measurement:
The background radiated emission level inside the anechoic chamber, where ATMO-Vent
was tested for EMC/EMI is shown in Fig. 24.

Figure 24: Background radiated emission in the Anechoic chamber.

Radiated emission

Test Specification: Radiated Emission EN55022 Class B Horizontal Antenna located at
a distance of 3m from the ventilator. EN55011 Class B device requirements are also in
range with the Radiated Emission EN55022 Class B standards.

Scan Settings:

Frequencies Receiver Settings
Start Stop Step Res BW M-Time Atten Preamp

30 MHz 1 GHz 40khZ 120 kHz
(6dB)

1 ms Auto On
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Measurement:

Figure 25: Radiated emission of electromagnetic noises from ATMO-Vent.

The radiated emission tests concluded that the ATMO-Vent is well below the 6dB limit
of the range set by the EN55022 Class B requirements.

Conducted emission

Test Specification: EN 55022 Conducted Mains Class B located at a distance of 3m from
the ventilator. EN55011 Class B device requirements are also in range with the Radiated
Emission EN55022 Class B standards.

Scan Settings:

Frequencies Receiver Settings
Start Stop Step Res BW M-Time Atten Preamp

150 kHz 30
MHz

4.5khZ 9 kHz (6dB) 10 ms Auto Off
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Figure 26: Conducted emission of electromagnetic noises from ATMO-Vent.

The conducted emission tests concluded that ATMO-Vent conductive emissions are well
below the threshold set by the EN 55022 Conducted Mains Class B standards.

Radiated immunity

Test Specification: EN 61000-4 Radiated Immunity

Scan Settings:

80 MHz – 2.7 GHz at 10V/m 80% AM (requirements for Life Support). This scan
setting was selected according to the guidelines provided by IEC61000-4-3 Radiated RF
Immunity under IEC60601-1: Medical Design Standards for Power Supplies.
The radiated immunity tests concluded that ATMO-Vent operation was not affected on
subjection to RF at 10V/m in the frequency range from 80 MHz to 2.7 GHz.
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Figure 27: Radiated immunity test to verify the robustness of ATMO-Vent.

8 Conclusion:
ATMO-Vent has been carefully designed in consideration with the minimal clinical re-
quirements of ventilators, using the UK-MHRA RMVS document as a guideline. The
design also ensures that the materials and components used are readily available in the
commercial market and could be assembled with minimal investment of time and re-
sources. The design is modular, and components could be substituted with alternatives
found in the local market specific to the installation of the ventilator. ATMO-Vent’s
modes of operation have been tested using a mannequin and the electronics integrity
with EMC/EMI testing in an anechoic chamber in consideration with the IEC 60601
specifications. In the following version of ATMO-Vent, a higher stroke speed linear ac-
tuator will be used to achieve a higher tidal volume with a set frequency, and further
tests with a lung simulator will be performed in order to quantify the output respiration
parameters accurately.

1. Robustness for long-sustained operation needs to be tested: when applied in
clinical use, mechanical ventilators may be typically needed for a couple of weeks,
and this requires about a million cycles of assisted ventilation. During this time the
configuration of the ventilator needs to be adapted, for diagnosis and evaluation,
and be accommodated to the evolving condition of the patient which may get worse
or improve and eventually lead to retire the supporting ventilation. Thus, both the
mechanical, electrical and software robustness needs to be tested on a long-time test.

2. Certify the equipment for its use in healthcare facilities. Although the
design of this ventilator complies with the UK Medicines & Healthcare products
Regulatory Agency (UK-MHRA) guidelines, the equipment needs to be certified
according to the industrial and medical standards ISO 13485:2016(E). Although its
design is in everything equal to existing commercial ventilators, before its operation
in clinical use, it needs to be tested with trained healthcare personnel, to make sure
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that the information displayed in the screen, and the operating software interface
is intuitive and similar to what is customarily used. The ventilator should also be
subjected to Closed Suctioning Test to ensure continuous ventilator operation during
the suctioning procedure. The closed suction is done to remove tracheal secretions
through the endotracheal tube in mechanically ventilated patients.

ATMO-Vent can be used in the future as support for other respiratory diseases.
Oxygen therapy coupled with mechanical ventilation is meant to support patients so
that an adequate oxygen saturation (>88%) in arterial blood is maintained. The ability
of ATMO-Vent to provide non-invasive assisted ventilation support with control over
the fraction of inspired oxygen can help patients who are in the development stage of
respiratory distress. This shall ensure that patients who develop ARDS could be attended
with a full-fledged ventilator. Besides this, and beyond its clinical use, ATMO-Vent
will be miniaturized and used for its future usage as 1) portable life-support equipment
for long-inhabited environments without rapid access to hospitals (emergency clinics in
rural environments, ships, camping sites, migrant- settlements, military or scientific bases
in remote regions); 2) life support system for Space applications using space-qualified
components.

9 Disclaimer
The designs and other information (the “Design”) made available in this article is at an
early stage of development. Accordingly, specific results are not be guaranteed, and the
Design provided here is provided “AS IS” and without any express or implied warranties,
representations or undertakings. As examples, but without limiting the foregoing, the
University of Aberdeen, Luleå University of Technology, Instituto Andaluz de Ciencias
de la Tierra (CSIC-UGR), Centro de Astrobiología (CSIC-INTA) and their employees
and students do not give any warranty or guarantee that the Design is of merchantable
or satisfactory quality, is fit for any particular purpose, complies with any sample or
description including the requirements for medical device registration, or are viable,
uncontaminated, safe or non-toxic, accurate, up to date or complete. The University
of Aberdeen, Luleå University of Technology and the authors have not performed any
searches or investigations into the existence of any third-party rights that may affect the
Design. Anyone may use the Design entirely at their own risk, and the University of
Aberdeen, Luleå University of Technology, Instituto Andaluz de Ciencias de la Tierra
(CSIC-UGR), Centro de Astrobiología (CSIC-INTA) and/or the authors are not liable
for such use of the Design, including without limitation any direct or indirect losses. Any
users of the design should appropriately attribute the author.

10 Acknowledgements
The authors of the paper would like to acknowledge Andreas Nilsson from Department of
Computer Science, Electrical and Space Engineering of the Luleå University of Technol-



270 Paper-7

ogy (LTU), Sweden, for his support in procurement and EMC testing of the ATMO-Vent.
The authors would also like to thank Luleå University of Technology for access to fa-
cilities during the development of ATMO-Vent. The authors would like to acknowledge
Teknikens Hus for their support in machining operations. MPZ has been partially funded
by the Spanish State Research Agency (AEI) Project No. MDM-2017-0737 Unidad de
Excelencia “María de Maeztu”- Centro de Astrobiología (INTA-CSIC).

11 Declaration of Interest
The authors declare that they have no known competing financial interests or personal
relationships that could inappropriately influence or bias the content of the paper.

12 Human and Animal rights
This work does not involve the use of any human or animal subjects.

References
[1] Rapidly Manufactured Ventilator System (RMVS) Guidelines from UK-MHRA,
https://assets.publishing.service.gov.uk/government/uploads
/system/uploads/attachment_data/file/879382/RMVS001_v4.pdf

[2] E-Vent, https://e-vent.mit.edu

[3] OxVent, https://oxvent.org/

[4] ApolloBVM, http://oedk.rice.edu/apollobvm/

[5] HarvardX: COV19x - Mechanical Ventilation for COVID-19.
https://courses.edx.org/courses/course-v1:HarvardX+COV19x+1T2020/course/

[6] Fenton, P. and Bell, G., 2013. The Patient Inflating Valve in Anaesthesia and Resus-
citation Breathing Systems. Anaesthesia and Intensive Care, 41(2), pp.163-174.

[7] Usharani Nimmagadda, M. Ramez Salem, Ninos J. Joseph, Gilbert Lopez, Mahfouz
Megally, David J. Lang, Yaser Wafai; Efficacy of Preoxygenation with Tidal Volume
Breathing: Comparison of Breathing Systems. Anesthesiology 2000;93(3):693-698.

[8] Davies, J., Senussi, M. and Mireles-Cabodevila, E., 2016. Should A Tidal Volume of
6 mL/kg Be Used in All Patients?. Respiratory Care, 61(6), pp.774-790.



12. Human and Animal rights 271

[9] Protti, A., et al., Role of Strain Rate in the Pathogenesis of Ventilator-Induced
Lung Edema. Critical Care Medicine, Volume 44, Issue 9, p e838-e845 (2016). DOI:
10.1097/CCM.0000000000001718.

[10] Alraiyes, A. H., et al., 3D printing for airway disease, AME Medical Journal, Volume
4 (2019). DOI: 10.21037/amj.2019.01.05.





DOCTORA L  T H E S I S

T
hasshw

in M
athanlal   D

evelopm
ent of robotic instrum

ents and techniques for space and astrobiological exploration and research  

Department of Computer Science, Electrical and Space Engineering
Division of Space Technology

ISSN 1402-1544
ISBN 978-91-7790-705-3 (print)
ISBN 978-91-7790-706-0 (pdf)

Luleå University of Technology 2020

Development of robotic instruments 
and techniques for space and 

astrobiological exploration and research

Thasshwin Mathanlal

Atmospheric Science

131782-LTU-Thasswin.indd   Alla sidor131782-LTU-Thasswin.indd   Alla sidor 2020-11-10   15:592020-11-10   15:59


	131782_inl_Thasshwin_PhD_Final_V3.pdf
	Tom sida




