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When I consider your heavens,
the work of your fingers,
the moon and the stars,

which you have set in place,
what is mankind that you are mindful of them,

human beings that you care for them?

Psalm. 8:3,4
(a psalm of David)





Abstract

This PhD thesis describes, from an engineering perspective, some of the preliminary
steps that need to be implemented to facilitate the human exploration of Mars. It focuses
on the development of a set of novel scientific or technology demonstrator instruments.
The engineering problem starts with a conceptual idea and the definition of individual
functional requirements, that may be related to scientific or technological objectives. To
solve this problem, an unique approach adapted during this thesis, allowed for designing
and building efficiently, testing and refining the instruments in multiple iterations using
simple techniques like 3-D printing, breadboard prototyping and low-cost commercial
off the shelf (COTS) components. This approach reduces the cost and facilitates the
accessibility of space instrument design and testing to a broader community. The steps
include demonstrating the operability of the concept with prototypes, calibrating the
responses and validating their operation in representative environments, thereby raising
the technology readiness level (TRL) of the instrument with a lower investment in time
and resources than traditional approaches that use specialized components and fabrica-
tion techniques.

The thesis provides a detailed description of the design and development process, and
discusses the calibration and validation results of four different instruments, namely: 1)
Brine Observation Transition To Liquid Experiment (BOTTLE) as a part of HabitAbil-
ity: Brines, Irradiation and Temperature (HABIT) instrument onboard the ESA/IKI’s
ExoMars 2022 Surface Platform Kazachok, for investigating the surface environmen-
tal conditions and demonstrating the capability of salts to absorb water on Mars, 2)
Metabolt, a small-sized portable incubator to monitor the behaviour of the microbiome
in soils, which will be a critical element of future greenhouses on Mars or the Moon, 3)
Methanox, an in-situ resource utilization demonstrator for converting local resources on
Mars and producing methane and ammonia as space fuel, and 4) PRessure Optimized
PowEred Respirator (PROPER), a wearable cleanroom developed for protecting the hu-
mans against biological pathogens, showing the direct applicability of this research to
solve Earth-based problems. During the final phase of the PhD thesis, the world suffered
the COVID-19 pandemic. This challenge provided an opportunity to test the approach
presented in this thesis and inspired the development of this equipment, and may also
be of relevance to protect from biological cross-contamination in planetary habitats and
laboratories while handling local regolith materials and samples on Mars.

This work also highlights the calibration of the HABIT Flight Model (FM) in the
cleanroom of Omnisys Instruments AB, Sweden, defines the retrieval models that will
be used during ExoMars 2022 mission operations and data archiving in the Planetary
Science Archive (PSA). Parts of this thesis were already published in the form of peer-
reviewed journal articles and conference abstracts.
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1
Introduction

Science enables exploration...

We live in an extraordinary period of exploration. Human exploration of Mars is an
exciting endeavour. There is a growing advocacy for human activities on Mars and in-
terest in this is no longer confined to NASA and other national space agencies [1]. Plans
under serious discussion span the range from short missions involving a few astronauts
[2], to long-term research outposts similar to Antarctic research bases [3], to large set-
tlements with populations in the thousands or more [4], and beyond to terraforming
[5]. The exploration of Mars will result in answers to profound scientific and philosoph-
ical questions such as: How did life start in our Solar System? Did life exist on Mars
and does it exist today? What can we learn about Earth′s past and future by studying
Mars? [6]. Building on over 50 years of robotic-enabled science, and eventually sample
return, human explorers on the surface of Mars will be critical to revealing the subtleties
needed to answer these complex and fundamental questions. Humans will make possible
intelligent sampling in geologic context, iterative environmental field investigations and
sample preparation/analyses. Humans will advance a multi-disciplinary set of scientific
objectives, such as investigations into astrobiology, atmospheric science, medicine, and
geoscience [6].

The habitability of a planet is based on the qualities and capabilities of the envi-
ronment that enable humans to work and live. When thinking about living on another
planet, we must first think about the conditions on Earth that help us survive. On Earth,
humans can walk around on the surface, breathe oxygen, drink liquid water, survive at
a comfortable temperature, and live with protection from the sun′s energetic radiation
[7]. Finding all of those conditions on a different planet is a challenge. However, with
the revolution in space transportation and related technologies to explore the regions
of interest in the neighbouring planets within our solar system, it is now possible to in-
vestigate thoroughly and gather accurate information about Mars’ habitability potential.

Searching for habitable environments in a planet′s atmosphere, surface and sub-sur-
face has been the strategy for decades and a lot of work has been done in this regard. The
Moon and Mars has been the most prominent front-line target for human exploration

1
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for decades because of their relatively shorter distance from Earth and the ability of our
current technologies to reach them. The Moon provides a perfect platform for human
exploration of Mars to tune our approaches and methods and test the technologies while
serving as a potential intermediate transit stop for resources.

A partnership between humans and robots is essential to the success of this venture,
in order to unveil many of their secrets, characterise their environments, and identify risks
and potential resources. Robotic missions accomplish world-class science, venturing first
into hostile environments to gather critical information that makes human exploration
safer [8]. Robotic exploration, both remote and in-situ has already proved its potential
usefulness in space missions answering plenty of questions and testing hypotheses about
other planetary atmospheres and surface environments, particularly about the Moon and
Mars in the past few decades. Mars has the greatest similarity to Earth in past and cur-
rent planetary processes, and may have the best record of when life started in our Solar
System and how a catastrophic change can take place along with planetary evolution.
Robotic missions have shown that Mars has significant amounts of buried water which is
promising for the possible existence of life (past and/or present) and the support of future
human explorers [8]. Recent evidences on the discovery of water at the Lunar poles and
the possibility of the formation of transient liquid water on Mars, hold promise towards
these efforts. Though the environment on the surface of Moon and Mars may not be
truly habitable for humans in its present conditions, considerable research is being done
to understand the extent of support these hostile environment provide and to evaluate
the supplementary action required by the technologies.

Scientific instruments facilitate numerous possibilities to conduct experiments in the
actual planetary environments and achieve rigorous scientific investigation to advance
our understanding hand-in-hand while developing the required infrastructure that will
one day host humans on the surface of Mars. The process of evolution of science in-
struments from the conceptual stage to the actual instrument operating on a planetary
environment determines the level of technological maturity. Therefore, it is necessary
that scientists proposing experiments for space exploration have access to sufficient en-
gineering assistance starting with the earliest concepts of the experiment to build an
accurate instrument and follow through to the completion of the flight hardware. Simi-
larly, the engineers must have sufficient scientific understanding to design the instrument,
recreating the exact conditions required for the experiments [9].

This work will discuss the instrumentation approach to facilitate the human explo-
ration of Mars, by outlining the global exploration goals, the key scientific objectives and
the required technological developments to make these efforts attainable and sustainable.
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1.1 Strategic exploration goals: A common global

trend

Several international exploration plans have established the common goal of providing
a continuous flow of scientific information and discovery through a carefully selected
series of robotic orbiters, landers and mobile laboratories [10]. Several national space
agencies including NASA, ESA, Roscosmos, JAXA, CNSA, ISRO, UAE Space Agency
have a Mars exploration program, and the international coordination groups such as the
International Space Exploration Coordination Group (ISECG) and Mars Exploration
Program Analysis Group (MEPAG) have defined a clear set of shared exploration goals
to envision a future of expanding partnerships and collaboration.

Different agencies and groups have their own individual goals. NASA’s Mars Ex-
ploration Program (MEP) is a direct response to the Agency’s 2014 Strategic Plan [11]
focusing on maintaining a continuous scientific presence at Mars, providing continuous
improvements in technical capabilities of robotic Mars missions. Capitalizing on the
measurement opportunities that contribute to the advancement of knowledge required
for the future human exploration of Mars, and ensuring the scientific measurements and
technology demonstrations that can enable the human exploration of Mars are consid-
ered for flight. ESA’s Aurora Programme prioritizes the task of taking human spaceflight
beyond the ISS and out into the solar system over the next thirty years, with a Mars
Sample Return (MSR) mission in collaboration with NASA as the next step [12]. UAE
Space Agency’s Mars 2117 project has initiated a highly ambitious journey towards the
first human settlement on Mars and more by the year 2117 [13].

In recent years, there is a growing interest in space exploration among many other
space-faring nations and the importance of cooperation to realise individual and com-
mon goals and objectives. For example, the exploration goals which are documented in
the Global Exploration Roadmap (GER), framed by the International Space Exploration
Coordination Group (ISECG), a consortium among a group of national space agencies,
outlines its goals to expand the human presence into the Solar System, with Mars as
a common driving goal as shown in Figure 1.1. It reflects a coordinated international
effort to prepare for space exploration missions beginning with the International Space
Station (ISS) and continuing to the lunar vicinity, the lunar surface, then on to Mars.
Reflecting on the international consensus about the importance of the Moon on the
pathway to Mars demonstrates how capabilities under development or study around the
world could enable a sustainable future of the human and robotic space exploration [6, 8].

As highlighted by the shared global exploration goals, the most critical objectives are:
understanding our place in the universe by studying the origin and evolution of Earth
and the Moon system, the solar system and the universe, searching for evidence of past
and present life and origin of life on Earth, investigating the habitability potential of
the future human destinations, expanding the human presence into the solar system by
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Figure 1.1: The Global Exploration Roadmap. Image Credit: ISECG [8].

enabling sustainable human missions living and working around and on the Moon and
Mars, investigating the possibilities of resource prospecting, acquisition and processing,
returning Mars samples for further studies on Earth and informing techniques for round-
trip human missions, managing human health and performance risks, and identifying
critical technology gaps, assessing and closing them [8].

The key to understanding the past, present or future potential for life on Mars can
be summarized in the four broad, overarching science goals for Mars Exploration [14]:

Goal 1: Determine if Mars ever supported life
Goal 2: Understand the processes and history of climate on Mars
Goal 3: Understand the origin and evolution of Mars as a geological system
Goal 4: Prepare for Human Exploration of Mars

To discover the possibilities for life on Mars – past, present or our own in the future,
the Mars exploration missions agree on a strategy – ”Follow the Water” as water is
essential to habitable environments and life as we know it. To pursue these goals, all of
the future missions will be driven by rigorous scientific questions that will continuously
evolve as we make new discoveries [14]. Three of the instruments described in this thesis
are totally or partially focused on water.
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1.2 Scientific instruments in Mars exploration: A re-

view

Scientific instruments are state-of-the-art tools for acquiring information about plane-
tary geology, atmosphere, environmental conditions, and potential biosignatures [15].
The top-level goals are broken down into a science-driven, technology-enabled study of
Mars as a planetary system. Over the past decade, the Mars science community has for-
mulated major science themes that pertain to understanding Mars as a planetary system
in relation to life, climate, geology and in-situ resource utilization [16], and used them
as a driver to select scientific instruments for exploration. Mars missions are guided
by evolving, discovery-driven science strategies that provide continuity in Mars science
exploration themes as shown in Figure 1.2 [17]. Since the first successful Mars flyby by
the NASA’s Mariner 4 in 1965 to the recent NASA’s InSight lander in 2019, a variety of
experiments have been performed to study the atmosphere, surface and the subsurface
of the planet, Mars. The scientific instruments and the measurement techniques have
evolved to be more and more accurate and detailed over the years. The missions led by
different national space agencies have collectively gathered a pool of extensive data on
Martian geology, geomorphology, atmospheric and surface compositions and processes,
environment conditions, radiation levels, potential biosignatures, magnetic field, seismic
vibrations, etc.

Figure 1.2: Science strategies for Mars exploration. MGS: Mars Global Surveyor, MPF: Mars
Pathfinder, ODY: Mars Odyssey, MEX: Mars Express, MER: Mars Exploration Rovers, MRO:
Mars Reconnaisance Orbiter, PHX: Phoenix, MSL: Mars Science Laboratory, MVN: MAVEN,
TGO: Trace Gas Orbiter, M2020: Mars 2020, EXM: ExoMars. Image Credit: NASA [18].
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Scientific instruments are generally categorized into remote sensing and in-situ in-
struments. Orbiters use remote sensing techniques including imaging spectrometers and
radars for Martian surface measurements while the landers and rovers use in-situ mea-
surements as well. Cameras or imagers are used for a variety of purposes including
descent and navigation of landers and rovers, to take 3-D panoramic pictures of the
Martian landscape and topography, and to view Martian rocks and soils in more detail.
Environmental monitoring stations are used to monitor the environment conditions such
as air and ground temperature, pressure, wind speed and direction, dust size and shape,
ultraviolet and cosmic particle radiation levels, magnetic field, seismic vibrations, etc. A
wide range of spectrometers have been used in various missions because of its versatile
ability to investigate different minerals in geological samples and their chemical composi-
tions including Ultraviolet Spectrometer (UVS), Infrared Spectrometer (IRS), Gamma-
Ray Spectrometer (GRS), X-ray flourescence spectrometer, Gas Chromatograph-Mass
Spectrometer (GCMS), Thermal Emission Spectrometer (TES), Alpha Particle X-Ray
Spectrometer (APXS), etc. A Raman spectrometer has been the latest addition with
the first UV Raman spectrometer to fly to the surface of Mars onboard the Perseverance
Rover in 2020 [17].

Certain specialized sample analysis, biological and in-situ resource utilization experi-
ments have also been performed or are being planned for future missions. Sample drilling,
collection and analysis techniques have improved significantly in the last decades and a
number of technology demonstrators have been conducted successfully. The Habitability,
Brine, Irradiation and Temperature (HABIT) instrument onboard the ExoMars 2022 Sur-
face Platform Kazachok will serve as an In-Situ Resource Utilization (ISRU) technology
demonstrator for water moisture capture on Mars [19]. The Ingenuity helicopter onboard
the Perseverance Rover will be the first robotic flight on Mars to test the technology to
scout interesting targets for future rovers [20], while Mars Oxygen ISRU Experiment
(MOXIE) will produce oxygen from the Martian atmospheric carbon dioxide [21]. Table
1.1 lists all the successful Mars missions since 1965 to the planned future missions with
their scientific instrument suites and Figure 1.3 displays the locations of landers and
rovers on Mars topography.

Table 1.1: List of successful missions and scientific payloads to Mars

Mission Type Operation Scientific Instruments
Mariner 4 Flyby 1965 Helium magnetometer, ionization

chamber/Geiger counter, trapped
radiation detector, cosmic ray tele-
scope, solar plasma probe, cosmic
dust detector, television camera, ra-
dio occultation, celestial mechanics
[23, 24, 25, 26].
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Mission Type Operation Scientific Instruments
Mariner 6 and 7 Flyby 1969 Infrared spectrometer, two-channel in-

frared radiometer, ultraviolet spec-
trometer, S-Band occultation, thermal
control flux monitor (conical radiome-
ter), television camera, celestial me-
chanics, general relativity [27, 28].

Mariner 9 Orbiter 1971-72 Ultraviolet spectrometer, Infrared In-
terferometer Spectrometer (IRIS), ce-
lestial mechanics, S-Band occultation,
infrared radiometer, visual imaging
system [29].

Mars 2 and 3 Orbiter
and

Lander

1971-72 Orbiter: instruments to study the to-
pography of the Martian surface, ana-
lyze its soil composition, measure vari-
ous properties of the atmosphere, mon-
itor solar radiation, the solar wind and
the interplanetary and martian mag-
netic fields. Lander: Two television
cameras, mass spectrometer, tempera-
ture, pressure, and wind sensors, me-
chanical scoop [30, 31, 32, 33, 34].

Mars 5 Orbiter 1974 Three cameras, radio telescope,
infrared radiometer, multiple pho-
tometers, polarimeters, magnetometer,
plasma traps, electrostatic analyser,
gamma-ray spectrometer, radio probe.

Viking 1 Orbiter
and

Lander

1976-82 Orbiter: Two cameras, infrared spec-
trometer, infrared radiometer. Lan-
der: Two facsimile cameras, three anal-
yses for metabolism, growth or pho-
tosynthesis, gas chromatograph-mass
spectrometer (GCMS), X-ray fluores-
cence spectrometer; pressure, temper-
ature and wind velocity sensors, three-
axis seismometer, magnet on a sampler
observed by the camera [35, 36].

Viking 2 Orbiter
and

Lander

1976-80 Identical to Viking 1 [35, 36].
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Mission Type Operation Scientific Instruments
Phobos 2 Orbiter 1989 Television imaging system, thermal in-

frared spectrometer/radiometer, near-
infrared spectrometer, thermal camera,
magnetometers, gamma-ray spectrom-
eters, X-ray telescope, radiation detec-
tors radar and laser altimeters, Lima-D
laser experiment - to vaporize material
and analysis by mass spectrometer, Au-
tomatic Space Plasma Experiment with
Rotating Analyzer (ASPERA) - elec-
tron spectrometer and ion mass anal-
yser [37].

Mars Global
Surveyor

Orbiter 1997-2006 Mars Orbiter Camera (MOC), Mars
Orbiter Laser Altimeter (MOLA),
Thermal Emission Spectrometer
(TES), magnetometer and electron
reflectometer (MAG/ER), Ultrastable
Oscillator (USO/RS) for doppler
measurements [38].

Mars Pathfinder Lander 1997 Imager for Mars Pathfinder (IMP),
(includes magnetometer and anemome-
ter), Atmospheric Structure In-
strument/Meteorology Package
(ASI/MET) which acts as a Mars
meteorological station, collecting data
about pressure, temperature, and
winds [39].

Sojourner Rover 1997 Three camera imaging system, laser
striper hazard detection system, Alpha
Proton X-ray Spectrometer (APXS),
wheel Abrasion Experiment, materials
Adherence Experiment, accelerometers
[39].

Mars Odyssey Orbiter 2001-Present Thermal Emission Imaging System
(THEMIS), Gamma Ray Spectrom-
eter (GRS), includes the High En-
ergy Neutron Detector (HEND), Mars
Radiation Environment Experiment
(MARIE) [40].



1
1.2. Scientific instruments in Mars exploration: A review 9

Mission Type Operation Scientific Instruments
Mars Express Orbiter 2003-Present Visible and Infrared Mineralogical

Mapping Spectrometer (OMEGA), Ul-
traviolet and Infrared Atmospheric
Spectrometer (SPICAM), Sub-Surface
Sounding Radar Altimeter (MARSIS),
Planetary Fourier Spectrometer (PFS),
Analyzer of Space Plasmas and Ener-
getic Atoms (ASPERA), High Resolu-
tion Stereo Camera (HRSC), Mars Ra-
dio Science Experiment (MaRS), Vi-
sual Monitoring Camera [41].

Spirit (MER-A) Rover 2004-2010 Panoramic Camera (Pancam), Nav-
igation Camera (Navcam), Minia-
ture Thermal Emission Spectrometer
(Mini-TES), Hazcams. Rover arm:
Mössbauer spectrometer (MB) MIMOS
II, Alpha particle X-ray spectrometer
(APXS), Magnets for collecting mag-
netic dust particles, Microscopic Im-
ager (MI), Rock Abrasion Tool (RAT)
[42].

Opportunity
(MER-B)

Rover 2004-2018 Identical to Spirit (MER-A) [42].

Mars
Reconnaissance

Orbiter

Orbiter 2006-Present Three cameras - High Resolution
Imaging Science Experiment (HiRISE),
Context Camera (CTX), Mars Color
Imager (MARCI); two spectrometers
- Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM), Mars
Climate Sounder (MCS); a radar -
Shallow Subsurface Radar (SHARAD);
gravity field investigation package in-
cluding accelerometers, Electra com-
munications package [43].
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Mission Type Operation Scientific Instruments
Phoenix Lander 2008 Robotic arm and camera, Surface

Stereo Imager (SSI), Thermal and
Evolved as Analyzer (TEGA), Mars
Descent Imager (MARDI), Microscopy,
Electrochemistry, and Conductivity
Analyzer (MECA) consisting of Wet
Chemistry Lab (WCL), optical and
atomic force microscopes, and a ther-
mal and electrical conductivity probe,
Meterological Station (MET) consist-
ing of wind indicator, pressure and tem-
perature sensors, lidar [44].

Curiosity Rover 2012-Present 17 cameras - two Mast Camera
(MastCam), a Chemistry and Camera
complex (ChemCam), four Navigation
cameras (NavCams), eight Hazard
avoidance cameras (HazCams), a Mars
Descent Imager (MARDI), a Mars
Hand Lens Imager (MAHLI); Rover
Environmental Monitoring Station
(REMS) to measure humidity, pres-
sure, temperatures, wind speeds and
ultraviolet radiation; Alpha Particle X-
ray Spectrometer (APXS), Chemistry
and Mineralogy (CheMin), Sample
Analysis at Mars (SAM) - Quadrupole
Mass Spectrometer (QMS), gas chro-
matograph (GC) and tunable laser
spectrometer (TLS); Dust Removal
Tool (DRT), Radiation assessment
detector (RAD), Dynamic Albedo of
Neutrons (DAN), robotic arm [15].

Mangalyaan Orbiter 2014-Present Atmospheric studies - Lyman-Alpha
Photometer (LAP), Methane Sensor
for Mars (MSM); Particle environ-
ment studies - Mars Exospheric Neu-
tral Composition Analyser (MENCA);
Surface imaging studies - Thermal In-
frared Imaging Spectrometer (TIS),
Mars Colour Camera (MCC) [45].



1
1.2. Scientific instruments in Mars exploration: A review 11

Mission Type Operation Scientific Instruments
MAVEN Orbiter 2014-Present Particles and field instrument suite

- Solar Wind Electron Analyzer
(SWEA), Solar Wind Ion Analyzer
(SWIA), SupraThermal And Thermal
Ion Composition (STATIC), Solar
Energetic Particle (SEP), Langmuir
Probe and Waves (LPW), Magne-
tometer (MAG); Remote sensing
instrument suite - Imaging Ultraviolet
Spectrometer (IUVS); Neutral Gas
and Ion Mass Spectrometer (NGIMS)
[46].

Trace Gas
Orbiter

Orbiter 2016-Present Nadir and Occultation for Mars Discov-
ery (NOMAD) with two infrared and
one ultraviolet spectrometer channels,
Atmospheric Chemistry Suite (ACS)
with three infrared spectrometer chan-
nel, Colour and Stereo Surface Imaging
System (CaSSIS), Fine-Resolution Ep-
ithermal Neutron Detector (FREND)
[47].

InSight Lander 2019-Present Seismic Experiment for Interior Struc-
ture (SEIS) including vector magne-
tometer, Heat Flow and Physical Prop-
erties Package (HP3) including a ra-
diometer and a heat flow probe, Ro-
tation and Interior Structure Experi-
ment (RISE), Temperature and Winds
for InSight (TWINS), Laser RetroRe-
flector for InSight (LaRRI), Instrument
Deployment Arm (IDA), two cam-
eras - Instrument Deployment Cam-
era (IDC), Instrument Context Camera
(ICC) [48].

Emirates Mars
Mission

Orbiter Future Emirates eXploration Imager (EXI),
Emirates Mars Infrared Spectrometer
(EMIRS), Emirates Mars Ultraviolet
Spectrometer (EMUS) [49].
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Mission Type Operation Scientific Instruments
Tianwen-1 Orbiter,

lander
and rover

Future Orbiter: two cameras - Medium
Resolution Camera (MRC) and High
Resolution Camera (HRC); Mars
Magnetometer (MM), Mars Mineral
Spectrometer (MMS), Orbiter Sub-
surface Radar (OSR), Mars Ion and
Neutral Particle Analyzer (MINPA).
Rover: Ground-Penetrating Radar
(GPR), Mars Surface Magnetic Field
Detector (MSMFD), Mars Meteo-
rological Measurement Instrument
(MMMI), Mars Surface Compound
Detector (MSCD), Multi-Spectrum
Camera (MSC), Navigation and
Topography Camera (NTC) [50].

Mars 2020 Rover
and

helicopter

Future Rover - Mastcam-Z, Mars Environ-
mental Dynamics Analyzer (MEDA)
to measure temperature, wind speed
and direction, pressure, relative humid-
ity, dust size and shape; Mars Oxygen
ISRU Experiment (MOXIE), Planetary
Instrument of Lithochemistry (PIXL)
including a X-ray flourescence spec-
trometer, Radar Imager for Mars’ Sub-
surface Experiment (RIMFAX) includ-
ing a ground-penetrating radar, Scan-
ning Habitable Environments with Ra-
man & Luminescence for Organics and
Chemicals (SHERLOC) including a
UV Raman spectrometer, SuperCam.
Helicopter - inertial sensors, laser al-
timeter, two navcams [17].
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Mission Type Operation Scientific Instruments
ExoMars 2022 Rover

and
lander

Future Rover: Panoramic Camera (PanCam),
Infrared Spectrometer for ExoMars
(ISEM), Water Ice Subsurface Deposits
Observation on Mars (WISDOM) in-
cluding a ground-penetrating radar,
Adron-RM including a neutron spec-
trometer, Close-Up Imager (CLUPI),
Mars Multispectral Imager for Subsur-
face Studies (Ma MISS) including an
infrared spectrometer, MicrOmega in-
cluding an infrared hyperspectral mi-
croscope, Raman Laser Spectrometer
(RLS), Mars Organic Molecule Ana-
lyzer (MOMA) including an ion trap
mass spectrometer. Lander: Habit-
ability, brine irradiation and tempera-
ture package (HABIT), Lander radio-
science experiment (LaRa), Metero-
logical package (METEO M) - pres-
sure and humidity sensors (METEO-
P, METEO-H), radiation and dust
sensors (RDM), Anisotropic magneto-
resistance (AMR) sensor to measure
magnetic fields; magnetometer (MAI-
GRET) including Wave Analyzer Mod-
ule (WAM), cameras (TSPP), infrared
fourier spectrometer (FAST), Active
neutron spectrometer and dosimeter
(ADRON-EM), Multi-channel Diode-
Laser Spectrometer (M-DLS), Ra-
dio thermometer for soil tempera-
ture (PAT-M), dust suite, seismome-
ter (SEM), gas chromatography-mass
spectrometer (MGAP) [51, 52].

From the review of the successfully completed and currently operational missions, it
is evident that searching for information about Mars’s geological past has been of higher
priority. There is ample evidence that Mars had flowing liquid water on its surface about
4 to 3.7 billion years ago (named as the Noachian Period). As the current and future
Mars missions are targeted towards the human surface exploration, we can expect the
future instruments to be investigating the present day Martian habitability conditions,
searching for evidences of Martian life and of ISRU nature.
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Figure 1.3: Global topography of Mars, overlain with locations of Mars landers and rovers.
Image Credit: NASA/JPL/GSFC [22].

1.3 Scientific objectives of the human Mars explo-

ration

To understand whether Mars was, is, or can be a habitable world, we need to understand
how geologic, climatic, and other processes have worked to shape Mars and its environ-
ment over time, as well as how they interact today. While past missions lifted the veil
on the past history of Mars, present and ongoing missions are expanding our robotic
presence, the future missions must be setting the stage for human exploration [10].

To achieve the science goals of Mars exploration and to determine the feasibility of
the human exploration of Mars, the following scientific objectives are formulated within
the scope of this work.

Objective 1 - Identify, explore and characterize environments for
habitability

A top priority in Mars exploration is understanding its present climate and its changes
over time. Surface environmental parameters include air and ground temperature, pres-
sure, wind speed and direction, dust size and shape, ultraviolet radiation levels, particle
radiation levels, etc. Various environmental processes exist on Mars that allow for ac-
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tive atmosphere-surface interactions, predominantly focusing on the moisture exchange
between regolith and atmosphere, but also affecting the dynamics of other volatiles like
methane and oxygen whose concentration seems to vary in an unexpected way in the
near surface [53].

Objective 1A - To monitor changes in surface environmental parameters over
time.
Monitoring the changes in the surface environment over a day, season, year and longer is
crucial. To make climate models and identify suitable landing locations for sustained hu-
man exploration, it is needed to have multiple, simultaneous and distant measurements
of the environment at the surface of Mars.

Objective 1B - To characterize the present state, distribution, and cycling of
water
It has been hypothesized that the formation of night-time transient liquid brines may
take place on present Mars as a result of an atmosphere-regolith water interchange [53].
Quantifying the formation of transient liquid brines and observing their stability over time
under non-equilibrium conditions is essential to determine the habitability of present day
Mars.

Objective 2 - Seek biosignatures of possible past and present life
and characterize microbial ecosystems in future artificial envi-
ronments

If life ever arose on Mars, it probably did when Mars was warmer and wetter, some-
time within the first billion years following planetary formation. The conditions then
were similar to those when microbes gained a foothold on the young Earth. This marks
Mars as a primary target for the search for signs of life in our solar system [54]. Since
special features on Mars such as caves or lava tubes may still have suitable conditions to
harbour life, they are a prime location for life search. The regolith or rock samples from
these regions may be analyzed for signs of past or present life [55].

Objective 2A - To characterize regolith samples for biological processes.
Robotic missions that explore caves and lava tube structures on Mars could open pos-
sibilities to scoop samples of regolith and rock buried deep inside. This environment is
sheltered from the high radiation exposure of the surface. Furthermore, as these regions
are permanently shadowed, they may have higher relative humidity and thus, increased
water activity that is ideal for life. There is a hypothesis that if there is life on present
day Mars, it should be deep inside these structures.

Objective 2B - To monitor the microbial soil ecosystems in future green-
houses.
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To guarantee the sustained presence of humans on Mars, food, water and oxygen are the
essential requirements. Growing plants and other food in the open Martian environment
is impossible. It is thus required to build pressurized greenhouses to maintain a suitable
environment for plants and microorganisms from Earth. Microbes in the soil constitute
the microbiome, and their activity is needed for plants to grow. Monitoring the perfor-
mance of microbial ecosystems in these greenhouses then becomes a priority to determine
the health of the regolith for optimizing crop growth.

Objective 3 - Develop, demonstrate and quantify instrumenta-
tion for In-Situ Resource Utilization (ISRU)

Utilizing local resources on Mars increases the chances of a sustained human presence
on its surface. Since the round trip time from Earth to Mars is over a year and expensive,
it is not feasible to carry essentials for humans such as food, water, breathing air, etc.
It is even impossible to carry the amount of propellants that are needed to lift off from
Mars and return to Earth. Producing them locally from Mars’ regolith and atmosphere
would help maintain the trips to Mars feasible and affordable. Hence, exploring the ISRU
methods to transform the in-situ Martian resources is crucial.

Objective 3A - To identify resources suitable for human-use or other pur-
poses.
The regolith and the atmosphere of Mars contain various elements and minerals, including
water that can be used for drinking for astronauts, and other volatiles such as Methane
that can serve as rocket fuel. A clear identification and classification of these elements is
essential to select the suitable processes and quantify the efficiency of production on Mars.

Objective 3B - To test extraction of resources with technology demonstrators
and investigate its scalability.
The operability of ISRU technologies can best be tested on Martian grounds and their
efficiency can be evaluated. Such instruments will be used for characterizing the com-
position, structure, dynamics, and aerosols on/within/near solid body surfaces and at-
mospheres [56]. Scaling the technology is a primary aspect since the outcome should be
reliable and repeatable.

Objective 4 - Develop and test human biosafety systems in habi-
tats

The need for biosafety systems for humans is two fold. One, for use inside cleanrooms
on Earth to comply with planetary protection protocols on flight hardware designed for
life search missions or for handling biological samples. Other, an important asset for the
future human Mars explorers to use in habitats while handling biological specimen in
laboratories to prevent cross-contamination and ensure safety of the astronauts.
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Objective 4A - To investigate the applicability of personal and planetary pro-
tection considerations in human exploration missions.
Any robotic exploration mission to Mars will have to follow a specific class of planetary
protection standards to prevent cross-contamination of life forms. For human Mars ex-
ploration, this topic must be further implored to standardize the level of safety required
by the astronauts taking into consideration, the astronauts’ interaction with the poten-
tially biological specimen from Mars within or off their habitats.

Objective 4B - To develop biosafety systems for planetary habitats and char-
acterize its compliance with required standards.
To comply with personal and planetary protection protocols for human Mars exploration,
required cleanrooms, biosafety systems for the crew’s personal and planetary protection
in Earth and Mars must be developed. These technologies must also be tested for their
adherence to the standards with a satisfactory performance.

1.4 Design philosophy

The design, development and testing of new scientific instruments is an expensive and
time-consuming process which must adhere to a long competitive process. Some in-
struments might not fly to their destined environments for decades. Since the selected
instrument must meet the mission’s objectives, exhibit realistic surface operations, and
make reliable scientific measurements to answer compelling research questions, scientists
and engineers on competitive teams must focus on designing instruments to match with
the objectives of the missions and the overall goals of Mars exploration.

Therefore, the design philosophy is exceedingly important to the success of an in-
strument. The design philosophy for building a reliable, long-life, stable, and accurate
instrument should start with the earliest concepts of the experiment and follow through
to the completion of the flight hardware [9]. This thesis is an example of such a design
philosophy, and the instruments designed, developed and tested here follows the approach
shown in Figure 1.4.

Functional requirements

The design and development of instruments is an engineering task, and no matter how
well conceived the scientific experiment may be, it will be only as good as the engineering
of the instrument. This raises the question of how good the instrument has to be for a
particular experiment. In an exploratory mission, where very little is known about the
phenomena being measured, and the environmental conditions cannot be controlled, it
is probably best to have a wide dynamic range at the sacrifice of accuracy and stabil-
ity. But if the phenomena are bounded and quantitative determinations are the goal,
these limitations should be compensated to allow for accurate interpretation of the data.
Therefore, defining the functional requirements of the instrument should be the first step
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Figure 1.4: Summary of the design philosophy for flight instrument development to facilitate
the human Mars exploration. TRL: Technology Readiness Level.

in designing a scientific instrument [9].

The scientific objectives of the instrument can be translated into measurements of
a certain parameter or a process. Choosing a suitable measurement technique and de-
termining its range and accuracy may be defined as early in the design process as long
as it is allowed to change after each iteration in the design phases. Some basic design
requirements such as: What kind of sensors can be used to make the specified and com-
plimentary measurements? Can the sensors be used directly or would it require any
modifications? What is the frequency of each measurements? What is the format in
which the data can be stored? etc., are considered.

Rapid prototyping

Rapid prototyping creates innovative concepts for scientific instruments by rapidly de-
veloping low-cost but functional instrument prototypes. The philosophy is to establish a
series of iterative design-build-test prototypes, with a clear, simple, and understandable
functionality in a limited amount of time to achieve that. This approach also focuses on
producing functional prototypes of increasing fidelity so systems integration issues can
be understood early through rigorous design, build, and human in-the-loop testing [57].

With the advances in 3-D printing technology, the designs can be easily realized and
iterated. Commercial off the shelf (COTS) components are designed to be easily installed
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and to inter-operate with existing system components. COTS sensors and related elec-
tronics together with access to open source computing platforms such as Arduino and
Raspberry Pi allows to build the instrument system to its intended functionality. Since
the components are low-cost and the prototype could be developed quickly, this allows
for iteration in the design multiple times.

Laboratory testing

Basic functionality testing of the instrument can be performed in the laboratory with
breadboard prototypes. Any quick fixes in the hardware and software can be identified
and debugged easily. The necessary environment or stimuli to carry out the science
experiment can be simulated to a certain extent to verify if the measurements are valid
for a given process. Modifications in the design is still possible at this phase at several
iterations until the required performance is achieved by the instrument. The performance
of the scientific instrument is determined by its ability to measure the required parameters
with a good accuracy. The calibration plan for the instrument can be then prepared to
consolidate the measurements within the valid range required for achieving the scientific
objectives. COTS components can also be used to build the experimental setup to
calibrate the instrument.

Analogue testing

Analogue deployment of instruments in a field setting, reduces operational risk and in-
creases operational efficiency. It is expected that these direct benefits will continue to
be important in both robotic and human exploration mission concepts. Extreme en-
vironments on Earth are often proxies allowing the pursuit of information related to
habitability and searching for signs of life [56].

Field research will continue to be held in extremely dry (hot and cold) environments
as analogues to Mars (for example Earth analogue volcanic craters and lava tube en-
vironments such as in Iceland and dry desert regions such as in Atacama, Chile, or in
subsurface environments such as mines and caves) [56]. Further developments could al-
low the instruments to be tested in specific environments such as stratospheric balloon,
suborbital flight or the International Space Station (ISS) to allow for conditions required
by the instrument under test.

Planetary environment simulation and testing

Simulation chambers that can maintain a planetary atmosphere and its environment con-
ditions are available nowadays. For example, the Space Qualification (SpaceQ) chamber
in Lule̊a University of Technology, Sweden, has been developed for this purpose [58]. In
this chamber, environmental parameters such temperature, pressure, relative humidity,
and various atmospheric constituents such as carbon dioxide, nitrogen, helium, argon,
etc can be controlled. Testing in simulation chambers may require to implement changes
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in the instrument material, for example, plastic 3-D printed parts must be replaced with
metallic counterparts.

Testing the instrument in representative environmental conditions of the Moon and
Mars would inform more about the robustness of the design. The resulting final instru-
ment concept after modifications through various iterations along the testing phase can
be considered equivalent to an Engineering Model (EM).

Flight hardware development, testing and validation

After a rigorous test campaign, the instrument concept is frozen and the flight hardware
can be developed starting with the Engineering Qualification Model (EQM) with space
qualified electronics components. The EQM uses exceedingly reliable components, good
quality-control practices, and elaborate qualification and testing programs to verify its
functionality, durability, and robustness. The calibration plan of the instrument is fi-
nalized in this model and extensive simulation testing is performed to gather calibration
data with the instrument functioning in different conditions. The instrument would fur-
ther undergo various other qualifications tests in thermal vacuum environment, vibration
shock, electromagnetic compatibility (EMC), etc. With this model, it may be desirable
to perform operational demonstrations to gather reliable data for interpretation. An
identical piece of the instrument is built as a Flight Model (FM) based on the already
qualified model of the instrument.

Technology Readiness Level (TRL)

Let’s now talk about the instrument design and development phases in numbers. Tech-
nology Readiness Level (TRL) is used as a classification system to assess the maturity
level of a particular instrument [59]. Each instrument concept is evaluated against the pa-
rameters for each maturity level and is then assigned a TRL rating based on its progress,
where TRL 1 is the lowest and TRL 9 is the highest, see Figure 1.5. TRL 6 represents
the engineering model until which the Commercial Off The Shelf (COTS) components
can be extensively used in the instrument development.

1.5 Characteristics of the approach

The approach described in section 1.4 benefits from a stable design practice from scientific
investigation to the proof-of-concept model of the scientific instrument. The approach
does not substitute the existing design methodology, but rather simplifies the conceptual
to proof-of-concept phase of the design to maximize the success of instrument maturity
level. Once a proof-of-concept prototype of the instrument is achieved, standard space
instrument manufacturing and qualification programs are applicable for rest of the devel-
opment and implementation. Some of the characteristics of this instrument design and
development approach is described below.
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Figure 1.5: Technology Readiness Level (TRL) of a scientific instrument.

Low-cost

Extensive use of 3-D printing, breadboard prototyping techniques and Commercial Off
The Shelf (COTS) components in instrument hardware design and calibration setup re-
duces the cost of the initial phases of the design by multiple folds. This in-turn reduces
the overall cost of the instrument since the conceptual design phase and any subsequent
iteration, requires a high economical investment. This is typically the case with tra-
ditional approaches that uses specialized components and fabrication techniques. The
greater the number of iterations, the greater the cost and this may adversely affect the
project.

Rapid development and iteration time

The advantage of allowing for multiple iterations without affecting the cost of instrument
development helps to improve the design in a short time. The availability and variability
of options of COTS components is much more compared to customized and specialized
components. Hence, by utilizing COTS components that are easily accessible and ready
to be shipped through standard freight carriers makes the whole process faster. This
positively affects the timeline of instrument development with rapid development and
faster turn-back iteration times. When scientists are involved in this initial phases, there
is a major advantage as it allows for continuous communication and redesign. In practice,
this facilitates the ”concurrent engineering” methods.
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Scalability

This is an important aspect for a scientific instrument particularly that is of ISRU nature.
Once the proof-of-concept is validated successfully in a relevant environment, for example
Mars, the technology must be scaled up to maximize its resource extraction outputs, to
be useful for larger production rates to support human habitats. The described design
approach puts this aspect in the forefront of the design and allows to choose the individual
components and sensors of the instrument considering its scalability factor. Also, this
may have a positive impact on Earth as there may be applications of solutions that have
been developed for space, for current problems in our planet. An example is shown in
Chapter 5 of this thesis.

Sustained improvement in TRL

By simplifying the process from conceptual phase to prototype development, the approach
can promote a scientific investigation to an instrument concept of maturity level as high as
TRL 6 in rapid time. At every transition, there is ample opportunity to verify and iterate
the instrument’s functionality to finally decide on the performance of the instrument.
This makes the planning process efficient and allows for an effective implementation.

1.6 Highlights of this work

The focus of this work is to design and develop scientific instruments that would con-
tribute to the scientific objectives to facilitate the human exploration of Mars. All the
instruments, developed or under development, are applicable to the in-situ exploration
of the Moon and Mars. Each chapter is dedicated to an instrument or a concept that
focuses on providing practical solutions to one of the following goals: 1) investigating the
surface environmental conditions, 2) detecting and characterizing microbial life ecosys-
tems, 3) utilizing local resources, and 4) protecting humans against cross-contamination
in planetary habitats. The chapters follow the same structure by first describing the
contribution to the scientific objectives, followed by the steps in design philosophy, from
defining the functional requirements to elaborating the design and development process,
and presenting the results from calibration and validation tests in laboratory, analogue
and planetary environment simulation facilities. The current development phase of the
instruments are shown in Figure 1.6.

Chapter 2 focuses on identifying and characterizing the surface environmental pa-
rameters and processes that are crucial for the human exploration of Mars, such as the
presence of transient liquid water and the surface temperature extremas. The work on
the design and development of various models of the HabitAbility: Brine Irradiation and
Temperature (HABIT) instrument onboard the ExoMars 2022 Surface Platform (Kaza-
chok) is provided. The design and development of the Brine Observation Transition To
Liquid Experiment (BOTTLE) as a proxy to daily exchange of water between Mars’
atmosphere and regolith is presented, along with results from control experiments in the
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Figure 1.6: Development phase chart with progress in all the instruments presented in this
thesis.

laboratory, analogue environments and planetary environment simulation chamber. The
Ground Temperature Sensor (GTS), as a part of the HABIT Environment Package, will
be used to study the surface temperature in the Martian regolith. This chapter also
showcases the GTS calibration setup and relevant experiments along with their results.
The emphasis on the COTS-based approach is provided wherever necessary. The con-
tents of this chapter have been fully published in peer-reviewed articles and conference
abstracts [19, 58, 60, 61, 62, 63].

Chapter 3 focuses on the possibilities of seeking biosignatures of the past and present
life on Mars. The Metabolt instrument that is under development, is designed for life
monitoring in unconsolidated Martian regolith samples, through in-situ characterization
with electrochemical and gaseous measurements. The instrument also allows to charac-
terize the metabolic activity of microbial ecosystems in soils of future space greenhouses.
This chapter describes the design and development of the Metabolt instrument along
with the results from its operation in laboratory and analogue environments. The con-
tents of this chapter have been fully published in a peer-reviewed article [64].
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Chapter 4 demonstrates the ISRU capability of the HABIT instrument for capturing
water from Mars’ atmosphere. The amount of water that is captured by the instrument
is monitored in: a) outdoor experiments and, b) Martian conditions inside the plane-
tary environment simulation chamber. This chapter also discusses a volatile producing
instrument, Methanox that could extract gases such as Methane and Ammonia that can
serve as rocket fuel, using ultraviolet photocatalysis to transform volatiles of the Martian
atmosphere.

Chapter 5 describes a biosafety system for planetary habitats with the design and
development of PRessure Optimized PowEred Respirator (PROPER). Inspired by the
cleanrooms used for assembling space hardware, it was developed as a Personal Protec-
tion Equipment (PPE) for healthcare on Earth to prevent bacterial and viral infections
such as the one that causes COVID-19. This can be developed further and is here pro-
posed as a biosafety system for astronauts living in planetary habitats. This chapter
describes the results of the ISO class cleanliness levels and gas concentrations achieved
inside the wearable miniaturized cleanroom. The contents of this chapter have been fully
published in articles [65, 66, 67].

The conclusions and future research recommendations are presented in Chapter 6.
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Investigating the

environment

Environmental parameters are the habitability footprint of a particular location. At
any instant in time, a set of conditions are critical, as they constraint the habitability of
a site [7]. Some examples are:

• a solvent,
• appropriate temperature conditions and other physicochemical conditions (such as

water activity),
• radiation protection,
• available energy,
• major elements required by all known life (CHNOPS), and
• other elements required by a specific organism.

The search for present life and habitability on Mars is conditioned by the availability
of liquid water. Liquid water is the solvent required for biochemical reactions to occur.
At the current time it is the only compound known to be used by life as the primary
biochemical solvent, although there have been speculations about the use of liquid am-
monia, organic solvents (such as methane and ethane), formamide, and even sulfuric acid
[68, 69]. For liquid water to be present in any location at a given time, there must be envi-
ronmental conditions of temperature, pressure, and chemical impurities that allow water
to fall within the liquid phase state. This is dependent on a set of planetary conditions.
Recently it has been shown that liquid water can be stable on Mars in the form of brines
[53]. Two other environmental conditions constrain the habitability of the near surface
of Mars: the thermal range and the ultraviolet radiation dose [70]. The quest about the
habitability of present-day Mars is still open and a crucial aspect for the future human
space exploration [19]. This chapter will solely focus on the search for possibility of liquid
water on Mars and the determination of its phase state by measuring the surrounding
thermal environmental conditions.

25
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2.1 HABIT: Following the water with the ExoMars

2022 mission

The search for unequivocal proofs of liquid water on present-day Mars is a prominent
domain of Mars research with implications on habitability and the future of Mars ex-
ploration [70, 71, 72, 73, 74]. The HabitAbility: Brine, Irradiance and Temperature
(HABIT) instrument, will focus on this subject. HABIT, shown in Figure 2.1, is one
of the two European payloads onboard the ExoMars 2022 Surface Platform Kazachok
to Mars [19]. ExoMars is a joint program by the European Space Agency (ESA) and
the Russian Space Agency (Roscomos) which comprises two missions, in 2016 and 2022.
The 2016 mission, Trace Gas Orbiter (TGO), is now in operation on Mars monitoring
traces gases, such as methane and water in the atmosphere [75, 76]. The ExoMars sur-
face mission is expected to be launched in 2022 and shall land at Oxia Planum (18.20◦N,
335.45◦E) on Mars, a plain with an elevation over 3,000 m below the Martian mean. It
will search for signs of present or past life on Mars with its rover and surface platform
and will bring the first European/Russian rover and Surface Platform (SP) to the surface
of Mars [19].

The ExoMars mission will pursue one of the outstanding questions of our time by
attempting to establish whether life ever existed or is still active on Mars today [77].
This is specifically the goal of the payloads of the rover and HABIT, mounted on the
Surface Platform, will contribute to this later goal, namely it will assess the present-
day habitability of Oxia Planum, in terms of key environmental variables. The thermal
ranges, water availability and UV radiation doses are critical environmental parameters
that condition the habitability of Mars. The correct characterization of the wind and
heat fluxes on Mars are also important for the operational performance of spacecraft
platforms and for our understanding of the boundary layer dynamics. The dust cycle
and the electrical conductivity may also be potential hazards to the future exploration of
Mars. The scientific objectives of the ExoMars program are defined as follows [77]: 1) to
search for signs of past and present life on Mars, 2) to investigate the water/geochemical
environment as a function of depth in the shallow subsurface, 3) to study martian atmo-
spheric trace gases and their sources, and 4) to characterize the surface environment.

HABIT was proposed by the principal investigators (PIs) of the Group of Atmospheric
Science (GAS) at Lule̊a University of Technology (LTU), Dr. Javier Mart́ın-Torres and
Dr. Maŕıa-Paz Zorzano, both supervisors of this thesis. Its development and implemen-
tation up to the Flight Model (FM) was carried out by GAS, with Omnisys Instruments
AB as an industrial partner. The instrument development at Omnisys Instruments AB
was funded by the Swedish National Space Agency (SNSA). Omnisys Instruments AB
provided an Engineering Model (EM), an Engineering Qualification Model (EQM), and
a Flight Model (FM). The final EQM and FM qualification tests were performed by Om-
nisys Instruments AB, and the final calibration activities, before the delivery of the FM
to IKI for its integration in the Surface Platform Kazachok, were performed by GAS.
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Figure 2.1: Image of the HABIT instrument. (a) Container Unit (CU) hosting BOTTLE and
the Air Temperature Sensor (ATS), (b) Electronic Unit (EU) hosting the Ground Temperature
Sensor (GTS) and the Ultraviolet Sensor (UVS), (c) Interior of BOTTLE and view of the
electrodes, (d) Details of the electrode configuration showing the geometrical dimensions of the
low, mid and high electrodes (in mm) and the distance between the electrode pairs positioned
between the walls of each BOTTLE cell. The dimensions are used for evaluating the geometrical
cell constant of each electrode pair. This image has been published in Martin-Torres et al [19].

HABIT will characterize the habitability at the landing site of the mission, Oxia
Planum [71, 72, 78], in terms of ultraviolet (UV) radiation, air and ground temperature
(T), as well as liquid water availability and in-situ atmospheric water extraction. It
will also monitor the near surface winds, and the atmospheric dust cycle. Additionally,
it will provide measurements of the air electrical conductivity (which changes with the
relative humidity of the air) and over time, when dust is accumulated in one of the
open cells of HABIT, it will provide an estimate of the electrical conductivity of the
dust [19]. Having in-situ information about these processes is also key for the design of
future missions to Mars. Additionally, the environmental observations of HABIT will
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be compared with those of Rover Environmental Monitoring Station (REMS) onboard
the Curiosity rover of the Mars Science Laboratory (MSL) mission [79, 80] and of other
environmental sensors which are designed with heritage of REMS, such as Twins on
InSight and MEDA on the NASA’s Mars 2020 Perseverance rover. The Brine Observation
Transition To Liquid Experiment (BOTTLE) module is furthermore designed as an In-
situ Resource Utilization (ISRU) demonstrator that shall quantify the amount of water
(and derived products such as H2 and O2) available for future landed missions on Mars.
Thus, HABIT will allow for extra long-term climate and atmospheric monitoring and
will provide an unequivocal proof, for the first-time, of the existence of liquid water on
Mars, while demonstrating the ISRU capabilities of the salts contained in the Martian
regolith [19].

2.1.1 HABIT scientific objectives and functional requirements

HABIT is designed to be a robust, small and light instrument that complies with the
following scientific objectives and priorities [19]:

1. Investigate the habitability of the landing site in terms of the three most critical
environmental parameters for life as we know it: availability of liquid water, UV biologi-
cal dose and thermal ranges (on Earth, microbial metabolism has only been found above
240 K and reproduction above 255 K).

2. Provide environmental information (air and ground temperature (T), ground rel-
ative humidity (RH) and UV irradiance), to investigate the atmosphere-regolith water
interchange, the subsurface hydration, as well as the ozone, water and dust atmospheric
cycle and the convective activity of the boundary layer.

3. Demonstrate an In-Situ Resource Utilization technology for future Mars explo-
ration.

4. The clear detection of a high conductivity signal within BOTTLE would reveal that
the deliquescence mechanism is in effect on Mars. This would have major implications.
First, it would confirm the possibility of a present-day atmosphere-regolith interaction
that may lead to the formation of briny mixtures which, in the case of deep slopes may be
observed from orbit through large-scale features like Recurrent Slope Lineae. This is still
a controversial topic [71, 72, 81]. The identification of the transient liquid water and its
stability time scales would open the discussion about the possibility of life in present-day
Mars and various other key points linked with the future human exploration. It is also
expected that the demonstration of the formation of liquid brine would have implications
on the definition of special regions defined for planetary protection purposes.
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2.1.2 HABIT specifications

HABIT and its modules are shown in Fig. 2.1. The dimensions of the Container Unit
(CU) and the Electronic Unit (EU) are 150 mm × 63 mm × 43 mm and 172 mm ×
172 mm × 55 mm (L × B × H) respectively. The Electronic Unit (EU) 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. This implies that the CU,
at nighttime when the RH% peaks, will be warmer than the Martian ground. The
instrument weighs 918 g, consumes power that ranges between 0.7 and 13.0 W (when the
heaters are activated) and a baseline data rate of 1.5 MB/sol. The CU, the lid and the
filter holder are manufactured in aluminium, the electrodes are made of gold, to prevent
corrosion, and the magnetic rings around the UV photodiodes are made of samarium
cobalt. The instrument measures at 1 Hz, on its nominal operation mode, during 5 min
at the beginning of each hour accounting for 300 data points per hour. It can also operate
in extended mode, within programmable continuous periods of time [19].

Following ESA policy, the HABIT data will be released for public use and archived
at Roscosmos/IKI and mirrored at the Planetary Science Archive (PSA) [82] of the Eu-
ropean Space Agency (ESA) using the Planetary Data System (PDS) version 4 (PDS4)
format standard created by NASA. This archiving protocol is used in all current NASA
and ESA space missions along with other international agencies that are members of the
International Planetary Data Alliance (IPDA) [83]. HABIT produces four levels of data:
1) Raw, 2) Partially processed, 3) Calibrated, and 4) Derived. Specific definitions of
these levels are explained in [19].

The downlinked data will be processed daily on Earth, by the HABIT Team, using
the calibration functions of the sensors and electronics of HABIT. This transformation
shall be implemented on a daily basis, during operations. Then following the ExoMars
data policy, the files shall be delivered as a bundle, including the XML product labels,
to be archived at the PSA. Every HABIT bundle will include all the data, ancillary
information and other files related to the instrument. All the data acquired from HABIT
are in HEX format that is converted to ASCII format before analyzing [19].

2.2 Liquid water on Mars

Brines have been postulated to be produced on present-day Mars under specific environ-
mental conditions of temperature (T) and relative humidity (RH), in a diurnal absorption
and evaporation cycle of atmospheric water vapor supported by the deliquescent chloride
(Cl-) and perchlorate (ClO4

-) salts that exist on the surface of Mars as shown in Figure
2.2 [84].

The presence of these salts was detected by both the Phoenix Lander in the north po-
lar plains and by the Curiosity rover/Mars Science Laboratory (MSL) at Gale Crater, on
equatorial Mars. The in-situ analysis by the Phoenix Wet Chemistry Lab at the Phoenix
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Figure 2.2: The water cycle on Mars. Infographic representation of the present-day water cycle
on Mars and the atmosphere–regolith water interchange. Here the diurnal cycle is represented
for a low-latitude region.

landing site [85] confirmed the presence of magnesium or sodium perchlorates and, cal-
cium perchlorate [86, 87, 88] was observed by the MSL mission at Gale. Viking data
reanalysis suggested the presence of perchlorates in the shallow subsurface of Mars at its
landing site [89]. Furthermore, chlorine is distributed globally on Mars as detected by
the Mars Odyssey’s Thermal Emission Imaging System (THEMIS) [90] and Gamma Ray
Spectrometer (GRS) [91, 92]. It has been recently demonstrated that plasma chemistry
occurring during dust storms can actually be a source of formation for the large amount
of perchlorates found on Mars [93]. This would mean that there is a continuous process
for perchlorate formation and that they may be expected everywhere on the planet.

Chloride and perchlorate salts can form stable hydrates and liquid brines by absorbing
atmospheric water vapor through deliquescence (transition from crystalline solid to aque-
ous solution) [94, 95, 96, 97, 98, 99, 100, 101, 102, 103]. The local regolith-atmosphere
coupling has been postulated to be a possible candidate for the seasonal occurrence of
Recurring Slope Lineae (RSL) or slope streaks, frequently featured in the southern slopes
of the equatorial Martian surface[104, 105, 106, 107, 108, 109, 110]. Other liquid related
flow-like features like the low-latitude slope streaks [111] and the Dust Dune Spots [112]
were also claimed to be because of this water lubricated “wet” mechanism. Supporting
the argument of this mechanism, the MSL measurements showed that the environmental
conditions allowed for formation of night-time transient liquid brines in the uppermost
5 cm of the subsurface which then evaporate after sunrise [53]. Martin-Torres et al. [84]
described the hypothetical diurnal water cycle for low-latitude region on Mars represent-
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ing the atmosphere-regolith water interchange [113, 114]. The presence of liquid water on
Mars if confirmed, could have potential impact on the chemistry and thereby the search
for Martian life [115, 116]. The purpose of the Brine Observation Transition To Liquid
Experiment (BOTTLE) of the ExoMars 2022 Surface Platform is to have a controlled ex-
periment with these salts to monitor their interaction with the atmosphere, investigating
the processes of deliquescence, efflorescence, and the formation of liquid brines.

2.2.1 Deliquescence and efflorescence

Deliquescence is a phase transition from a crystalline solid to an aqueous solution that
occurs at a specific condition, when the relative humidity (RH) is equal to or greater
than the deliquescence relative humidity (DRH) of a salt and the temperature is within
a certain range that depends on the salt phase diagram [117, 118]. Efflorescence is the
opposite; a phase transition from aqueous solution to a crystalline solid that occurs when
the relative humidity (RH) is equal to or lesser than the efflorescence relative humidity
(ERH) of a salt. The DRH and ERH values of the some of the most common Martian
occuring salts (HABIT salt selection is described in section 2.2.4) are summarized in
Table 2.1. At equilibrium, the water activity (aw) of the brine formed can be related to

Table 2.1: DRH and ERH values of BOTTLE salts. The temperatures mentioned alongside
corresponds to the reported temperature limits at which the deliquescence and efflorescence values
are valid for each salt.

Salt DRH (%) ERH (%) Ref.
Anhydrous Ca(ClO4)2 13 at 273 K 1 at 273 K [100]

Mg(ClO4)2.6H2O 42 at 273 K 19 at 223-273 K [96]
CaCl2.6H2O 29 at 298 K 3.5 at 273 K [98, 119, 120]

Anhydrous NaClO4 38 at 223-273 K 13 at 223-273 K [96]

the relative humidity as aw=RH%/100 [121]. The deliquescence relative humidity (DRH)
is thus estimated by the water activity over a saturated salt solution [122]. DRH and
ERH for each salt vary as a function of temperature [123], with deliquescence occurring
at temperatures as low as its eutectic point [121]. DRH increases with decreasing tem-
perature (salts become less hygroscopic at lower temperatures), primarily because of the
change in solubility [122].

Salt solutions tend to supersaturate at RH< DRH when a metastable state is achieved
due to kinetic limitations and exhibit hysteresis [96, 100, 117, 124]. This hysteresis
behaviour may allow liquid brine solutions to exist at low relative humidity, relevant
to the Martian day [102] and this may explain the prolonged observation of the RSL.
The efflorescence relative humidity (ERH) is lower than the DRH for most inorganic salts
[117, 125] because of the kinetic inhibition of salt crystallization in super cooled solutions
[121].
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2.2.2 Brine formation process

For illustration, this section focuses on the brine formation process of anhydrous calcium
chloride. In equilibrium with the saturated solution, the solid phase of the CaCl2-H2O
system is formed by ice on the low concentration side (CaCl2 wt%=0), by hydrates with
1/3, 1, 2, 4, and 6 mol of water per mole of salt as the salt concentration in the so-
lution increases, and by anhydrous salt at the highest concentration (CaCl2 wt%=100)
[126]. In principle, deliquescence will follow the path from anhydrous salt to liquid brine
via transitions between different hydrate forms (one or more) while efflorescence follows
the opposite path. Both deliquescence and efflorescence depend on the temperature and
relative humidity of the environment that the salt is interacting with. The solid-liquid
phase diagram of the CaCl2-H2O system, thus consists of branches corresponding to the
particular hydrates separated either by an eutectic (198.15 K for Ca(ClO4)2, 216.15 K for
Mg(ClO4)2, 223.05 K for CaCl2, 236 K for NaClO4) or by a peritectic point (at transition
points of different hydrate forms), where two solids are precipitating simultaneously [122].

The brine formation process for some Mars-relevant perchlorates have already been
studied, detecting the changes in phase or hydration state of individual salt particles
[97, 117, 121] with Raman microscopy [96, 102, 127, 128, 129]. Different studies have
described the formation of frozen brine under Mars-relevant conditions [128, 129, 130].
The clear demonstration of the existence of transient liquid water on Mars has been
elusive and is one of the main purposes of BOTTLE. While HABIT is expected to monitor
the brine formation process of the pure hygroscopic salts contained in the BOTTLE cells,
on the surface of Mars, these salts exist as a mixture with the regolith. But studies have
suggested that the hypothesized phenomenon of liquid brine formation holds true both
in pure salt form and in mixture with regolith grains [129, 131].

2.2.3 Instrument design and development: BOTTLE

The Brine Observation Transition To Liquid Experiment (BOTTLE) is one of the mod-
ules of the HABIT/ExoMars 2022 Surface Platform (ESA-IKI Roscosmos). Figure 2.1
shows the Flight Model (FM) of HABIT, including BOTTLE. The Brine Observation
Transition To Liquid Experiment (BOTTLE) shall monitor the formation and stability
of liquid brines on Mars. Figure 2.3 shows the engineering CAD design of BOTTLE FM.

Measurement technique: Electrical conductivity

Previous studies have demonstrated that the electrical conductivity is an excellent param-
eter to monitor the deliquescence process of salts [132, 119]. The electrical conductivity
measurements correlated well with the deliquescence rates of soil-salt mixtures (Martian
analogue soil: a mixture of JSC Mars-1a and perchlorates or chlorides) and provided an
overall characterization in terms of time series of the brine formation process, with higher
sensitivity than either Raman spectroscopy or estimates based on deliquescence relative
humidity [119]. This technique has been commonly used for detection of liquid or frozen
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Figure 2.3: CAD model of BOTTLE flight model generated using the measurements from the
optical measurement system (Mitutoyo MF 176). This image has been published in Martin-
Torres et al [19].

water in soils [133, 134].

The salts of BOTTLE have the property of absorbing water from the Martian at-
mosphere, forming different hydrates, and brines, depending on the temperature and
relative humidity; and it is expected to identify the phase changes from dry salt to its
hydrate forms, to liquid brine or to frozen brine. But the deliquescence and efflorescence
behaviour of the salts, and thus the brine formation process have not yet been quantified
in terms of the different hydrate forms as a function of electrical conductivity and for the
specific configuration of the BOTTLE instrument.

BOTTLE Models

Following the definition of functional requirements of the HABIT instrument and specif-
ically the BOTTLE module, the field-site prototype [135] was designed and operated
through multiple iterations and tested at various field sites, for example in the Himalayas
during the NASA Spaceward Bound India 2016 campaign [136] while the EM was tested
at the MINAR 5 campaign in Boulby salt mine (UK) [62]. The main measurement pa-
rameter used in BOTTLE is electrical conductivity (EC) and thus choosing the proper
excitation voltage and the resolution of the reading circuits were carefully optimized
through an iterative prototyping phase.
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Engineering Model (EM)

With the final set of design requirements, the Engineering Model (EM) of BOTTLE
was built by Omnisys Instruments AB, Sweden and was delivered to Lule̊a University of
Technology, Sweden in September 2017. The initial calibration testing were performed
measuring the electrical conductivity values of dry cells, with pure deionized water, salt
water, and calibration standard solutions. The efficiency of the heater was also tested
for determining the time taken to raise the temperature of the BOTTLE cells and the
contents within, by 30 K from room temperature. The design of the electrical conduc-
tivity measurement system for the BOTTLE instrument, had some challenges to solve.
Selection of the electrode material was based on its resistance to corrosion and the surface
smoothness to avoid sporadic glitches in the electrical conductivity measurements. Few
major modifications occurred in the BOTTLE design after the MINAR 5 campaign at
Boulby salt mine (UK) [62], upon detecting the corrosion in the platinum electrodes (EM
originally had platinum electrodes) and capillary rise of brines during the field testing.
MINAR 5 was used as an analogue field site validation test of the HABIT instrument in
a salt-rich environment. Tests conducted include the use of the following substrates of
crushed salt samples from the mine in the BOTTLE cells, Test 1: Cell (1) 40% potash in
halite; (2) pure halite; (3) rehydrated halite; (4) potash; (5) polyhalite; (6) 60% potash
in halite; Test 2: Cell (1) 40% potash in halite; (2) stalactite sample (until middle elec-
trode); (3) rehydrated halite; (4) brine pool sample; (5) polyhalite; (6) 60% potash in
halite [62]. The exposure of these salts to electric current for days corroded the surface
of the electrode. The corrosion was not severe but the decision for a switch to gold
electrodes was considered due to the application of chosen HABIT salts that are much
highly corrosive in nature. Therefore, gold electrodes are used for better resistance to
corrosion. Another major issue with the EM design was the low efficiency of the coating
applied in the BOTTLE cells that allowed for capillary rise of the brines to climb and
escape to the exterior, potentially also corroding the outer structure of the instrument.
The hygroscopic salts sometimes climb up along the walls of the container by capillarity
and hence a choice of hydrophobic coating is essential. A coating based on an epoxy 2216
resin composition was used that prevented the brine from capillary rise.

Engineering Qualification Model (EQM) and Flight Model (FM)

After incorporating the modifications in the design, the corrected version of the Engineer-
ing Qualification Model (EQM) was developed by Omnisys Instruments AB, Sweden and
tested at several facilities including the thermal vacuum chamber (TVAC) (at Swedish In-
stitute of Space Physics (IRF), Sweden), acoustic, vibration and shock, Electromagnetic
Compatibility (EMC), etc. for qualification and validation. Upon a successful validation
of the EQM, the Flight Model (FM) was completed as an identical unit.

The salts are exposed to the Martian environment through a High Efficiency Par-
ticulate Air (HEPA) filter (to comply with planetary protection protocols). The HEPA
filter allows the free flow of air molecules while impeding the possible flow of microorgan-
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isms and particulate of size greater than 0.3 µm. This is commonly used in cleanroom
facilities and is also implemented in the REMS pressure sensor chimney, as a filter for
the air towards the inner part of the rover. The deliquescence process of salts will be
monitored by observing the changes in the electrical conductivity (EC) of each cell with
the electrode pairs at three different levels (denoted as low, mid and high in Figure 2.1)
[60].

Furthermore, BOTTLE is equipped with a PT1000 temperature sensor to serve as
reference and a 12 W heater (at Pulse Width Modulation with 100% duty cycle) to al-
low recyclability of salts. The purpose of the heater will be to: 1) dehydrate the liquid
brine to anhydrous salt and restart the experiment, and 2) provide inflight calibration
for detecting any degradation in the hardware and correct the offsets. The experiments
on BOTTLE will show the absorption and release of water and will serve to demonstrate
the ISRU potential of the instrument to collect water for the future exploration of Mars.

Also, the electrical characteristics such as the voltage of the electric pulse, its fre-
quency and the current sense reference resistor were crucial for the design. BOTTLE
uses a ±2.048 V bias voltage with an electric pulse of ±70 mV and ±700 V for low and
high conductance modes. The electric pulses at 1 kHz passes through a gold electrode,
and via the salt samples to study, and are read-out at a gold electrode on the other side
with 10 kΩ and 100 Ω reference resistors for low and high conductance modes respectively.

2.2.4 BOTTLE salts selection

BOTTLE consists of six cells. Four of them are exposed to the Martian environment
and contain deliquescent salts that have been found on Mars: Calcium Chloride CaCl2,
Ferric Sulphate Fe2(SO4)3, Magnesium Perchlorate Mg(ClO4)2, and Sodium Perchlorate
NaClO4. Their phase diagrams allow to hydrate and/or hold liquid conditions under the
expected temperature range of Oxia Planum, the landing site of ExoMars 2022 mission.
The other two cells that are empty will be used to monitor the air electrical conduc-
tivity and collect atmospheric dust. Additionally, these salts have been chosen because
of their response to the Earth environment allowing for a long storage under cleanroom
conditions without initiating deliquescence. The salts are mixed in a 2:1 ratio with a
Super Absorbent Polymer (SAP) (salts and SAP purchased from Sigma Aldrich). SAP
is made of cross-linked networks of hydrophilic polymer, which on Earth are capable of
absorbing liquid water, approximately 400 times or more than its weight. The SAP used
in BOTTLE is the Poly(acrylamide-co-Acrylic Acid) with a grain size ranging from 200
to 1000 µm [19]. Table 2.2 summarizes the selected BOTTLE salts and their weights
along with the lowest temperature and relative humidity conditions at which the salts
can maintain the liquid state.

The SAP when mixed with a salt sample supports the normal deliquescence of the salt
and induces the formation a viscous jelly, which inhibits the capillarity of the salts along
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Table 2.2: BOTTLE salts and the least required environment conditions to maintain the liquid
state
Cell # Product

formula
Product
name

Total dry
weight (g)

Eutectic
temperature
(Te in K)

RH (%) Ref.

1 Air/dust Air at Mar-
tian pressures
and collected
mineral dust

NA NA NA NA

2 CaCl2 +
C6H8KNO3

Calcium
Chloride +
SAP

2.25 226 60 [130]

3 Fe2(SO4)3
+
C6H8KNO3

Ferric Sul-
phate +
SAP

2.25 246.35 40 [137,
138]

4 Mg(ClO4)2
+
C6H8KNO3

Magnesium
Perchlorate +
SAP

2.25 206 52 [139]

5 NaClO4 +
C6H8KNO3

Sodium Per-
chlorate +
SAP

2.25 236 53 [53]

6 Air/dust Air at Mar-
tian pressures
and collected
mineral dust

NA NA NA NA

the walls of the BOTTLE cells. Additionally, the mixture with SAP allows to measure the
electrical conductivity and the repeated absorption and release of water vapour with the
atmosphere as in a porous regolith or soil matrix, mimicking the behaviour of the Martian
regolith. A set of tests have been applied to these mixtures to demonstrate that they
retain their water absorption properties, after application of the Planetary Protection
Protocols of Dry Heat Microbial Reduction (DHMR) and the depressurization caused
during the launch and cruise phase [66]. Additionally, the swelling ratio of sterilized
and depressurized SAP was compared and demonstrated to be equal to the unperturbed
commercial SAP. This demonstrates the capability of SAP to be used for water storage in
space applications, in particular at Martian pressure conditions and exposed to diurnal
and seasonal thermal changes [66].

2.2.5 Measurements, data sampling and data treatment

BOTTLE measures the current flow, I and the voltage drop, V across low, mid and high
electrode pairs (Figure 2.1c and 2.1d) of each of the six cells, along with its temperature.
Consequently, the conductance, G in Siemens is calculated with equation (2.1).
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G =
I

V
(S) (2.1)

BOTTLE uses a 2.048V bias voltage and have two modes of conductance measure-
ments. The high conductance mode uses a 70 mV electric pulse and a 100 Ω current
sense resistor while the low conductance mode uses a 700 mV electric pulse to generate
enough current for measurements and a 10 kΩ resistor. At the beginning of every data
acquisition session, BOTTLE measures in high conductance mode by default. The mode
is switched to low, when the measurement is out of range. The first 8 samples are used as
a filter to make a smooth transition between the modes and thus these 8 measurements
must be discarded for interpretation.

2.2.6 Calibration tests and results

This section presents the calibration procedure of BOTTLE and interprets the prelimi-
nary test results as an analogue to the observations on Mars and its implications, while
highlighting some of the features of the instrument from the operations point of view.

The primary goals of the BOTTLE calibration procedure were: 1) to establish a
relationship between the electrical conductivity and salt hydrate, brine or frozen forms
and; 2) monitor and detect unequivocally the liquid brine formation process with special
emphasis on phase transitions. The following factors are considered for the calibration
model.

Geometrical cell constant, Kcell

The measured conductance of the sample is translated to electrical conductivity by mul-
tiplying with the geometrical cell constant of the electrode pair, Kcell as in equation
(2.2).

σmeasured = Kcell ×G(µScm−1) (2.2)

The geometrical cell constant of the electrode pair depends on its physical dimensions.
There are three electrode pairs each in four middle cells and two electrode pairs each in
the two end cells summing to a total of 16 electrode pairs and consequently, 16 geometrical
cell constants are to be calculated with equation (2.3).

Kcell =
Distance between electrodes (in cm)

Surface area of electrodes (in cm2)
=

d

A
(2.3)

where,
Alow=1.6cm×0.4cm=0.64cm2

Amid=1.6cm×0.2cm=0.32cm2

Ahigh=1.6cm×0.2cm=0.32cm2
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The distance between the electrode pairs (d) are measured using an optical measure-
ment system (Mitutoyo MF 176) to verify the alignment of the electrodes and to obtain
an accurate geometrical cell constant of the electrode pairs. The minimum and maxi-
mum distances between each of the electrode pairs are averaged. A screenshot of the
procedure used to measure the distances in the CAD model constructed with the optical
measurements is shown in Figure 2.3 and the computed cell constants are tabulated in
Table 2.3.

Table 2.3: Computed geometrical cell constants of all the electrode pairs.
Electrode designation d (cm) A (cm2) Kcell (cm-1)

Cell-1, Low 2.7124 0.64 4.2381
Cell-1, Mid 2.6985 0.32 8.433
Cell-2, Low 2.7361 0.64 4.2752
Cell-2, Mid 2.7335 0.32 8.5421
Cell-2, High 2.7313 0.32 8.5354
Cell-3, Low 2.7412 0.64 4.2832
Cell-3, Mid 2.7352 0.32 8.5476
Cell-3, High 2.7312 0.32 8.5351
Cell-4, Low 2.7363 0.64 4.2755
Cell-4, Mid 2.7322 0.32 8.5382
Cell-4, High 2.7289 0.32 8.5279
Cell-5, Low 2.7402 0.64 4.2816
Cell-5, Mid 2.7312 0.32 8.5349
Cell-5, High 2.7246 0.32 8.5144
Cell-6, Low 2.7294 0.64 4.2646
Cell-6, Mid 2.7226 0.32 8.5082

Zero offset or dry point

The zero offset of an instrument is normally used to determine the null reference of
the experimental case. Here, the conductivity of empty containers are determined with
just the natural noise frequency of the instrument electronics. The measured zero offset
provides the first point (dry) of the calibration function. This test was performed with
the BOTTLE Flight Model (FM), inside a vacuum chamber at a temperature around 300
K and measuring the empty cells. The measured electrical conductivity in the vacuum
conditions is used as a reference for the absolute zero measurement, a 0.00364 µScm-1

averaged across all the low electrodes.
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Calibration function and coefficients

For correcting the inaccuracy in geometrical cell constants of the electrode pair and can-
celling the offset in the instrument electronics, a calibration function was determined
with several standards solutions with known electrical conductivity values: 84 µScm-1,
1413 µScm-1, 5000 µScm-1, 12880 µScm-1, 80000 µScm-1and 111800 µScm-1. The cali-
bration procedure was performed as shown in Figure 2.4 and 2.5. As shown later in the
experiments in SpaceQ, the EC range of interest for BOTTLE is 0 to 1000 µScm-1, as
the maximum EC observed with a deliquescent forming brine under Martian conditions
is of the order of 100 µScm-1. Hence, the region of interest is increased by one order of
magnitude.

Figure 2.4: Procedure to fill the calibration standards into the cells of BOTTLE Flight Model
in a clean laminar fume cabinet at ambient temperature. The ISO 2 fume cabinet is located
inside the ISO 5 cleanroom facility at Omnisys Instrument AB, Sweden. This image has been
published in Martin-Torres et al [19].

The calibration function was determined from these calibration standard measure-
ments with a least square regression, by fitting a 2nd order polynomial curve as in equa-
tion 2.4. For a better interpretation of the BOTTLE measurements, the specific choice of
the two calibration standards will be selected depending on the required accuracy within
a certain measurement range.

σactual = a2σ
2
measured + a1σmeasured + a0 (µScm−1) (2.4)

The advantage of having multiple calibration points is to use them depending on
the desired measurement range and to fine-tune the resolution of measurements within
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Figure 2.5: A view of the BOTTLE Flight Model in the laminar fume cabinet with calibration
standards filled in the cells. The ISO 2 fume cabinet is located inside the ISO 5 cleanroom
facility at Omnisys Instrument AB, Sweden. This image has been published in Martin-Torres
et al [19].

a specified range. By default, the calibration function is derived with zero point, 84
µScm-1 and 1413 µScm-1 (two-point calibration). But, if the measured EC is over 1413
µScm-1, additional calibration points (5000 µScm-1 or higher) may be included to extend
the measurement range of the instrument. Also, in order to measure an EC of say, 2000
µScm-1 accurately, a new set of calibration function coefficients can be computed only
using the 1413 µScm-1 and 5000 µScm-1 points. Figure 2.6 shows the full extent of the
calibration points with the 0 to 1413 µScm-1 plot shown in the inset.

The calibration function coefficients are computed by covering the three levels of elec-
trode for each conductivity standard. Therefore, there are three sets each of 16 calibration
function coefficients (total of 48) for low, mid and high electrode coverage respectively.
While converting the raw measured electrical conductivity to the actual values, one of
these set of coefficients will be utilised depending on the coverage of salts in the low,
mid or high electrode. In its initial configuration during FM delivery, the salts covered
until low electrode and thus the 16 calibration function coefficients corresponding to low
electrode coverage will be initially used. As the experiment progresses and the brine level
increases, the use of a different set of coefficients (mid or high) may be recommended.
The information about the coefficients used will be flagged in the HABIT Planetary
Science Archive (PSA) data bundle. The obtained calibration function coefficients are
summarized in Table 2.4, for each of the six cells and for the three electrodes in each cell
(low, mid and high). The differences in the coefficients between each electrode and cell
may be attributed to the difference in their physical dimensions (see Figure 2.1d) and
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Figure 2.6: A comparison of the measured electrical conductivity by BOTTLE Flight Model with
the actual electrical conductivity of the calibration standards, where the standard solutions were
covering until the high electrode. Similarly, EC measurements were carried out for low and mid
electrode coverages (not shown in this figure). Lower conductivities show better accuracy with
the calibration standards while the higher conductivities deviate from the calibration line (black).
(inset) A comparison of the measured electrical conductivity of BOTTLE Flight Model with the
actual electrical conductivity of the calibration standards in the lower electrical conductivity
range between 0 and 1413 µScm-1. This image has been published in Martin-Torres et al [19].

the asymmetry in the electrode configuration.

The two-point calibration is normally sufficient for accurately converting the raw data
to actual conductivity measurements. But, the order of the polynomial can be increased
with more conductivity standard points for greater accuracy in specific ranges.
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Table 2.4: Calibration function coefficients for each electrode pair with low, mid and high elec-
trode coverages.
Electrode
designation

Electrode coverage

Low Mid High
a2 a1 a0 a2 a1 a0 a2 a1 a0

Cell-1 Low 2.87e−04 0.3333 -0.0118 0.0002 0.2165 -0.0077 0.0001 0.1784 -0.0063
Cell-2 Low 2.72e−04 0.2993 -0.0079 0.0001 0.2891 -0.0076 9.32e−05 0.2717 0.0072
Cell-3 Low 2.83e−04 0.3299 -0.0124 0.0002 0.2182 -0.0082 0.0001 0.1799 -0.0067
Cell-4 Low 3.08e−04 0.2856 -0.0064 0.0002 0.2141 -0.0048 5.56e−05 0.3806 -0.0086
Cell-5 Low 2.83e−04 0.2954 -0.0146 0.0002 0.2149 -0.0106 5.53e−05 0.3778 -0.0187
Cell-6 Low 2.94e−04 0.3124 -0.0146 0.0002 0.2077 0.0097 9.22e−05 0.3023 -0.0142
Cell-1 Mid 0 0 0 8.92e−05 0.1114 -0.0028 6.61e−05 0.079 -0.002
Cell-2 Mid 0 0 0 7.84e−05 0.1189 -0.0078 5.69e−05 0.0845 -0.0055
Cell-3 Mid 0 0 0 8.43e−05 0.1152 -0.0024 5.97e−05 0.084 -0.0018
Cell-4 Mid 0 0 0 7.38e−05 0.1236 -0.0102 5.54e−05 0.0861 -0.0071
Cell-5 Mid 0 0 0 7.17e−05 0.1168 -0.0049 5.21e−05 0.0891 -0.0037
Cell-6 Mid 0 0 0 7.78e−05 0.1177 -0.0051 5.76e−05 0.0849 -0.0037
Cell-2 High 0 0 0 0 0 0 6.716e−05 0.0968 -0.0048
Cell-3 High 0 0 0 0 0 0 7e−05 0.1053 -0.0079
Cell-4 High 0 0 0 0 0 0 6.53e−05 0.1131 -0.0063
Cell-5 High 0 0 0 0 0 0 5.68e−05 0.1364 -0.0121

Electrical conductivity vs temperature

Electrical conductivity is dependent on temperature as expressed in equation (2.5) and
thus usually the measured electrical conductivity at various temperatures should be re-
ported corresponding to a standard temperature (298 K) considering an arbitrary con-
stant (assuming a linear electrical conductivity-temperature relation) for temperature
compensation.

σ = f(T ) (2.5)

However, when working with brines at Martian temperatures between 228.16 K
and 298.16 K, the electrical conductivity-temperature relation gets complicated espe-
cially below the freezing point of the brine because of the non-linearity in the electrical
conductivity-temperature relation of the frozen brine. Thus, the electrical conductivity is
referred only as an indication of the hydrate form for a given salt wt% (and to determine
the DRH) to track the main phase transitions under Martian conditions rather than to
have an absolute reference of EC comparable with our standard laboratory temperatures.
Therefore, the temperature compensation will not be applied for the measured electri-
cal conductivity but rather use it directly to determine the hydration state of the salt
while using the temperature reference to provide context for a better interpretation of
the temperature-related fluctuations in the electrical conductivity and to estimate the
point where the brine freezes. As it will be shown later, the deliquescence is marked by
a drastic temperature increment due to the exothermicity of the process.
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Electrical conductivity vs hydrate form

The core objectives of this calibration is to determine the relation between electrical
conductivity and hydrate form of the brine at different temperatures as expressed in
equation (2.6).

σ = f(x, T ) (2.6)

The hydrate form of the brine depends on the mole fraction of salt in the brine and
the temperature. Mole fraction (x) and mass fraction (w=wt%/100) are related as in
equation (2.7).

xCaCl2 =

wCaCl2

MCaCl2

wCaCl2

MCaCl2
+

1−wCaCl2

MH2O

(2.7)

where,
wCaCl2 - Mass fraction of CaCl2 in the solution
wH2O - Mass fraction of H2O in the solution
MCaCl2 - Molar mass of CaCl2 = 110.98 g/mol
MH2O - Molar mass of H2O = 18.01528 g/mol

Electrode degradation

With the constant exposure of the electrode material to brine with an alternating current
(AC), the electrodes might corrode through the operational lifetime of the instrument
which is expected to be one Martian year (roughly two Earth years). We have observed
some corrosion in the platinum electrodes of the BOTTLE Engineering Model during the
laboratory and field-site operation in the first six months. Although the Flight Model
of BOTTLE has gold electrodes which are more resistant to corrosion, it is part of the
calibration procedure to be able to interpret the signs of degradation of the electrodes.
The fraction of corroded electrode area will not contribute as the unperturbed surface to
the electrical conductivity measurement. Thus, eventually, an extended corrosion may
affect the measurements. The rate of corrosion of the electrodes can be characterized
with laboratory experiments but for data reliability purposes, in the event of corrosion
during the operation of BOTTLE on Mars, the strategy adapted will be to: 1) reset
the instrument hardware by heating up the salt and allow it to lose any captured water
and then; 2) take a null measurement of the anhydrous salt before proceeding with the
experiment.

The laboratory experiments showed that it took about 7200s (2 hours) at 328.16
K (see section 2.2.6) to dehydrate the saturated CaCl2 brine at a laboratory ambient
RH of ∼20%. As an effort to mitigate the corrosion, the exposure of the current to
the electrodes could be limited which requires a revised scheduling plan for making less
frequent measurements. In the worst case, the data provided will contain an error bar
with a specified uncertainty. The experiments showed that the corrosion in the electrode
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induced unstable electrical conductivity measurements that deviates higher or lower than
the mean measurements within a set of data recorded continuously over a short period.
Thus, the uncertainty limits in the measurements will be estimated from the deviation
in the electrical conductivity within each scheduled measurement of 5 minutes.

Forced brine dehydration

The BOTTLE Flight Model has an in-built 12 W (at 100% duty cycle) heater, for the
purpose to: 1) recycle the liquid brine to anhydrous salt after the brine formation process,
and 2) reset the instrument for detecting any degradation in the hardware and correct
the offsets.

The laboratory tests performed at ambient temperatures show that the empty CU
could reach a maximum temperature of 333.86 K after heating for 2508s and to a max-
imum temperature of 326.1 K with tap water in the CU after heating for 5737s. Fur-
thermore, dehydration of saturated calcium chloride brine was performed in aluminium
containers identical to CU, on a hot pot maintained at 328.16 K in the ambient labora-
tory environment. It took about 7200s to dehydrate the salt to its anhydrous form at
Earth pressure. The temperature range for heating the salt was restricted around 328.16
K to avoid the brine from splashing away and to ensure retaining the original form of
the salt to be able to reinitiate the brine formation process. Future BOTTLE tests will
take place in a dedicated Martian simulation chamber [58], to determine the required
duration of heating to release a given amount of captured water in the brine at Martian
pressures.

The dehydration procedure will be carried out on Mars as a part of HABIT opera-
tion. This will serve to demonstrate the in-situ resource utilization (ISRU) nature of the
instrument to collect water for the future exploration of Mars.

Other factors

Salt granularity, salt compactness, brine distribution, salt depth, and electronic noise
also contribute to the measured electrical conductivity and it is important to base the
interpretation considering these factors.

2.2.7 CaCl2 - H2O system phase diagram highlighting EC

Sample preparation

The samples used in this experiment were derived from anhydrous CaCl2 salt in fine
powder form, purchased from Merck KGaA (98% pure, CAS-No: 10043-52-4). The ho-
mogeneous solutions of different CaCl2 wt% of 0% (water only) to 100% (anhydrous salt
only) with 10% increments were prepared by adding appropriate amount of water to
anhydrous CaCl2.
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For the experiments of variable temperature with CaCl2 wt%=40%, 50%, 60%, 70%,
80%, 90% and 100%, the data was collected during a temperature sweep from 298.16 K
to 228.16 K with the CU in the climatic chamber at a frequency of 1 Hz. For exper-
iments with CaCl2 wt%=0%, 10%, 20% and 30%, 100 data points each were collected
at a frequency of 1 Hz between temperatures of 298.16 K and 228.16 K while making
measurements at every 5 K decrements (298.16 K, 293.16 K, 288.16 K ... 228.16 K).
The measurement of the zero offset (or dry calibration experiment) was conducted in the
laboratory ambient temperature at the same frequency.

For experiments with CaCl2 wt% of 40%, 50%, 60%, 70%, 80%, 90% and 100%, 2g of
anhydrous CaCl2 in each of the six BOTTLE containers was used. Salt was weighed on
a weighing scale (Pioneer OHAUS, 0 - 200 g) and a micropipette (VWR EHP Pipettor,
Single Channel, 60 - 1000 µl) was used to accurately measure the amount of water added.
The overall volume of the mixture for these experiments were until mid electrodes in each
cell. The prepared mixture was left for about 5 - 10 min to reach equilibrium before the
experiment. For the experiments, a set of solutions with CaCl2 wt% of 0%, 10%, 20%
and 30%, were previously prepared and added into BOTTLE until the high electrode.

Experimental setup

The experiments were conducted with the BOTTLE Engineering Model in a climatic
chamber (Heraeus HT 4010, 233 K - 453 K) at Martian equivalent temperatures de-
creasing between 298.16 K and 228.16 K at ∆T = 2.63 K/min which was the normal
operational sweeping rate of the chamber. The RH of the environment was pumped from
the ambient laboratory conditions and was measured using a temperature and humidity
data logger (Maxim Integrated DS1923-F5# Hygrochron, T: 253 K - 358 K, RH: 0% -
100%). BOTTLE was placed inside the chamber while the Electronics Unit (EU) was
left at ambient laboratory temperature (to avoid any thermal noise, since the electronics
of the Engineering Model was not representative of the Flight Model and is thus not de-
signed for low temperatures). The cables connecting the EU and BOTTLE pass through
the port on the side of the chamber. The block diagram of the experimental setup used
is shown in Figure 2.7.

The experiments were performed on two timescales. The first experiments were per-
formed with variable salt wt%. These were long and slow experiments to probe the
equilibrium or near-equilibrium processes between salt and water vapor at constant tem-
perature. Here, the salt wt% was gradually decreased with sufficient time between water
additions to allow for equilibrium to be reached between the salt and the atmosphere.
This experiment targeted to observe the temperature dependence in brine with different
salt concentrations. Then the experiments with variable temperature conditions were
performed, these were short and fast experiments at constant salt wt%. This second
type of experiment was focused on evaluating the impact on the instrument measure-
ments of kinetic factors of the brine that are associated with temperature including the
brine freezing.
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Figure 2.7: Experimental setup showing different control blocks, the climatic chamber and the
HABIT graphical user interface. This image has been published in Nazarious et al [60].

Gough et al. [121] reported that an equilibrium between the sample and the at-
mospheric water vapor was reached in both the short and long timescale experiments
(suggested by the lack of difference in DRH) and that it is not necessary to closely moni-
tor timescales. To simplify the experimental setup and shorten the experiment duration,
the variable temperature experiments were performed with constant CaCl2 wt% samples.
The calibration experiments used the prepared CaCl2 brine of different concentrations to
monitor their electrical conductivity measurements at different temperatures rather than
observing the entire slow deliquescence process.

Results

The results of the variable temperature experiments with samples of different salt wt%
(corresponding to different salt hydrate forms) are shown in Figure 2.8. An interrelation
was observed between electrical conductivity, temperature and salt wt% in terms of three
main correlations: i) temperature dependence of electrical conductivity; ii) electrical con-
ductivity ranges of different salt wt% samples; and iii) behaviour of different salt wt%
samples at different temperatures with emphasis on liquid brine freezing.

Figure 2.9 shows that, samples with higher salt wt% (100, 90, 80 and 70) had either
no measurable EC or extremely low EC values. This denotes a negligible or inexistent
content of water in the salt between the electrodes (depending on brine distribution).
Upon water addition, the anhydrous CaCl2 formed hydrates that have a higher EC than
the dehydrated salt (∼0 µScm−1). The maximum EC value of the first observed stable
hydrate corresponds to the dihydrates of CaCl2 (the first possible hydrates at these ex-
periment temperatures, ∼1.5e+04 µScm−1 for wt% = 70). Throughout the experiment,
the temperature and EC followed a direct non-linear relation, mirrored with a decrease in
the EC towards zero under colder temperatures. The EC values of liquid brine solution
(∼0.8-1×5e+07 µScm−1) were obtained already with wt% of 60% and at lower temper-
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Figure 2.8: Calcium chloride – Water binary system solid-liquid equilibrium phase diagram.
Overlaid with EC (in µScm−1) measurements from the variable temperature experiments with
different salt wt%. The three (or two) vertical lines or points with color code at salt wt%=100,
90 ... 0 shows the EC ranges for different salt hydrate forms at three levels of electrodes (of Cell-
4 in BOTTLE) denoted by L for Low, M for Mid and H for High electrodes. The corresponding
multiplier scaling factor for each experimental wt% is indicated above (in the box). This factor
must be multiplied to the EC values indicated in colour, following the bar on the right. Each
multiplier scaling factor is common to the three electrodes (L, M and H). A different multiplier
scaling factor was fixed for each salt wt% experiment to allow for clear distinction of small
EC changes with the phase diagram. This also shows a trend with higher factors at CaCl2
concentration of 30%, which is consistent with the highest EC values recorded for the brine
with salt wt%=30. Since the quantity of initial samples were chosen to only fill until the mid
electrode, only the EC values corresponding to low and mid electrodes are relevant in terms of
comparison of EC range. The curves were calculated from the empirical model developed by
Patek et al. [126], describing the T-x relation from the historical experimental data. Here, the
molar fraction (x) was translated to wt% (=w×100) with equation (2.7). The regions 1 to 7
indicated with the circled numbers denote the various forms of the CaCl2 - H2O system including
ice, solution, hydrates and their mixtures. The error bars at the eutectic and peritectic points
are shown three times larger in magnitude for a better visibility. This image has been published
in Nazarious et al [60].
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atures than predicted by the model. The shape of the theoretical phase diagram seems
to underestimate the region where liquid state may appear. Also, samples with lower
salt wt% (60, 50 and 40), showed stable and higher EC values until they exhibited an
unexpected rise and fall in the EC (this will be denoted as EC spike hereafter), at the
temperature that corresponds to the transition to frozen brine.

This change in behaviour is attributed to the temperature at which liquid brine freez-
ing begins. Quantitatively, the EC spike of ∼1e+09 µScm−1 was registered in the order
up to 25 (higher) in magnitude for low electrode and 4 (higher) in magnitude for mid
electrode. Furthermore, the EC spike for the low electrode occurs at a temperature
colder than that of the mid electrode, explaining that the brine freezing originates at the
upper surface of the brine and propagates downwards. Following this, the EC decreased
towards zero until the completion of brine freezing.

The highest EC values of CaCl2 brine was registered for samples of salt wt% = 30, of
∼9e+07 µScm−1 (in close correspondence with the literature [140, 141]) which exponen-
tially reduced with lower salt wt% of 20%, 10% and 0%.

The inconsistency in the results for higher salt wt% samples is due to the inhomo-
geneity in the water distribution within the salt. On the contrary, the samples with lower
salt wt% were easily homogenized after a thorough mixing. However, in real application
on Mars, the situation will be similar to the former case and thus brine distribution
(depending on salt granularity and salt compactness) is an important aspect to consider
when understanding these EC measurements.

2.2.8 Validation tests and results

Analogue testing

The outdoor operation of the HABIT Engineering Model (EM) was performed in the
arctic environmental conditions of Lule̊a, Sweden, to mimic the operation under natu-
rally varying, uncontrolled, planetary environmental conditions. For this demonstration,
the samples including different amounts of calcium chloride and the two different wt%
mixtures of Mars regolith simulant (MMS-1 Mojave Mars Simulant, Fine Grade, The
Martian Garden) and calcium chloride were used. The experiment was monitoring for
the brine formation process in each of the six cells of BOTTLE containing different sam-
ples. Data were collected for the first 5 min of every hour at a measuring frequency of 1 Hz
accounting for 300 data points per hour. The experiment was run for 10 days to observe
the liquid brine formation process and to represent the EC method used by BOTTLE to
track the changes in salt hydrate forms unequivocally. This experiment constitutes the
final step of the BOTTLE calibration procedure. The results of the outdoor operation
demonstration under the arctic environmental conditions of Lule̊a, Sweden during De-
cember 2017 are shown in Figure 2.10.
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Figure 2.9: Variable temperature calibration experiments when the temperature is decreased
from 298.16 K to 228.16 K. Each graph shows the changes in electrical conductivity (Y-axis; in
µScm−1) as a function of temperature (X-axis; in K) for samples of different salt wt%(=100,
90 ... 40). These results were from the low (red), mid (blue) and high (green) electrodes
experimental data of Cell-4 in BOTTLE. The inset plots are provided to better visualize the
EC ranges of different cases. The relative humidity (%) during the experiments are mentioned
in the format: RHmin < RH < RHmax, where the RHmin occurred at higher temperatures and
RHmax at lower temperatures. The black vertical lines indicate the freezing point of the brine.
This image has been published in Nazarious et al [60].

The deliquescence process of different amount of calcium chloride and the two differ-
ent wt% mixtures of Mars regolith simulant and calcium chloride were closely monitored
with electrical conductivity measurements. During the experiment the environmental
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Figure 2.10: BOTTLE outdoor test in the Arctic region. Demonstration of BOTTLE En-
gineering Model operation outdoors in Lule̊a, Sweden, showing deliquescence over time with
transitions to hydrate forms and different phases of brine formation process. The legends men-
tioned on the top right subplot are common for all the subplots in the figure. Cell-1 contains
Mars regolith simulant with 0.5% anhydrous CaCl2 filled to low electrode (2.027 g); Cell-2 and
Cell-3 contains 1.2 g of anhydrous CaCl2 filled to low electrode; Cell-4 and Cell-5 contains 2 g
of anhydrous CaCl2 filled to mid electrode; Cell-6 contains Mars regolith simulant with 1.85%
anhydrous CaCl2 filled to low electrode (5.01 g). This image has been published in Nazarious et
al [60].

conditions varied naturally between: 261.46 K < T < 279.9 K and 50% < RH < 100%.
These conditions were favourable for CaCl2 deliquescence and hence all the six containers
showed the effect of deliquescence with different ranges in EC values. The range of EC
values representing the hydrates and transient brine (maximum of ∼140 µScm−1) during
this experiment was lower than the calibration experiments by several orders of magni-
tude because of the inhomogeneity in the brine distribution and the freezing temperatures
at which the experiment was conducted. The moisture absorbed by the salt exhibited an
uncontrolled distribution both horizontally and vertically wetting and dissolving some
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parts of the salt matrix and creating small voids that sometimes led to improper electri-
cal contact of the salts with the electrode pairs. Also, at the very low sustained arctic
winter temperatures, the salts rapidly froze into a compact physical structure with the
initial water intake and did not form a free-flowing brine, as opposed to a loose powder
salt structure and the formation of the free-flowing brine as seen in ambient calibration
experiments.

The BOTTLE calibration results obtained earlier were used to account for a detailed
interpretation of the liquid brine formation process in Cell-5 during the outdoor demon-
stration. This experiment is a demonstration of the BOTTLE nominal operation mode
on Mars.

Figure 2.11 shows the different stages (Start, A, B, C, D, E, F, G, H) of the brine
formation process segmented into transition points and regions between them. The Cell-5
was filled with anhydrous CaCl2 in fine powder form creating a salt matrix until the mid
electrode at the start of the experiment. The region between ‘Start’ and ‘A’ represents
the dry anhydrous CaCl2 with complete absence of water as marked by no measurable
EC (∼0 µScm−1). CaCl2 deliquescence began at the upper surface of the salt since this
part was in direct contact with the atmospheric moisture, thus showing signs of increase
in EC at the mid electrode first at ‘A’ after about 38h (∼1.6 days) from the start of
the experiment (see Figure 2.12). Due to the exothermicity nature of this process which
releases heat upon addition of water to the salt, a sudden increment in temperature of
up to 5.2 K was also noticed. The water absorbed by the upper surface of the salt then
penetrated downwards dissolving the salt and passing down the moisture towards the
low electrode which registered an increasing EC at ‘B’ about 2h (∼1.7 days) later. The
continuous growth in blue and red EC curves attribute to the continuous absorption of
atmospheric moisture forming hydrates in the upper surface and penetration of the water
downwards. The water accumulated over the hydrates then formed a thin brine pool on
the upper surface that connected the high electrodes showing an EC signal (green curve)
at ‘C’ after about 46h (∼1.9 days) which was also mirrored by a further growth (∼80
µScm−1) in the blue curve. The fluctuations in blue and green curves since then are
caused by the continuous water absorption and varying temperatures, while the red line
kept on growing with more water penetrating deep into the salt matrix and distributing
within.

As the salt matrix absorbed more and more water, the volume of the salt hydrates
formed decreased, up to finally dissolving the salt, lowering the level of the upper surface
(decrease in height). The gradual lowering of the level was seen first at the high electrode
as indicated by the fall of the green curve at ‘D’ after about 87h (∼3.7 days). The region
between ‘A’ and ‘D’ resulted in the formation of the stable dihydrate of CaCl2 (the first
possible hydrates at these experiment temperatures). Since ‘D’, where the salt level was
completely below the high electrode, the brine formation process continued as highlighted
in the low and mid electrode EC values in the regions between ‘B’ - ‘E’ and ‘A’ - ‘F’
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Figure 2.11: Liquid brine formation process. A detailed account of Cell-5 of BOTTLE data
during the outdoor operation demonstration in Lule̊a, Sweden. The circled alphabets from ‘A’
through ‘H’ represent different stages of the observed brine formation process. The temperature
(in left Y-axis) and relative humidity (in right Y-axis) are provided to support the context of
the experiment. The temperature information is also provided as a subplot with a better scale.
This image has been published in Nazarious et al [60].

respectively, showing signs of transient brine with EC values as high as ∼140 µScm−1.
Additionally, the associated temperature increase induced an EC change that recovered
once the temperature equilibrium was achieved in the region between ‘E’ and ‘G’. Because
of further shrinkage in volume with formation of subsequent hydrate forms, the level of
brine started to lower further at ‘F’ as indicated by the fall in blue curve after about
172h (∼7.2 days).
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Figure 2.12: Liquid brine formation process during the initial hours of the experiment shown
in Figure 2.11. The inset plot (marked with a black box) shows that the deliquescence process
was initiated within the first 2.5h (well in accordance with literature [96, 99]), and a significant
amount of brine was formed at 38h from the start of the experiment indicated by a sharp ramp
in the EC signal. This image has been published in Nazarious et al [60].

Now all the brine formed was accumulated only in the low electrode, thus registering
near zero EC values at mid and high electrodes. As the brine freezing temperatures
dominated, the transition to frozen brine occurred at ‘G’ after about 214h (∼9 days),
as indicated by a sudden EC increase with the EC spike (∼375 µScm−1) at ‘H’ after
237h (∼9.9 days) from the start of the experiment. This sudden rise and fall of EC was
observed at the temperature of brine freezing during the calibration experiments, but
the EC spike here was comparatively slower and took about a day because of the low
rate of change in temperature in contrary to a rapid ∆T = 2.6 K/min during calibration
experiments. As a result, a sharp peak in the BOTTLE outdoor experiments is not
expected to signify the brine freezing but a gradual increase in EC to a value that is
several orders of magnitude higher than the normal experiment progression during the
formation of the brine. The series of different stages of the experiment is summarized in
Table 2.5.
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Table 2.5: Summary of outdoor experiment progress.
Transition point Experiment state Time
Start Dry anhydrous CaCl2 until mid electrode 0
A Deliquescence in the upper surface of the salt de-

tected by mid electrode
38h-1.6d

B Penetration of water into the salt detected by low
electrode

40h-1.7d

C Accumulation of brine pool in upper surface de-
tected by high electrode

46h-1.9d

D Brine hydrates shrinkage and lowering below high
electrode

87h-3.7d

E Brine hydrates lowering below mid electrode de-
tected by low electrode

168h-7d

F Brine hydrates lowering below mid electrode 172h-7.2d
G Brine freezing detected by low electrode 214h-9d
H End of experiment as brine freezing continued 237h-9.9d

The exothermic footprint was consistent with a temperature increase of up to 5.2 K
at initial water absorption and up to 2.5 K at subsequent transitions associated with
the formation of hydrates and transient brine as seen in the orange curve in Figure 2.11.
This exothermic behaviour directly influences the EC values as seen from the outdoor
experiment since these two parameters are related.

A Mars analogous field site operation of BOTTLE was also performed during the
MINAR 5/NASA Spaceward Bound 2017 campaign at the Boulby mine, UK, where
samples from a natural brine pool was used to demonstrate the instrument’s ability to
operate in Mars analogue environment [62]. During its operation on Mars, BOTTLE
might pose some abnormal initial conditions such as improper salt distribution due to
launch/landing operations or inclination in the platform that would allow the salts to
slide towards the lower side and thus not maintaining the uniform depth of salts in each
cell. These might be the possible sources that would hinder proper measurements over
time at the beginning of the operation on Mars. This may render difficultly to precisely
estimate the time of the first deliquescence as this requires a path between the electrodes.
In case of a significant tilt, only once a sufficient amount of liquid brine is formed this
path will be formed. To interpret the observations, if such a case arises while on Mars,
additional calibration with respect to inclination might be required.

Planetary environment simulation and testing

The Martian environmental conditions of temperature, pressure and carbon dioxide at-
mosphere was simulated in the SpaceQ at Lule̊a University of Technology, Sweden [58].
Figure 2.13 shows the schematic and the various systems of the Mars simulation chamber.
The tests were performed with HABIT Engineering Qualification Model (EQM).
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Figure 2.13: Representation of the Mars simulation chamber with its various systems for con-
trolling temperature, relative humidity, and carbon dioxide pressure. Power and data connection
outlets are also shown. The SpaceQ was developed by Vakkada Ramachandran et al [58]. This
image is part of the article under review in Nazarious et al [61].

Electrical conductivity vs relative humidity in Martian conditions

The experiments in Martian conditions established a relationship between the electrical
conductivity values corresponding to the hydrate forms of the four different salt - SAP
mixtures at various Martian temperatures and relative humidity conditions. Figure 2.14
shows the steps involved in operating the LTU’s SpaceQ chamber [58] to perform a Mars
Sol simulation. For this calibration experiment, steps 6 and 7 have to be switched. The
relationship at 298.16 K is shown in Figure 2.15a for air and Figure 2.15b-e for the four
different salt - SAP mixtures: Calcium Chloride CaCl2 - SAP, Ferric Sulphate Fe2(SO4)3
- SAP, Magnesium Perchlorate Mg(ClO4)2 - SAP, and Sodium Perchlorate NaClO4 -
SAP, respectively. There are the exact salt - SAP mixtures used in the BOTTLE FM
as mentioned in Table 2.2. The observations included: i) the variability in electrical
conductivity measurements as a function of temperature, and ii) the ranges of electrical
conductivity of the air and the salt - SAP mixtures as a function of relative humidity.
This information will be pivotal in interpreting the hydration level of the salt - SAP
mixtures from the BOTTLE operation on Mars, considering the retrieved electrical con-
ductivity, temperature and relative humidity conditions.

In Figure 2.15a, a direct correlation of electrical conductivity and relative humidity
for air was observed. As the relative humidity inside the chamber was increased by in-
jecting water in 0.5 ml increments, the air increased its relative humidity as it happens
at Mars conditions. The electrical conductivity also increased significantly. The lower
electrode is presumably colder because of its proximity to the refrigerated table, this
leads in turn to higher RH and higher EC. For the given combination of temperature
and relative humidity at Martian pressures during this experiment, a maximum electrical
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Figure 2.14: Steps of the experiment protocol for performing the Mars Sol simulation with the
HABIT Engineering Qualification Model. Note that the steps 6 and 7 have to be switched for
the calibration experiments to gradually increase the relative humidity. For the Martian day-
night simulation, the relative humidity is set initially over 80% before the temperature decrease
(day-night transition). This image is part of the article under review in Nazarious et al [61].

conductivity (not temperature-compensated) of air was recorded at a relative humidity
of 59%. Figure 2.15b-e shows that all the four salt-SAP mixtures captured water to dif-
ferent extents. A gradual increase in electrical conductivity from RH=0% was observed
for Calcium Chloride and Sodium Perchlorate, and an increase around RH=40-50% in
case of Ferric Sulphate and Magnesium Perchlorate. All the salt - SAP mixtures had the
maximum EC value at 85%, the maximum RH achieved inside the chamber.

Electrical conductivity of a salt depends on a variety of factors. At the end of the
experiment, it was observed that, Ferric Sulphate was the least hydrated showing elec-
trical conductivity values lower than the air. The electrical conductivity between the
electrodes is also sensitive to the area of contact with the salt - SAP mixture. Some of
the granular material, including SAP, may be a better isolator than moisturized air. The
air in the empty container had sufficient moisture content that moved freely resulting in
a higher electrical conductivity (see Figure 2.15a) than the Ferric Sulphate which had
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Figure 2.15: Electrical conductivity as a function of relative humidity (1% - 85%) at 298.16
K. (a) Air, (b) calcium chloride, (c) ferric sulphate, (d) magnesium perchlorate, (e) sodium
perchlorate electrical conductivities are shown in log scale with base 10. Electronics Unit (EU)
recorded a mean temperature of 298.43 K (Min: 297.28 K, Max: 299.11 K), Container Unit
(CU) recorded a temperature increase from 292.76 K to 306.07 K as a result of the exother-
micity of water capture. The mean working table temperature was 292.27 K and the mean air
temperature was 292.32 K. This image is part of the article under review in Nazarious et al
[61].

no contribution in terms of enough water absorbed to show a significant electrical con-
ductivity signal (see Figure 2.15c). Observation of water drops in the empty containers
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at the end of the experiments show that the air in between the electrodes was at some
point saturated and allowed for fog formation and some of it condensed on the sides, as
seen in Figure 2.15a. The absence of low electrode conductivity could mean that the salt
particles in contact with the lower electrode was completely frozen (coldest at the bottom
of the instrument because of its direct contact with the working table of the chamber)
showing no electrical conductivity.

Martian Sol simulation

As a demonstration practice of HABIT operation on Mars following a successful land-
ing expected in early 2023, one Sol of the environment conditions at Oxia Planum was
simulated, the planned landing site of the ExoMars 2022 mission. The obtained results
mimic the day-night cycle of the BOTTLE operation on Mars and provides a first-hand
data in relevant conditions. Figure 2.16 shows that, during the simulation of the Martian
day-night cycle, deliquescence has been observed in all the salt - SAP mixtures. Figure
2.16c-f shows the electrical conductivity values of the four different salt - SAP mixtures:
Calcium Chloride CaCl2 - SAP, Ferric Sulphate Fe2(SO4)3 - SAP, Magnesium Perchlorate
Mg(ClO4)2 - SAP, and Sodium Perchlorate NaClO4 - SAP, respectively. These are the
exact salt - SAP mixtures used in the BOTTLE FM as mentioned in Table 2.2.

The initial ramp in the electrical conductivity may be attributed to the rapid pressure
decrease while relative humidity remained high, accelerating the process of water capture
followed by outgassing of the remaining water in the mixture. This was also consistent
with the exothermicity of water capture process by the salts. The temperature increase
in the Electronics Unit (EU) and BOTTLE may be a combination of a rapid depressur-
ization (under constant volume) and the exothermic behavior of salt-water interaction.
The pressure dip observed around 13:00 could be associated with reaching the lowest
temperature in the working table, which is also coincident with a small uptick in the RH.
At colder temperatures, the working table behaved as a water sink freezing the water
droplets and hence the relative humidity of the air was low. During this phase of the
Martian day-night transition, there were less significant signs in the electrical conduc-
tivity curves. But, during the night-day transition, when the temperature increased and
so did the relative humidity, the salt - SAP mixture began capturing water steadily as
indicated by the increase in electrical conductivity in the later part of the experiment,
also mirrored by the sudden increase in the BOTTLE temperature. The final electrical
conductivity values indicated the extent of water capture by each of the four salt - SAP
mixtures. All the salt - SAP mixtures captured water and particularly, calcium chloride
- SAP mixture produced liquid brine. The maximum electrical conductivity value of the
CaCl2 brine of 100 µScm−1 is coherent with the literature [60].

2.2.9 Flight model: Qualification and current status

Figure 2.17 shows an example of BOTTLE measurements performed with the FM in the
cleanroom of Thales Alenia Space - France (TAS-F) during integration in the Surface
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Figure 2.16: Calibrated electrical conductivity measurements of the Mars Sol simulation with
HABIT EQM. (a) Pressure and relative humidity, (b) ground and air temperature, (c) cal-
cium chloride, (d) ferric sulphate, (e) magnesium perchlorate, (f) sodium perchlorate electrical
conductivities (in log scale with base 10), and (g) Electronics Unit (EU) and Container Unit
(CU) or BOTTLE temperatures are shown. Vertical lines with circled numbers indicate various
phases of the simulation. 0 - 1: Pumping out air to attain vacuum and carbon-dioxide injection
to maintain a 7 - 8 mbar pressure at constant temperature, 1 - 2: water injection to increase
the relative humidity at constant temperature, 2 - 3: working table cooling ON to decrease the
temperature (day-night transition), accompanied by a relative humidity decrease, and 3 - 4:
working table cooling OFF to increase the temperature (night-day transition), accompanied by
a relative humidity increase. This image is part of the article under review in Nazarious et al
[61].

Platform. The FM was sealed with a gasket and a solid lid during delivery to TAS-F
to minimize the chance of deliquescence of salts in Earth conditions. The EC values are
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of the order of ∼0.1 µScm−1, for all the cells, including the ones that only have sealed
ambient air. This demonstrates the proper sealing of the containers, and the dry state
of the salts. When the EC of the salts is equal (or lower) than that of the pure air,
that shows that no hydration has taken place, and the dominant component of the EC
is the one of the air voids between the salt grains. On the other hand, the EC of the
air depends on the amount of water, which in turn depends on the pressure (Earth or
Martian) and the relative humidity. The reported value of ∼0.1 µScm−1 is the one that
is expected under Earth environmental conditions.

Figure 2.17: BOTTLE FM measurement of 1) electric conductivity of the empty cells with
Earth ambient air, and the cells with salts and Earth ambient air. These data were measured
on 2019/12/06 in the cleanroom of TAS-F, during integration on the Surface Platform. This
image has been published in Martin-Torres et al [19].
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Just before launch, the sealing lid will be replaced with the original BOTTLE lid
that will allow the atmospheric moisture to interact with the salts. The terrestrial water
will be lost during depressurization at launch. The EC values will be continuously mon-
itored during the three health check campaigns that are foreseen to take place during
the cruise phase, where this value is expected to drop to the minimum level as the cells
will be exposed to vacuum. The environmental conditions during the cruise will have no
implications on the operation of HABIT on Mars. Once that the mission lands on Mars,
HABIT will be reset, i.e., the heaters will be switched on until the minimum value of
conductivity is reached.

2.3 Surface temperature extremas

Surface temperature is one of the critical environmental components for a long-term
climate monitoring on Mars, with implications on the search for conditions to support
life. The Martian regolith temperature with its significant diurnal variation is crucial
for the interpretation of several of the associated environmental phenomenon that are
currently active on Mars. Hence, its accurate measurement is essential for the surface
exploration missions. With a primary goal to search for signs of past and present life on
Mars for the ExoMars 2022 mission, the clear detection of transient liquid conditions is
key to assessing the possibility of present life on Mars. The determination of the surface
and subsurface thermal range will allow evaluating if the landing site complies with the
known thermal limits of terrestrial microbial reproduction and metabolism, and also for
humans to live and thrive.

2.3.1 Instrument design and development: GTS

The HABIT Ground Temperature Sensor (GTS) monitors the temperature at a single
spot of the surface at the landing site. The GTS is a light weight, low power, and low-
cost pyrometer that will measure the soil kinematic temperature of the Martian surface
during the nominal mission lifetime of one Martian year. It benefits from a simple design
with no moving parts and is fixed pointing to the Martian surface at an angle of 45◦. The
sensor acquires its heritage from the Rover Environmental Monitoring Station (REMS)
Ground Temperature Sensor (GTS), an instrument aboard the NASA’s Mars Science
Laboratory [79, 80]. Figure 2.18 shows the Flight Model of HABIT, including GTS as a
part of the Electronics Unit (EU). In this section, the design of GTS, the energy balance
model and the associated calibration with the Engineering Qualification Model (EQM)
and the Flight Model (FM) are described.

Measurement technique: Energy flux

The core of the GTS is an 8–14 µm wavelength band sensitive infrared thermopile (shown
in Figure 2.19), which depending on the total energy influx from its field-of-view, con-
verts this to a corresponding voltage output.
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Figure 2.18: Image of the HABIT FM instrument. (a) Container Unit (CU), (b) Electronic
Unit (EU) with Ground Temperature Sensor (GTS) highlighted, (c) a closer view of the GTS
pointing at the surface. This image has been published in Martin-Torres et al [19].

The sensing area of the thermopile that receives the energy from its field-of-view and
converts it to a voltage is the bolometer. The response depends on the temperature
sensed by the bolometer to that of the difference in temperature with the thermopile
case base (cb) as measured with the help of a Pt1000 temperature sensor. The incoming
energy passes through an 8-14 µm band-pass filter to measure temperatures in a range
specific to the Mars. The blackbody temperature for a peak wavelength can be calculated
using the Wien’s displacement law as shown in equation (2.8).

λmax =
2898

T
(µm) (2.8)

The thermopile with its 8-14 µm band-pass filter is sensitive to measure a temperature
range between -66.17 ◦C and 89.07 ◦C.
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Figure 2.19: Schematic representation of a cross-section of a thermopile and its components.
This image has been published in Martin-Torres et al [19].

2.3.2 Measurements, data sampling and data treatment

The GTS measures the thermopile case base (cb) temperature and the thermopile output
as ADC counts. HABIT uses a 12-bit ADC (4096 step resolution) with a reference voltage
(Vref ) of 4.096 V. The amplifier gain (Av) is set to 201 in order to read the output
signal, since the output voltage produced by the thermopile is marginally smaller that
the reference voltage. The thermopile output voltage (Vthermopile) can be calculated using
equation 2.9.

Vthermopile =
1

Av
×
(

ADC counts× Vref
ADC resolution

)
= ADC counts× 100

201
(µV ) (2.9)

The resultant voltage output is a function of the difference in temperature between
the thermopile case base (cb) and the bolometer (s) as expressed in equation (2.10).

Vthermopile = f(Tcb)(Ts − Tcb) (2.10)

where, Tcb is the temperature of the thermopile case base, and Ts is the temperature
of the bolometer.

For the IPHT TS-100 thermopile [142] used in the GTS, the relationship is provided
by the manufacturer as in equation (2.11).

f(Tcb) = −88.86×10−4+3.057×10−4.Tcb−0.01526×10−4.T 2
cb+3.366×10−9.T 3

cb−2.788×10−12.T 4
cb

(2.11)
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For a set of 100 thermocouples connected in series in the thermopile, equation (2.10)
is modified to equation (2.12)

Vthermopile = 100.f(Tcb)(Ts − Tcb) (2.12)

Energy balance model

In a non-contact measuring instrumentation like the thermopile, the energy flux con-
tributing to the temperature measurement could be of conductive, convective and radia-
tive nature as shown in Figure 2.20.

Figure 2.20: Graphical representation of the conductive, convective and radiative energy fluxes
associated within the thermopile and with the external environment. The black arrows show the
interaction between the different components of the thermopile with the subscripts depicting if
the nature of the energy flux is conductive, convective or radiative in nature. This image has
been published in Martin-Torres et al [19].

The energy balance equation [79, 143] is expressed in equation (2.13):

PR,g−s + PR,f−s + PR,cc−s + PR,cb−s + PC,cb−s = 0 (2.13)

where, P – Energy, R – Radiation, C – Conduction, g – Ground, f – Filter, cc – Thermopile
case cap, cb – Thermopile case base, s – Bolometer.
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Considering constants K1, K2, and K3, each representing the relative weight of dif-
ferent energy transfer processes, and assuming filter temperature, Tf and the thermopile
case cap temperature, Tcc are the same as the thermopile case base temperature, Tcb,
since there are in contact with each other, the simplified energy balance equation obtained
is shown in equation (2.14).

K1(Φ
I
g − ΦI

s) +K1(Φ
O
cc − ΦO

s ) +K2(Φ
T
cc − ΦT

s ) +K3(Tcb − Ts) = 0 (2.14)

where,
Φ - Heat flux
I – Heat flux of radiation passing through filter (wavelength restricted)
O - Heat flux radiation not passing through filter
T - Heat flux of radiation in total spectrum (all wavelengths)

The different heat flux terms are calculated using Planck’s law as shown in equations
(2.15) - (2.21).

ΦI
g = εg

∫ λb

λa

Tf (λ)
2hc2

λ5 (ehc/λkBTg − 1)
dλ (2.15)

ΦT
cc =

∫ ∞
0

2hc2

λ5 (ehc/λkBTcc − 1)
dλ (2.16)

ΦI
cc =

∫ λb

λa

Tf (λ)
2hc2

λ5 (ehc/λkBTcc − 1)
dλ (2.17)

ΦT
s =

∫ ∞
0

2hc2

λ5 (ehc/λkBTs − 1)
dλ (2.18)

ΦI
s =

∫ λb

λa

Tf (λ)
2hc2

λ5 (ehc/λkBTs − 1)
dλ (2.19)

ΦO
cc = ΦT

cc − ΦI
cc (2.20)

ΦO
s = ΦT

s − ΦI
s (2.21)

where,
αs - Bolometer absorptivity = 1
εg - Ground emissivity
εcc - Thermopile can cap emissivity = 1
εcb - Thermopile can base emissivity = 1
εs - Bolometer emissivity = 1
Tf (λ) - Filter transmittance = 0.754
ρf (λ) - Filter reflectance = 0
Tg - Ground temperature
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Tf - Filter temperature
Tcc - Thermopile case cap temperature
Tcb - Thermopile case base temperature
Ts - Bolometer temperature
Tf = Tcc = Tcb

h = Planck’s constant = 6.626 × 10−34 m2kgs−1

c = Speed of light = 3 × 108 m/s
kB = Boltzmann constant = 1.3806 × 10−23 m2kgs−2K−1

λa = Minimum limit of the wavelength band of the thermopile filter = 8 µm
λb = Maximum limit of the wavelength band of the thermopile filter = 14 µm

2.3.3 Calibration tests and results

Peltier-controlled blackbody source setup

When calibrating a temperature sensor, it is very important to have a stable thermal envi-
ronment and a constant target temperature. Calibration experiments must be performed
while setting various differences in temperature between the thermopile case and the tar-
get. In laboratory ambient conditions, it is easily achievable to maintain a near-constant
temperature of both the sensor and the calibration target with a definite temperature
difference, but at Martian temperatures, the thermopile case temperature also tends to
deviate towards the target temperature. To maintain the thermopile case temperature
inside the climate chamber while varying the target temperature, a COTS-based peltier-
controlled blackbody source was used as shown in Figure 2.21. The blackbody target is
essentially a 100 mm × 100 mm copper plate coated with LabIR thermographic paint
[144] whose normal emissivity is 0.92 for 8-14 µm band.

The temperature of the copper calibration target is maintained using a 62 mm × 62
mm peltier module (Laird Technologies, CP2,127,06, 122.3 W) fitted with a large alu-
minum fin heat sink of a CPU cooler (Noctua NH-D15) supported with two axial fans
(Noctua NF-A15). The heat output of the peltier module is controlled by a Pulse Width
Modulated (PWM) Direct Current (DC). Switching the polarity of the DC voltage will
turn the operation from heating to cooling and vice-versa. The peltier-controlled black-
body setup also used a Proportional-Integral (PI) control for maintaining the calibration
target temperature within ±0.1 ◦C. Two temperature sensors (Texas Instruments LMT-
70, Range: -55 ◦C to 150 ◦C, Accuracy: ±0.05 ◦C) were attached to the opposite ends
of the copper plate to serve as a temperature feedback into the PI controller circuit.
To ensure a better performance of the overall system, it is recommended to only have
the peltier module and cooler part inside the climate chamber with extended cables for
temperature sensors and PI controller mounted Arduino outside the chamber.

Thermopile output voltage vs temperature

The purpose of calibration of the GTS was to determine the calibration constants in the
energy balance equation and represent the output voltage produced by the thermopile
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Figure 2.21: Experimental setup of the GTS EQM against the peltier-controlled thermographic
paint coated copper plate inside the climate chamber where the distance between the blackbody
source and the GTS is maintained at 2 cm. This image has been published in Martin-Torres et
al [19].

to the brightness temperature of the target area in its field-of-view. The blackbody cali-
bration source with emissivity (ε) equal to 1 was used to establish this relationship. The
calibration constants and the resultant energy balance equation obtained will be used for
the accurate conversion of the thermopile output voltage to the target temperature as-
suming the emissivity of the Martian surface from literature. The calibration procedure
of the GTS consisted of three different blackbody targets to cover the entire thermal
range of Mars: 1) Blackbody calibration source and controller (LumaSense Technolo-
gies M315X4-HT, Exit port: 101 mm × 101 mm) for ambient laboratory temperature
experiments; 2) Peltier-controlled thermographic paint coated copper plate for colder
temperatures inside the climate chamber; and 3) Thermographic paint coated copper
plate inside the SpaceQ Mars simulation chamber at Martian temperature, pressure and
carbon dioxide atmosphere [58]. A MELEXIS MLX90614 infrared thermometer (with a
temperature measurement range of -70 ◦C to 380 ◦C and a measurement accuracy and
resolution of 0.5 ◦C and 0.02 ◦C respectively) was used as a reference for this application.

The calibration experiments were conducted in three parts: i) under laboratory am-
bient, with blackbody temperatures between 25 ◦C and 73 ◦C using LumaSense Tech-
nologies blackbody calibration source (see Figure 2.22); ii) under Martian temperatures
in a climate chamber, with blackbody temperatures between 10 ◦C and -50 ◦C using the
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Figure 2.22: Experimental setup of the GTS EQM mounted against the LumaSense Technologies
blackbody calibration source where the distance between the blackbody source and the GTS is
maintained at 6 cm. This image has been published in Martin-Torres et al [19].

peltier-controlled blackbody source (see Figure 2.21); and iii) under Martian conditions
of temperature, pressure and carbon dioxide atmosphere in a simulation chamber, with
blackbody temperatures between 10 ◦C and -50 ◦C with 10 ◦C interval using the ther-
mographic paint coated copper plate with paint properties same as (ii), see Figure 2.23,
attached to the liquid nitrogen cooled working table of the chamber. All the experiments
were conducted in an ISO Class 5 cleanroom with HABIT EQM.

All the experiments were performed by maintaining a blackbody temperature be-
tween 73 ◦C and -50 ◦C, decreasing the temperature at 10 ◦C intervals while the ambient
temperature was maintained relatively constant. For the experiment (iii) under Martian
conditions, an insulating spacer was used to isolate the Electronics Unit (EU) from the
cold working table. The response of the thermopile was recorded for 100 data points at
a frequency of 1 Hz.

The different distance between the GTS and the blackbody calibration source for
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Figure 2.23: Experimental setup of the GTS EQM against the thermographic paint coated copper
plate inside the SpaceQ Mars simulation chamber where the GTS is maintained at a slant
distance of 3.25 cm and pointed at an angle of 45◦, representative of the operational scenario
on Mars. This image has been published in Martin-Torres et al [19].

each of the experimental setup (6 cm for LumaSense Technologies blackbody calibration
source, 2 cm for peltier-controlled for thermographic paint coated aluminum plate, and
3.25 cm for thermographic paint coated aluminum plate inside the SpaceQ Mars simu-
lation chamber) was maintained such that the oval footprint of the thermopile’s field-
of-view was covering only the calibration target of the blackbody. Hence, the difference
in distances does not affect the accurate retrieval of the target temperature but rather
provide an average brightness temperature from the area of coverage in the field-of-view
of the thermopile. During HABIT deployment on Mars, the distance between the GTS
and the Martian surface will be about 1.5 m. Since the temperature is computed from
the overall radiation within the field-of-view, the same calibration can be used without
any modification for its use on Mars.
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Ground temperature calculation

From the energy balance equation (2.14) and adding radiation from blackbody reflections
φreflection, the equation (2.22) is obtained.

K1(Φ
I
g + φreflection − ΦI

s) +K1(Φ
O
cc − ΦO

s ) +K2(Φ
T
cc − ΦT

s ) +K3(Tcb − Ts) = 0 (2.22)

For this calibration, all the data points from ambient laboratory tests with the
Lumasense blackbody calibration source, the Martian temperature tests in the climate
chamber and the Martian condition tests inside the SpaceQ Mars simulation chamber
were used.

Solving this equation for pairs of blackbody temperatures,

K1(Φ
I
g1 + φreflection − ΦI

s1) +K1(Φ
O
cc1 − ΦO

s1) +K2(Φ
T
cc1 − ΦT

s1) +K3(Tcb1 − Ts1) = 0

-

K1(Φ
I
g2 + φreflection − ΦI

s2) +K1(Φ
O
cc2 − ΦO

s2) +K2(Φ
T
cc2 − ΦT

s2) +K3(Tcb2 − Ts2) = 0

K1(Φ
I
g1 − ΦI

g2 − ΦI
s1 + ΦI

s2) + K1(Φ
O
cc1 − ΦO

cc2 − ΦO
s1 + ΦO

s2) + K2(Φ
T
cc1 − ΦT

cc2 − ΦT
s1 +

ΦT
s2) +K3(Tcb1 − Tcb2 − Ts1 + Ts2) = 0

(2.23)

K1(=1), K2, and K3 are achieved from equation (2.23) using linear least square algo-
rithm.

[K1 K2 K3] = [1 113.4336 –7462.499]

Using the constants K1, K2, and K3 in equation (2.14), the ground heat flux term,
can be computed, as shown in Figure 2.24, for the measured blackbody temperatures.

The target temperature, Tg can then be calculated from the resultant ground heat
flux using a 3rd order polynomial least square fit as expressed in equation (2.24).

Tg = 9.235e−05.ΦI3

g − 0.0103.ΦI2

g + 1.8493.ΦI
g + 285.3986 (2.24)

The retrieved target temperature is the brightness temperature considering the black-
body with an emissivity, ε = 1. For Martian surfaces where ε 6=1, the assumed emissivity
from the literature can be substituted to recalculate the ΦI

g term in equation (2.15) to
retrieve the soil kinematic temperature on Mars.
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Figure 2.24: Computed ground heat flux values for the corresponding blackbody target tempera-
tures based on equation (2.14). This image has been published in Martin-Torres et al [19].

2.3.4 Validation tests and results

The purpose of this experiment was to verify the overall performance of the GTS ther-
mopile response after obtaining the calibration constants from the tests described in
section 2.3.3. This experiment used the same setup of the LumaSense Technologies
blackbody source and the HABIT EQM but was performed as a continuous single sweep
in the blackbody temperatures from 73 ◦C to 40 ◦C including the transitions between
temperatures. The experiment was also conducted in an ISO Class 5 cleanroom with
GTS thermopile at ambient temperature and maintaining 6 cm between the blackbody
source and the GTS. The results are shown in Figure 2.25.

With the current calibration, the error in temperature retrieval is within 0.7 ◦C as
shown in Figure 2.26. With more calibration data points for intermediate temperatures
and more stability in maintaining constant temperatures, the energy balance model can
be improved and thereby the error can be minimized.
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Figure 2.25: GTS performance tests. The retrieved GTS temperatures obtained using the cali-
bration function are shown in bottom right. This image has been published in Martin-Torres et
al [19].

2.4 Martian implications

This chapter provides a fresh insight to the world of observing the brine formation process
which were previously studied predominantly using techniques [96, 97, 98, 99, 121, 145]
such as Raman microscope, optical visual images, particle levitation experiments, which
has limitations in identifying the phase transitions in bulk samples and demand complex
sample preparation techniques, experimental setup and operational requirements. On the
other hand, the EC technique provides substantial characterization of the liquid brine
formation and its phase transitions while being robust, simple to operate, and adequate
to be embedded into a small mass, power and volume, durable, low-cost and maintenance
instrument such as HABIT.

The clear detection of an EC change in BOTTLE after commissioning the instrument
on Mars would reveal that the deliquescence mechanism is in effect on present-day Mars.
This would have many major implications. First, it would confirm the possibility of
a present-day atmosphere-regolith interaction that may lead to the formation of briny
mixtures of soil. These briny mixtures with soil, in the case of deep slopes may be ob-
served from orbit through large-scale features like RSL. Comparing the Martian surface
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Figure 2.26: Error in retrieved GTS temperatures.

temperature observations with the EC, the phase state of water on Martian surface may
be determined. As water on the regolith is a critical resource for the future exploration
of Mars, this can be applied as a real-time, remote detector of sites of interest for water
sampling on Mars. The identification of the transient liquid water and its stability time
scales would open the discussion about the possibility of life in present-day Mars and var-
ious other key points linked with the future human exploration. It is also expected that
the demonstration of the formation of liquid brine would have implications on the defini-
tion of special regions defined for planetary protection purposes. Finally, this technology
will help to demonstrate the possibility of in-situ water harvesting for future human and
robotic missions to Mars.

The synergy in the GTS measurements together with BOTTLE may be crucial. Since
temperature and water activity are simultaneous requirements for life to exist on the sur-
face of Mars, these two measurements can be used to infer if the environmental conditions
at the landing site allow for Oxia Planum to be habitable in the present day.
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The presence of liquid water is a fundamental requirement for any form of known
life, but just its presence may not define an environment as suitable for life. Given the
limitations to the activity of life, only part of the phase space of liquid water is habitable.

The lower limit for metabolic activity in microbes is thought to be∼-25 ◦C [146, 147, 148].
No convincing evidence for reproduction has been demonstrated below∼-15 ◦C [149, 150],
although long-term experiments and more sophisticated approaches may well change this
assumption. Liquid water can exist at below this temperature at values that are appli-
cable to planetary environments. For example, eutectic solutions of perchlorates have
theoretical freezing points down to ∼-65 ◦C [94], well below the current lower limit for
metabolic activity, although much work needs to be done to measure the freezing points
of novel salt solutions under real environmental conditions. The BOTTLE instrument
onboard the ExoMars 2022 Surface Platform may be able to determine these conditions
for the four salts as mentioned in Chapter 1. It remains to be seen whether the absolute
lower temperature limit for microbial metabolic activity is coterminous with the lower
limits for liquid water in the environment.

At the other extreme, liquid water can exist at temperatures well above the current
upper limit for microbial growth at 122 ◦C [151, 152] and at high pressures. As chemical
reaction rates (including destructive processes) increase exponentially with temperature
according to the Arrhenius equation, we might expect that a point is reached when de-
struction of cellular structures and non-covalent interactions caused by thermal energy
exceeds the energy that can be harnessed from the environment by an organism to repair
damage [148, 153]. This limit may be something on the order of 140 - 150 ◦C [154]. As
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liquid water can exist at greater than 300 ◦C at pressures exceeding 10 MPa, it is possible
that the upper temperature limit for life falls short of the upper limit for liquid water
availability. This suggests that the temperature limits for life are an important first-order
determinant of habitable conditions [155].

Other physical and chemical conditions within an environment must also lie within
the bounds defined by available energy and the biochemical limits of life [7]. Life has been
found growing in extremes of different physical and chemical stressors, such as ionizing
and UV radiation, pressure, pH, salinity, aridity, and toxic metals [156]. The absolute
limits for many of these stressors are not fully known, and some of them, for example,
pH, may never achieve metabolically prohibitive extremes within planetary environments.
Extremes can either work in synergy or compound energetic costs to organisms. We have
very little information on how organisms adapt to multiple extremes [157].

An example of one extreme other than temperature with well-defined limits is water
activity (aw), for which the lower limit is currently thought to be 0.585 [158]. Although
such limits are unlikely to be met on a planetary scale, as on Earth, they could be localized
to specific brines. It is the purpose of this chapter to illustrate the design and testing
of a compact instrument that monitors the microbial activity of soils that is exposed to
harsh conditions.

3.1 Microbial ecology on Earth

The investigation of the state of activity of the natural microbial ecological systems that
inhabit the soils is of interest to explore a vast amount of unknown ecosystem relation-
ships and adaptive responses that are presently active on Earth [159]. These relationships
can be further characterized subjecting this system to different environmental conditions
(nutrients, temperature, osmotic pressure, dry or humid environment, pH, etc.) [159],
investigating the limits of these environmental factors where life can thrive and the mech-
anisms that are activated then. This subject is at the core of extremophile research on
planetary analogues [160, 161, 162, 163] and is particularly relevant for astrobiology to
define the habitability limits on other planetary environments [7, 70].

Of particular interest to microbial ecology studies, is the detection of living cells within
the soils. The categorization of microorganisms in soil that has been widely employed is
the division between the major decomposer groups: fungi and bacteria [164, 165]. While
these two groups are dominant in different soils, the fungal-to-bacterial ratio ranging
from 1.0 to 2.3 or much higher acts as a good indicator of environmental changes in the
soil [166, 167]. Despite significant improvement in microbiology and molecular laboratory
practices, only ∼1% of existing bacterial strains can be cultivated in the laboratory with
standard broth and agar [168, 169, 170, 171]. Additionally, some microorganisms have
adapted to specific growing conditions, such as slow growth in a low resource environment,
or anaerobic conditions, and thus they cannot be cultured with standard high-nutrient
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broth assays, where other faster and aerobic growing organisms dominate the micro-
cosmos [159, 172]. Most, if not all, microorganisms in soil are dormant [173] at a given
point in time and thus, any ideal system to monitor the microbiome of soils should
allow for all the natural phases to take place spontaneously, monitoring the system with
minimal intervention. The identification of the environmental factors that activate some
metabolic processes is, however, limited by the current tools and laboratory practices.
This fact impedes detection and characterization of a wide variety of species as well as
the natural microbial activity, tuned in response to changing environments depending on
the ecosystem where they live and the physical signals from neighboring microbes [174].

3.2 Bioindicators for microbial activity

Soil microbial activity has been measured using a variety of sensors and methods so far.
The electrical conductivity (EC) and redox potential (Eh) have been demonstrated to
be viable measurement techniques to monitor the microbial metabolic activity. Back in
the 1970s, it was demonstrated that cellular metabolism results in an increase in EC and
water-soluble Ca and Mg in the supernatant liquid (80 mL solution with 0.5% glucose)
above 30 cm3 of natural soil in the dark at 30 ◦C without agitation [175]. This method
was thus proposed to detect life in extraterrestrial soils [175]. In more recent times,
other studies have targeted the investigation of soil biogeochemistry and transient redox
conditions caused by the water table fluctuations [176] and observed a decreasing soil
Eh after the addition of glucose [177]. Enright et al. [178, 179] demonstrated a distin-
guishable biological signal by immersing a pair of electrodes in an iron-oxidizing biofilm.
Graphite electrode experiments have also been used to investigate the rates of anaerobic
microbial activity in a diversity of anoxic sediments [180]. Soil respiration serves as an
accurate indicator to study soil microbial ecology and soil health. There are systems
in place for continuous in-situ monitoring of CO2 fluxes autonomously [181, 182, 183].
Reiser et al. [184] combined the Eh measurements with the O2 diffusion rate. Biogenic
volatile organic compounds (VOCs) and gases released in soil are known to be linked
to microbial activity that can be sensed with electronic nose (E-nose) technology [185].
Another existing method extracted components of electron transport chains for remote
detection of chemical signatures of life in soil. Techniques such as chromatography or elec-
trophoresis to separate extracted compounds, with final detection by voltammetry and
tandem mass-spectrometry were proposed [186]. Recently, nanomaterial incorporation
into biosensors has been proposed to enhance the performance of biosensors due to their
unique physicochemical properties [187]. Vision methods that are used for non-contact
monitoring of materials and structures could also be supplementary for monitoring the
future space greenhouses. The use of small sized cameras and advanced algorithms could
provide a possibility to monitor the growth of biofilms, fungi structures, and microbial
mats or other macroscopic structures on the surface of the soils [188, 189].

The detection of biosignatures of living microbial cells within soils is particularly crit-
ical for space exploration and in-situ investigation in Martian analogues and, in general,
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in remote regions on Earth. For instance, recent studies of in-situ metabolic activity per-
formed in the driest parts of the Atacama Desert demonstrated that active metabolism
can still occur in specialized microhabitats, such as the interior of salt nodules [190].
Similar efforts have been made to deploy portable microbiological instrumentation in the
Canadian arctic permafrost [191]. The role of microbial metabolism in the changing cli-
mate of the arctic and its contribution to an increased emission of greenhouse gases is still
unknown. Thus it is also of interest for long-term in-situ monitoring of the emission of
gases by microbes in the arctic region, in a natural environment. These examples show
the need for robust, multi-purpose, portable, autonomous instruments to monitor the
microbial activity and the gaseous interchange with the atmosphere in its natural envi-
ronment with minimal intervention. This chapter will focus on the Metabolt instrument,
as a portable incubator to characterize the metabolic activity of microbial ecosystems
on the regolith using electrical conductivity, redox potential, and gaseous concentration
measurements. The design of Metabolt takes a novel step forward combining some of the
different approaches to measure soil microbial activity under one system to comprehen-
sively analyze multiple physicochemical parameters such as electrical conductivity and
redox potential along with gas fluxes. The H2O measurement is also included in Metabolt
since it is important to assess the water activity, which is a requirement for life.

3.3 Functional requirements

Metabolt is designed with the following functional requirements. The instrument shall:

1. mimic natural growth conditions;
2. register information associated with time variability;
3. allow investigating spatial differentiation and different experimental conditions;
4. monitor in a non-invasive, non-specific and large-scale way, the metabolic activity

of a system; and
5. monitor the gaseous interchange with the atmosphere.

3.4 Instrument design and development: Metabolt

Metabolt allows monitoring over time, the electric conductivity and the redox potential
of a soil sample, in order to investigate the different stages of metabolic activity of a
microbial community. Additionally, the instrument monitors atmospheric composition
in the headspace above the soil, which allows investigating gaseous interchange between
the atmosphere and soil, and to confirm the footprint of metabolic activity through
respiration. The design of Metabolt is flexible and can be adapted to other specific
investigations with different gas sensors depending on the target of interest. On its
present form, Metabolt allows for the simultaneous comparison of two experiments in
independent containers. Finally, the instrument was designed to be compact, modular,
autonomous, and with small volume, mass, and power requirements as it is usually needed
for space exploration and field site campaigns.
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Figure 3.1: (a) Deployed configuration of the Metabolt instrument, with open experiment con-
tainers showing the electrical conductivity probes, (in the lid) temperature sensors, redox and
reference probes, oxygen and carbon dioxide gas sensors; Electronic box; Soil sample, water and
0.5% glucose solution, (b) Open experiment containers with soil and added solutions ready for
the experiment, (c) Redox probe with platinum electrodes at three different levels and reference
probe, (d) and (e) Salt samples (a mixture of halite, potash and polyhalite) from Boulby salt
mine, UK, (f) Field-site test at the Boulby salt mine (1.1 km depth), UK as a part of MINAR
5 campaign, showing Metabolt instrument in operation with a Raspberry Pi setup for power and
data management. This image has been published in Nazarious et al [64].

Metabolt consists of two units: an incubator with two experiment containers, and
an electronic box which houses the signal processing circuitry, central commanding and
processing, and data management system (see Figure 3.1). The battery power backup
system and an in-built flash memory facilitate the continuous operation of the experiment
in the event of a power outage, making the instrument reliable and ultra-portable to any
field test sites. The two electrochemical measurements of the soil are performed with
custom-built sensors: 99% pure copper sheet electrodes and platinum electrodes for the
electrical conductivity and the redox potential measurements, respectively. Since the
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circuits for measuring the electrical conductivity and the redox potential could generate
their local electromagnetic fields, there is a possibility of interference which is avoided
using a sensor shield from Whitebox Labs [192]. This provides electrical isolation between
the sensors and removes the external electrical noise that can interfere with the readings.
The current design of Metabolt contains O2 and CO2 gas sensors. However, depending on
the target of interest, other gas sensors such as NH3, N2O, CH4, etc can be integrated to
the system directly. Depending on the number of sensors used, the lid of Metabolt that
is accommodating the sensors may get larger and consequently the experiment container
too. The technical specifications of the sensors are summarized in Table 3.1, and the
physical dimensions of the instrument are provided in Table 3.2. The mass of each of the
experiment containers with lid and sensors is 250 g, the casing and connectors weigh 400
g and the electronic box, 500 g. Since the dimensions of the lid was driven by the number
of sensors used, and the dimensions of the experiment container was driven by the size
of the electrodes to have a good enough cell constant to measure electrical conductivity
in a valid range that is typical for moist soil samples, the allowed weight of soil samples
and solutions in each container is fixed to be 250 g. These make the overall weight of
Metabolt, 1.9 kg and its maximum power consumption, 1.5 W.

3.4.1 Mechanical design

The components of the Metabolt: Incubator with two experiment containers and the
electronic box were designed with the Dassault Systemes SOLIDWORKS 3D CAD de-
sign software and 3-D printed with the Ultimaker Extended 2+. The printed parts were
further treated with the Smooth-On XTC-3D high-performance 3-D print coating to fill
any leak pores and finished with the Montana GOLD spray paint.

The experiment container design comprehensively accommodates all the sensors and
the probes to make it compact and easy to replace in the event of a malfunction or a de-
fect due to electrode corrosion. The two copper sheet electrodes were positioned against
the long end of the container walls, forming a geometrical cell constant of K = 0.6, sen-
sitive enough to accurately resolve the soil electrical conductivity, which is generally in
the lower conductivity range of few tens to hundreds of µScm−1.

The DS18B20 temperature sensors, the redox and the reference probes, the oxygen
and the carbon dioxide sensors were mounted on a lid that encloses the container such
that the sensors and the probes dig into the experiment sample while the sensing area
of the gas sensors stay 10 mm away from the top surface of the sample, allowing the gas
medium in between to be analyzed for the respiratory, metabolic footprint concentrations.

The electronic box has external interfaces with the experiment containers for sending
and receiving the signals and a USB communication with a PC for the system software
update and the data transmission. It also allows the user to select the power mode of the
operation of the instrument with a slider switch; provide the accessibility to a micro-SD
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Table 3.1: Technical specifications of the Metabolt sensor suite.
Sensor/Probe Product

Model
Measurement Measurement

Range
Resolution

Waterproof
Temperature
sensor

DS18B20 1-
Wire Digital
Thermometer

Soil temperature -55 ◦C to 125 ◦C 0.25 ◦C at
10-bit

Two 50 mm
x 30 mm x
0.5 mm Cop-
per sheets 90
mm apart

Atlas Scientific
EZO™ Conduc-
tivity circuit

Electrical conduc-
tivity

0.07 to 500,000
µS/cm

± 2 %

3-Pt∗ redox
probes &
Ag—AgCl
wire with 3M
KCl reference
probes

Atlas Scientific
EZO™ ORP
circuit

Redox potential -1019.9 mV to
1019.9 mV

± 1 mV

Oxygen sensor CO2Meter UV
flux 25% oxygen
sensor module

Air pressure 500 to 1200
mbar

1.1 mbar

Oxygen concen-
tration

0 to 25 % 0.01 %

Carbon diox-
ide sensor

CO2Meter
COZIR Ambient
10,000 ppm CO2
+ RH/T sensor

Air temperature -25 ◦C to 55 ◦C 0.08 ◦C

Relative humidity 0 to 95 % 0.08 %
Carbon dioxide
concentration

0 to 10000 ppm 1 ppm

∗Custom-built by Paleo Terra, The Netherlands. Platinum sensing elements at distances 10 mm, 20
mm, and 30 mm respectively from the tip allowing for redox measurements at different depths of the
experiment samples.

Table 3.2: Physical dimensions of the Metabolt
Component External Dimensions (mm)

Experiment container 94.2 ×64.2× 64
Experiment container lid 90 ×60× 37

Experiment container casing 134.8 ×98.4× 64
Experiment containers w/ lid and casing 134.8 ×133.4× 107

Electronic box 200 ×110× 57

memory storage device, and replace the in-built batteries (in case of unavailability of
USB power).
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3.4.2 Electrical design and system software

The core of the electronic box is the Whitebox Labs Tentacle Shield for the Arduino
and an Arduino Mega 2560 Rev 3. The Tentacle Shield houses the three Atlas Scientific
EZO™ circuits: an EC, and the two ORP circuits that are galvanically isolated from each
other.

These circuits were programmed to communicate with the ATmega328 processor se-
quentially via a universal I2C bus. However, from the two experiment containers, there
are two EC signals and six ORP signals. To avoid stacking multiple tentacle shields
to accommodate more Atlas Scientific EZO™ circuits that would eventually increase the
weight, power and cost, Metabolt uses the sequential signal routing approach with the
2:1 and 4:1 bidirectional multiplexer/demultiplexers. The routing part of the circuit was
built on a prototyping breadboard and mounted in the casing of the experiment contain-
ers, such that only the signal from one of the sensors/probes is transmitted at a time.
Redox potential signals from each of the experiment containers were routed to a different
ORP circuit to avoid any possible ground looping while the EC circuit was shared. The
data lines of the two DS18B20 temperature sensors, one from each experiment, were
connected to a single digital pin of the Arduino and programmed to communicate via a
universal I2C bus. The oxygen and the carbon dioxide sensors communicate directly with
the Arduino by the TX/RX TTL serial communication via the three external TX/RX
pins and the two software serial ports.

In addition, the electronic box houses a 4 x 1.5 V AA battery pack, serially connected
as a 6 V equivalent power supply, that runs through a slider switch for the user power
mode selection and then to the Vin pin of the Arduino, where it is regulated to a 5
V power supply. A micro-SD shield was integrated, providing the user with access to
the unprocessed raw data of the experiments and the three status LEDs to monitor the
progress. The experiment containers and the electronic box share the electrical connec-
tions through a male-female DB-25 cable that plugs into the female DB-25 ports installed
on the experiment containers casing and the electronic box.

The ATmega328 processor of the Arduino Mega 2560 Rev 3 controls the entire com-
manding, processing and the data management protocols. The source code of the system
software was developed in the Arduino IDE and can be updated real-time by connecting
the Arduino USB port to a PC. The system software was designed systematically to be
executed in four stages: 1) Sensor setup, 2) Calibration, 3) Data acquisition and trans-
mission, and 4) Hibernation. Sensor setup prepares the sensors by sending the proper
commands regarding the sensor status, output format, etc. Calibration stage assigns the
calibration values to the sensors and circuits, if any. It also test-runs the sensors for a few
seconds to make sure that everything is in order and ready to conduct the experiments.
Data acquisition and transmission is handled by sending the data request commands to
the sensors and circuits and after a short processing time delay, the individual variables
receive the data in a specified format. Once all the measurements were carried out, the
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data were formatted as the comma-separated values and transmitted to the PC and/or
stored in the micro-SD card. After a few allowed iterations at a specified frequency of the
data acquisition and transmission, the instrument was hibernated for a specified time to
save power and automatically woke up to continue the process. The timing, delays and
the counters were managed by the in-built Arduino library function, millis.

3.4.3 Data management modes

Metabolt supports two modes by which the data from the experiment are utilized. De-
pending on the user preferences, nature of the operation, and the mobility and power
constraints, the experiment data can either be transmitted to a PC through the USB
data connection and/or can be stored locally in the in-built memory (.csv/.txt/etc.).

The local storage mode is simple and straight-forward but allows accessing the data
after the completion of the experiments or during the hibernation time to avoid any data
loss. On the other hand, the PC mode allows visualizing the data real-time with any
serial data acquisition tool and saving in any suitable format (.csv/.txt/etc.). A copy of
the unprocessed data is also maintained in the micro-SD storage in this mode.

The data storage requirements for the Metabolt are small: less than 500 kB for a
10-day experiment.

3.5 Measurements, data sampling and data treat-

ment

In addition to the two electrochemical measurements: electrical conductivity and re-
dox potential, six environmental parameters are measured simultaneously: air and soil
temperature (T), pressure (P) and relative humidity (RH) in the headspace, and concen-
trations of oxygen (O2) and carbon dioxide (CO2) respiration products in the headspace.

Due to the continuous flow of an alternating current through the electrodes for the
EC measurements, the surface of the copper sheet electrodes is prone to corrosion. The
system software was optimized to run the experiment for 10 consecutive measurements
and hibernate for an hour (to limit the power consumption and minimize the electric
current exposure) before continuing with the next set of measurements.

Low-cost commercial gas sensors are prone to offset degradation after a long-time
saturation. The offset of the used gas sensors is determined by comparing with a fresh
gas sensor, at ambient laboratory conditions. This offset is corrected later, on the re-
sulting data assuming a linear degradation. The gas sensors may also show a transient
response at the beginning of its operation from the idle state until an initial equilibrium
is reached. The first changes for about 11h caused by the water redistribution had to
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be discarded for proper interpretation of the experiment. The first few minutes of every
hour produces 10 data points. In some experiments, a sizeable varying range of values
was observed within an hourly dataset.

For every experiment, all the data points were used directly, and the trend is shown
with a smoothed cubic Bezier curve.

3.6 Calibration

The soil electrical conductivity probe was calibrated with an EZO™ conductivity circuit
[193] for the known geometrical cell constant (from the probe dimensions, K = 9 cm /
(5 × 3 cm) = 0.6 cm−1) and with the conductivity standards: 1413 µScm−1 (HI7031,
Manufactured by: Hanna Instruments, Rhode Island, US; Sourced from: HannaNorden
AB, Kungsbacka, Sweden) and 5000 µScm−1 (HI7039, Manufactured by: Hanna Instru-
ments, Rhode Island, US; Sourced from: HannaNorden AB, Kungsbacka, Sweden) for a
two-point calibration at 25 ◦C. The temperatures of the standard solutions were simul-
taneously recorded with a calibrated temperature sensor (DS18B20, Maxim Integrated;
Manufactured by: SparkFun Electronics, Colorado, US; Sourced from: Digi-Key Swe-
den), and the conductivity measurements were temperature-compensated in the circuit.
The redox and reference probes were calibrated with an EZO™ ORP circuit [194] against
the Oxidation Reduction Potential (ORP) standard solution, 200 - 275 mV (HI7020,
Manufactured by: Hanna Instruments, Rhode Island, US; Sourced from: HannaNorden
AB, Kungsbacka, Sweden) at 25 ◦C. The Eh (redox potential w.r.t. standard hydro-
gen reference electrode) was derived from (ORP + 210 mV) [195, 196, 197, 198] (w.r.t
Ag|AgCl wire with 3M KCl reference electrode).

3.7 Validation tests and results

3.7.1 Sample preparation

For a demonstration of the operability of the instrument, a set of laboratory experiments
were performed using natural arctic soil with three different treatments, to illustrate the
forced and naturally observable changes in the metabolic activity of soils and the gaseous
interchange with the atmosphere.

The three different soil samples are: (I) unperturbed sub-arctic soil collected in Lule̊a
(65◦37’03.72” N, 22◦08’25.81” E), Sweden. The unsaturated silty sand sampled at a depth
of 0.05 - 0.15 m had the following properties: organic matter content: 2.1 ± 0.01%, mois-
ture content: < 10.2%, and pH = 5.7 ± 0.1; (II) soil collected at the same location of (I)
after heat sterilization (under uncontrolled relative humidity conditions), following the
standards of the European Space Agency (ESA) for the bioburden reduction of space
hardware (ECSS-Q-ST-70-57C) [199]. The soil was heated in a climate chamber (Her-
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aeus HT 4010) at 125 ◦C (incl. temperature distribution uncertainties) for 35.4h. This
procedure is named the Dry Heat Microbial Reduction (DHMR), and it is used to reduce
the bioburden of hardware, components, or products which are sent to space [199]. For
this specific condition, the number of bacterial spores are expected to be reduced by 4 -
6 orders of magnitude. The experiment was not run in cleanroom conditions, the instru-
ment itself was reused from one test to another; therefore, the recontamination of the
samples or survival of spores cannot be discarded; (III) soil collected at the same location
of (I) after adding 40 mL of 25% CaCl2 brine, which in pure brine state at laboratory
temperatures should have a water activity of aw = 0.8 [200]. The measurements suggest
a resulting water activity in the soil of aw ∼0.85 (relative humidity of about 85%) (see
Figure 3.2, 3.3). The purpose of this experiment was to illustrate that water activity is
one of the primary physicochemical factors that set a hard limit to life [159, 201, 202].

Figure 3.2: Relative humidity in the headspace with the application of 25% CaCl2 brine (osmotic
stress) showing the water activity equivalence for control (red) and glucose (blue) experiments
with the soil under osmotic pressure. This image has been published in Nazarious et al [64].

The scheme of the set of tests performed to increase the statistical nature of this
demonstration study is shown in Table 3.3. Different soil treatments correspond to three
experiments each, one with soil sampled in August 2017 (E1) and two technical replicates
(E2 and E3) with soil sampled in Summer 2018. For simplicity, since all the replicates
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Figure 3.3: Comparison of the water activity (aw) and the concentration of CaCl2. Also high-
lighted (circles) is the predicted water activity for our experimental condition with the 25%
concentration of CaCl2 and its correlation with the achieved relative humidity. This image has
been published in Nazarious et al [64].

within each experiment condition showed similar responses, only two experiments are
shown under each treatment. As will be shown later, the three experiments under dif-
ferent conditions/treatment showed reproducibility in their responses. The instrument’s
functionality is illustrated with a natural ecosystem: arctic soil (solid) samples, with all
the naturally present species. However, similar studies could be performed with pre-
selected species in specific growth media or prepared granular solid samples.

3.7.2 Experimental setup

The treated samples were divided into two parts, to fill a volume of 180 cm3 (about 200 g
in dry weight) in each experiment container. The depth of the soil sample was about 32
mm. Before the experiment, the soil samples were sieved to remove particles of diameter
> 5 mm. The whole experimental setup was placed in an empty room with low thermal
and gaseous diurnal variations and the experiment was initiated at ambient conditions.
Each sample was incubated independently after the addition of 40 mL of deionized water
(processed by Silhorko-Eurowater A/S; Type: Silex 1B), and the response was monitored
for at least 5 days.
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Table 3.3: Experimental conditions performed in this study. Each column denotes a different
soil treatment and is run for three experiments: E1, E2 and E3. The experiment conditions
with three different treatments and the information about each experiment are also provided.

Condition (I) Unperturbed (II) Thermal
Stress

(III) Osmotic
Stress

Soil pre-
treatment

No pre-treatment Heated @ 125 ◦C
for 35.4 hours

No pre-treatment

Added solution
(control experi-
ment)

40 ml of deionized
water

40 ml of deionized
water

40 ml of deionized
water

Added solu-
tion (actual
experiment)

40 ml of deionized
water + 0.5% glu-
cose (0.2 g)

40 ml of deionized
water + 0.5% glu-
cose (0.2 g)

40 ml of deionized
water + 0.5% glu-
cose (0.2 g) + 25%
CaCl2 (10 g)

Number of ex-
periments (E)

3 (E1, E2, E3) 3 (E1, E2, E3) 3 (E1, E2, E3)

Incubation time
(days)

E1: 10 E1: 20 E1: 16
E2: 9 E2: 10 E2: 14
E3: 15 E3: 18 E3: 11

Soil sample
collection season

E1: Autumn 2017 E1: Autumn 2017 E1: Autumn 2017
E2: Summer 2018 E2: Summer 2018 E2: Summer 2018
E3: Summer 2018 E3: Summer 2018 E3: Summer 2018

Figure
description

E1: Not shown E1: Figure 3a -3d E1: Figure 4a - 4d
E2: Figure 2a - 2d E2: Figure 3e - 3h E2: Not shown
E3: Figure 2e - 2h E3: Not shown E3: Figure 4e - 4h

For every experiment, in one of the two experiment containers, glucose was added as
an organic carbon source; diluted in the 40 mL deionized water with 0.5% concentration
by volume. The general chemical equation for the metabolism of glucose by heterotrophs
can be written as:

C6H12O6 + 6O2 → 6CO2 + 6H2O + 2870kJ (3.1)

Thus, an anti-correlation signatures in oxygen, O2, and carbon dioxide, CO2 are
expected, if this metabolic pathway is activated. The working principle of Metabolt
is demonstrated with these two gases. However, similar studies can be performed for
anaerobic organisms, monitoring: nitrogen oxides, methane, ammonia, and other volatile
products which can contribute to short and long-term changes in the composition, chem-
istry, and radiative balance of the atmosphere of the Earth.
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3.7.3 Laboratory testing

The main observations of the three study cases are summarized to characterize the re-
sponse of a natural microbiome community or a specific incubated strain, subjected to a
particular treatment of the soil.

Gaseous signatures as a footprint of metabolic activity through respiration

Figure 3.4 shows the measurements produced during incubation of 9 - 15 days of the
two different repetitions of experiment I (“Unperturbed soil”), after the addition of pure
water (control) or water with carbohydrate additives (glucose). On the very first day,
after the addition of water, there is a rapid activation of the metabolism which can be
detected by a sudden, exponential increase of the atmospheric CO2 level from an hourly
average of roughly 550 ppm in ambient environment (see Figure 3.5) to about 8,000 ppm
(Figure 3.4d,h). The CO2 values hit a ceiling around 8,000 ppm (instead of 10,000 ppm
maximum range of the sensor) because of its initial offset. The data shows that, since the
chambers are not airtight in this prototype, there is an apparent exchange of both gases
with the external environment. If the system was fully sealed, the headspace air would
likely run out of oxygen with glucose addition and go anaerobic. It seems that the CO2

also reaches an equilibrium level at ca. 8,000 ppm where production equals leakage from
the chamber. There is a diurnal variation in the gas signal data - clearer in O2 than in
CO2. While external ambient O2 will vary due to light photosynthesis/dark respiration,
the data suggests a more direct response of the soil to temperature. This is very obvious
in E3 for O2 and to a lesser extent for CO2. The observed CO2 increase has the shape
of typical aerobic growth curve and may thus be an indicator of the intense metabolism
caused by cell replication [175, 203, 204]. This concentration is diluted over time as
the enclosure, of this prototype version of Metabolt, is not airtight. Over the days, as
the metabolic activity is reduced, the CO2 level decreases to an average value of about
3000 ppm with small diurnal modulations. In parallel to this first CO2 change there is a
significant reduction of the O2 level (Figure 3.4c,g), which is particularly detectable for
the cases where glucose has been added. The diurnal modulation of the O2 concentration
is evident in this case.

Electrochemical signatures as a potential indicator of microbial metabolism

In parallel to this respiration signature, there are changes in the electrical conductivity
(Figure 3.4a,e) and the redox potential (Figure 3.4b,f) observed, with sustained changes
over the days even beyond 2 weeks. On some days, the electrical conductivity can change
up to 20 µScm−1 between the day and the night activity (Figure 3.4e). Since electrical
conductivity measurements are temperature-sensitive, some of these variations may be
attributed to the change in temperature between the day and night. The behavior in
electrical conductivity is also accompanied by an anti-correlated 0.5% change in the
O2 concentration. The diurnal variability of Eh can be as significant as 100 mV for
some cases, but it seems less periodic and generally shows some variability around an
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Figure 3.4: Laboratory tests in LTU, Sweden: Experiment I. Results showing the different stages
of the metabolic activity for control (red) and glucose (blue) cases of the incubated unperturbed
soil. E2: (a) Electrical Conductivity (EC), (b) Redox potential (Eh), (c) Oxygen concentration,
(d) Carbon dioxide concentration, E3: (e) Electrical Conductivity (EC), (f) Redox potential
(Eh), (g) Oxygen concentration, (h) Carbon dioxide concentration. The data gaps in (d) were
because of the corrupted CO2 values. The color bar represents the air temperature (◦C). This
image has been published in Nazarious et al [64].

average value. Eh is generally higher in the case of control as compared to the glucose
case. However, in some experiments, the order was reverse. The anomalies in the initial
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Figure 3.5: External ambient gas changes in the laboratory during the experiment with the
soil under osmotic stress, (a) Oxygen concentration and (b) Carbon dioxide concentration. The
colour bar represents the ambient temperature (◦C). This image has been published in Nazarious
et al [64].

values of EC and Eh are usually due to the way the soil sample is in contact with the
electrodes. Since the contact of the soil with the electrodes for EC and the probes for
Eh depends on the distribution of moisture within the soil, the contact is not always
the same. In the figure, the true value of EC and Eh are presented as measured but
the change in measurement over time might be more relevant for interpretation. The
diurnal variabilities suggest that daily changes in temperature plays a significant role in
the response. However, the sustained changes over time, with modulations of the EC and
the Eh values can be used as an indicator of the microbial activity within the regolith as
is explained in further sections.

The difference in response due to temperature (Unperturbed vs Thermal
Stress)

Sterilized soils are expected to contain many labile nutrients (which is in one exper-
iment enhanced with the glucose). These nutrients will enable rapid colonization by
contaminants (or survivors, if any). In such a system, the expected behavior at ambient
temperatures, is to have 2 - 3 days delay, before the growth actually becomes measurable.
This is indeed observed in the experiment.
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Figure 3.6: Laboratory tests in LTU, Sweden: Experiment II. Results are showing an initial
dormant period of the metabolism followed by a reactivation for control (red) and glucose (blue)
cases of the incubated soil treated under thermal stress. E1: (a) Electrical Conductivity (EC),
(b) Redox potential (Eh), (c) Oxygen concentration, (d) Carbon dioxide concentration, E2: (e)
Electrical Conductivity (EC), (f) Redox potential (Eh), (g) Oxygen concentration, (h) Carbon
dioxide concentration. The color bar represents the air temperature (◦C). This image has been
published in Nazarious et al [64].

Figure 3.6 shows the measurements produced during an incubation of 10 - 20 days
of the two different repetitions of experiment II (“Thermally stressed soil”), after the
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addition of pure water (control) or water with carbohydrate additives (glucose). After
the applied DHMR process, a reduction of 4 - 6 orders of magnitude in the number of
bacterial spores in the soil is expected. This has a definite impact on the CO2 signal.
However, since the system is non-sterile, the recontamination is possible with an initial
delay. Comparing the metabolic signatures of samples under thermal stress treatment
with the unperturbed, revealed that the exponential growth phase was delayed by up to
59h in the glucose experiment and 80h in control (see Figure 3.6c,d). The reactivation
of metabolic activity was sped up in both experiments by the addition of glucose, indi-
cating the significant role of the nutrient availability on the cell reproduction process.
Once the number of cells has increased significantly, a saturated value of the CO2 was
observed, which again dilutes over time. Additionally, in parallel to this initial (but
lagged) CO2 release there is a significant reduction of the O2 concentration which is par-
ticularly detectable for experiment 1 (see Figure 3.6c), where all the data measurements
are available. Here, there is also a time difference of 2 days in the activity between
the experiments: the case with glucose reaches the minimum earlier. In the thermally
stressed test, there is a sustained variability of the EC and the Eh, although there is no
clear diurnal variation as opposed to unperturbed soil where the diurnal variations in
EC and Eh due to the effect of daily temperature changes were more evident. This may
suggest that the overall response of the system consists of the true microbial response
and the diurnal variations due to temperature changes accentuating it. Temperature-
controlled experiments are required to isolate the temperature effects in order to observe
the true microbial response. Interestingly for some experiments, the EC, O2, and CO2

values converged towards common values around the end of the experiment indicating
that glucose was consumed and both ecosystems behave similarly.

This example is particularly interesting to illustrate how the ecosystem changes when
stress conditions are applied. After the exposure to stress, microbes may be in a senescent
state where they remain partially active to maintain viability and protect against stress
conditions. Bacteria have numerous strategies that are activated to cope with the stressed
conditions including: the formation of cysts and spores, changes in cellular membranes,
expression of repair enzymes for damage, and synthesis of molecules for relieving stresses
[205]. Such metabolism still necessitates appropriate amounts of energy [206], which was
observed from the highly variable Eh in Figure 3.6b,f (red curves).

The difference in response due to reduced water activity (Unperturbed vs
Osmotic Stress)

Figure 3.7 shows the measurements produced during incubation of 11 - 16 days of the two
different repetitions of experiment III (“Osmotically stressed soil”), after the addition of
pure water (control) or water with carbohydrate additives (glucose). After the applied
stress, different samples show different responses depending on the dominant adapted
species. For instance, Figure 3.7(E1) managed to show a robust aerobic response after 4
days, whereas Figure 3.7(E3) did not show such response.
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Figure 3.7: Laboratory tests in LTU, Sweden: Experiment III. Results are showing an initial
dormant period of the metabolism followed by a reactivation for control (red) and glucose (blue)
cases of the incubated soil treated under osmotic stress. E1: (a) Electrical Conductivity (EC),
(b) Redox potential (Eh), (c) Oxygen concentration, (d) Carbon dioxide concentration, E3: (e)
Electrical Conductivity (EC), (f) Redox potential (Eh), (g) Oxygen concentration, (h) Carbon
dioxide concentration The data gaps in (a)-(d) were because of the data logging problems. The
curve at the data gaps is due to the cubic Bezier smoothing of the entire set of data points. We
recommend omitting this part for interpretation. The color bar represents the air temperature
(◦C). This image has been published in Nazarious et al [64].

In fact, in E1 the CO2 release and the decrease in the O2 was much more pronounced
for the case where additional nutrients were available in the form of glucose. Clearly, the
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reactivation seems harder in this case as compared to the DHMR case (where the viable
cells were reduced by 4 - 6 orders of magnitude). While in experiment II (“Thermally
stressed soil”) the stress disappears, in this case, the brine is always within the soil pro-
ducing continuous, unavoidable stress to the existing microbiome. The growth process in
brines can be divided into three phases [207] based on the microbial response to osmotic
stress: (1) initial reaction of either efflux (hyperosmotic stress) or influx (hypo-osmotic
stress) of cell water along the osmotic gradient, leading to rapid shrinkage or swelling of
the cytoplasm; (2) biochemical readjustments occur to restore the turgor and volume.
Here, hyperosmotic conditions are considered resulting in an increased transport or syn-
thesis of the compatible solutes; (3) growth is resumed under new conditions maintaining
the required biochemical adjustments in response to the environment. These phases can
be observed in Figure 3.7a,e which shows, in detail, the electrical conductivity pattern
and the modulations overwritten on the increasing electrical conductivity curve. In E3,
there is a very rapid initial release of the CO2 and the decrease of the O2 followed by the
large variations of the EC and the Eh throughout the full duration of the experiment,
whereas E1 shows some milder, diurnal modulations in the EC and the Eh. With ther-
mally stressed soil the diurnal variations in EC and Eh were almost not present in the first
few days due to the minimum to no microbial activity. However, in osmotically stressed
soil with the addition of salt, the ionic activity in the salt may have contributed to the
unstable variations in the electrochemical activity observed by EC and Eh. The purpose
of this treatment was to observe the response of osmotic stress in soil microorganisms
with the application of salt as seen in other planetary environments if any. Though a
clear trend could not be observed in the beginning, a stabilization occurred towards the
end that is common to both control and glucose cases. However, other measurements
returned valid information showing the effect of osmotic stress with no significant revival
in metabolism even after days. this indicates that after the sustained exposure to stress,
there is a natural selection process in these ecosystems and the response of the survival
species is dominant.

3.7.4 Testing in analogue environments

The operation of the Metabolt instrument has been demonstrated in October 2017 at
an international astrobiology field campaign MINAR 5 [62] organized by the UK Centre
for Astrobiology in collaboration with the Spaceward Bound (NASA) and the Kalam
Centre, India. The field campaign that explored the Boulby salt mine (UK) at 1.1 km
depth served as an analogue for the Moon and Mars cave exploration, demonstrating its
applicability for fast, in-situ detection of the microbial activity in the ancient salt deposits
of a subsurface mine [62]. Metabolt instrument investigated in-situ, the viability of cells
within a long-time preserved saline mineral sample at its natural environment. The
Boulby mine hosts the Boulby Underground Laboratory for dark matter studies and an
astrobiology laboratory [208]. Metabolt was used to monitor the metabolic activity in-
situ in the crushed salt samples (a mixture of halite NaCl, potash KCl and polyhalite
K2Ca2Mg(SO4)4·2H2O) from the mine [62]. These samples were formed in a ∼0.25 Ga-
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old deep subsurface evaporite deposit and are exposed to the natural radiation emitted
from the potash and had no access to visible light or water flow. Upon irrigation with 40
mL of water, and after 4 days of the in-situ incubation, the experiment showed a pattern
of the metabolic activity similar to the ones that are described in [62] and in Figure 3.8.
The experiment showed a delayed response after 4 days of incubation when the metabolic
process in the mine sample is activated enough to be measurable. After activation, the
diurnal variation as a function of daily temperature changes could be observed.

Figure 3.8: Analogue tests in Boulby Mine (UK): (a) Redox potential, (b) Oxygen concentration,
and (c) Carbon dioxide concentration, of a long-time incubation investigation at the laboratory
with the mixture of halite, potash and polyhalite salt samples from the Boulby salt mine, UK.
The experiment shows a delayed response after 4 days of incubation when the metabolic process
in the mine sample is activated enough to be measurable. After activation, the diurnal variation
as a function of daily temperature changes could be observed. This image has been published in
Nazarious et al [64]

3.8 Implications in microbiological practices

Metabolt works as an incubator for characterizing the metabolic activity of a microbial
community in a natural growth environment, by monitoring the temporal evolution of
the two electrochemical variables: electrical conductivity and redox potential, and the
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gaseous interchange with the atmosphere. These measurements can be used as a global
signature of the microbial activity. This method may be used as a pre-screening protocol
to select the samples that should be further analyzed by the more traditional biochem-
istry, genetic, and molecular biology methods with standard laboratory equipment. For
example, it may be used to consider the microbes from soils that have demonstrated
activity when exposed to osmotic stress, radioactivity, prolonged exposure to desicca-
tion, the addition of metals, or other products. This approach can also be used in field
studies to investigate the metabolic activity of the microbial ecosystems in their natural
environment, assisting in the selection of the potential samples or the partially modified
conditions. The results described here from the laboratory studies, used a thermodynam-
ically semi-open system of Metabolt, where the vapor and gases can exchange irreversibly
with the surrounding and are not supplemented either internally within the soil or from
the external atmosphere. This characteristic may alter the measurements of the soil when
compared to their natural conditions. Future, portable versions for in-situ monitoring of
the natural activity of soils in the field may be designed as an open frame, to hold the
electrodes, redox probes, and sensors, with a lid to hold the sensors that monitor the
headspace, and with an open bottom to allow for water recharge through the subsurface.
This may be particularly interesting to study the role of peatlands in increased carbon
loss to the atmosphere in the form of greenhouse gases: CO2 and CH4, by deploying
Metabolt for long-term monitoring in the fields [209].

In the laboratory, the methodology implemented in the Metabolt instrument can
find applications as a pre-screening procedure or in a complementary fashion with other
laboratory techniques:

1. to observe the electrochemical behavior in the samples as a result of microbial
metabolism from the instantaneous profile of the EC and the Eh;

2. to observe the global metabolic response to different additives (salts, antibiotic,
toxic compounds, metals, etc.,) and selective pressures (thermal treatment, pH
changes, etc.,) which may help to force the dominance of one species or one path-
way over other (thermal treatment and osmotic stress were demonstrated in this
chapter);

3. to understand the time response of the system to external factors like temperature
or light, and other inducers of the diurnal variations;

4. to register the response of living cells; to monitor in real-time the phases of the
lag, exponential growth and the death of the cellular processes; and

5. to investigate the optimal growth conditions in the solid or liquid media, about
the temperature and other additives or parameters (water activity, pH, gases,
nutrients, etc.,) for the natural samples or selected species.

3.9 Martian implications and space greenhouses

Because of its portability and autonomy (data are directly logged in the system which can
be checked remotely, with no requirement for human intervention after the initiation of
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the experiment), the Metabolt serves as a good candidate for research in remote regions
(like the arctic, antarctic, mines, desert areas, etc.) to investigate in-situ, the global ac-
tivity of wild strains as well as their role on the atmospheric composition in geobiological
studies. The concept can be applied to a flight qualified model for planetary exploration
purposes.

The simple approach of the Metabolt instrument has vast applications in the micro-
bial life search on other planets or even for the characterization of the microbiome in the
enclosed artificial ecosystems on space environments, such as in the International Space
Station (ISS), or exposed to space radiation, as it would happen on the Moon or Mars.
Ever since the 1970s Viking lander mission, space agencies have dedicated their efforts
to conduct in-situ experiments on other planets, particularly on Mars - to find the evi-
dence of the present-day biological activity or the life once inhabited on the planet [210].
Changes in the redox potential of the Mars Phoenix mission, Wet Chemistry Laboratory
(WCL) Rosy Red sample soil solution were small and transient only at the beginning
after the water addition, converging to very stable values as expected for the pure min-
eral samples with no biological activity [211, 212]. This measurement focused on a liquid
phase whereas the Metabolt addresses the challenge of monitoring soils directly without
any manipulation to the natural environment, and also, allowing to monitor the aerobic
and anaerobic metabolic processes with the redox potential measurements. The current
semi-open version of Metabolt can be upgraded with sealed containers to be used for
experiments in environments with no atmosphere or lower atmospheric pressures such as
in the ISS, Moon, Mars, or in simulation chambers.

Other potential applications of the Metabolt could be to characterize the fundamen-
tal role of the soil microorganisms on the atmospheric-regolith fixation and the release
of gaseous species (such as H2O, CO2, O2, CH4, NH3, N2O, etc.) that affects the cli-
mate, atmospheric chemistry, and radiative transfer. It may also be used to quantify the
performance of the microbiome in a plantation environment which could be useful for
monitoring the greenhouses in the future Lunar and Martian settlements. For that rea-
son, Metabolt has been proposed as a payload for the recent call of the European Space
Agency (ESA) for the surface landers of the Lunar Exploration Campaign. Metabolt
as a space instrument would need to undergo few modifications from its present form.
Among other changes, the experiment container will be made in metal to ensure a proper
sealing. Sterilization of the instrument would follow the standard bioburden reduction
procedure for flight hardware like DHMR or UV or gamma radiation techniques. As for
the soil bacteria, if the instrument is launched to space to a controlled environment like
the ISS or a platform on the Moon, the soil can be unsterilized if there is interest to
investigate the behavior of terrestrial life forms in space. Indeed, the small size, power,
and the mass budget requirements of this instrument together with its robustness, allow
the Metabolt to be proposed as a fundamental instrument for microbial life research in
space exploration.
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The past decades of progress in the robotic exploration program (including successful

launch and Mars arrival of MRO, PHX, MSL, MAVEN, and MOM) has resulted in some
important recent discoveries that fundamentally shifted the possibilities for humans on
Mars with regard to both science and utilization of in-situ resources [213].

The future potential exploration of Mars by humans is conditioned by the availability
to produce in-situ critical products such as water, oxygen or propellant. With Mars Oxy-
gen ISRU Experiment (MOXIE) technology demonstrator onboard NASA’s Perseverance
Rover to scrub oxygen from Martian atmospheric carbon dioxide [21] and HABIT on-
board ExoMars to capture water [19], the first steps of ISRU are already underway.

The plans for the human Mars missions will necessarily involve the selection of surface
exploration sites. The site selection process becomes a matter of which sites best satisfy
the goals and priorities of the mission, including the development of in-situ resource uti-
lization (ISRU) capabilities. In particular, multiple lines of evidence now indicate that
water ice and brines may be present at or near the surface of Mars across a wide range of
latitudes and landforms. The polar regions may provide critical resources, such as high
concentrations of hydrogen and possibly water, for the future exploration. Therefore,
studies of the polar environment provide an opportunity for strong synergies between
scientific and exploration goals. Polar exploration also will provide information for siting,
engineering properties, illumination conditions, and other data important for the human
exploration [214].

Early demonstration of critical technologies, as well as the gathering of environmental
data, is key to potential future human exploration missions to Mars. ISRU is an architec-
ture enabling technology for human missions to Mars, which likely will depend on ISRU
for producing the propellants needed for the return trip to Earth. ISRU can greatly re-
duce mass transported to the Martian surface. Therefore, formulating new technology
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that advances ISRU at the Moon, asteroids, and Mars, exploring ISRU feasibility and
other commercial uses of resources is important. Cutting edge instrumentation will con-
tinue to be developed in order to be ready for missions to the atmospheres of planets to
characterize their in-situ resource productiveness [56].

This chapter will elaborate the in-situ resource utilization capabilities of HABIT
instrument for atmospheric water extraction and Methanox for volatile methane synthesis
with laboratory and outdoor experiments.

4.1 Atmospheric water extraction

Diurnal absorption and evaporation cycle of atmospheric water vapor is postulated to
occur on present-day Mars supported by the deliquescent chloride (Cl-) and perchlorate
(ClO4

-) salts that exist on its surface. Chloride and perchlorate salts can form stable
hydrates and liquid brines by absorbing atmospheric water vapor through deliquescence
(transition from crystalline solid to aqueous solution) [94, 95, 96, 97, 98, 99, 100, 101, 102,
103]. These brines formed could also be stable under specific environmental conditions
of temperature (T) and relative humidity (RH). Chapter 2 describes the brine formation
process and the measurement technique to detect them with the help of HABIT instru-
ment onboard the ExoMars 2022 Surface Platform Kazachok.

Similarly, experiments were performed in the Martian analogue environments on
Earth such as the Himalayas [136], Antarctica [98, 121, 122], Atacama Desert, Chile
[215], Boulby underground mine, UK [62], etc., all showing the possibilities that the
same process could occur. These regions are excellent analogue sites for Mars operation
and the experiments presented below are performed in the cold arctic winter environment
in close resemblance to that of Mars.

4.1.1 Validation tests and results

Test 1: Calcium chloride in outdoor cold arctic environment

Outdoor experiments were performed to obtain an estimate of the amount of water cap-
tured and released by calcium chloride, CaCl2 and quantify the brine formation process
by weight. For one experiment, a sample of 1.2 g of anhydrous CaCl2 was prepared in a
petri dish. For the other experiment, a mixture of 1.2 g Mars regolith simulant (MMS-1
Mojave Mars Simulant, Fine Grade, The Martian Garden) and 20% anhydrous CaCl2
(0.3 g) was used. These experiments were exposed to the arctic climatic conditions of
Lule̊a, Sweden for 3 days. The petri dish with samples were weighed at noon every day.
The environmental conditions during the experiment days varied between -5 ◦ C and 0
◦C for T, and 68% and 88% for RH.

These outdoor experiments provided a quantitative estimation of the amount of liquid
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brine that could be formed from a known amount of CaCl2 and regolith - CaCl2 samples.
The sample of 1.2 g of anhydrous CaCl2 exposed to the arctic climatic conditions during
December 2017, yielding up to 3.7 g of water in 3 days through deliquescence in an envi-
ronment with temperature between -5 ◦C and 0 ◦C and relative humidity between 68%
and 88%.

A direct deliquescence process was observed in the other sample with a mixture of 1.2
g Mars regolith and 20% anhydrous CaCl2 (0.3 g) when exposed to the outdoor climatic
conditions. It took three days of exposure to the atmospheric moisture to enable the
regolith - CaCl2 mixture to capture up to 1.025 g of water in an environment with low
temperature (-2 ◦C) and high relative humidity (88%). When the petri dish was placed
in a laboratory environment at a temperature of 22 ◦C and relative humidity varying
from 7% to 22%, the sample turned back into crystalline solids.

Test 2: Calcium perchlorate in outdoor cold arctic environment

During the January - March 2019 expedition at Kiruna Space Campus, Sweden, a series
of weeks-long outdoor experiments were performed with different deliquescent salts and
SAP mixtures, resulting in the selection of four BOTTLE salts described in section 2.2.4.
Figure 4.1 shows the experiment with calcium perchlorate (CaClO4), one of the candidate
salts, where the water absorption from atmospheric moisture is clearly increasing from
Day 0 through Day 11. The contents in the above container in Figure 4.1 included 2
g of CaClO4 and 1 g of SAP (2:1 ratio by weight) while the below container had 3 g
of CaClO4. The temperatures during this experiment was between -8 ◦C and -27 ◦C at
relative humidity conditions over 80%.

Figure 4.1: Left to Right: Deliquescence process observed for (above) a mixture of 2 g CaClO4

and 1 g SAP and (below) 3g of CaClO4, from Day 0 to Day 11. The contents in both the
containers was in a dry granular form on Day 0 which turned moist after absorbing water from
the atmosphere visibly from Day 5 onwards. Due to the addition of SAP in (above) container,
a thick viscous jelly was formed. All the images were taken at noon.
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Test 3: BOTTLE salt - SAP mixtures in Martian conditions

One Sol of the environment conditions at Oxia Planum, Mars was simulated mimicking
the day-night cycle of the BOTTLE operation on Mars as described in section 2.2.8.
Figure 4.2 shows that, during the simulation of the Martian day-night cycle, deliquescence
has been observed in all the salt - SAP mixtures. These are the exact salt - SAP mixtures
and weights used in the BOTTLE FM as mentioned in Table 2.2.

Figure 4.2: Images of the salt - SAP mixtures (a) before and (b) after the Mars Sol simulation.
Left to right: Initial conditions of 1.5 g each of calcium chloride, ferric sulphate, magnesium
perchlorate, sodium perchlorate with 0.75 g SAP in each salt. Calcium chloride in the left corner
produced liquid brine also showing relevant electrical conductivity values of 100 µScm−1, more
information in section 2.2.8. All other salt - SAP mixtures also captured considerable amounts
of water as appearing wet in the images. This image is part of the article under review in
Nazarious et al [61].

These experiments demonstrate the atmospheric water extraction behaviour of the
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Martian deliquescent salts and technologies such as BOTTLE with its operation on Mars
could provide a first-hand data in relevant conditions to support the future implementa-
tion in a larger scale during the human Mars missions.

4.2 Volatile methane synthesis

To improve the economic feasibility of transportation between Earth and Mars, a local
fuel depot at the Moon and/or Mars for refuelling is a crucial infrastructural requirement
for the human Mars missions. The Moon’s and Mars’ atmosphere and surface regolith
contains necessary ingredients to produce some of the propellant needs that are cur-
rently applicable for space vehicles such as those equipped with SpaceX’s Raptor engine,
Rocketdyne’s RS-18, etc. Electrolysis of water into hydrogen and oxygen, which are the
primary propellants for cryogenic engines, can be incorporated in facilities on the Moon
and Mars’ poles where there is maximum water availability. Water could also be pro-
duced at any latitude on Mars by dehydrating the brines formed from the atmospheric
water extraction by the Martian surface salts. Methane could be found on Mars either
naturally [216, 217, 218, 219] or can be synthesized from the Martian atmosphere in
combination with the high-Ti basalts as a catalyst, found in Martian regolith (10 times
richer in the Moon regolith) and uninterrupted ultraviolet light source from the Sun, in
a reaction termed as UltraViolet (UV) photocatalysis. The UV photocatalysis process
is feasible on Earth conditions in low scale, with pure TiO2 materials [220]. This idea
has been proposed by the GAS team to the Space Exploration Master Challenge 2018,
organized by AZO.

Most of Earth’s methane is biogenic and is produced by methanogenesis, a form of
anaerobic respiration only known to be conducted by some members of the domain Ar-
chaea [221]. Industrially, methane is produced by hydrogenating carbon dioxide through
the Sabatier process (predominantly) or a side product of the hydrogenation of carbon
monoxide in the Fischer - Tropsch process, which is practiced on a large scale to produce
longer-chain molecules than methane. The Sabatier reaction or Sabatier process involves
the reaction of hydrogen with carbon dioxide at elevated temperatures (optimally 300 -
400 ◦C) and pressures in the presence of a nickel catalyst to produce methane and water.
Optionally, ruthenium on alumina (aluminium oxide) makes a more efficient catalyst. It
is described by the exothermic reaction expressed in equation (4.1).

CO2 + 4 H2
400 ◦C−−−−→
pressure

CH4 + 2 H2O ∆H = 165.0 kJ/mol (4.1)

However, this process of methane production has very little incentive due to large
energy demands. In the context of Mars, due to the abundance of the carbon dioxide
rich Martian atmosphere (∼95%), Ti-rich regolith in the form of TiO2 that can act as
a catalyst and uninterrupted solar UV radiation, the UV photocatalysis reaction could
lead to the efficient in-situ production of H2, O2, CH4, etc from the reduction of CO2

(also from respiration) and H2O (locally produced or transported) as shown in equation
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(4.2) [222, 223]. On the Moon, alternatively, the carbon dioxide can be utilized from the
respiration by-product.

CO2 + 2 H2O
hν−−−→

TiO2
CH4 + 2 O2 (4.2)

Figure 4.3: An illustration of ultraviolet light illuminating on the Martian regolith.

This section explains the design and development of the Methanox, a technology
demonstrator instrument and discusses the laboratory experiment results of methane
synthesis by UV photocatalysis reaction of carbon dioxide in the presence of Mars regolith
simulant (MMS-1 Mojave Mars Simulant, Fine Grade, The Martian Garden).

4.2.1 Functional requirements

The primary objective of the Methanox instrument is to demonstrate a feasible, low-cost
process of methane or hydrogen production at low pressures and gravity conditions as
that of the Moon or Mars, and with mineral sources or regolith simulants.
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4.2.2 Instrument design and development: Methanox

Methanox is an in-situ resource utilization (ISRU) instrument to synthesize alternative
space fuel using UltraViolet photocatalysis principle. It is a sealed chemical reactor
that uses the photocatalytic properties of basalts that are rich in TiO2 to facilitate
different chemical reactions depending on the atmospheric composition. Under a CO2

rich atmosphere with traces of water, it reduces CO2 to produce methane and oxygen.
Whereas, when applied to pure water it leads to hydrogen and oxygen production without
the need of electrolysis. Under ambient Earth-like atmosphere it destroys methane and
oxygen and produces water and CO2, and combines nitrogen and hydrogen to produce
ammonia.

Figure 4.4: (left) Methanox instrument with four UV-A LEDs illuminating, (right) prepared
experiment mixture containing 50 g Mars regolith simulant and 30 ml water.

Figure 4.4 shows the Methanox instrument which includes a φ100 mm × 20 mm high
experiment container illuminated by four UV-A (2 × 365 nm, 1 × 385 nm, and 1 × 405
nm; Opulent Americas Luminus Horticulture Starboards) Light Emitting Diodes (LEDs)
each with a viewing angle of 130◦ to cover the entire area of the experiment container.
The experiments mainly targets the detection and quantification of relevant gases that
are produced or consumed such as CH4 (MQ-4), NH3 (MQ-137), CO2 (CO2Meter COZIR
Ambient 10,000 ppm), O2 (CO2Meter UV flux 25%) with respective gas sensors and com-
plemented with temperature, relative humidity (SHT85) and UV light index (Adafruit
VEML6075) measurements. In the current configuration of the Methanox instrument,
the CH4 and NH3 gas sensors are interchangeable depending on the experiment condition
since both gas sensors have identical mechanical footprint. Ideally, LEDs in the UV-C
range must be used for better efficiency. For safety reasons, the first prototype used
UV-A, consuming about 5.3 W of power.
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4.2.3 Validation tests and results

Experiments performed in laboratory conditions at temperatures about ∼14 ◦C used a
mixture of 50 g Mars regolith simulant (MMS-1 Mojave Mars Simulant, Fine Grade, The
Martian Garden) and 30 ml water. For this experiment, TiO2 catalyst was not added.
The data were collected for the first 5 min of every hour at a measuring frequency of 1 Hz
accounting for 300 data points per hour. The experiment was run for 10 hours to observe
the methane production as detected by the increase in concentration with methane gas
sensor as shown in Figure 4.5.

Figure 4.5: Methane production by UV photocatalysis reduction of carbon dioxide. The data
points are smoothed by cubic Bezier curve.

Figure 4.5a shows an initial peak temperature around 26 ◦C which was due to the heat
liberated from the UV-A LEDs at startup which gradually reduced to a stable ambient
temperature levels within an hour. This phenomenon was also reflected with variations in
water vapor (relative humidity, Figure 4.5b), methane (Figure 4.5c) and carbon dioxide
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concentrations (Figure 4.5d). Figure 4.5c shows the observation of methane production
with concentration increasing from background levels to upto a 1.2 ppm over the ex-
periment duration of 10 hours upon successful reduction of carbon dioxide in the air
column between the illuminating UV-A LEDs and the experiment mixture. Since the
container was not airtight, the reduced carbon dioxide was resupplied from the ambient
environment highlighting no big change in CO2 concentration as shown in Figure 4.5d.
The water content in the air column was also decreased as per equation (4.2) represented
by the relative humidity measurements with a drop between 45.5% and 42% as shown in
Figure 4.5b. This demonstration experiment was stopped after 10 hours for safety rea-
sons. However, a prolonged demonstration with a setup to isolate and store the produced
methane would be required as a next step.

4.3 Martian implications

Self-sustaining in-situ resource utilization depot for water and fuel on the Moon and
Mars could potentially revolutionize the way human mission to these heavenly bodies are
planned. While the in-situ demonstrations are beginning to take place, new technologies
such as HABIT and Methanox shown as examples in this chapter could contribute to test
the feasibility of utilizing the local resources. With the HABIT instrument set to land on
Mars in early 2023, the in-situ water capture demonstration is yet to be unveiled locally
on Mars. Upon a successful demonstration, and its correlation with the environment
parameters of the surrounding, the future robotic Moon and Mars missions could focus
on exploring the possibility of liquid water extraction at various locations on the Moon
and Mars, to narrow down the potential landing sites for the future human missions.

Similarly, the Methanox instrument after adequate ground testing and validation
could serve as a technology demonstrator for methane production in any of the future
Moon and Mars missions. These technology demonstrators are very important to evalu-
ate their efficiency in different conditions and modify the design appropriately. Ideally,
since these technologies are crucial for human missions, finding the sites where HABIT,
Methanox and other ISRU technologies could operate simultaneously would be required.
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5
Protecting humans in

planetary habitat

In a typical microbiological or biomedical laboratory on Earth, potentially harmful
biological hazards are contained by laboratory practices and techniques, safety equip-
ment (primary barriers and personal protective equipment), and facility design. Poten-
tially biohazardous materials that can be found in space-bound experiments and local
samples may include bacteria, fungi, toxins, recombinant DNA, etc. Despite the unique
and restrictive environment in space, sound biosafety principles and practices that are
commonly used on the ground, such as adequate medical surveillance, thorough risk as-
sessment, sufficient level of containment, effective remedial controls, and the use of proper
personal protective equipment, are applied in space to mitigate the potential risks that
biohazardous materials present to the astronauts and to the internal environment of the
planetary habitats [224].

From past experiences it is understood that, close contact among astronauts onboard
a closed environmental system such as the International Space Station (ISS) raises the
likelihood of transmission of infectious agents when compared to most ground-based
environments. To minimize the transmission of potential infectious pathogens, the fol-
lowing medical surveillance practices have been implemented per NASA′s Flight Crew
Health Stabilization Program [225, 226]. For example, a Microgravity Science Glovebox
(MSG) is available for biological experiments onboard the ISS. The MSG offers a sealed
work area held at negative pressure, accessible to the crew through glove ports. The
limited availability and small working surface of the MSG create an added challenge to
contain biohazardous materials in all of the biological experiments. Given these unique
constraints, basic containment principles such as appropriate practices and techniques,
safety equipment (primary barriers and personal protective equipment), and facility de-
sign are applied, but the emphasis is placed on hazard minimization and engineering
controls designed to minimize the possibility of a breach of containment and reduce the
astronauts′ exposure to hazardous biological materials [224].

109
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5.1 Biosafety system in planetary habitat

In the closed planetary habitat environment, the containment of biological hazards in
experiments and samples from the lunar or Martian surfaces face unique constraints such
as the fluid dynamics in a different gravity of the Moon or Mars and the lack of a full-sized
class II or III biological safety cabinet. In low gravity environments, fluids flow freely in
the cabin, thus increasing the exposure risk to the crew should there be a containment
breach [224].

With the modular design of planetary habitats, only a few of the traditional ground-
based facility designs can be implemented to minimize the transmission of infectious
diseases. Most of the interior surfaces should allow for usage of material, which can be
easily cleaned and decontaminated with the approved disinfectant wipes (quaternary am-
monium chloride-based or hydrogen peroxide-based). The air treatment system including
high efficiency particulate air (HEPA) filters strategically placed at numerous return air
vents could reduce the transmission of airborne environmental contaminants between
modules. Hygienic handwipes and closed eye wash system throughout the habitat will
facilitate ease of cleaning [224].

Astronauts may also have to handle and manipulate local regolith materials and sam-
ples in their laboratory onboard the planetary habitats. With no prior knowledge about
the biohazard of the materials, it is advisable to handle them with care in a biosafety lab-
oratory setting as that of Earth. Biosafety Level 3 (BSL - 3) or 4 (BSL - 4) requirements
are recommended as a Personal Protective Equipment (PPE) to protect the personnel
in such laboratories from the exposure of potentially infectious samples and dangerous
substances such as bacteria and viruses [227]. They require improved levels of protection,
for preventing the wearer from exposure to possible pathogenic biological airborne par-
ticulates and from contact with contaminated surfaces. These airborne particulates or
aerosols that may be generated by the samples could pose additional risk. The aerosols,
unlike droplets, can suspend in the air for a longer duration that can be inhaled by the
personnel in the room since these particles are tiny enough to pass through normal sur-
gical masks.

Eye goggles, N95 particulate respirators, gas and vapor respirators, air-purified res-
pirators, air-supplied respirators, nitrile gloves, latex gloves, silver shield gloves, and
protective clothing are listed in biosafety laboratory experimental and cleanup protocols.
N95 respirators are widely used in the healthcare sector against the aerosol spread of
pathogens. However, since these masks must fit around the nose and mouth to make
a perfect seal for effective filtration, a Powered Air Purifying Respirator (PAPR) sys-
tem is the first choice for protection against aerosols. The hood benefits from no un-
comfortable tight-fitting seals on or around the face, making it particularly suitable for
racial/ethnic/religious groups that cannot shave facial hair or fail the FFP3 mask fit test.
A fit test is not required for wearing a loose-fitting PAPR hood [228].
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This chapter elucidates the design of the Pressure Optimized PowEred Respirator
(PROPER) equipment, which is functionally equivalent to a Powered Air Purifying Res-
pirator (PAPR). A set of guidelines to build a low-cost 3-D printed solution for an effective
and reusable PAPR system and the procedures to validate it to comply with the biosafety
level 3 (BSL - 3) requirements are described [227].

5.2 Functional requirements

The design of PROPER shall be simple, uses open source and easily accessible low-cost
commercial off the shelf (COTS) components, robust and fast to develop, that is ideal
during a pandemic situation.

5.3 Instrument design and development: PROPER

Inspired by the 3M Versaflo Powered Air Purifying Respirator (PAPR) system design
[229], a static pressure air flow of 6 - 8.8 cubic feet per minute (CFM) equivalent to 170
- 250 liters per minute (LPM), that is purified with a HEPA H14 corrugated filter (up to
0.3 µm particles with at least 99.97% efficiency) is passed inside the hood of the operator.
HEPA H14 filter exhibits excellent performance in terms of filtration of pathogens such
as bacteria and viruses, better than the clinically widely used N95, FFP2 or FFP3 filter-
ing masks [228]. Compared to its commercial equivalent PAPR systems, the PROPER
which uses open source and easily accessible components is low-cost, relatively passive in
terms of energy consumption and mechanisms, and easy and fast to 3-D print and build
the assembly. The knowledge and experience from building a cleanroom for qualifying
the bioburden of space instruments [66] was adapted to design a miniaturized wearable
cleanroom. With this approach, it is feasible to quantify the cleanliness level inside the
hood that ensures utmost safety of the wearer.

PROPER assembly is comprised of four primary units as shown in Figure 5.1: i) Hood,
ii) Fan Filter Unit (FFU), iii) Breathing tube, and iv) Power supply and conditioning
unit. PROPER is a three-piece equipment: a hood with a helmet fitting attached to the
transparent face shield; a hip bag consisting of a centrifugal fan, HEPA H14 corrugated
filter and the power supply and conditioning unit; and a breathing tube connecting the
hood and the hip bag through adaptors. An overall ISO 5 certified cleanroom garment
with hood is normally worn as a PPE by personnel in standard laboratories. PROPER
upgrades the existing hoods to a PAPR system providing additional protection for use in
BSL - 3 laboratories without demanding separate components to build the hood assembly.
The components of Figure 5.1, and the design criteria, are presented in the following
sections.
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Figure 5.1: Schematic of the components used in the PROPER assembly. This image has been
published in Nazarious et al [65].

5.3.1 Hood

The hood is made of a Tyvek waterproof fabric and donned around the operator’s head
with the neck and shoulder covered by the shroud. The hood of PROPER resembles a
3M™ Versaflo™ S-433/533 hood with fabric that extends down over the chest making it
better for protection from skin contamination [229]. In PROPER, the open cutting in
the hood in front of the face is fitted with a 3-D printed curved face shield frame and a
transparent sheet (OHP film cut into the shape of the curved face shield frame). This
screen provides a perfect sealing to block any back flow of air from outside to inside of
the hood while creating a closed clean environment. The hood is made of Spunbond
Meltblown Spunbond (SMS) Polypropylene fabric which is very breathable and hence,
even under perfect closure, the exhaled air is partially “leaked” through the hood fabric
and other tiny orifices in single flow direction (from overpressure inside to outside). Thus,
the level of protection afforded by PROPER is almost always limited by the capacity of
the seals to exclude intrusion of air from exterior to interior of the hood. The SMS fabric
also has additional protective properties such as a greater level of chemical protection, a
limited degree of flame spread resistance, and finally it also helps to reduce the buildup of
static electricity [230]. The SMS hood fabric is designed for single-use and not intended
for reuse, as they may start to tear and fail but the rest of the parts can be disinfected
and reused.

Respirator systems that are helmet-based are proven to be superior to the facemask-
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based systems. Clinical trial of helmet versus facemask noninvasive ventilation (NIV)
have shown that the patients who have undergone helmet-based NIV exhibited a greater
rate of recovery and functional independence [231, 232]. Though PROPER may not be an
equipment for NIV, these studies show the advantage of a helmet-based respirator system.

A helmet fitting (3M™ Peltor™ G2N Steering adjust to G2000 or G3000) with an
adjustable ratchet knob at the back of the head is fitted inside the hood to provide some
structure to the hood and prevent the weight of the breathing tube from pulling the
hood. A small hole of 25 mm in diameter is cut in the hood fabric to allow the ratchet
knob to be placed outside to reach with hand while donning the hood. A 3-D printed
adaptor extruding out of the hood in the rear side through a 30 mm in diameter hole cut
in the hood fabric just below the hole for the ratchet knob, acts as an interface to attach
one end of the breathing tube. The adaptor is secured to the hood with a flange fitted
in the exterior of the hood.

The 3-D printed curved face shield frame acts as the visual interface for the operator
wearing the PROPER hood. A transparent sheet (OHP film) is secured to the frame
with the help of a double-sided white foam tape (Tesa 62936) to achieve an airtight seal
and clear visibility to the surrounding. The frame with its wider field-of-view of greater
than 150◦ provides a comfortable vision for the operators.

The resulting environment is completely sealed inside the hood and exhibits closely
the characteristics of a cleanroom. It is therefore possible to quantify its ISO class
cleanliness level by measuring the count of 0.3 µm size particles inside the hood. Keeping
the number of particles low is an extremely hard task but monitoring this number and
keeping it under a threshold value by using filters and cleaning maintains an enclosed
environment pristine from external contamination.

5.3.2 Fan Filter Unit (FFU)

Typically, a Fan Filter Unit (FFU) is used in cleanroom constructions. The basic working
principle of a FFU entails a static pressure fan placed against an air purification filter to
pass the purified air at a specific flow. The choice of the air purification filter depends
on the type of particles that the user wants to trap. Filters with high efficiency at
0.3 µm particle size can in theory trap particles down to the size of the SARS-CoV-2
virus (approximately 0.12 µm in diameter) containing aerosols. A miniaturized FFU was
designed for PROPER. PROPER uses a corrugated HEPA filter cartridge (Nilfisk HEPA
H14 CPL) normally used for vacuum cleaners, that is 99.97% efficient at trapping and
retaining particles down to and including 0.3 µm at a specific air velocity. The HEPA
filter captures the particles bigger than 1 µm on its fibers, particles between 0.3 µm
and 1 µm through interception, and for particles lesser than 0.3 µm through Brownian
diffusion [233]. However, the fractional capture efficiency decreases with increasing air
velocity and increases rapidly below 0.1 µm and above 0.3 µm. It is important to point



5

114 Protecting humans in planetary habitat

out that the particles of the size of a virus such as SARS-CoV-2 are the most difficult
to capture. The fan used in PROPER creates furthermore an overpressure within the
environment, which impedes the uncontrolled inflow of air from the exterior (at lower
pressure) to the inside (at higher pressure). Table 5.1 shows the types of filters used
in healthcare and their capture efficiency and penetration levels. HEPA filters clearly
outperform the other widely used N95, FFP2 or FFP3 filters in healthcare settings.

Table 5.1: Comparison of capture efficiency of masks and HEPA filters [4]

Masks and filter Capture efficiency Penetration levels
N95 mask (NIOSH) >95% <5%
FFP2 mask (EU) >94% <6%
FFP3 mask (EU) >99% <1%

HEPA filter in PAPR (US DOE) >99.7% (depends on air
velocity and particle size)

<0.03%

PROPER also uses an additional 10 mm thick Urethane foam activated carbon pre-
filter (RS Pro) that can absorb 80% of noxious flux and lead fume particles. Since the
HEPA filter is in the pathway of air, a resistance in the flow of air is intrinsic. As the air
flows through the HEPA filter, a drop in static pressure is observed across the filter that
depends on the air flow. Hence, to achieve a specific air flow at the end of the PAPR
system tubing into the hood, it is important to consider a fan with a static pressure
higher that the cumulative pressure drop across the prefilter, HEPA filter and through
the tubing. The static pressure drop of the HEPA H14 filter used in PROPER is un-
known due to lack of technical specifications of the product. But similar filters with glass
fiber media such as AireFlow-HC from Airepure Australia Pty Ltd [234] and V-bank
series from Rainbow filters [235] are designed to operate in systems with air velocities
of 2.54 m/s and a pressure drop of 1.17 in.-H2O. Figure 5.2 shows the pressure drop as
a function of air velocity for the HEPA filter used. Hence, while choosing a fan, a total
static pressure drop of 1.5 in.-H2O across prefilter, HEPA H14 filter and through 3-D
printed parts and tubing was assumed, meaning the fan must deliver a static pressure of
at least 1.5 in.-H2O while delivering an air flow of 6 - 8.8 CFM (170 - 250 LPM) which
is typical for loose-fitting PAPR systems [236, 237].

The centrifugal fan is the main driver of the FFU. Centrifugal fans are capable of
generating relatively high pressures and are suitable for high pressure applications as
compared with axial flow fans. The air enters the impeller in an axial direction and
is discharged at the impeller outer periphery. The air flow moves along the centrifugal
direction (or radial direction) [238]. PROPER uses a 12 VDC, 19.2 W radial type cen-
trifugal fan (NMB Technologies, 09533GA-12Q-AA-00) with a maximum static pressure
of 1.88 in.-H2O and a maximum air flow of 38.1 CFM. Figure 5.3 shows the characteristic
curve representing the static pressure vs air flow performance of the chosen centrifugal
fan.
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Figure 5.2: Pressure drop as a function of air velocity of the HEPA filter used in PROPER.
This image has been published in Nazarious et al [65].

Figure 5.3: Characteristic curve of the centrifugal fan showing the performance of static pressure
vs air flow as reported in the datasheet. This image has been published in Nazarious et al [65].

For the assumed total static pressure drop of 1.5 in.-H2O across prefilter, HEPA
H14 filter and through 3-D printed parts and tubing, the fan is capable of delivering
a maximum air flow of about 13 CFM. Furthermore, the fan can operate between 9.5
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V to 13.2 V efficiently and hence by changing the voltage, the motor speed can be
varied and therefore the air flow can be controlled. To provide an airtight seal in the
pathway between the centrifugal fan to the 3-D printed adaptor where the other end of
the breathing tube is attached, the whole FFU assembly with the prefilter, centrifugal
fan, HEPA H14 filter and the adaptor are made into one complete assembly interfaced
with 3-D printed components.

5.3.3 Breathing tube

The breathing tube reliably connects the adaptor in the hood to the adaptor in the FFU
to ensure an unrestricted flow of purified breathing air. PROPER uses a one-meter long
flexible breathing tube (3M, BT-20L) that is typically used with 3M™ Versaflo™ PAPR
systems. Since the air passing through the breathing tube is in direct contact with the
operator’s respiratory system, the product must be Food and Drug Administration (FDA)
certified and this model complies with that requirement and simplifies the validation
process. This modular approach not only simplifies the equipment design process but is
also more convenient to allow for replacement of pieces, and for maintenance and cleaning
of the hood and FFU units.

5.3.4 Power supply and conditioning unit

Figure 5.4 shows the power supply and conditioning system of PROPER. The only power
consuming unit of the entire PROPER assembly is the centrifugal fan in the FFU. An
uninterrupted DC source providing a constant voltage between 9.5 V and 13.1 V is
achieved with a combination of a Lithium Ion (rechargeable) powerbank (Linocell, 15600
mAh) and an adjustable DC-DC step-up module (Velleman, LM2577). The powerbank
is a constant 5 VDC source that can deliver a total of up to 3 A with a charging time
of 9 hours. The 5 V, 3 A DC power source is converted to a 12 V, 2 A (temporary 3 A)
power supply via the LM2577 voltage converter booster of the adjustable DC-DC step-up
module. A tiny screw potentiometer helps with tuning the voltage to the desired value.
Under nominal operation, PROPER consumes a power of about 5 V, 1.6 A.

5.3.5 Safety features

The powerbank has an inbuilt Low Voltage Disconnect (LVD) function that prevents the
battery from deep discharging. The LVD functions by sensing the threshold voltage and
cuts off the power delivery upon reaching the threshold. In critical applications, such
as the PPE donned by the operator in risky environments, the LVD function is comple-
mentary to a battery level indicator warning the operator. The powerbank also has an
inbuilt battery voltage level indicator which is displayed with a series of four blue LEDs
where all four LEDs glowing represents fully charged and no LED glowing represents
fully discharged state. However, it is safe to exit the risk area when the battery voltage
level indicator has only one LED glowing as a precaution.
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Figure 5.4: Components for constructing the power supply and conditioning unit are denoted
by their designator codes. P1 – Powerbank, P2 – USB charging cable, P3 – Switch, P4 – Fuse,
P5 – Fuse holder, and P6 – Adjustable DC-DC step-up module. This image has been published
in Nazarious et al [65].

Another additional safety feature in case of shorting of the circuits is established with
a fuse. A slow blow glass tube fuse that fails when the current exceeds 2 A is used in
PROPER to avoid this problem. The assembly of PROPER is shown in Figure 5.5.

5.3.6 Disposal and disinfection procedure

With the exception of the SMS hood fabric and the HEPA filter cartridge which, as any
other filter, may allow limited reuse, it is recommended to disinfect and reuse almost all
the other components of PROPER assembly. When disposing the hood fabric, adequate
care must be taken to isolate it as a critical biohazard waste. The detailed procedure for
disposal and disinfection of individual components of PROPER assembly is discussed in
this section.

After operating in a relevant environment, airborne pathogens can survive on PROPER
components for variable periods of time, from hours to weeks. Consequently, contami-
nated PROPER must be handled, cleaned, and disinfected properly to reduce the pos-
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Figure 5.5: PROPER assembly showing the four primary units. The Fan Filter Unit (FFU)
and the Power supply and conditioning unit are placed inside the hip bag. This image has been
published in Nazarious et al [65].

sibility of the equipment contributing to disease transmission. In general, cleaning and
disinfecting consists of disassembling the PROPER, cleaning and disinfecting the com-
ponents, thoroughly rinsing the components, and reassembling the PROPER when com-
ponents are dry. Cleaning is recommended after each use, but the PROPER must be
cleaned as often as necessary to prevent them from becoming unsanitary. Only the SMS
hood fabric and HEPA filter cartridge of PROPER must be discarded after each use
and isolated as critical biohazard waste. Performing the disinfection procedure is recom-
mended in an isolated environment with proper overall garment with mask and gloves,
to limit the potential for self-infection.

Based on the Centers for Disease Control and Prevention (CDC) recommendations on
cleaning and disinfection of PAPR components [239] and Prusa face shield disinfection
methods [240], several recommended methods exist that were tested by leading labora-
tories to ensure conclusive and reliable results. Upon a review of all the recommended
methods of disinfecting 3-D printed components [239, 240], heat treatment is not a viable
option since the glass transition temperature of Polylactic Acid (PLA) plastic is between
60-65 ◦C and precludes the use of either alcohol or hypochlorite solutions. Application of
detergent based treatments seems promising in terms of efficiency. However, 3-D printing
the parts using Polyethylene terephthalate glycol (PETG) is suggested for its wide avail-
ability of disinfection methods as described in [240]. It is recommended to comply with
the cleaning and disinfection procedures for PROPER components and suggest limited
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reuse of HEPA H14 corrugated filter cartridge, which can generally be discarded and re-
placed after one or more usages depending on the drop in its efficiency below a threshold.
The filter cartridge can be reused until they become so clogged that they reduce airflow
or become visibly soiled or damaged. Clogging is not expected in environments such
as healthcare settings. The outside of the filter cartridge can have surface cleaning and
decontamination while the rest of the PROPER unit is being serviced. The disinfection
of PROPER components (with the exception of 3-D printed components) is done using
a clean, soft cloth dampened with warm water approximately 49 ◦C containing a mild
pH neutral (pH 6 - 8) detergent and using a mechanical wiping action. Any component
exposed to moisture during the cleaning process needs to be carefully and thoroughly
dried. The motor/blower assembly or powerbank and related electronics should never be
soaked, dipped or immersed in the disinfectant.

The 3-D printed components of PROPER can be disinfected using similar procedure
as the rest of the PROPER components or by fully immersing the components in the
solution for 60 minutes. The components are then removed from the solution and wiped
with the same solution and thoroughly dried.

5.4 Calibration

The centrifugal fan of the PROPER is designed to provide a constant air flow at a specific
static pressure. However, the input voltage supplied to the centrifugal fan can be varied
in order to tune the unit to provide a required air flow anywhere between 6 and 8.8 CFM.
The adjustable DC-DC step-up module serves this purpose. The module includes a tiny
screw potentiometer that can be tuned with a small flat screwdriver until the desired
output voltage is achieved. This voltage is then supplied to the centrifugal fan to obtain
a customized air flow. With the current design, PROPER is set at a constant air flow by
tuning the voltage prior to its operation. Controlling the air flow during operation can
be achieved by adding a PWM motor driver module to adjust the voltage in real-time.
Figure 5.6 shows the calibration of the adjustable DC-DC step-up module to 8.25 V. The
reason being, at voltages greater than this, an increased air flow caused an additional
pressure drop allowing a backflow of air to occur into the centrifugal fan. This triggered
an uncomfortable noise and is also not good for the fan motor during longer operations.

5.5 Validation tests and results

Considering the CDC’s National Institute for Occupational Safety and Health (NIOSH)
procedures for field testing respirators [241] and field-testing method for loose-fitting
PAPRs equipped with HEPA filters [242] as reference, the validation procedures were
performed to verify the compliance of PROPER with the required performance charac-
teristics of air flow, cleanliness level, gas concentrations and overpressure. The validation
tests do not constitute certification, but it is a demonstration of the operability of the
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Figure 5.6: The air flow of the PROPER can be preset by tuning the tiny screw potentiometer to
a desired input voltage to the centrifugal fan. The multimeter read 8.25 V during our operation.
This image has been published in Nazarious et al [65].

PROPER equipment. Upon completion of these tests, PROPER is eligible for certi-
fication according to each country’s policies. The procedures and their outcomes are
described below in this section.

5.5.1 Air flow

To determine the air flow inside the hood of PROPER, the air velocity was measured
at the inner side of the hood adaptor which is the entry point of air into the hood after
travelling through the breathing tube. An anemometer (RS Pro RS-90 Mini Anemome-
ter) with a range of 1.10 - 25.00 m/s at a resolution of 0.01 m/s and accuracy of ± (3%
+ 0.30 m/s) was used for this purpose. Figure 5.7 shows the experimental setup for air
flow measurement. The anemometer was directly attached to the inner side of the hood
adaptor with the help of double-sided white foam tape and any disturbance from the
ambient environment is cut off by folding the shroud of the hood fabric around the base
of the anemometer and securing with a strip of masking tape to provide an airtight seal.
Figure 5.8 shows the air flow results during half an hour of nominal PROPER operation.

Air flow (in m3/s) can be calculated from the determined air velocity (in m/s) by
multiplying the cross-sectional area (in m2) of the inner side of the hood adaptor as
represented in equation (5.1).
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Figure 5.7: Experiment setup to determine the air flow inside the hood of PROPER during
operation. This image has been published in Nazarious et al [65].

Air flow = Air velocity× (π × Radius of hood adaptor2) (5.1)

For an average air velocity of 2.61 m/s and a radius of hood adaptor of 0.017 m,

Maximum Air flow = 2.61× (3.14× 0.0172) = 0.00236847m3/s ≈ 5.0185CFM (5.2)

For the achieved maximum air velocity of 2.61 m/s, the pressure drop across the
HEPA filter is computed from Figure 5.2 to be 1.21 in.-H2O. However, the achieved air
flow of 5.0185 CFM is slightly lower than the recommended minimum air flow of 6 CFM
for a PAPR system. There has been additional pressure drop than accounted for, that
led to a lower air flow for the specific static pressure requirement induced by the prefilter,
HEPA filter and tubing. This can be corrected by replacing the centrifugal fan with the
one having a higher static pressure, typically over 2.5 in.-H2O or about 600 Pa.

5.5.2 ISO class cleanliness level

To determine the cleanliness level inside the hood of PROPER, the count of 0.3 µm
size particles was measured within the enclosed cleanroom environment inside the hood.
A Handheld Airborne Particle Counter (MET ONE HHPC 6+) with an analysis range
of 0.3 - 10 µm particle size was used for this purpose. The throughput of the particle
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Figure 5.8: Air flow inside the hood of PROPER during 24 minutes of nominal operation.
Maximum and average air flow are also shown. This image has been published in Nazarious et
al [65].

counter is 2.83 LPM. Figure 5.9 shows the experimental setup for particle counting.

Since the area inside the hood, A is 0.2826 m2, the minimum number of locations
to be sampled for particles is calculated [243] according ISO 14644-1 as expressed in
equation (5.3).

NL =
√
A (5.3)

The nearest whole number is 1, thus sampling was performed in one location. The
head of the particle counter was placed directly inside the center of the hood and mixing
of air from the ambient environment is cut off by folding the shroud of the hood fabric
around the base of the particle counter and securing with a strip of masking tape to
provide an airtight seal.

The particle count was measured with a target cleanliness class of ISO 6 with the
maximum concentration limit (particles/m3 of air) of 102000 particles equal to and larger
than the considered 0.3 µm size [243]. The minimum single sample volume Vs per location
in liters is expressed in equation (5.4).
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Vs =

(
20

Cn,m

)
× 1000 (5.4)

where, Cn,m is the class limit (number of particles per cubic meter) for the largest
considered particle size (n = 0.3 µm) specified for the class limit (m = 6) = 102000 [243].

So, the minimum sample volume can be calculated to be 0.196 L, which at the sam-
pling flow rate of 2.83 Liters per minute requires a sample time of 0.07 minutes. Since
ISO 14644-1 places lower limits on minimum volume samples at each location as being
at least 2 Liters and that sampling must be conducted for at least 1 minute, the par-
ticle counting was performed for 1 minute. To allow a smooth and constant air flow,
a ten-minute delay was set in the particle counter when turning ON the PROPER. A
control experiment was also performed counting the 0.3 µm size particles for 1 minute
in the ambient environment for comparison. Furthermore, an aerosol environment was
prepared using a humidifier (Rubicson 40448) that generated a distribution of aerosols
whose size has been quantified within the ranges of 0.3 µm, 0.5 µm, 1 µm, 2 µm, 5 µm
and 10 µm. The particle concentration was counted inside the hood with the help of a
sampling tube as shown in Figure 5.9.

Table 5.2 shows the results of particle count inside the hood during PROPER op-
eration (with and without operator) and in the ambient environment outside the hood
(Sample 1 and 2). The results of operation of PROPER in the aerosol environment with
different particle distribution (Sample 3) is also provided to demonstrate the efficiency
in filtration.

The result for the area inside the hood produces 95% Upper Confidence Interval less
than the ISO Class 6 limit and therefore this area was certified as being, ISO Class
6. However, the particle counts measured in the ambient environment, under normal
laboratory conditions, shows a result that is over two orders of magnitude higher than
the area inside the hood. ISO 14644-1 doesn’t provide a maximum concentration limit
above ISO Class 6 for 0.3 µm particle size. Hence, the measured particle count in the
ambient environment is deemed to be over ISO Class 6. With this procedure, the area
inside the hood is validated to be more than 1200 times cleaner than the ambient without
the operator and more than 175 times with the operator. Similarly, within the aerosol
environment, the interior of PROPER is more than 1800 times cleaner (0.3 µm) than the
exterior without operator and more than 500 times (0.3 µm) with the operator. Also,
the fractional capture efficiency T(0.3 µm) of the HEPA filter for particle size 0.3 µm
and higher can be calculated [244] as expressed in equation (5.5). Table 5.3 shows the
results.

T (0.3µm) = 1− c(0.3µm)

c0(0.3µm)
(5.5)
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Figure 5.9: Experiment setup to determine the particle count (left top) inside the hood of
PROPER during operation without operator, and (right) with operator. (bottom) Humidifier
used to produce the aerosol environment. This image has been published in Nazarious et al [65].

where, c0 = concentration in unpurified air (outside the hood) and c = particle con-
centration of purified air (inside the hood without the operator).

After every use of PROPER, the equipment is dismantled, disinfected, and reassem-
bled on a new garment and hood inside a clean environment. This prevents the contami-
nation of PROPER components and ensures that the particle count is within the certified
ISO class. From the results It is foreseen that additional particles from operator’s hair
and breathing may be introduced inside the hood. However, all these particles would
come from the healthy operator and most of them would be removed with wipes during
the cleaning phase. The particle count validation demonstrated that the use of a fan
with a filter, allowed to reduce by two order of magnitude the income of particles above
0.3 µm size into the “wearable clean zone”.

5.5.3 Oxygen and carbon dioxide concentration

To verify that the exhaled gas is safely “leaked” out through the fabric and other tiny
air gaps and to determine the buildup of gases during inhalation and exhalation inside
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Table 5.2: Comparison of particle count inside and outside the hood
Counts/m3 Inside the hood

(without operator)
Inside the hood
(with operator)

Outside the
hood

Sample 1
(2020/06/24) in
normal laboratory
ambient

0.3 µm: 39132.7 NA 0.3 µm: 4702473.5

Sample 2
(2020/08/24) in
normal laboratory
ambient

0.3 µm: 61484.1 0.3 µm: 71024.7 0.3 µm: 12518375

Sample 3 in
laboratory with
aerosols

0.3 µm: 52650.2 0.3 µm: 180212.0 0.3 µm: 98581272
0.5 µm: 4240.3 0.5 µm: 24735.0 0.5 µm: 72768552
1 µm: 706.7 1 µm: 6007.1 1 µm: 66748056
2 µm: 706.7 2 µm: 2826.9 2 µm: 61901412
5 µm: 353.4 5 µm: 706.7 5 µm: 31882332
10 µm: 0.0 10 µm: 0.0 10 µm: 6207067

Limit for ISO 6
class (0.3 µm)

102000

Table 5.3: Fractional capture efficiency of the HEPA filter used in PROPER for the particle
size of 0.3 µm at the achieved air velocity of the system.

Sample Fractional capture efficiency (%)
Sample 1 (2020/06/24) in normal lab-
oratory ambient

99.17

Sample 2 (2020/08/24) in normal lab-
oratory ambient

99.51

Sample 3 in laboratory with aerosols 99.95

the hood of PROPER, the oxygen O2 and carbon dioxide CO2 gas concentrations were
measured within the enclosed environment inside the hood as recommended by the CDC
guidelines for testing PAPR [243]. This experiment was performed for an hour. An oxy-
gen sensor (Grove, ME2-O2-φ20) with a range of 0 - 25% for oxygen measurement and a
carbon dioxide sensor (Sensiron, SCD30) with a range of 0 – 40000 ppm and a resolution
of 1 ppm for carbon dioxide measurement were used at the mouth area as per the recom-
mendations [245]. In addition, a differential pressure sensor (Sensiron, SDP2000-L) with
a range of -100 Pa to 3500 Pa was used to sense the overpressure inside the hood. The
reference pressure of the ambient environment was provided to the sensor through a long
flexible tube protruding out through the open bottom of the hood. Figure 5.10 shows the
experimental setup for gas concentrations and pressure measurements. The gas sensors,
differential pressure sensor, and an Arduino Nano were placed directly inside the hood
around the head. For control experiment without donning the hood, the mixing of air
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Figure 5.10: Experiment setup to determine the oxygen, carbon dioxide gas concentrations and
overpressure inside the hood of PROPER during an hour of continuous demonstration, (left)
without the operator inside and (right) with the operator inside. This image has been published
in Nazarious et al [65].

from the ambient environment is cut off by folding the shroud of the hood fabric around
the ambient pressure tube and the USB cable for Arduino Nano, and securing with a
strip of masking tape to provide an airtight seal.

Figure 5.11 shows a comparison of the evolution over time of gas concentrations inside
the hood during an hour of nominal PROPER operation, without an operator, and while
it is donned. The carbon dioxide concentration inside the hood spiked up until the
PROPER was turned ON. The gas concentration gradually reduced as shown in Figure
5.11 (orange curve), as a result of fresh purified air being pumped in the hood at a rate of
about 5 CFM while maintaining an overpressure of 0 to 4.56 Pa with occasional buildup
up to 9.12 Pa. The carbon dioxide concentration stabilized around 570 ppm (within
typical range of 400-1000 ppm in occupied indoor spaces with good air exchange [246])
around the same level as when PROPER was in operation without donning (cyan curve).
The average ambient carbon dioxide concentration outside the hood was 435.11 ppm. The
oxygen concentration was always hovering around the nominal 21% (not shown). The
average temperature inside the hood during the hour operation was 30.6 ◦C with an
average relative humidity of 36.3%. These experiments show that the gas concentrations
and the conditions inside the hood during an hour of continuous operation of PROPER
is within the desired limits to be operated safely.

5.5.4 Power consumption and battery life

The PROPER unit consumes about 5 V, 1.6 A power that is supplied by a 15600 mAh
powerbank. A long duration experiment revealed that the lifetime of the battery is about
8 - 9 hours. It takes about 9 hours to fully recharge the battery through a micro-USB
port (max. 2.1 A). It is recommended having one or two additional powerbanks assigned
for each PROPER unit to support its continuous operation.
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Figure 5.11: Comparison of gas concentrations in ambient environment, inside the hood during
operation without an operator and after donning the PROPER. A sudden spike in the middle
of the orange curve was due to blowing into the sensor simulating an excess carbon dioxide
production during heavy physical activity. As soon as this exercise is over, the carbon dioxide
concentration reduced back to around 550 ppm. This image has been published in Nazarious et
al [65].

5.6 Societal implications

This solution has been developed with the long-term goal of space exploration. How-
ever, it has a direct application on Earth in the current pandemic scenario. Personal
Protective Equipment (PPE) is a crucial piece of everyday clothing for the healthcare
personnel (HCP) to protect themselves from the exposure of potentially infectious pa-
tients and dangerous substances used in healthcare. However, during the onset of a
pandemic, such as the one the world is just experiencing with COVID-19, the supply of
PPE in hospitals, clinics and healthcare centers, to keep the HCPs safe taking care of
patients can be at times very limited [247]. Many hospitals are facing rapidly dwindling
supplies of essential safety equipment such as respirators. This equipment is very im-
portant for the usual care of patients with COVID-19 as they prevent the HCPs from
exposure to pathogenic biological airborne particulates [248]. Patients in Intensive Care
Unit (ICU) require respiratory support or life-saving procedures such as endotracheal
intubation for mechanical ventilation and other procedures that cause a spray of aerosols
carrying SARS-CoV-2 virus. Therefore, performing such life-saving procedures is haz-
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ardous to HCPs, caring for the patient and this requires improved levels of protection.

As concern over shortages of PPE at hospitals worldwide grows, the CDC has provided
recommendations for HCPs managing the COVID-19 outbreak to optimize the supply
of PPE and equipment [239, 249]. The FDA has recommended conservation strategies
during this time period and issued EUAs [250] to authorize respirators and other types of
personal protective equipment, including all CDC’s NIOSH-approved particulate-filtering
air purifying respirators (APRs) such as the facepiece respirators, elastomeric APRs,
powered air purifying respirators (PAPRs), expired NIOSH-approved filtering facepiece
respirators [248, 251, 252], and respirators that have been decontaminated pursuant to
the terms and conditions of an authorized decontamination system [253]. In addition,
non-NIOSH-approved disposable filtering facepiece respirators are permitted for use as
well.

As the COVID-19 outbreak continues to expand globally, the supply chain for these
devices will continue to be stressed if demand exceeds available supplies. The general
public and the makers’ community could be a vital resource to balance this widening dif-
ference in the demand and supply of PPE. There are numerous examples about the public
and the makers’ community working to produce equipment such as surgical masks, face
shields, and gowns, extensively using 3-D printing. There exists to date some other open
source PAPR systems which are currently under development such as the PAPR by Im-
perial College London [228], OpenSourcePAPR [254], Open-Mask [255], Low-Cost PAPR
[256], etc. These PAPR systems have similar functions as PROPER but their perfor-
mance qualification has not been completed or stated clearly. PROPER aims to provide
the public and the makers’ community, a set of guidelines to build a low-cost 3-D printed
solution for an effective PAPR reusable system and describe the procedures to validate it
to comply with the biosafety level 3 requirements [227] and specific requirements by the
World Health Organization (WHO) regarding decontamination and reusability during
this COVID-19 outbreak [257]. This solution has been included in the COVID-19 global
literature on coronovirus disease database of the World Health Organizaton (WHO) [258].

PROPER is a portable clean room area, adapted for the use in clinical environments.
PROPER’s simple and efficient open source design will be a new addition to the efforts to
ensure safety and protection of HCPs against the SARS-CoV-2 virus. While the qualified
PPE such as the commercial PAPRs are of limited availability and the regular masks
are in shortage, PROPER would ensure easy and fast manufacturing with the help and
support from the public and maker’s community. In the current pandemic environment,
PROPER would be able to offer a better protection than an N95 mask, mainly because
it is insensitive to seal fit and it shields the eyes as well. While the EUA remains in
place, PROPER could offer a workable patch for some of the demand for respirators and
is recommended for use during the peak shortage of a proper PPE for HCPs globally,
particularly in developing countries.
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5.7 Adaptation for planetary habitats and returned

sample analysis

PROPER is a demonstration for an air-purifying respirator validated to be in biosafety
level 3 (BSL - 3) laboratories. The 3-D printing aspect of its design provides greater
flexibility to adapt the design for planetary habitats where the use of equipment to
manufacture or perform routine maintenance is limited. Furthermore, since PROPER
can be reused, by cleaning and sterilizing most of its parts and substituting the garment
and hood by a new unit, it can be considered to be a feasible PPE for astronauts while
handling biological specimen in the laboratories onboard these habitats. Equipment
needed in planetary habitats for manufacturing and maintenance of PROPER-like air-
purifying respirators during the first human planetary missions could include as simple
as 3-D printers and the primary components for its construction. Additionally, PROPER
may be used by operators in the future Mars Sample Return (MSR) missions, for analysis
in the laboratories as additional personal protection measurement during the phases of
biological assessment.
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6
Concluding remarks

and future work
...exploration enables science

The design and development process of scientific instruments and technology demon-
strators is long, and include the conception of the instrument ready for space exploration
and the goal of obtaining scientific measurements from space, from the Moon, or from
the atmosphere or the surface of Mars. The instruments must be designed to meet the
scientific objectives under adverse environmental conditions and within the constraints
of a complex spacecraft system. The limitations of weight, power, telemetry, integration,
and reliability must be assessed and appropriately dealt with in the design, development,
fabrication, testing, and calibration of the instrument. The instrument must operate sat-
isfactorily in a thermal-vacuum environment for long periods after having been subjected
to extreme shock and vibration during the launch and injection sequences.

The design philosophy adapted for the development of the instruments presented in
this work such as BOTTLE and GTS in HABIT, Metabolt, Methanox and PROPER
has demonstrated the concept, as it served for calibration and design improvements in a
short amount of time and in an economical way. The use of Commercial Off The Shelf
(COTS) components simplifies the initial phase of the instrument development process
from concept to a functionally operating solution in terms of time and cost as opposed
to the traditional approaches. The solutions are scalable and have shown a steady im-
provement in the technology readiness level (TRL). The overall goal of this thesis was to
reach at least a TRL 5 of the instruments from their initial concepts. With the HABIT
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instrument already flight-qualified at TRL 8, the rest of the instruments presented in
this thesis are within TRL 5 - 6 which needs further improvements to be flight ready to
participate in the upcoming lunar or Martian missions. The future of these instruments
will be to increase the TRL to 8 and eventually launch them to the Moon and/or Mars
to demonstrate the technologies in relevant environment. Some of the initial steps are
presented below for each of the instruments developed during this thesis.

BOTTLE

The EC measurements acquired on Mars will be used to determine the phase state of the
salt as brine, hydrate, frozen or dehydrated state. The sudden changes in temperature
measurements and EC values will be used to confirm the moment of phase state changes.
However, for the case of hydrates, a complete assignment of the most dominant hydra-
tion state (i.e., for instance, differentiating between tetra and hexahydrate) can only be
achieved by: 1) comparing the phase diagrams with the T measurements provided by
HABIT and the RH measurements supplied by the environmental package of the IKI
Surface Platform, and 2) confirming with the Engineering Qualification Model (EQM) of
HABIT in experimental simulations in the Space Qualification (SpaceQ) chamber of the
Lule̊a University of Technology (a simulation chamber which can operate at Martian at-
mospheric conditions, where pressure, T and RH are monitored and HABIT can provide
measurements in real-time), the state of the salts under equivalent pressure, T and RH
conditions that lead to the same EC value.

The results presented in section 2.2 were only with the experiments using calcium
chloride of different concentrations. Future experiments are planned to study the relation
between electrical conductivity, temperature and hydrate form for the other BOTTLE
salts and under Martian conditions of pressure, temperature and relative humidity, in
the SpaceQ chamber. The results expected under Martian conditions are similar to what
has been shown in section 2.2. Although on Mars, the total water vapor present in the
atmosphere is much lower than that on Earth, what is relevant for the phase state changes
of the salts are the ambient T and RH. The existing water vapor on Mars is enough to
hydrate or melt this amount of salts (1.5 g not including SAP) into liquid. In particular,
taking for instance as reference the water vapor measured at Gale by the Curiosity Rover,
there are up to 16 g of water available per night per m2 [53]. Which means that the four
salt cells of HABIT will most probably act as a water sink absorbing the water within
an area of 1 m2 around the instrument. Previous experiments with salts under Martian
simulated conditions have demonstrated these transitions on salts through visual images
and IR spectroscopy [95]. The chemistry of the deliquescence process affected by the
temperature changes and other factors that influences the long-term deliquescence will
be further investigated. Also, a proper characterization of the changes of the Martian
air EC with varying RH% under Martian CO2 atmospheric conditions and with Martian
surface pressures would be needed to characterize the results from two corner cells. These
experiments will demonstrate the expected changes of the EC caused by the simulated
diurnal and seasonal changes predicted for the ExoMars landing site, at Oxia Planum.
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Further experiments are also required to characterize the role of the inhomogeneity
in the brine distribution that resulted in the difference in the range of EC values between
samples prepared for calibration experiments and the brine formation process during the
outdoor operation of HABIT. The role of the inclination of the platform on the operation
of HABIT will also be investigated. Additional tests to observe the long-term exposure
of the electrodes to the salt or brine, as well as the performance of the products within
the BOTTLE containers concerning thermal cycling, are also crucial.

GTS

The results presented in section 2.3 used an initial set of calibration points from a black-
body source at Martian conditions. However, to improve the accuracy of the energy
balance model and consequently improve the accuracy of temperature retrieval, more
intermediate and stable temperature points must be gathered. Future experiments will
focus on fine tuning the calibration setup to achieve this, running the experiments for
different Martian temperatures within the SpaceQ chamber.

Metabolt

Future research with the Metabolt instrument will investigate the tolerance of the natural
strains to shallow temperature (T), and low water activity (aw), which are among the
most stringent constraints for microbial cell reproduction on Earth, with the reported
limits of T = -25 ◦C [146, 147, 148] and aw = 0.585 [158]. The instrument can also be
operated within dedicated experimental facilities with controlled atmospheres and tem-
peratures. For instance, future studies of metabolic activities of the microbiome in the
regolith will be investigated by inserting Metabolt within the SpaceQ chamber [58] and
with an Earth pressure, anaerobic chamber. Experiments with different regolith could be
run to observe variations in their response and in temperature-controlled environments
within a climate or SpaceQ chamber to remove the temperature effects in the measure-
ments and observe the true microbial response.

The incorporation of microfludic pumps could be a possible future improvement for
the Metabolt instrument, for extracting the liquids from the experiment containers con-
taining metabolic products, followed by a more detailed analysis. Microbiological prac-
tices use this technique more often, but it is a challenge to use in the space environment.
A simple microfluidic pump technology [259, 260] could be used in association with the
Metabolt instrument to deliver and retrieve products, helping to control the timing of
various biological phenomenon in the experiments.

Methanox

Using TiO2 as a catalyst along with Mars regolith simulant in the UV photocatalysis
reaction will improve the efficiency [223]. Future experiments with the Methanox instru-
ment will use TiO2 as a catalyst. Long-term experiment in a laboratory environment and
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in Martian conditions of pressure, temperature and carbon dioxide atmosphere within
the SpaceQ chamber will be run to check the feasibility and to evaluate the methane
production rate at various conditions.

PROPER

The current version of PROPER is suitable for biosafety level 3 (BSL - 3) laboratories
in Earth settings. However, to be of use for the planetary human missions while han-
dling surface samples in habitats, possible future improvements could be to incorporate
active monitoring of the cleanliness levels with sensors and warning system inside the
hood to ensure complete protection from cross-contamination. The extensive use of 3-D
printing makes it easy to manufacture and perform regular maintenance checks ideal for
long-duration mission scenarios. Hence advancements in 3-D printing technologies and
demonstrations in the low gravity environment of the Moon and Mars must be tested
prior.
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Plain language summary

We live in an extraordinary period of exploration. Human exploration of other planets
is an exciting endeavour. It is based on the qualities and capabilities of an environment
that enable humans to work and live. But why do humans even want to venture in space
and go to distant stars? In the ever-expanding cosmos where the universe is expanding
at a rate of 72 kilometers per second per megaparsec, this act by humans may seem
unrealistic and may invoke contrasting arguments from different perspectives including
philosophical, scientific, technological, economical, socio-political and ethical disciplines.
The simple answer is: exploring the unknown is in human spirit and human civiliza-
tion have thrived thus far, thanks to the implementation of our curious thoughts and
expansion of our abilities. That’s how we have escaped the natural and human-made
disasters potential of the extinction of human species and made use of the availability of
additional resources that enabled the expansion of our human society. Industrialization
and technological development has aided this consistent lifestyle at a rapid pace these
past centuries increasing our mobility by multiple folds. Humans, having ventured across
the lands and seas are taking the next logical step: across space. Since the beginning
of the space age in the late 1950s with the launch of Sputnik I, the space technology
has evolved tremendously through conflicts and pride between nations but now it has
evolved to be an understanding for our human species to benefit and thrive together
due to positive involvement from governmental agencies, commercial businesses and cit-
izens. This sets a whole different context towards a sustainable human space exploration.

What makes a planet habitable?

But are our neighbouring planets hospitable for life in general? Planetary habitabil-
ity defines a planet’s or natural satellite’s intrinsic potential to develop and maintain
environments hospitable to any life type. And here when we define habitability we gen-
erally mean microscopic life forms. Possible habitable environment such as the Moon,
Mars, Titan and so on are still under debate within the space community but a suitable
place for human survival other than Earth is empirically still unknown. When thinking
about living on another planet, we must first think about the conditions on Earth that
help us survive. On Earth, humans can walk around on the surface, breathe oxygen,
drink liquid water, survive at a comfortable temperature, and live with protection from
the sun’s energetic radiation. Finding all of those conditions on a different planet is a
challenge. However, with the revolution in space transportation and related technologies
to explore the regions of interest in the neighbouring planets within our solar system,
it is now possible to investigate thoroughly and gather accurate information about their
potential to be adapted for human exploration and about their habitability potential to
host microscopic life forms.
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Targets: The Moon and Mars

Searching for habitable environment in planet’s atmosphere, surface and sub-surface
has been the strategy for years and a lot of work has been done in this regard. The
Moon and Mars have been the most prominent front-line targets for human exploration
for decades because of their relatively shorter distance from Earth and the ability of our
current technologies to reach them. The advancements in space technology has proven
to be capable of transporting humans to several parts on the surface of the Moon and
back in at least six instances and several instances to the International Space Station
(ISS) till date. The Moon provides a perfect platform for human exploration of Mars to
tune our approaches and methods and test the technologies while serving as a potential
intermediate transit stop for resources. Recent evidences on the discovery of water at
the Moon’s south pole and possibility of the formation of transient liquid water on Mars
holds promise towards these efforts. Though the environment on the surface of the Moon
and Mars may not be truly habitable for humans in its present conditions, considerable
research is being done to understand the extent of support these hostile environment
provide, to evaluate the supplementary action required by the technologies. To achieve
this, concrete objectives and a clear road map have been drawn by a consortium of multi-
ple national space agencies and private companies. Although the potential outcome may
depend on various factors concerning political and economic scenarios, the scope of this
work is restricted to the scientific and technological requirements.

Exploring with the right tools

Robotic exploration, both remote and in-situ has already proved its potential useful-
ness in space missions answering plenty of questions and testing hypotheses about other
planetary atmospheres and surface environments, particularly about the Moon and Mars
in the past two decades. Scientific instruments facilitate numerous possibilities to con-
duct experiments in the actual planetary environments and achieve rigorous scientific
investigation to advance our understanding hand-in-hand while developing the required
infrastructure that will one day host humans on the surface of the Moon and Mars. New
developments and findings must follow a sustainable path along the previous work to
uncover new scientific discoveries that would be relevant towards human exploration and
eventually build a habitat, and a colony for longer stays and a much larger population.

The process of evolution of scientific instruments from the conceptual stage to the
actual instrument operating on a planetary environment determines the level of techno-
logical maturity. Therefore, it is necessary that scientists proposing the experiments for
space exploration have access to sufficient engineering assistance starting with the earliest
concepts of the experiment to build an accurate instrument and follow through to the
completion of the flight hardware. Similarly, the engineers must have sufficient scientific
understanding to design the instrument, recreating the exact conditions required for the
experiments.
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This thesis will discuss the engineering approach to facilitate the human exploration
on the surface of the Moon and Mars, by outlining the global exploration goals, key scien-
tific objectives and required technological developments to make these efforts attainable
and sustainable.

Pondering questions in human space exploration

Any time there is a discovery of the potential conditions to harbour life on a planet,
it’s a big deal. But apart from the initial excitement, let’s look at some of the questions
that need to be answered before we can practically say that it is safe for humans to live
on a planetary surface, off of Earth.

1. What are the measurable parameters to determine the habitability potential of a
planet?

2. What are the present day atmospheric and surface environment conditions on the
Moon and Mars like?

3. How do the environmental conditions of the planet change over a day and in
different seasons?

4. What do we know so far about the composition of the Moon and Mars’s atmo-
sphere and surface and their dynamic processes?

5. How does the planet’s atmosphere and surface interact leading to complex surface
processes?

6. How do we investigate the planetary subsurface to understand the possibility of
plate tectonics, presence of liquid water, possibility for life, etc?

7. What are the potential hot-spots to harbour and sustain the activity of microbial
life?

8. How do we utilize the advanced microbiology techniques such as DNA sequencing
to search for life on Mars?

9. How do we prevent contamination of life detection instruments with terrestrial life
forms and differentiate it from Martian life, if any?

10. What kind of local resources such as water, metals, minerals, gases can we find on
the Moon and Mars for human-use, constructing habitats, as rocket fuel, etc?

11. How do we detect and quantify the resources regionally and globally across a
planet?

12. What are the technological requirements to extract the resources and process them
in an economical way?

13. What impact does the utilization of local resources have on the duration of the
human missions and Earth revisit missions?

14. How mature are the technologies for building habitats on the Moon and Mars?
15. How to keep astronauts and the habitat protected from forward or backward

contamination when interacting with the planetary environment?
16. How do we build on our understanding of the habitability potential of the Moon

and Mars utilizing current technologies?
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17. How does advanced technologies such as 3-D printing revolutionize the human
planetary exploration? What are their benefits in gathering novel data and ad-
vancing the scientific investigation?

18. How does the sustained human presence at the International Space Station prepare
with the shift to a permanent human presence at the Moon and Mars?

19. What do we learn on the Moon to prepare for humanity’s next giant leap - sending
astronauts to Mars?

20. How long will it take to achieve these technological developments to sustain human
life on the Moon and Mars?

There is a key question to support this progress: What should be the engineering
approach to facilitate the human exploration on the Moon and Mars?

Highlights of this work

This thesis attempts to address some of the above mentioned questions with an unique
approach to design, build, test, and refine the scientific instruments in multiple iterations
using simple techniques like 3-D printing, breadboard prototyping and low-cost commer-
cial off the shelf (COTS) components. This approach allowed to increase the maturity
level (technically termed as Technology Readiness Level, TRL) of the instrument with a
lower investment in time and resources than traditional approaches that use specialized
components and fabrication techniques. Of course, low-cost commercial components will
be used in the initial phase of the instrument development from concept to build a fully
functional prototype. But, the instrument model that will fly to the Moon or Mars will
be replaced with space-qualified components bearing the same concept.

With this design philosophy, the work presented here contributes to the future human
exploration of Mars with the development of four unique instruments, namely:

1. HABIT - stands for HabitAbility: Brines, Irradiance and Temperature, will char-
acterize the environmental conditions for habitability at the landing site of the
ESA/Roscosmos ExoMars 2022 mission, Oxia Planum, in terms of UltraViolet
(UV) radiation, air and ground temperature (T), as well as liquid water avail-
ability and demonstrate an in-situ atmospheric water extraction. The design and
development of parts of this instrument, the results of their demonstrations, and
their remarks on the exploration of Mars are described in Chapter 2. The results
of the in-situ atmospheric water extraction nature of the instrument is elaborated
in the first part of Chapter 4.

2. Metabolt - is a portable soil incubator for characterizing the metabolic activity of
a microbial community in a natural growth environment. It monitors the temporal
evolution of the two electrochemical variables: electrical conductivity and redox
potential, and monitors atmospheric composition in the headspace above the soil,
which allows investigating gaseous interchange between the atmosphere and soil,
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and to confirm the footprint of metabolic activity through respiration. The design
and development of this instrument, the results of their demonstrations, and its
implications on the exploration of Mars are described in Chapter 3.

3. Methanox - is an in-situ resource utilization (ISRU) instrument to synthesize
alternative space fuel using UltraViolet photocatalysis. It is a sealed chemical re-
actor that uses the photocatalytic properties of the regolith (a fine basalt powder
which is rich in oxides like TiO2 and iron oxides) to facilitate different chemical
reactions depending on the atmospheric composition. Under a CO2 rich atmo-
sphere with traces of water, it reduces the CO2 to produce methane and oxygen.
Whereas, when applied to pure water it leads to hydrogen and oxygen production
without the need of electrolysis. Under ambient Earth-like atmosphere, it destroys
methane and oxygen and produces water and CO2, and combines nitrogen and
hydrogen to produce ammonia. The design and development of this instrument,
the results of their demonstrations, and its impact on the exploration of Mars are
described in Chapter 4.

4. PROPER - stands for PRessure Optimized PowEred Respirator, is a low-cost
portable clean-room, a full body suit that protects the wearer from external
micron-sized contamination, including unknown biological hazards. It is func-
tionally equivalent to a commercial Powered Air Purifying Respirator (PAPR)
system. It uses open source and easily accessible components, relatively passive in
terms of energy consumption and mechanisms, and easy and fast to 3-D print and
build the assembly. PROPER was originally built to support the shortages of Per-
sonal Protective Equipment (PPE) at hospitals worldwide due to the COVID-19
pandemic and discussed here as a biosafety laboratory equipment when handling
local regolith materials and samples during the human Mars missions. The design
and development of this instrument, the results of their demonstrations, and their
remarks on the exploration of Mars are described in Chapter 5.

The detailed descriptions of each of the instruments developed can be read in their
respective chapters. At the end of this thesis, the planned future work is also presented
to improve the maturity level of the instruments and eventually demonstrate them on
the surface of the Moon and/or Mars in the future.
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Audiobook

The audio version of this thesis can be found in the Mendeley data repository which is
accessible via the link:

http://doi.org/10.17632/nyp65n4hct.1

The nomenclature of the audio files in .mp3 format follows the chapter names in this
main thesis document.
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