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Abstract: We describe a versatile simulation chamber that operates under representative space
conditions (pressures from < 10−5 mbar to ambient and temperatures from 163 to 423 K), the SpaceQ
chamber. This chamber allows to test instrumentation, procedures, and materials and evaluate their
performance when exposed to outgassing, thermal vacuum, low temperatures, baking, dry heat
microbial reduction (DHMR) sterilization protocols, and water. The SpaceQ is a cubical stainless-steel
chamber of 27,000 cm3 with a door of aluminum. The chamber has a table which can be cooled using
liquid nitrogen. The chamber walls can be heated (for outgassing, thermal vacuum, or dry heat
applications) using an outer jacket. The chamber walls include two viewports and 12 utility ports
(KF, CF, and Swagelok connectors). It has sensors for temperature, relative humidity, and pressure,
a UV–VIS–NIR spectrometer, a UV irradiation lamp that operates within the chamber as well as
a stainless-steel syringe for water vapor injection, and USB, DB-25 ports to read the data from the
instruments while being tested inside. This facility has been specifically designed for investigating the
effect of water on the Martian surface. The core novelties of this chamber are: (1) its ability to simulate
the Martian near-surface water cycle by injecting water multiple times into the chamber through
a syringe which allows to control and monitor precisely the initial relative humidity inside with a
sensor that can operate from vacuum to Martian pressures and (2) the availability of a high-intensity
UV lamp, operating from vacuum to Martian pressures, within the chamber, which can be used to
test material curation, the role of the production of atmospheric radicals, and the degradation of
certain products like polymers and organics. For illustration, here we present some applications of the
SpaceQ chamber at simulated Martian conditions with and without atmospheric water to (i) calibrate
the ground temperature sensor of the Engineering Qualification Model of HABIT (HabitAbility:
Brines, Irradiation and Temperature) instrument, which is a part of ExoMars 2022 mission. These tests
demonstrate that the overall accuracy of the temperature retrieval at a temperature between −50 and
10 ◦ C is within 1.3 ◦ C and (ii) investigate the curation of composite materials of Martian soil simulant
and binders, with added water, under Martian surface conditions under dry and humid conditions.
Our studies have demonstrated that the regolith, when mixed with super absorbent polymer (SAP),
water, and binders exposed to Martian conditions, can form a solid block and retain more than 80% of
the added water, which may be of interest to screen radiation while maintaining a low weight.
Keywords: space; environmental chamber; Mars simulation; vacuum; planetary atmosphere;
space instrumentation
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1. Introduction
The interest in designing instrumentation for the exploration of the Moon or Mars has increased
over the past few years, and various space agencies and companies have demonstrated it. The hardware
used in these missions must be capable of operating under extreme environments. In order to facilitate
the procedures and phases of instrumentation mainly to design, qualify, and calibrate, we have
designed the SpaceQ chamber. The primary purpose of this chamber is to test sensors and components
when exposed to representative space conditions with thermal or pressure changes. It is also used to
recreate conditions of the Martian or Lunar surface.
One specific capability of this chamber is that it allows simulating the water cycle and
environmental conditions that will be experienced by the HABIT (HabitAbility: Brines, Irradiation
and Temperature) instrument of the ExoMars 2022 mission that will land at Oxia Planum and operate
from the Martian surface. Pretesting under representative space conditions is a requirement to raise
the technological readiness level (TRL) of any instrument proposed to a space mission. HABIT will
investigate the potential present-day habitability at Oxia Planum, Mars, examining the ground and
air temperature, the electric conductivity of the air, ultraviolet (UV) radiation, wind and liquid, and
brine formation by deliquescence of a set of salts [1]. It will operate autonomously through day and
night, acquiring environmental observations for, at least one Martian year of nominal operation of the
Surface Platform “Kazachok”.
Since the 1960s, there have been numerous developments of simulation chambers around the
world, including the chamber to study the behavior of terrestrial microorganisms under artificial
Martian conditions [2] and other multiple simulating facilities for planetary and space research [3–17].
The design of this kind of facilities is still an active area of interest, as each one is generally built with a
few specific objectives. For instance, just recently, a Mars environmental chamber has been developed
to allow dust to remain in suspension and to calibrate an optical particle counter [18]. Due to the
need for simulating the Martian water cycle to test the HABIT instrument and other processes that
depend on moisture, we have developed the SpaceQ chamber. The core novelties of this chamber are:
(1) its ability to simulate the Martian near-surface water cycle by injecting water multiple times into
the chamber through a syringe which allows to control, precisely, the initial relative humidity inside
and (2) the availability of a high-intensity UV lamp operating within the chamber, which can be used
to test material curation, the role of the production of atmospheric radicals, and the degradation of
certain products like polymers and organics. This chamber can test scientific instruments and, since
water is a requirement for life as we know it, this chamber will allow to perform experiments related to
astrobiology and habitability.
Mars has a thin atmosphere, which consists mostly of carbon dioxide (CO2 ), and water is only a
minor component. However, due to the large diurnal thermal oscillations, the surface can go from 0 to
100% relative humidity (RH) within 1 day [19]. Water is not stable as a liquid on Mars, but it can exist
as frost and ice in the ground, and in the atmosphere as vapor, fogs, and cloud nuclei. Moreover, water
can also be bonded or adsorbed to salts in the regolith. In this state, there can be an interchange of
water between the regolith and the atmosphere under present-day conditions due to the diurnal and
seasonal variations of temperature and relative humidity. Then, additionally, water can be fixed in the
mineral crystal structure, or as hydroxyl, but this water is only released at temperatures above 200 ◦ C
and up to 1000 ◦ C or higher, depending on the mineral.
Some of the salts that exist on Mars may even deliquesce and form liquid brines that are stable
at these pressures and temperatures. The presence of salts on Mars has implications on the water
circulation and water cycle as well as on life and materials and instruments exposed to these surface
environmental conditions. This chamber allows testing the performance of certain materials. Some
metallic materials may be damaged when they come in contact with brines, as they are usually
very corrosive. Other materials may hydrate or dehydrate differently as on Earth, so this chamber
allows to test the properties of certain materials during curation under Martian conditions. Moreover,
finally, since liquid water is needed for life, the formation of brines may have implications on life and
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planetary protection protocols. In the Experimental Procedure section, we present some examples of
the applications of the SpaceQ chamber.
2. SpaceQ Detailed Description
The SpaceQ is a stainless-steel cubic-shaped (Figure 1) customized chamber manufactured by
Kurt J. Lesker Company (https://www.lesker.com/index.cfm). The door is made of aluminum, and the
internal volume is 27,000 cm3 . The quartz silica viewports (Zero-Length, 4-1/2” UHV) fitted on the
top and left-hand side allow to monitor the experiment inside. The glass window is of Kodial with a
viewing diameter of 65 mm. This glass is compatible with high vacuum and can withstand a bake-out
temperature of up to 623 K. The heating jackets are custom made by Eltherm (https://eltherm.com/).
The outer cover of the jackets is made of glass fabric PTFE coating, and the inner cover is of glass
fabric. The thermal insulation is made of 15 mm glass wool and uses Velcro fasteners as fixing
material around the chamber. The jackets are fitted to the external walls of the chamber and have an
operating temperature from ambient to 423 K. It has platinum (PT) 100 as its sensing element with
700 W nominal output to supply heat through the walls. The temperature is set using an electronic
temperature controller (ELTC)-15 with an output relay and a programmable ramp. This feature is used
for outgassing tests and to convert the chamber into a thermal vacuum test (TVT) chamber where
instruments can be tested and thermally cycled to perform space qualification and investigate thermal
balance and gradients within the hardware. The chamber wall is fitted with 12 utility ports (KF, CF,
Swagelok) on which different instruments are fitted to perform the tests inside. It has sensors for
temperature (T), relative humidity (RH%), and pressure (P), an ultraviolet (UV) irradiation lamp, an
ultraviolet (UV)–visible (VIS)–near infrared (NIR) spectrometer, as well as a stainless-steel syringe for
water vapor injection, and universal serial bus (USB) and distribution board (DB) 25 ports to read the
data from the instruments. A functional diagram of SpaceQ is shown in Figure 2.
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Figure 1. Overview of the SpaceQ chamber, without the heating jacket, fitted with different components.

Figure 2. Schematic representation of SpaceQ chamber showing different components fitted.
Figure 2. Schematic representation of SpaceQ chamber showing different components fitted.

SpaceQ is very versatile in terms of its operating temperatures; it can operate in the temperature
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TVTa
(ECSS-Q-ST-70-02C), outgassing, and sterilization through dry heat microbial reduction (DMHR) tests
(ECSS-Q-ST-70-57C). The SpaceQ has been used to simulate the Martian environment and the water
and thermal cycle to investigate the dew point, the frost formation point, and the formation and stability
of brines [20]. It can be used to perform microbiological experiments and test the curation of different
materials that have been so far only tested under Earth ambient conditions [21]. The specifications of
the chamber are summarized in Table 1.
Table 1. Specifications of SpaceQ.
Parameter

Characteristics

Chamber dimensions
Operating temperature
Operating pressure
Viewport
UV lamp
Data output
RH and temperature
Gas inlet
VNIR spectrometer

30 cm × 30 cm × 30 cm
163–423 K
< 10−5 to 1000 mbar
Fused silica quartz
115–400 nm
USB and DB-25
0–100% and 203–453 K
CO2 and water
200–1100 nm

The dimensions of the cooling plate (Figure 3) are 200 mm × 200 mm × 18 mm, and it has an
inbuilt thin pipe for liquid nitrogen (LN2 ). The temperature of the surface is controlled by passing
liquid nitrogen from a Dewar using a feedthrough. The temperature control is performed by a
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such as polymers when exposed to UV and Martian atmospheric conditions. This lamp irradiates
within the spectral range of 115–400 nm. It can be incorporated on the top flange of the SpaceQ chamber.
It uses a deuterium lamp with a magnesium fluoride (MgF2 ) window fitted with a flexible tube
allowing to irradiate objects and samples at a very close distance to be operated under depressurized
conditions. UV, visible, and infrared reflectometry studies of samples can be performed by combining
two spectrometers (AvaSpec-ULS2048 LTEC-USB2-RS and AvaSpec-NIR256-2.5-HSC-EVO) covering
UV–VIS–NIR range with 200–2500 nm. It uses a mini-halogen lamp as a light source to irradiate the
sample and measure the reflectance. It is fitted onto the chamber using two vacuum feedthroughs
SMA-905, which have an M12 thread housing with Viton O rings designed for the fiber optics in
vacuum chambers that interconnects to couple with the probes inside.
3. Martian Near-Surface Water Cycle and Thermal Studies
We simulate the environmental conditions that occur on Mars during the transition from nighttime
(when due to the low temperature the surface humidity reaches its highest value and may saturate) to
daytime (when the surface temperature increases releasing the water to the atmosphere). The simulation
is done by evacuating the air in the SpaceQ chamber with a rotary pump down to 10−3 mbar and
replacing it by carbon di oxide (CO2 ) gas to 6–8 mbar, which is a representative range of the average
atmospheric pressure on Mars. A Pirani gauge reader monitors this. Once the CO2 gas stabilizes, we
inject water using the Swagelok stainless steel syringe and then use liquid nitrogen (LN2 ) to cool the
working table down to 250.15 K. This whole process of achieving close to Martian condition takes about
1 h, and the tests are done with pure CO2 gas and minute amounts of water. When water is injected, the
relative humidity within the chamber changes depending on the temperature. There are unavoidable
thermal gradients, which occurs when the table is refrigerated with LN2 , and the external walls of the
chamber are warm due to the contact with the ambient laboratory temperatures. For this specific setup,
the relative humidity (RH) probe monitors the air relative humidity with respect to liquid at roughly
10.2 cm above the table and 5.2 cm from the sidewalls. Figure 4 shows an example of a simulation from
a Martian night-to-day transition. The ground temperature (Tg ) and air temperature (Ta ), the relative
humidity of the air (RHa ), and pressure (P) are directly measured, whereas the relative humidity of
ground with respect to ice and liquid (RHg i and RHg l ) are derived by using the formulae (1)–(4) [19].
RH (T ) =

P
vmr
×
× 100
ew(T) 1 + vmr

T − 273.14159
ewliq(T) = 6.112 × e 17.62 ×
243.12 + (T − 273.14159)


273.14159
ewice(T) = 6.112 × e 22.5 × 1 −
T
vmr =

(1)
!

M
W
× d
1000 Mw

(2)
(3)
(4)

where RH(Ta ) can be applied to the air, to retrieve vmr (volume mixing ratio) and then be used to
calculate RHg (Tg ). Here, RHi represents the relative humidity with respect to ice, whereas RHl
represents the relative humidity with respect to liquid.
RH: relative humidity in %
P: Pressure in mbar
vmr: volume mixing ratio in parts per million
Tg : table temperature in K
ewliq(Tg) : saturation partial pressure over liquid water at a given temperature
ewice(Tg) : saturation partial pressure over ice at a given temperature
Mw = 18.0160 (molecular weight of water)

the atmosphere condenses on the table and may even permit the formation of frost when the RHgi is
at or above saturation. At the first moment, the ambient air humidity (RHa) is close to zero as all the
water condenses on the cold surface. As the table temperature increases slowly, this water is released
back
to the atmosphere, which in turn produces an increase of the chamber pressure P, while7 also
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construction of structures, which will provide effective shielding against the high-energy radiation
bombarded from the outer space [24–27]. To be prepared for the future exploration of Mars, it is
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important to first demonstrate and prove the method for curation in a small-scale simulating conditions
here on Earth. This will reduce the cost of transportation of materials from Earth. This is one of the
applications of the SpaceQ.
The main goal of the experiment that follows is to demonstrate, the application of the SpaceQ
chamber to cure under Martian conditions mixtures of Martian soil simulants when mixed with
composite products at different concentrations. These kinds of products have been cured previously at
ambient Earth conditions [28–32], but this chamber allows to test the effect of temperature, pressure,
UV, and atmospheric moisture under Martian conditions. The purpose of this test is to demonstrate,
for the first time under Martian conditions, the fabrication of a solid block with potentially enhanced
radiation screening properties due to the presence of water. To enhance the water retention capability
of a block, we have also tested the addition of other product, i.e., a super absorbent polymer (SAP),
which can hold up to 150–300 times its weight in water in a jelly state [33,34]. For some tests, we have
used ferric sulfate (Fe2 (SO4 )3 ), which is a salt that exists on the surface of Mars and has deliquescent
properties. We hypothesize that if this kind of products can be incorporated into construction elements,
this would reduce the weight of structures and still have strong radiation protection properties because
of the high content of water [35]. In addition, by using these water-absorbing elements within the
composite mixture at Martian conditions, we force a slower dehydration, which may be interesting to
emulate the slow curation process on Earth.
4.1. Materials and Methods
To simulate the Martian soil, we have used Mojave Martian Simulant (MMS-1) unsorted grade
obtained from The Martian garden, Texas, with the composition of high-quality iron-rich basalt mostly
used for research purposes [36]. The binder used in this study was EPON 828 epoxy resin purchased
from Polysciences because of its excellent mechanical properties and ease of mixing with the regolith.
It also has great radiation-screening properties, and many previous studies have reported the use
of epoxy resins as binders with the simulants. The hardener used was m-Xylylenediamine from
Sigma Aldrich. Ferric sulfate Fe2 (SO4 )3 and SAP (poly(acrylamide-co-acrylic acid)) (C6 H8 KNO3 ) were
purchased from Sigma Aldrich. The samples were prepared in a glass beaker.
In these tests, we prepared two sets of samples under laboratory conditions. One was then placed
inside SpaceQ and the other one left at ambient conditions on a laboratory bench. The sample inside
SpaceQ was frozen by cooling the table to 258 K with the LN2 , to prevent the semiliquid mixture from
rapid sublimation when the chamber is vacuumed. Once the chamber was vacuumed, we injected
CO2 and let the temperature rise to ambient Earth temperatures by reaching equilibrium with the
laboratory environment. For this test, the atmosphere was dry, so the wet sample released water to the
atmosphere during the curation process. Although the sample dries up, the relative humidity (RH) at
the air above increases. We consider that the curation has ended when the relative humidity in the
chamber is stabilized.
4.2. Results
For the study, we prepared two different samples (i) mixture of soil, salt, and binder and (ii) mixture
of soil, salt, a binder with the addition of SAP and water.
(i): For this test, we used small amounts of samples spread over a large area and prepared five
different samples with increasing soil to binder ratio:
(a)
(b)
(c)
(d)
(e)

1 g soil + 0.1 g Fe2 (SO4 )3 + 0.2 g binder
1.5 g soil + 0.15 g Fe2 (SO4 )3 + 0.2 g binder (exposure to UV)
1.5 g soil + 0.15 g Fe2 (SO4 )3 + 0.2 g binder
2 g soil + 0.15 g Fe2 (SO4 )3 + 0.2 g binder
2.5 g soil + 0.15 g Fe2 (SO4 )3 + 0.2 g binder
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The samples were prepared in large beakers, spread over the bottom crystal, placed inside the
SpaceQ, and covered with a high efficient particulate air (HEPA) filter to protect the chamber from
potential micron sized splashes of the prepared mixture, which may be released abruptly during the
vacuum phase. For this test, sample (b), which was equal to (a), was irradiated with a UV lamp fitted
on the chamber to check if the resin was damaged upon UV exposure. The UV lamp was switched off
after 1 hour(h) of irradiation. As the table temperature rose, the RH stabilized, and the experiment was
stopped. The final sample mixtures are shown in Figure 5. Only the samples with a higher ratio of
binder to soil were able to form conglomerate (a, b, and c). No significant difference was observed due
to UV exposure (b).
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Figure
5. (a) 1 g soil, (b) 1.5 g soil with UV, (c) 1.5 g soil without UV, (d) 2 g soil, and (e) 2.5 g soil.
Figure 5. (a) 1 g soil, (b) 1.5 g soil with UV, (c) 1.5 g soil without UV, (d) 2 g soil, and (e) 2.5 g soil.
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demonstrated
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consolidated
product.
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time,
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the initial phase.
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from
initial
(a) 3 g soil + 0.3 g Fe2(SO4)3 + 0.9 g binder

(a)
(b)
(c)
(d)
(e)

3(b)
g soil
0.3+g0.3
Feg2 (SO
3 g+soil
Fe2(SO
)3 0.9
+ 0.9g gbinder
binder + 0.3 g SAP + 0.35 g water
4 )3 4+
3.5+g 0.3
soilg+ Fe
0.35
g
Fe
2
(SO
4
)
3
+
0.9
g binder
3(c)g soil
(SO
)
+
0.9
g
binder
+ 0.3 g SAP + 0.35 g water
2
4 3
2
(SO
4
)
3
+
0.9
g
binder
(d)
3.5
g
soil
+
0.35
g
Fe
3.5 g soil + 0.35 g Fe2 (SO4 )3 + 0.9 g binder + 0.35 g SAP + 0.35 g water
(e) g 4soil
g soil
+ 0.4ggFe
Fe2(SO
(SO4))3 ++0.9
3.5
+ 0.35
0.9g gbinder
binder + 0.35 g SAP + 0.35 g water
2
4 3
The prepared samples were treated as before, i.e., they were placed inside the SpaceQ at Martian
4 g soil + 0.4 g Fe2 (SO4 )3 + 0.9 g binder

conditions and frozen before the vacuum phase, and then, CO2 was injected and the table temperature
was
raised
so that
the product
out and
cures slowly.
Once
theplaced
RH was
stabilized,
the experiment
The
prepared
samples
weredries
treated
as before,
i.e., they
were
inside
the SpaceQ
at Martian
was
stopped,
and
the
samples
were
taken
out
and
weighed.
Table
2
summarizes
the
comparison
of
conditions and frozen before the vacuum phase, and then, CO2 was injected and the table
temperature
the
weights.
The
two
samples
shown
in
Figure
6b,d
were
mixed
with
SAP
with
0.35
g
of
added
water
was raised so that the product dries out and cures slowly. Once the RH was stabilized, the experiment
the start.
5 h of curation,
theseout
samples
were cured
into2 asummarizes
solid block, and
those with SAP
wasfrom
stopped,
andAfter
the samples
were taken
and weighed.
Table
the comparison
of the
and water have managed to hold 83% of the water added initially.

weights. The two samples shown in Figure 6b,d were mixed with SAP with 0.35 g of added water from
the start. After 5 h of curation, these
samples were cured into a solid block, and those with SAP and
Table 2. Summary of the weights of samples.
water have managed to hold 83% of the water added initially.
Weight

Sample a

Initial (g)
Final (g)
Weight difference (g)
Water retention%

4.2
4.18
−0.02
n/a

Sample b
(SAP)
4.85
4.79
−0.06
83%

Sample c
4.75
4.73
−0.02
n/a

Sample d
(SAP)
5.45
5.39
−0.06
83%

Sample e
5.30
5.27
−0.03
n/a
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Table 2. Summary of the weights of samples.
Weight

Sample a

Sample b
(SAP)

Sample c

Sample d
(SAP)

Sample e

Initial (g)

4.2

4.85

4.75

5.45

5.30

Final (g)

4.18

4.79

4.73

5.39

5.27

Weight difference (g)

−0.02

−0.06

−0.02

−0.06

−0.03

Water retention%

n/a

83%

n/a

83%

n/a
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water as part of its structural composition. As epoxy and SAP are not available on Mars, the
process requires transporting them from Earth. This is always assumed as a base cost for all In Situ
process requires transporting them from Earth. This is always assumed as a base cost for all In Situ
Resource Utilization methods for Mars. According to this specific study, we would need to transport 30%
Resource Utilization methods for Mars. According to this specific study, we would need to transport
binder of the weight of the final product. In order to use these materials for construction, the
30%
binder of
the weight
ofblocks
the final
product.
In order to
use these
materials
structural
integrity
of these
should
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before.
Future
studies infor
theconstruction,
SpaceQ may the
structural
integrity
of these with
blocks
should
beand
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Future
studies
inevaluate
the SpaceQ
explore other
compositions,
other
binders
other regolithbefore.
simulants,
concrete,
etc. to
may
compositions,
with other
binders
and [28,31],
other regolith
simulants,
concrete,
etc. to
itsexplore
potentialother
for construction,
as suggested
by other
authors
and to optimize
the process
with
evaluate
its
potential
for
construction,
as
suggested
by
other
authors
[28,31],
and
to
optimize
respect to transportation of materials from Earth. The novelty of this material is that it has been cured the
completely
in a lowtopressure,
CO2-richofatmosphere
with temperatures
down to
whereasisallthat it
process
with respect
transportation
materials from
Earth. The novelty
of258
thisK,material
done completely
previously were
cured
under Earth
ambient
conditions.
Furthermore,
this down
is the first
hasstudies
been cured
in a low
pressure,
CO2 -rich
atmosphere
with
temperatures
to 258 K,
material
incorporates
SAP and added
its structural
composition.
FutureFurthermore,
experiments this
whereas
allthat
studies
done previously
were water
curedinto
under
Earth ambient
conditions.
willfirst
be focused
characterizing
theSAP
structural
integrity
andinto
mechanical
properties
of materials
is the
materialonthat
incorporates
and added
water
its structural
composition.
Future
cured
under
Martian
conditions
(i.e.
tension,
compression,
thermal
properties,
and
ionizing
experiments will be focused on characterizing the structural integrity and mechanical radiation
properties of
screening properties). Similar experiments can be done to investigate the use of other binders, such
materials cured under Martian conditions (i.e., tension, compression, thermal properties, and ionizing
as elemental sulfur (ES)-based binder, which have been suggested for Mars [28] or other Mars
radiation screening properties). Similar experiments can be done to investigate the use of other binders,
regolith simulants.

such as elemental sulfur (ES)-based binder, which have been suggested for Mars [28] or other Mars
regolith
simulants.
5. Instrument
Testing in SpaceQ: HABIT GTS Operation
As a demonstration of the use of the chamber for instrument testing and calibration, here, we
report the tests of the ground temperature sensor (GTS) of the Engineering Qualification Model
(EQM) of HABIT (HabitAbility: Brines, Irradiation and Temperature) instrument onboard the
ExoMars 2022 Surface Platform (ESA-IKI Roscosmos). This instrument will investigate the
habitability of present-day Mars, monitoring temperature, winds, dust conductivity, ultraviolet
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5. Instrument Testing in SpaceQ: HABIT GTS Operation
As a demonstration of the use of the chamber for instrument testing and calibration, here, we
report the tests of the ground temperature sensor (GTS) of the Engineering Qualification Model
(EQM) of HABIT (HabitAbility: Brines, Irradiation and Temperature) instrument onboard the ExoMars
2022 Surface Platform (ESA-IKI Roscosmos). This instrument will investigate the habitability of
present-day Mars, monitoring temperature, winds, dust conductivity, ultraviolet radiation, and liquid
water formation [1]. The GTS is a lightweight, 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 pointing 11
toofthe
Sensors 2020,
20, x FOR PEER
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15 Martian
◦
surface at an angle of 45 . The sensor acquires its heritage from the Rover Environmental Monitoring
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Station (REMS) ground temperature sensor (GTS), an instrument aboard the National Aeronautics and
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Space Administration
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the tests done
inside
SpaceQ
(Figure 7).
thermopile and presents the results of the tests done inside SpaceQ (Figure 7).

Figure 7. Configuration for the HabitAbility: Brines, Irradiation and Temperature (HABIT) ground
Figure
7. Configuration
for the HabitAbility:
Brines,chamber.
Irradiation The
and Temperature
temperature
sensor
(GTS) calibration
inside SpaceQ
thermopile(HABIT)
points ground
to a small-sized
temperature sensor (GTS) calibration inside SpaceQ chamber. The thermopile points to a small-sized
thermographic paint-coated aluminum plate that serves as blackbody target, which is used as a reference
thermographic paint-coated aluminum plate that serves as blackbody target, which is used as a
for the calibration.
reference for the calibration.

The SpaceQ
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conditions
in terms
of temperature,
and
The SpaceQ
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atmospheric conditions
in terms
of temperature,
pressure,pressure,
and
carbon dioxide
atmosphere
as that
Mars. Some
Some ofofthe
instrument
tests that
be carried
carbon dioxide
atmosphere
as that
of of
Mars.
the
instrument
testscan
that
can beout
carried out
include instrument operation testing during thermal cycle in a vacuum and under the presence of
include instrument operation testing during thermal cycle in a vacuum and under the presence of
Mars atmosphere, thermal balance studies and response to heaters, instrument material testing for
Mars atmosphere,
balance
studies and
response
to heaters,
instrument
outgassing,thermal
and similar
science experiments
relevant
to the application
area
of instrumentmaterial
operation,testing for
outgassing,
and similar
experiments
relevant
application
area
of instrument
to name
a few. Asscience
an example,
we demonstrate
a partto
ofthe
the calibration
of the
ground
temperatureoperation,
(GTS)
the HABIT
Other acomplementary
calibration tests
were
performed
to name asensor
few. As
anofexample,
weinstrument.
demonstrate
part of the calibration
of the
ground
temperature
outside of the chamber, using a blackbody source, whereas other tests were done using the Flight
sensor (GTS) of the HABIT instrument. Other complementary calibration tests were performed outside
Model in a cleanroom facility [1].
of the chamber,
using
blackbody
source,
whereas
done using
the Flight
Due
to thea test
requirements,
the cooled
partother
of the tests
setup were
was mounted
in contact
with theModel in a
cleanroomworking
facilitytable,
[1]. and the rest was protected with an insulation layer. The SpaceQ is equipped with a
DB-25 port on the inside of the chamber that is coupled with a similar connector on the exterior of
the chamber via a vacuum sealed adapter. Hence, all the test equipment used inside the chamber
must comply with this connection setup for power and data transmission (see Figure 2).
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Due to the test requirements, the cooled part of the setup was mounted in contact with the working
table, and the rest was protected with an insulation layer. The SpaceQ is equipped with a DB-25 port
on the inside of the chamber that is coupled with a similar connector on the exterior of the chamber via
a vacuum sealed adapter. Hence, all the test equipment used inside the chamber must comply with
this connection setup for power and data transmission (see Figure 2).
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For the calibration tests, we used the Engineering Qualification Model (EQM) of HABIT,
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Figure 8a shows the GTS response (in millivolts) as a function of the difference between the target
Figure 8a shows the GTS response (in millivolts) as a function of the difference between the
temperature
and GTS ambient temperature calibrated with the experimental setup in SpaceQ.
target temperature and GTS ambient temperature calibrated with the experimental setup in SpaceQ.
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Figure
8. (a)8. Thermopile
output
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functionofof
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the target
temperature
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GTS
ambient
temperature.
(b)
Relationship
between
the
target
temperature
and
the
ground
heat heat
and GTS ambient temperature. (b) Relationship between the target temperature and
the ground
flux as measured by the GTS. (c) Estimation of error in temperature retrieval at different temperatures.
flux as measured by the GTS. (c) Estimatn of error in temperature retrieval at different temperatures.

The relation between the target temperature and the ground heat flux (Φ ) is shown in Figure 8b.

The relation between the target temperature and the ground heat flux (ΦIg ) is shown in Figure 8b.
The target temperature, Tg can then be calculated from the resultant ground heat flux using a secondThe target
temperature,
Tg canfitthen
be calculated
from
order polynomial
least-square
as expressed
in Equation
(5).the resultant ground heat flux using a
second-order polynomial least-square fit as expressed in Equation (5).
𝑇 = −0.0578. Φ

+ 2.0917. Φ + 276.2693

(5)

I2
I
T g = −0.0578.Φ
The retrieved target temperature
is the brightness
temperature
considering the blackbody with
g + 2.0917.Φ
g + 276.2693

(5)

an emissivity, ε = 1. For surfaces where ε ≠ 1, the assumed emissivity from the literature can be
The
retrieved
target temperature
is the
considering
thea blackbody
substituted
to recalculate
the Φ term.
Thebrightness
accuracy oftemperature
the temperature
retrieval for
sample GTSwith an
measurement
is
shown
in
Figure
8c.
The
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temperature
retrieval
at
a
temperature
emissivity, ε = 1. For surfaces where ε , 1, the assumed emissivity from the literature can be substituted
between −50
°C is within
1.3 °C. of the temperature retrieval for a sample GTS measurement
to recalculate
theand
ΦIg .10term.
The accuracy
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is shown in Figure 8c. The overall accuracy of temperature retrieval at a temperature between −50 and
10 ◦ C is within 1.3 ◦ C.
6. Conclusions
We have built a versatile environmental chamber to simulate Martian atmospheric conditions.
The SpaceQ chamber is a unique facility that can operate with pressures from <10−5 mbar to ambient and
temperatures from 163 to 423 K. As the SpaceQ has an internal volume of 27,000 cm3 , it can expose multiple
samples in one experiment. It can be used to qualify the behavior of specific components when exposed
to thermal vacuum, outgassing, baking, low temperatures, and dry heat microbial reduction procedures.
With its optical and electrical feedthroughs, it can log the data in real-time from the instruments and
monitor the environmental parameters such as temperature, pressure, and relative humidity inside
the chamber. Other existing simulating facilities have the possibilities to mimic planetary atmospheric
composition, pressure, temperature, and irradiation. However, the SpaceQ chamber is specifically
suitable to study the near-surface water cycle on Mars and can simulate the Martian diurnal/seasonal
temperature and relative humidity variation within the Martian pressure range. This facility is more
resourceful and can be used to test the curation of materials under the Martian environment and to study
its degradation when exposed to the high-intensity UV lamp inside the chamber.
As an example of the tests that can be done, we have simulated (i) a plausible transition of night
to day atmosphere-regolith water cycle on Mars, (ii) the curation of materials under dry Martian
conditions, and (iii) the calibration tests of HABIT GTS. Future experiments will be focused on creating
a complete diurnal cycle of a Martian solar day and simulating different regolith mixtures to check
for brine stability, investigating the habitability of Martian soils, and studying different binder-based
materials for concrete fabrication under Martian conditions.
Our studies demonstrate, as a first step, that it is potentially feasible to fabricate and cure under
Martian conditions, within a few hours, small brick-like elements produced with a specific mixture of
regolith, binders, and water retaining products. Future studies will evaluate the properties of these
materials, testing for radiation screening, and their structural integrity to evaluate if the material can
be further used as a construction material for Mars habitation.
Also, we shall study the phase characterization of these brines and minerals formed or altered
inside the chamber using ultraviolet–visible–near infrared (UV–VNIR) spectrometry. This facility is
unique for investigating the effect of water on the Martian surface. In particular, our studies have
demonstrated that the regolith, when mixed with SAP, water, and binders and cured under Martian
conditions, can retain more than 80% of the added water.
Author Contributions: A.V.R., M.-P.Z., and J.M.-T. designed the SpaceQ chamber. A.V.R., M.I.N., and T.M.
assembled the SpaceQ chamber. The experiments were run by A.V.R. The data were analyzed and interpreted by
all the authors. All authors have read and agreed to the published version of the manuscript.
Funding: The Kempe Foundation funded the design and fabrication of the SpaceQ chamber. We acknowledge
the support from the Kurt J. Lesker Company, on the construction of the SpaceQ. M.P.Z. has been partially
funded by the Spanish State Research Agency (AEI) Project No. MDM-2017-0737 Unidad de Excelencia “María de
Maeztu”—Centro de Astrobiología (CSIC-INTA). A.V.R. and J.M.T. acknowledge support from the Wallenberg
Foundation. The authors thank Anshuman Bhardwaj for suggestions during the SpaceQ initial design and
Andreas Nilsson for assisting during the procurement of the products.
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.

2.

Martin-Torres, J.; Zorzano, M.-P.; Soria-Salinas, A.; Nazarious, M.I.; Konatham, S.; Mathanlal, T.;
Ramachandran, A.V.; Ramirez-Luque, J.-A.; Mantas-Nakhai, R. The HABIT (HabitAbility: Brine Irradiation
and Temperature) Environmental Instrument for the ExoMars 2022 Surface Platform. Planet. Space Sci. 2020,
190, 104968. [CrossRef]
Zhukova, A.I.; Kondratyev, I.I. On Artificial Martian Conditions Reproduced for Microbiological Research.
Life Sci. Space Res. 1965, 3, 120–126. [PubMed]

Sensors 2020, 20, 3996

3.
4.
5.

6.

7.
8.
9.

10.

11.

12.

13.

14.

15.

16.
17.
18.

19.
20.
21.
22.

14 of 15

Zill, L.P.; Mack, R.; DeVincenzi, D.L. Mars Ultraviolet Simulation Facility. J. Mol. Evol. 1979, 14, 79–89.
[CrossRef] [PubMed]
Seidensticker, K.J.; Kochan, H.; Möhlmann, D. The DLR Small Simulation Chamber: A Tool for Cometary
Research in the Lab. Adv. Sp. Res. 1995, 15, 29–34. [CrossRef]
Rannou, P.; Chassefiere, E.; Encrenaz, T.; Erard, S.; Genin, J.M.; Ingrin, J.; Jambon, A.; Jolivet, J.P.; Raulin, F.;
Renault, P.; et al. EXOCAM: Mars in a Box to Simulate Soil-Atmosphere Interactions. Adv. Space Res. 2001,
27, 189–193. [CrossRef]
Sears, D.; Benoit, P.; Mckeever, S.; Banerjee, D.; Kral, T.; Stites, W.; Roe, L.; Jansma, P.; Mattioli, G. Investigation
of Biological, Chemical and Physical Processes on and in Planetary Surfaces by Laboratory Simulation.
Planet. Space Sci. 2002, 50, 821–828. [CrossRef]
Fraser, H.; Dishoeck, E.V. SURFRESIDE: A Novel Experiment to Study Surface Chemistry under Interstellar
and Protostellar Conditions. Adv. Space Res. 2004, 33, 14–22. [CrossRef]
Bullock, M.A.; Moore, J.M.; Mellon, M.T. Laboratory Simulations of Mars Aqueous Geochemistry. Icarus
2004, 170, 404–423. [CrossRef]
Galletta, G.; Ferri, F.; Fanti, G.; D’Alessandro, M.; Bertoloni, G.; Pavarin, D.; Bettanini, C.; Cozza, P.; Pretto, P.;
Bianchini, G.; et al. S.A.M., the Italian Martian Simulation Chamber. Orig. Life Evol. Biosph. 2006, 36, 625–627.
[CrossRef]
Mateo-Martí, E.; Prieto-Ballesteros, O.; Sobrado, J.M.; Gómez-Elvira, J.; Martín-Gago, J.A.A. Chamber for
Studying Planetary Environments and Its Applications to Astrobiology. Meas. Sci. Technol. 2006, 17,
2274–2280. [CrossRef]
Jensen, L.L.; Merrison, J.; Hansen, A.A.; Mikkelsen, K.A.; Kristoffersen, T.; Nørnberg, P.; Lomstein, B.A.;
Finster, K. A Facility for Long-Term Mars Simulation Experiments: The Mars Environmental Simulation
Chamber (MESCH). Astrobiology 2008, 8, 537–548. [CrossRef] [PubMed]
Sobron, P.; Wang, A. A Planetary Environment and Analysis Chamber (PEACh) for Coordinated
Raman-LIBS-IR Measurements under Planetary Surface Environmental Conditions. J. Raman Spectrosc. 2012,
43, 212–227. [CrossRef]
Sobrado, J.M.; Martín-Soler, J.; Martín-Gago, J.A. Mimicking Mars: A Vacuum Simulation Chamber for
Testing Environmental Instrumentation for Mars Exploration. Rev. Sci. Instrum. 2014, 85, 035111. [CrossRef]
[PubMed]
Motamedi, K.; Colin, A.P.; Hooijschuur, J.H.; Postma, O.; Lootens, R.; Pruijser, D.; Stoevelaar, R.; Ariese, F.;
Hutchinson, I.B.; Ingley, R.; et al. Design of a Mars Atmosphere Simulation Chamber and Testing a Raman
Laser Spectrometer (RLS) under Conditions Pertinent to Mars Rover Missions. EPJ Tech. Instrum. 2015, 2, 15.
[CrossRef]
Nicholson, W.L.; Schuerger, A.C. Bacillus SubtilisSpore Survival and Expression of Germination-Induced
Bioluminescence After Prolonged Incubation Under Simulated Mars Atmospheric Pressure and Composition:
Implications for Planetary Protection and Lithopanspermia. Astrobiology 2005, 5, 536–544. [CrossRef]
[PubMed]
Patel, M.; Miljkovic, K.; Ringrose, T.; Leese, M. The Hypervelocity Impact Facility and Environmental
Simulation at the Open University. Eur. Planet. Sci. Congr. 2010, 5, 655.
Kate, I.T.; Reuver, M. PALLAS: Planetary Analogues Laboratory for Light, Atmosphere, and Surface
Simulations. Neth. J. Geosci. Geol. Mijnb. 2015, 95, 183–189. [CrossRef]
Cozzolino, F.; Mennella, V.; Ruggeri, A.; Mongelluzzo, G.; Franzese, G.; Popa, C.; Molfese, C.; Esposito, F.;
Porto, C.; Scaccabarozzi, D. Martian Environment Chamber: Dust Systems Injections. Planet. Space Sci. 2020,
104971. [CrossRef]
Martín-Torres, F.J.; Zorzano, M.-P.; Valentín-Serrano, P.; Harri, A.-M.; Genzer, M.; Kemppinen, O.; Vaniman, D.
Transient liquid water and water activity at Gale crater on Mars. Nat. Geosci. 2015, 8, 357–361. [CrossRef]
Vakkada Ramachandran, A.; Zorzano, M.-P.; Martín-Torres, F.J. The stability of Martian dew and brines
under non-equilibrium conditions. J. Geophys. Res. Planets 2020. under review.
Reches, Y. Concrete on Mars: Options, Challenges, and Solutions for Binder-Based Construction on the Red
Planet. Cem. Concr. Compos. 2019, 104, 103349. [CrossRef]
Shirke, Y.M.; Abou-Elanwar, A.M.; Choi, W.-K.; Lee, H.; Hong, S.U.; Lee, H.K.; Jeon, J.-D. Influence of
Nitrogen/Phosphorus-Doped Carbon Dots on Polyamide Thin Film Membranes for Water Vapor/N2 Mixture
Gas Separation. RSC Adv. 2019, 9, 32121–32129. [CrossRef]

Sensors 2020, 20, 3996

23.

24.

25.
26.
27.

28.
29.
30.
31.

32.

33.

34.

35.
36.

37.

38.

15 of 15

Harri, A.-M.; Genzer, M.; Kemppinen, O.; Gomez-Elvira, J.; Haberle, R.; Polkko, J.; Savijärvi, H.; Rennó, N.;
Rodriguez-Manfredi, J.A.; Schmidt, W.; et al. Mars Science Laboratory Relative Humidity Observations:
Initial Results. J. Geophys. Res. Planets 2014, 119, 2132–2147. [CrossRef] [PubMed]
Montes, C.; Broussard, K.; Gongre, M.; Simicevic, N.; Mejia, J.; Tham, J.; Allouche, E.; Davis, G. Evaluation of
Lunar Regolith Geopolymer Binder as a Radioactive Shielding Material for Space Exploration Applications.
Adv. Sp. Res. 2015, 56, 1212–1221. [CrossRef]
Simonsen, L.C.; Nealy, J.E. In Radiation protection for human missions to the Moon and Mars. Available
online: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19910008686.pdf (accessed on 1 May 2020).
Rapp, D. Radiation Effects and Shielding Requirements in Human Missions to the Moon and Mars. Mars J.
2006, 2, 46–71. [CrossRef]
Rais-Rohani, M. On Structural Design of a Mobile Lunar Habitat with Multi-Layered Environmental
Shielding. Available online: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20050215340.pdf (accessed
on 2 May 2020).
Wan, L.; Wendner, R.; Cusatis, G. A Novel Material for in Situ Construction on Mars: Experiments and
Numerical Simulations. Constr. Build. Mater. 2016, 120, 222–231. [CrossRef]
Carranza, S.; Makel, D.B.; Blizman, B.; Carranza, S.; Makel, D.B.; Blizman, B. In Situ Manufacturing of Plastics
and Composites to Support H & R Exploration. Am. Inst. Physics. 2006, 1122.
Sen, S.; Carranza, S.; Pillay, S. Multifunctional Martian Habitat Composite Material Synthesised from in Situ
Resources. Adv. Sp. Res. 2010, 46, 582–592. [CrossRef]
Shukla, S.; Agnihotri, S.; Lai, Z.; Kousaalya, A.B.; Pilla, S.; Chen, Q. Creation and Characterisation of
Regolith-Based Functional Blocks with Simulated In Situ Martian Materials. In Proceedings of the 16th
Biennial International Conference on Engineering, Science, Construction, and Operations in Challenging
Environments, Cleveland, OH, USA, 9–12 April 2018.
Chen, T.; Chow, B.J.; Zhong, Y.; Wang, M.; Kou, R.; Qiao, Y. Formation of Polymer Micro-Agglomerations
in Ultralow-Binder-Content Composite Based on Lunar Soil Simulant. Adv. Sp. Res. 2018, 61, 830–836.
[CrossRef]
Mignon, A.; Vermeulen, J.; Snoeck, D.; Dubruel, P.; Van Vlierberghe, S.; De Belie, N. Mechanical and
Self-Healing Properties of Cementitious Materials with PH-Responsive Semi-Synthetic Superabsorbent
Polymers. Mater. Struct. 2017, 50, 1–12. [CrossRef]
Tomar, R.S.; Gupta, I.; Singhal, R.; Nagpal, A.K. Synthesis of Poly (Acrylamide-Co-Acrylic Acid) Based
Superabsorbent Hydrogels: Study of Network Parameters and Swelling Behaviour. Polym. Plast. Technol.
Eng. 2007, 46, 481–488. [CrossRef]
Wei, Z.; Lu, Z.; Yue, L.; Li, L.; Yang, S.; Yang, Z. Study on Preparation and Properties of PAAS/PVA Hydrogel
Super Absorbent Polymer. J. Soochow Univ. (Medical Sci. Ed.) 2012, 5.
Peters, G.H.; Abbey, W.; Bearman, G.H.; Mungas, G.S.; Smith, J.A.; Anderson, R.C.; Douglas, S.; Beegle, L.W.
Mojave Mars Simulant—Characterisation of a New Geologic Mars Analog. Icarus 2008, 197, 470–479.
[CrossRef]
Gómez-Elvira, J.; Armiens, C.; Castañer, L.; Domínguez, M.; Genzer, M.; Gómez, F.; Haberle, R.; Harri, A.-M.;
Jiménez, V.; Kahanpää, H.; et al. REMS: The Environmental Sensor Suite for the Mars Science Laboratory
Rover. Space Sci. Rev. 2012, 170, 583–640.
Gómez-Elvira, J.; Armiens, C.; Carrasco, I.; Genzer, M.; Gómez, F.; Haberle, R.; Hamilton, V.E.; Harri, A.-M.;
Kahanpää, H.; Kemppinen, O.; et al. Curiosity’s Rover Environmental Monitoring Station: Overview of the
First 100 Sols. J. Geophys. Res. 2014, 119, 1680–1688. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

