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A B S T R A C T   

Humanity endeavors to resume crewed missions to the Moon and prepares for the exploration of Mars. These 
missions will require sustained human presence in space for longer periods than ever before. Space exposes 
astronauts to demanding conditions, including microgravity, radiation, rapid light-dark cycles, and hazardous 
chemicals. Gas sensors will be pivotal in preserving astronaut health by providing critical health data (e.g., 
through breath analysis) and space-resolved environmental information. Here, we explore the recent progress of 
gas sensors to meet the key needs of space exploration. First, the fundamental sensing principles of electro
chemical, chemoresistive, mass-sensitive, and optical sensors are briefly introduced. Then, we connect space- 
related health challenges with suitable breath markers and sensor solutions, encompassing areas like gut 
microbiome, muscle activity, cardiovascular health, hepatic and renal function, and circadian rhythm. Finally, 
environmental exposure guidelines and suitable sensor innovations for distributed air quality monitoring in 
space vehicles and habitats are presented.   

1. Introduction 

The space age was inaugurated in 1957 with the launch of Sputnik 1, 
which was followed by the first human in space in 1961 and the first 
landing of a man on the Moon in 1969. Gas analysis has played a critical 
role in tracking astronaut’s health and safety in space exploration ever 
since. For instance, experiments to analyze the metabolic activity of 
crew members through breath have been carried out at least since the 
Skylab Program in the 1970s when enclosed atmospheres were char
acterized [1]. Also, environmental air quality has been of concern: NASA 
has sampled spacecraft air for off-site analysis since Project Gemini in 
the 1960s to ensure astronaut safety and proper functioning of the 
ECLSS [2,3]. 

Now, a new era of space exploration is dawning: China’s Chang’e [4] 
and India’s Chandrayaan [5] lunar missions will survey the Moon’s 
south pole and test technologies for a lunar science base, and the 
NASA-led Artemis program aims at returning humans to the Moon and 
sending crewed missions to Mars [6]. Vital to the latter’s plan is sus
tainable lunar exploration, which will serve as a training ground for the 
eventual long-term habitation and life support of humans on Mars. The 
expected 30-month mission duration and longer communication lag (up 
to 40 min for the round-trip) [7] impose stricter requirements than ever 
before and require higher astronaut autonomy. As it will not be possible 
to transport crew members back to Earth easily, missions will rely on 
point-of-care devices, and the early detection of physiological disorders 
might mean avoiding the evolution of life-threatening illnesses [8]. 
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Prolonged mission durations will also decrease the threshold of a 
chemical compound’s safety limit due to the possibility of chronic 
exposure. 

Gas sensors will play a pivotal role as they can provide health in
formation on demand and without effort, for instance, through auto
mated breath analysis [9]. Also, they are capable of monitoring air 
quality continuously [10] to ensure adherence to safety limits and 
control decontamination units at minimal energy consumption. Yet, 
space-validated breath analysis remains limited to O2, CO2, and flow 
sensing [11,12]. Missing is the capability to quantify other relevant 
analytes, such as VOCs, that bear most of the physiological and patho
logical information in exhaled breath [13]. Furthermore, sensor solu
tions must meet the constraints brought by space missions, such as 
compactness, minimal weight, and low resource (e.g., power) con
sumption. This is usually not fulfilled by available technologies like the 
AQM onboard the ISS, which weighs 3 kg and draws up to 100 W [2]. 
Recent advances in gas sensors have moved the field towards addressing 
these needs. To name a few examples: Chemoresistive gas sensors can 
have their sensitivity and selectivity improved through nanostructuring 
[14], surface engineering [15], appropriate filter integration on the 
system [16], or even chip [17] level. Mass-sensitive sensors (e.g., BAW 
devices) offer low-power solutions [18], while plasmonic sensors may 
provide visual warnings [19,20]. Advancements in electrochemical [21, 
22] and laser spectroscopy [23] sensors have also been achieved with 
regard to miniaturization. 

Previous reviews reported archival and real-time air monitoring 
protocols and devices used by NASA from the Gemini program to the ISS 
[2]. The authors argued that more extensive real-time monitoring of 
major VOCs, combustion products, and spacecraft-specific compounds 
would be required in longer missions without, however, covering sen
sors that would be suitable for such. Also, air quality on board Mir and 
the ISS were compared, and the most significant contributors to the total 
VOC concentration were identified [24]. Concerning health, previous 
patents for in-flight medical analysis devices were elaborated [25], and 
the need to develop biomarker detection technologies for FeNO, carbon 
monoxide, and hydrocarbons was identified as critical to carrying out 
deep-space missions. Point-of-care diagnostics for niche applications 
were also reviewed [26], including space, highlighting the challenges of 
translating traditional solutions to such an environment. The lack of 
understanding of the effects of long-term microgravity environments on 
humans and which biomarkers are appropriate were identified as chal
lenges as well. Also, the sensing capabilities of in-flight devices were 
investigated, and the authors called for the adoption of real-time mo
lecular sensing, which could be applied to non-invasive health moni
toring [26]. The current state-of-the-art of astronaut’s health monitoring 
in space was analyzed, urging the expansion of knowledge on the effects 
of extended stays and highlighting the need for leveraging new tech
nologies to overcome the challenges of the new space age [27]. Much 
has also been done concerning gas sensors outside of the space domain; 
recently, advances in the fabrication methods to prepare nanostructured 
gas sensors, for instance, by printing [28], chemical vapor deposition 
[29], or flame-aerosols [30], were reviewed and their application for 
breath sensors in health monitoring explored [9]. Also, arrays [31] and 
filters/columns (e.g., catalytic [32] or sorption [33]) that enable odor 
recognition and selectivity enhancement for molecule-selective sensors 
have been discussed. 

Here, we analyze the needs and opportunities for gas sensors brought 
about by the upcoming deep space exploration. First, a brief description 
of gas sensor types and their working principles is provided. This is 
followed by a detailed analysis of health monitoring through breath 
analysis, where we provide a historical overview of already imple
mented technologies, discuss unexploited but critical biomarkers and 
connect these with promising sensor solutions that are suitable for 
compact integration, enabling effortless and routine testing. Finally, 
environmental monitoring for spacecraft and habitation safety are dis
cussed with particular emphasis on air pollutants that can threaten the 

immediate safety and health of astronauts during prolonged presences in 
space. Thereby, we also suggest promising sensing concepts and mate
rials. The objective of this review is to furnish both the space and sensor 
science communities with a comprehensive outline of challenges, sig
nificant technological advancements, and collaborative research 
opportunities. 

2. Gas sensing concepts: brief overview 

Few gas/volatile detection concepts have already been tested in 
space. Most established are GC/IMS (e.g., VOA), GC/DMS (e.g., AQM), 
and FTIR spectroscopy (e.g., ANITA) [2]. Despite their high performance 
[34] and the significant advances in their miniaturization [35], such 
detectors are not yet, and may not become, sufficiently compact for 
wearable health or distributed air quality monitoring, limiting their 
adoption in deep space exploration. Other mobility spectrometry tech
niques, however, may become an option in the future, such as FAIMS, 
due to their high miniaturization potential [36–39]. More promising are 
electrochemical sensors (e.g., CPA and RSS), albeit for a reduced number 
of analytes, chemoresistive sensors (e.g., JPL’s E-noses [40]), and 
mass-sensitive (e.g., JAMSS’ QCM [41]) sensors. This chapter only in
troduces their sensing concepts (Fig. 1) and provides pertinent litera
ture, as the cited reviews have comprehensively covered them already. 

Electrochemical gas sensors work based on redox reactions [45]. 
Such sensors consist of a working, a counter, and possibly a reference 
electrode that are immersed in an electrolyte. Usually, a gas-permeable 
membrane connects the electrochemical cell to its gaseous surroundings. 
There are three classes of electrochemical gas sensors based on their 
operational concept: conductometric, amperometric [45], and potenti
ometric [46]. In the case of amperometric gas sensors, the reaction of an 
analyte at the working electrode generates a current that is measured at 
fixed [47] or variable potential [48]. Selectivity is typically achieved by 
modification of the electrodes (e.g., functionalization with MIPs [49] or 
aptamers [50]), electrolyte [51], or membrane [52]. 

Chemoresistive gas sensors (or chemristors) consist of solid-state 
semiconductors that change their resistance upon analyte exposure 
[53]. Usually, such sensors consist of a micromachined μ-hotplate [54] 
covered by a compact [55] or porous [56] sensing layer of metal oxides 

Fig. 1. Overview of gas sensing principles and some used sensing materials. 
Adapted from Refs. [20,42–44]. 
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[57], polymers [58], or carbon-based [59] materials. By nanostructuring 
sensing layers, detection limits down to ppt have been achieved [60]. 
While assemblies of chemoresistive sensors to arrays [61] enable odor 
discrimination, recent advances in selective material design provide 
orthogonality [62] for targeted multi-tracer quantification [63]. Also of 
interest, and closely related to chemoresistors, are thermoelectric gas 
sensors, that consist of a thermopile that generates a Seebeck voltage 
when heated up by exothermic catalytic oxidation of target analytes (e. 
g., H2 [64] or VOCs [65]). 

Capacitive gas sensors are produced with dielectric materials that 
change their capacitance when exposed to analytes [66]. The sensing 
layer can consist of polymers [67–69], metal oxides [70,71], or MOFs 
[72,73], for example. Nanostructured capacitive gas sensors capable of 
quantifying gas concentrations down to low ppm (e.g., benzene [74] and 
ethanol [75]) and ppb levels (e.g., H2 [76]) have been reported. 

Mass-sensitive gas sensors recognize resonance frequency changes of 
their sensing element upon adsorption of analyte molecules [77]. Most 
relevant for space applications are the BAW devices, such as the QCM. In 
QCMs, a thin quartz crystal is placed between two electrodes across 
which an alternating potential is applied, causing the crystal to oscillate 
due to its piezoelectric properties [78]. When an analyte adsorbs on the 
device’s surface, the mass increase results in a shift of the QCM’s reso
nant frequency that is correlated to analyte concentration [42]. Selec
tivity is achieved through surface coating (e.g., functional [79] or 
molecularly-imprinted layers [80]) of the sensing element. As the crys
tal’s properties from which the resonant frequency is derived are tem
perature dependent, QCMs require temperature control and 
compensations if precise measurements are to be obtained [81]. SAW 
oscillations propagate on the material’s surface, in contrast to the bulk 
wave propagation in QCMs. These devices can be operated at lower 
powers and are generally more compact than BAWs [82]. 
Acoustic-wave-based sensors can also operate by propagating sound 
through the gas sample itself, as done in, e.g., audible range acoustic gas 
sensors [83]. Closely related to these mass-sensitive devices is the MSS. 
In these sensors, the analyte adsorbs onto a membrane suspended by 
piezoresistive beams, which in turn have their resistance altered by the 
stress induced in the sensing layer [84]. As a micromechanical device, 
the MSS is also a compact and low-power sensing solution [85,86]. 

A broad range of optical sensor concepts is also available. These are 
based, for instance, on the absorption of molecule-characteristic wave
length [87], fluorescence [88], or plasmonic [19] effects. More specif
ically, in the case of LSPR, the presence of analytes is detected through 
changes in the dielectric environment in the vicinity of plasmonic 
nanoparticles [19]. The sensitivity and selectivity of LSPR sensors can be 
enhanced through a chemical reaction between the analyte and the 
plasmonic surface [20]. Related to these optical sensors is the PID, 
which exposes gas samples to light (typically UV), ionizing molecules 
with ionization energy below the light source’s energy, rendering PIDs 
inherently non-specific. Electrons and positive ions are then collected by 
the sensor’s electrodes, generating a measurable current proportional to 
the concentration of ionizable analytes [89]. Similarly, photoacoustic 
sensors use light to excite molecules into higher energy states; as the 
molecules relax through non-radiative processes, local heat generation 
leads to temperature and pressure increases that are detected by an 
acoustic transducer [90]. A widely adopted photoacoustic sensing 
method is NDIR [91], although limited by its non-specific nature [92] 
and high LLOD (e.g., tens of ppm [93]). 

Finally, also important to the development of gas sensing systems is 
the pre-processing of the gas mixtures. Exhaled human breath [94] and 
indoor air [95] are complex, with hundreds of different molecule types. 
Adsorption filters can enhance the selectivity of a system by separating 
the constituents of gas mixtures through their different interaction with 
a stationary phase (the adsorbent), where the analyte is temporarily 
retained in the column by adsorption [33]. They have found applications 
in diverse configurations, such as packed beds [96] and overlayers [97]. 
Catalytic filters operate continuously by selectively converting 

confounders to species to which the sensing system is not sensitive while 
the target analyte exits the filter unscathed [32,98]. Sensitivity and 
LLOD can be enhanced with preconcentrators, which operate by accu
mulating analytes over fixed intervals and then releasing a concentrated 
stream for analysis [99] to achieve concentration factors in the range of, 
e.g., a few hundred [100]. Microfabricated preconcentrators can yield 
highly compact and integrated MEMS-based gas sensors [101]. While 
such pre-processing components increase system complexity and, in 
some cases, compromise performance (e.g., increase in response time 
caused by microporous membranes [102]) and inhibit continuous 
operation (e.g., pre-concentrators), they are still compatible with 
compact device integration [103]. 

3. Monitoring astronaut health through breath analysis 

Astronauts face several health challenges in space due to its unique 
environment. More specifically, microgravity may lead to space motion 
sickness [104], muscle atrophy [105], loss of bone tissue [106], car
diovascular alterations [107,108], imbalance of body fluids [109], and 
visual impairment [110]. The enhanced exposure to radiation yields a 
higher risk for neurogenerative diseases (e.g., Alzheimer’s disease) and 
cancer, while variable light and dark cycles may disturb circadian 
rhythm and lead to sleep deprivation [111] and psychological stress 
[112]. Furthermore, an altered diet may result in dehydration and un
dernutrition [113], and altered microbiota has been associated with 
microbiota dysbiosis, skin hypersensitivity [114], and immune system 
dysregulation [115]. While regular exercise and balanced nutrition may 
mitigate some of these health issues, longer presence in space will 
require continuous health monitoring tools to recognize negative health 
developments early and guide personalized treatment. 

Traditional methods bear risks of complication (e.g., biopsy) and 
require bulky equipment (e.g., MRI), specialized personnel, or sup
porting infrastructure (e.g., clinical laboratory). More practical are 
sensor-based techniques that astronauts can use autonomously. Prom
ising in this regard is breath analysis [116] since it is non-invasive, thus 
inherently safe, and rich in physiological and pathological information 
[13]. In breath analysis, exhalation flow rate, airway pressure, and, most 
importantly, the concentrations of biomarkers are analyzed online [117, 
118] or, for the case of the latter, also offline (e.g., through sampling 
bags [119]). Established in earth-based research settings for biomarker 
quantification are the GC/MS [120], PTR-ToF-MS [121], and the 
SIFT-MS [122], but these are too bulky [123] and power-consuming for 
space, also featuring limited miniaturization potential due to inevitable 
components (e.g., vacuum pumps and quadrupole mass filters). When 
performed with compact gas sensors [9], these may be integrated into 
astronaut suits (e.g., helmets) or headsets to provide automate
d/effortless analyses with full timeline transparency (Fig. 2). Thereby, 
the sensors or assembled arrays convert the chemical information con
tained in exhaled breath into measurable signals (Fig. 2). Processing 
these signals through advanced algorithms or machine learning [124, 
125] yields biomarker quantification and longitudinal profiles that may 
be matched to physiological or pathological conditions. This informa
tion can be displayed in real-time to provide the astronauts with feed
back or transmitted for remote health assistance from earth-based 
mission control. 

Some breath analysis systems have already been developed for space 
applications. Specifically, NASA’s PUMA (Fig. 3a) is a wearable device 
[126] based on indirect calorimetry to quantify fatty acid and carbo
hydrate oxidation rates [127]. More specifically, the device featured a 
breathing mask to collect breath and measure the expiratory gas flow 
rate [11]. The CO2 concentration in the exhaled breath was quantified 
with an optical sensor based on NDIR spectroscopy, while 
oxygen-induced quenching of the fluorescence from ruthenium-based 
dyes was exploited for O2 measurement [11]. The PUMA device was 
tested during cycling (Fig. 3b) at various loads (i.e., 0–200 W), and the 
increasing O2 and CO2 uptake rates were detected in good agreement 
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(Fig. 3c, black symbols) with a commercial instrument by ParvoMedics 
(red lines, mostly overlapping with symbols). Further tests were con
ducted to measure the resting metabolic rate. An analog development 
based on indirect calorimetry, the RSS, was launched by ESA and aimed 
to include H2 and CO measurements [12]. While RSS and PUMA 
demonstrated the first merits and the immediate practical impact of 
breath analysis, their focus on a few breath markers restricted the pro
vided health information to metabolic activity. These devices were also 
rather bulky (Fig. 3a) and thus hardly compatible with being seamlessly 
integrated into the daily routine of astronauts on board space
ships/stations or during extravehicular activities (Fig. 2). 

Beyond its main constituents, N2, O2, CO2, and water, exhaled breath 
contains over 1400 VOCs [128] that usually occur at extremely low 
concentrations, ranging typically from ppq to ppm [129]. Yet, they 
contain most of the physiological and pathological information. Table 1 
connects space-relevant health challenges with promising breath bio
markers and their physiological/pathological origin and relevance. To 
demonstrate feasibility, some possible sensor solutions with proven 
functionality in human breath are also provided, including the number 

of tested volunteers. 
For instance, breath acetone is interesting for detecting undernutri

tion in astronauts. Formed after the β-oxidation of fatty acids in the 
hepatic mitochondria [130], breath concentration increases when 
metabolic fuel preference switches from carbohydrate to fatty acids 
[131]. In fact, rising acetone concentrations have been observed during 
exercise [132] that correlated with cardiorespiratory fitness [133], 
while glucose intake leads to a prompt decrease in expired acetone levels 
in healthy volunteers (Fig. 4a, green triangles). Also, the development of 
metabolic diseases may be detected, as different breath acetone patterns 
were recognized for diabetes type-1 patients (yellow circles). Primarily 
chemoresistive and optical sensors have demonstrated promising per
formance when detecting breath acetone in small-cohort human testing 
(Table 1). For instance, a Si:WO3 sensor prescreened by a Pt:Al2O3 cat
alytic [32] filter quantified breath acetone with bias and precision of 25 
and 169 ppb, respectively, in 146 breath samples [134] with stable 
performance for 145 days [135]. This is sufficiently low as breath 
acetone ranges typically between 148 and 2744 ppb in people following 
a normal Western diet [136]. 

Fig. 2. Strategy for health monitoring through breath analysis: Breath is accumulated in space suit helmets or exhaled directly onto a headset. Embedded sensors, or 
an array of them, interact with the molecules contained in breath, leading to a signal (e.g., electrical or optical). Algorithms convert these signals into biomarker 
concentration profiles that provide the astronaut with on-demand information on critical health parameters, which can also be continuously relayed to mission 
control. Adapted from Ref. [42]. 

Fig. 3. NASA’s PUMA measures a user’s O2 inhalation rate, CO2 exhalation rate, and total exhalation flow. (a) PUMA on a mannequin head with selected components 
indicated [126]. Image courtesy of NASA. (b) PUMA load tests on a volunteer at the Glenn Research Center. Adapted from Ref. [11]. (c) Volumetric O2 and CO2 flows 
of a volunteer during cycling under different loads as measured by PUMA (black symbols) and a commercial solution by ParvoMedics (red lines). Adapted 
from Ref. [11]. 
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Altered microbiomes may be recognized through the monitoring of 
short-chained fatty acids [137], and first sensors with detection limits at 
the relevant [138,139] ppb range are available [140]. Also H2 and CH4 
are of relevance, being already established in clinical practice [141] for 
the diagnosis of lactose [142] or fructose intolerance [143] and bacterial 
overgrowth in the small intestine [144]. Specifically, expired H2 con
centrations in intolerant volunteers (Fig. 4b, blue squares) increase 
significantly upon lactose intake (e.g., 160 ppm), while they remain 
below 30 ppm in normal people (green triangles). Various research-level 
[145] and commercial breath hydrogen and methane sensors are 
available (e.g., QuinTron [146], H2 Check [147], and LactoFAN2 
[148]). 

Hepatic or renal impairment may be recognized through elevated 
breath ammonia concentrations, a protein metabolism product [149]. 
For instance, normal mouth-exhaled ammonia levels are 248–2935 ppb 
[136] but can exceed 10 000 ppb in end-stage renal disease patients 
(Fig. 4c, red diamonds) and drop, for instance, during hemodialysis 
treatment [150]. Several sensors have been successfully tested for 
ammonia quantification in exhaled human breath (Table 1). For 
example, chemoresistors based on PANI recognized reduced breath 
ammonia levels in 20 volunteers after hemodialysis and showed a strong 
correlation (i.e., a Pearson correlation coefficient of 0.97) to 

photoacoustic laser spectroscopy [151]. Also, such sensors demon
strated a 2% drift over a three-week period, while other ammonia sen
sors have been tested for stability for periods surpassing two months 
[152]. 

Despite some promising examples and first functional prototypes, 
breath analysis and suitable sensor development are still in their in
fancy, and various challenges remain to implementing such technologies 
for comprehensive astronaut health monitoring during space missions. 
Upcoming research may focus on clarifying the medical relevance of 
breath markers for space-related challenges to support the connections 
delineated in Table 1. Furthermore, the design and optimization of 
molecular-specific sensor concepts may be targeted, especially for those 
breath markers where no sensor solutions with proven performance with 
humans exist yet (e.g., short-chained fatty acids or TMA, Table 1). More 
information on sensor stability is also needed as the expected mission 
duration of 30 months [7] has not yet been tested [135,151,152]. 
Orthogonal sensor arrays consisting of constituent sensors with high 
selectivity to target analytes [62] enable multi-tracer breath analysis 
[63] and seem promising to detect, for instance, the “breath print” of the 
circadian rhythm that some compounds (e.g., isoprene, Fig. 4d) are 
known to follow [204]. 

Table 1 
Space-relevant health challenges and promising breath markers for their monitoring. Also listed are suitable sensors that have been tested on humans but not yet 
implemented for space applications.  

Breath 
Compound 

Space-Related Health Challenge Physiological Origin and Relevance Sensing 
Principle 

Material or Device Human Test Conditions 
(Number of Volunteers) 

Acetone Nutritional deficiencies and 
metabolic diseases [153] 
Cardiac atrophy [107,108] 

Acetyl-CoA Metabolism [154,155] 
↑ Fasting [156] 
↑ Ketoacidosis [157] 
↑ Ketogenic Diet [131] 
↑ Exercise [132] 
Diabetes [158] 
↑ Heart Failure [159] 

Chemoresistive Si:WO3 Constant-load Cycling (5) 
[160] and (20) [132] 
Ketogenic Diet (11) [161] 
Diabetes (19) [158] 
Rest (4) [162] 

GC – SnO2 Constant-load Treadmill (6) 
[163] 

Pt/Al2O3 − Si:WO3 Ramped-load Cycling (9) 
[134] 

Optical H8N2O6S Rest (2) [164] 
NADH/S-ADH a Constant-load Cycling (3) 

[165] 
Mid-IR laser Low-Carb Diet and Fasting 

(8) [166] 
Colorimetric Hypocaloric diet (58) [167] 

Ammonia Hepatic and renal dysfunction 
[109,168,169] 

Protein Metabolism [170,171] 
↑ Chronic liver disease [172] 
↑ Renal dysfunction [150] 
↑ Liver injury [173] 

Chemoresistive CuBr Chronic Liver Disease (39) 
[174] 

PANI Hemodialysis (20) [151] 
TFB b Hemodialysis (40) [152] 
Poly (3-hexylthiophene) Hemodialysis (2) [175] 

Optical Cavity ring-down 
spectroscopy 

Hemodialysis (40) [176] 

Hydrogen Gut microbiome dysbiosis [177] 
Circadian desynchronization 
[111] 

Gut microbiome [178] 
↑ Carbohydrate intolerance [142,143] 
↑ Intestinal bacterial overgrowth [179] 
↑ Circadian rhythm [180] 

Thermoelectric Pt/Al2O3 Post-meal (4) [181] 

Isoprene Muscle atrophy [105] 
Circadian desynchronization 
[111] 

Muscular lipolytic cholesterol metabolism 
[182] 
↑ Muscle activity [183] 
↓ Muscle dystrophy [184] 
Circadian rhythm [185] 

Chemoresistive Activated alumina – Si: 
WO3 

Cycling and rest (6) [186] 

Polyoxometalate/Co3O4 Constant-load treadmill (1) 
[187] 

Limonene Hepatic and renal deterioration 
[109,168,169] 

Dietary [188] (metabolized by CYP2C9 
and CYP2C19 in healthy livers) [189] 
↑ Hepatic encephalopathy [188] 

Chemoresistive Tenax – Si:WO3 Rest (4) [190] 

Methane Gut microbiome dysbiosis [177] Hydrogenation of carbon dioxide by 
methanogens [191,192] 
↑ Carbohydrate intolerance [191,193] 

Optical Tunable diode laser 
spectroscopy 

Rest (3) [194] 

FeNO Inflammatory Infections [195] Eosinophilic airway inflammation [196] 
↑ Asthma [196] 
Circadian rhythm [197] 

Electrochemical NOBreath and NIOX 
MINO 

Rest (36) [198] 

Short-chained 
Fatty Acids 

Gut Microbiome Dysbiosis [177] Gut microbiome [199–201] – – – 

TMA Gut Microbiome Dysbiosis [177] Gut microbiome [202] – – –  

a NADH/S-ADH: nicotinamide-adenine-dinucleotide-dependent secondary alcohol dehydrogenase. 
b TFB: poly [(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-s-butylphenyl)diphenylamine)]. 
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4. Environmental monitoring: spacecraft and habitation safety 

Manifold are also the challenges in environmental control in space 
missions. Outgassing (e.g., siloxanes [205]), for example, can hinder the 
performance of optical equipment and heat exchangers [206], while 
thermal degradation (e.g., from fires or equipment overheating) can 
introduce unsafe concentrations of gaseous contaminants [207]. Leaks 
from vital spacecraft systems (e.g., ammonia from thermal control sys
tems [208]), commonly used chemicals (e.g., ethanol and isopropanol), 
and contaminants emitted by crew members (e.g., acetone, methane, 
methanol, hydrogen sulfide, and acetaldehyde [209]) are also un
avoidable sources of air contaminants. Despite the thorough character
ization of spacecraft-material outgassing and the adoption of strict 
quality control standards minimizing the risk of non-intentional com
bustion and leaks from containment vessels, sensing and controlling 
airborne contaminants is a critical aspect of space missions. 

Environmental gas sensing has been crucial in previous and ongoing 
space missions. For instance, efforts to set chemical exposure guidelines 
for astronauts began with the NRC’s guidelines in 1968 [210]. Soon 
after, a revised guideline for atmospheric contaminants in manned 
spacecraft was requested by NASA to guide the improvement of the 
ECLSS, which also contemplated 6-month periods [211]. The Skylab 
space station demonstrated that humans could live and work in space for 
extended periods (i.e., three months). While it had intermittent carbon 
dioxide monitoring by an electrochemical sensor [212], real-time 
monitoring of air aboard spacecraft was only extended beyond major 
constituents (i.e., O2, N2, CO2, H2, humidity, and CH4) on NASA’s Space 

Shuttle, when the CPA, an electrochemical sensor, was tested [207]. The 
need for real-time air monitoring was reinforced during the ISS devel
opment because of the extension of typical mission durations. As off-site 
analyses became too infrequent, the ISS employed the VOA (Fig. 5a), a 
GC/IMS, to monitor VOCs of concern on spacecraft selectively (Fig. 5b) 
[213]. NASA advanced its VOC monitoring by developing E-noses [214], 
sensor arrays that extend the capability of non-specific sensors through 
pattern recognition [30], albeit still with a high susceptibility to con
founders [62]. ESA adopted another strategy, developing an FTIR-based 
system, ANITA. More recently, the AQM (Fig. 5c), a GC/DMS, was 
deployed at the ISS [215]; its compactness and battery-powered oper
ation allowed for longitudinal measurements of the air quality in 
different modules of the ISS (Fig. 5d). 

As the new era of space exploration extends mission duration times, 
lower contaminant quantification thresholds are necessary to protect 
crew health in long-term exposure scenarios, and selective and low- 
resource environmental monitoring tools will be critical [216]. 
Thereby, a wide range of analytes and concentrations need to be 
covered, as specified by NASA’s current SMACs list [217]. Such net
works will be essential in ensuring safety and habitability when estab
lishing a sustainable human presence on the Moon and Mars. The 
possibility of further integration into other platforms, such as in explo
ration vehicles, is a highly valued asset in an application where re
sources (e.g., energy and payload) are scarce. On Earth, similar sensor 
technologies have already advanced environmental monitoring and in
dustrial safety with efforts to integrate them into Internet of Things 
networks [10] and to control air cleaners [218], but the accuracy and 

Fig. 4. (a) Breath acetone during exercising and fasting in healthy (green triangles) and type-1 diabetic (yellow circles) subjects. Adapted from Ref. [158]. (b) Breath 
hydrogen of healthy and lactose intolerant (blue squares) subjects following oral lactose ingestion. Adapted from Ref. [203]. (c) Breath ammonia of healthy and 
end-stage renal failure (red diamonds) subjects during hemodialysis. Adapted from Ref. [150]. (d) Breath isoprene of healthy subjects throughout the day. Adapted 
from Ref. [197]. 
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stability of low-cost sensors have been long-lasting concerns [219]. 
Over 60 compounds are currently targeted by the SMACs, which 

defines short-term (i.e., 1 and 2 h) and long-term (i.e., 7, 30, 180 and 
1000 days) exposure limits [217]. These include aldehydes (e.g., acet
aldehyde and acrolein), alcohols (e.g., isopropanol and n-butanol), ke
tones (e.g., acetone and methyl ethyl ketone), aromatics (e.g., benzene 
and toluene), siloxanes, and esters (e.g., ethyl acetate and butyl acetate) 
[217]. Table 2 lists selected compounds from the SMACs as well as 
sensors suitable for their detection with miniaturization potential. Only 
sensors that meet the LLOD requirement set by the 1000-day exposure 
limit listed in the SMACs are reported, and most were tested under 
pertinent RH conditions. 

Formaldehyde, for example, is a carcinogenic compound [222] that 
has been measured aboard the ISS (as a result of the thermal degradation 
of polymers and its occasional use in biological experiments [223]) and 
must be monitored to ensure crew safety. So critical it is to human health 
that national regulations are more restrictive than space guidelines (e.g., 
8 ppb in France [224], considerably lower than the 100-ppb long-term 
SMAC [217]). Its monitoring in real room air has been achieved down 
to 5 ppb at a 2 min response time with micromachined, chemoresistive 
sensors preceded by a sorbent separation column, which was stably 
operated for two weeks (Table 2). Also of interest is the monitoring of 
propanol with a long-term SMAC of 60 ppm, which can potentially 
threaten the operation of the ECLSS and is off-gassed by spacecraft 
hardware and used as a disinfectant [225]. An optical terahertz sensor 
with a MIP as a receptor enabled its quantification down to 50 ppm at up 
to 80% RH [226]. While recovery relies on blowing nitrogen on the 

sensor’s surface, this gas is available, for instance, onboard the ISS 
[227]. 

Also carcinogenic is benzene [228], which has been occasionally 
detected onboard the ISS, probably outgasses from spacecraft materials 
or arises from the thermal degradation of electronic components [225]. 
Chemoresistive sensors meeting its 13 ppb LLOD requirements have 
been reported, with a gold-nanoparticle-decorated multiwall carbon 
nanotube sensor quantifying benzene at 2.5 ppb in air at 60% RH not 
showing significant drift over six months (Table 2). Also, their sensor 
exhibited selectivity towards benzene with respect to common con
founders such as toluene and xylene (i.e., response ratios of 7 and 30, 
respectively, with all analytes at 100 ppb) [229]. Interesting as well are 
the various siloxanes listed in the SMACs, which have a diverse origin in 
spacecraft (e.g., outgassing from lubricants, heat transfer fluids and 
pads, and cosmetics [223]). Beyond the health risks posed by long-term 
exposure (e.g., to the central nervous and respiratory systems [217]), 
they may also compromise equipment by hindering heat transfer and the 
performance of optical equipment through the formation of opaque, 
insulating films [230]. A microcantilever array capable of discerning 
and quantifying distinct siloxanes down to 0.1 ppm has been reported 
(Table 2). The sensor’s coating was stable during five weeks [231]. 

Leveraging the research and progress achieved in terrestrial appli
cations, space exploration can pursue the same reliability, sensitivity, 
and operational efficiency but in the challenging conditions of space 
habitats. Ultimately, such sensor systems with the capacity to track 
various pollutants may be deployed as networks (Fig. 6) to map the 
chemical composition of the air in space habitats in real time to ensure 

Fig. 5. Environmental monitoring devices deployed in space. (a) The VOA deployed at the ISS on space station racks on Earth. Adapted from Ref. [220]. (b) 
Measured compounds in an air sample as identified in the VOA’s gas chromatograph by a thermal conductivity detector. Adapted from Ref. [213]. (c) Picture of the 
AQM. Adapted from Ref. [221]. (d) A time series of 2-propanol concentrations as measured by the AQM (green squares) and archival samples (red circles) in different 
sections of the ISS, i.e., the LAB, COL, and JPM. Adapted from Ref. [215]. 
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adherence to set exposure limits and to alert personnel about hazardous 
pollutant concentrations. 

5. Conclusions and outlook 

By leveraging the capabilities of cutting-edge sensor technologies, 
the way can be paved for deep space exploration and habitation. We 
have elucidated the various types of gas sensors that have demonstrated 
their efficacy in detecting a wide array of breath markers or air pollut
ants. These hold immense promise to be applied in crewed space mis
sions to ensure continuous health monitoring and safe environments. 
Beyond the needed technological advances in sensor performance (e.g., 
selectivity, sensitivity, and stability), seamless integration into estab
lished infrastructure, compliance with standard operational procedures, 
and adherence to resource constraints will be critical. Since space mis
sions will endure over extended periods and target more remote places 
[6], sufficient longevity and durability must be ensured, as maintenance 
or even replacement of tools may not be possible. Looking ahead, 
collaborative interdisciplinary research and development efforts 
involving scientists and engineers from academia, space agencies, and 

related industries will be instrumental in driving innovation and 
fostering the adoption of next-generation gas sensing technologies for 
space applications. 
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Table 2 
Selected contaminants covered in the SMACs [217] and examples of sensors with miniaturization potential for their detection with proven performance at sufficient 
LLOD.  

Contaminant Origin 1000-day SMAC 
[217] [ppm] 

Sensing 
Principle 

Material or Device LLOD 
[ppm] 

RH 
[%] 

Reference 

Acetaldehyde Outgassing, Crew Metabolism 2 a Electrochemical ALDH/H-PTFE c 0.11 Breath [232] 
Acetone Outgassing, Crew Metabolism, Cleaning 

Agents 
22 a Chemoresistive Si:WO3 0.02 0–90 [233] 

Nb:WO3 0.009 80 [234] 
Ru:SnO2 0.5 30 [235] 
Al:ZnO 0.1 0–90 [236] 
Pt:Al2O3 − Si:WO3 0.05 30–90 [135] 
Pt:Al2O3 − Pd:SnO2 0.05 30–90 [237] 

Acrolein Accidental Fire or Combustion 0.008 – – – – – 
Ammonia Life Support Systems, Waste Management 

Systems, Cleaning Agents 
3 Chemoresistive CuBr 0.005 90 [174] 

0.025 0–80 [238] 
0.0002 90 [239] 

Si:MoO3 0.4 90 [240] 
Benzene Propellant and Fuel System, Outgassing 0.013 Chemoresistive WO3 − Pd:SnO2 0.013 10–80 [241] 

Cobalt porphyrin:TiO2 0.005 0–50 [242] 
Au/Multi-walled carbon 
nanotubes 

0.0025 10–60 [229] 

Butanol Outgassing, Waste Management System, 
Experimental By-product 

12 Chemoresistive In2O3:ZnO 1 0 [243] 

Butanone 
(Methyl Ethyl 
Ketone) 

Outgassing 10 a Mass-sensitive Polyethylene glycol/QCN 5 0 [244] 

Dichloroethane Outgassing 0.4 – – – – – 
Dichloromethane 

(Methylene 
Chloride) 

Outgassing 1 Chemoresistive Sm2O3:SnO2 0.1 0 [245] 

Ethanol Cleaning Agent, Experimental By-product 1000 Chemoresistive Ga:NiO 10 0 [246] 
Tenax – Pd:SnO2 1000 0–90 [247] 

Ethyl Acetate Cleaning Agent, Outgassing, Experimental 
By-product 

39 Chemoresistive Al:In2O3 5 30 [248] 

Formaldehyde Outgassing, Experimental By-product 0.1 Chemoresistive Tenax – Pd:SnO2 0.005 45 [249] 
Zeolite – Pd:SnO2 0.03 50–90 [102] 
Array 0.003 90 [250] 
In2O3 0.05 15–70 [251] 

Plasmonic Ag − TiO2 0.005 50 [20] 
Mass-sensitive PEI/BC/SAW d 0.1 30–84 [252] 

Hexane Outgassing 2.4 – – – – – 
Methanol Propulsion System, Outgassing, 

Experimental By-product 
10 Chemoresistive Tenax – Pd:SnO2 1 10–90 [253] 

Propanol Cleaning Agent, Experimental By-product 60 a Optical MIP 50 5–80 [226] 
Siloxanes Outgassing, Experimental By-product, 

Thermal Control System 
1-50 b Mass-sensitive Microcantilever 0.1 0 [231] 

MOF/QCM 0.01 0 [254] 
Toluene Outgassing 4 Chemoresistive UV − In2O3/ZnO 1 0–80 [255] 
Xylene Outgassing 1.5 Chemoresistive CuO/ZnO 0.01 0–40 [256]  

a 180-day SMAC; the 1000-day SMAC is not set. 
b Linear siloxanes have a 1000-day SMAC of 50 ppm; other siloxanes listed in the SMACs have a 1000- or 180-day SMAC of 1 ppm. 
c ALDH: Aldehyde dehydrogenase; H-PTFE: hydrophilic polytetrafluoroethylene. 
d PEI: polyethyleneimine; BC: bacterial cellulose. 
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