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As the National Aeronautics and Space Administration (NASA), international space agencies, and commercial spaceflight programs set their sights on missions to the Moon and Mars, understanding the impact of spaceflight on astronauts’ health and performance becomes increasingly important. High-fidelity ground-based and space-based simulations of hazards induced by these missions can be used to conduct research that will help mitigate potential adverse outcomes in behavioral health and performance. In this review, current classifications of NASA’s research analogs are discussed, along with their strengths and limitations for effectively assessing risk to Moon- and Mars-bound astronauts’ behavioral health and performance. Recommendations are proposed for future consideration when designing high-fidelity analogs of spaceflight, which emphasize the importance of standardizing protocols, maintaining safety, and addressing ethical standards for future research and for developing analogs of mission-specific habitats.
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1 INTRODUCTION
Human exploration of space presents a multitude of challenges that must be overcome to protect astronauts’ health and performance. As the National Aeronautics and Space Administration (NASA), international space agencies, and commercial spaceflight programs set their sights on missions to the Moon and Mars, mitigating the impact of space conditions on astronauts’ health and performance becomes increasingly important. The effects of prolonged exposure to spaceflight hazards, including microgravity, radiation, isolation and confinement, increased distance from Earth, and hostile, closed environments, need to be understood and mitigated to ensure astronauts’ wellbeing during and after future exploration missions.
Research is underway to help characterize and mitigate the effects of the spaceflight hazards crews will face during future exploration-class missions. Ground-based and space-based simulations—called analogs—replicate key characteristics of space missions and can be used to conduct research that will help inform the likelihood and consequence of adverse outcomes in astronauts’ behavioral health and performance. Analogs that offer a more genuine representation of a specific mission or class of missions, provide a platform through which behavior and performance can be more confidently studied and mitigated. Results from relevant research in analogs of spaceflight, therefore, can help inform the design of future missions, and can be used to define recommendations and guidelines for protecting crew health and performance.
In this review, current classifications of NASA’s isolation and confinement research analogs are discussed, along with strengths and limitations of some of the platforms available for addressing research questions related to behavioral health and performance. The aim of evaluating these spaceflight analogs is to highlight the value of these platforms and to identify additional capabilities needed for reducing risks to behavioral health and performance during lunar and martian missions.
A brief overview of recent behavioral health and performance research conducted in spaceflight analogs is presented, along with the challenges of translating research findings to outcomes in real space missions. Limitations of current analogs and the applicability of the research findings gathered in these settings are also discussed. Recommendations are proposed for consideration when designing future high-fidelity analogs for studying the behavioral health and performance impacts of exploration missions, which emphasize the importance of standardizing protocols, ensuring safety, and addressing ethical standards for future research and for developing dedicated analogs of mission-specific habitats.
2 CLASSIFICATIONS OF CURRENT GROUND AND SPACEFLIGHT ANALOGS
Spaceflight analogs are settings that simulate features of the spaceflight environment (Bell et al., 2020) and serve as suitable platforms for informing research questions and/or developing operational concepts (Cromwell and Neigut, 2020). These spaceflight analogs can be broadly divided into 2 categories: (1) those that simulate aspects of spaceflight missions, and (2) those that induce physiological changes akin to changes experienced during spaceflight. The first category of spaceflight analogs can be further categorized into two main types: isolated, confined, and extreme (ICE) environments; and isolated, confined, and controlled (ICC) environments. Both ICE and ICC environments can be valuable for simulating the psychological and physiological impacts of prolonged isolation, although each has distinct advantages and disadvantages in research contexts.
ICE environments, such as Antarctic stations or remote outposts, offer the advantage of naturally occurring conditions that are difficult to fully replicate in controlled environments. These include extreme external conditions, limited resources, and the necessity of self-sufficiency, which contribute to a more authentic experience of isolation and confinement. However, ICE settings also introduce variability and environmental factors that are harder to control, which can impact the consistency of data.
Conversely, ICC environments, such as laboratory-based confinement studies, provide controlled and reproducible conditions, which allow for more precise manipulation of variables, consistent monitoring, and structured experimental protocols. ICC environments are beneficial for isolating specific factors, making it easier to study certain psychological and physiological responses to confinement. However, these settings may lack the authenticity of natural stressors found in ICE environments, which could affect the external validity of findings.
Over the years, contrasting findings have been reported regarding the impact of analog environments on behavioral health and performance, i.e., both salutogenic (health-promoting) and negative effects have been observed. For example, some positive adaptations such as improved stress resilience over time, have been reported during studies in Antarctic stations and simulated isolation environments; however, missions in isolation analogs have also been associated with negative psychological responses, such as heightened anxiety, irritability, depressive symptoms, and interpersonal conflict (e.g., Palinkas and Suedfeld, 2008). As noted recently by De La Torre et al. (2024), studies in isolation environments reveal mixed outcomes, with some crewmembers maintaining performance and cohesion, while others experience increased tension and stress responses during extended missions. These findings underscore the complex and often individualized responses to spaceflight analog environments, highlighting the need for tailored behavioral health countermeasures to support spaceflight.
Note: This review addresses spaceflight analogs used to support research using humans and does not address radiation-specific laboratories such as the Brookhaven National facility.
2.1 Isolated, confined, and extreme (ICE) environments
ICE environments are often in remote locations with extreme weather conditions, such as Antarctic Stations (e.g., South Pole, Palmer), which limit travel, accessibility, and the possibility of emergency evacuation of crewmembers. Scientists and other professionals living and working in these ICE environments primarily focus on conducting specialized field research or training, therefore, human research endeavors are incorporated as a secondary objective. Crewmembers can enroll in research studies that assess the effects of isolation and stress on individuals while they carry out their primary research or training objectives (Cromwell and Neigut, 2020).
Research conducted in ICE environments has provided insights into changes in behavior and performance that could occur on the International Space Station (ISS) or during future extended duration missions beyond low Earth orbit (LEO). For example, Antarctica winter-over crewmembers have experienced disruption of circadian rhythms, as has been shown in astronauts on the ISS (Flynn-Evans et al., 2016). Studies have shown that crewmembers overwintering in Antarctica often experience disruptions in their sleep-wake cycles, leading to fatigue and cognitive impairments (Palinkas and Suedfeld, 2008); on the ISS, astronauts are often subject to schedule shifting, which can severely disrupt their body’s internal clock. Both the ISS and Antarctic environments therefore pose challenges to maintaining a regular day-night cycle, which is crucial for protecting sleep duration and sleep architecture (Nasrini et al., 2020).
Antarctic research has demonstrated that most individuals do not experience clinically significant changes, but rather, that prolonged isolation and confinement can be associated with decreases in positive emotions and increases in physical symptoms for some individuals (Alfano et al., 2021). Whether these declines in wellbeing are indicators of a later adverse behavioral condition is unknown, given that most winter-over expeditions conclude within a year. Evaluating the effectiveness of countermeasures to support behavioral health in an environment such as Antarctica may help determine future methods for testing and implementing targeted mitigation strategies during long-duration exploration missions. ICE environments generally offer a high level of psychological fidelity to distant exploration spaceflight missions, however, the operational nature of these platforms often limits research opportunities. For example, it is often not feasible to assign individuals who winter-over to highly controlled conditions to assess systematic measurements of effects. Crewmembers at these facilities have field work to conduct, limiting their availability to participate in research studies. Additionally, the number of crewmembers can fluctuate throughout the mission duration (roughly around a year), and team sizes are often much larger than typical astronaut crews on a long-duration space mission (Cromwell et al., 2021). Additionally, because crews of stations such as McMurdo no longer undergo psychological selection or screening, selection criteria will vary substantially between Antarctic station crewmembers and astronauts.
2.2 Isolated, confined, and controlled (ICC) environments
ICC environments are settings where isolation and confinement are maintained under regulated conditions. Unlike remote ICE facilities, ICC locations tend to be physically more accessible. Participants of research studies conducted in ICC environments perform as crewmembers of a simulated space mission and are typically isolated and confined to habitats that replicate exploration transit vehicles or extraterrestrial habitats.
ICC platforms provide a realistic simulation of certain aspects of space missions, particularly isolation and confinement, which are critical for studying outcomes related to behavioral health, team dynamics, and operationally relevant task performance. Similar to the limitations of ICE environments, ICC platforms do not replicate the full range of spaceflight hazards encountered in actual space exploration environments, such as microgravity, which impacts physiological functions such as fluid distribution and muscle usage. Microgravity cannot be effectively simulated in ICC settings unless the study is conducted in a bed rest isolation and confinement facility.
Additionally, although ICC platforms can simulate delayed communication with Earth to some extent, they may not fully capture the impacts of prolonged communication delays that astronauts experience during deep-space missions. The simulation aspect of ICC platforms can lower the psychological fidelity of communication delays owing to “distance from Earth”. The physical environment of exploration vehicles, including spatial limitations and equipment, can also be challenging to replicate precisely in ICC habitats.
ICC platforms can be designed to immerse participants in realistic spaceflight activities and scenarios, enabling future systems, interfaces, and tasks to be evaluated and tested. Spaceflight-relevant stressors including increased social isolation, confinement, altered sleep patterns, and elevated stress levels, can affect cognitive abilities, including visuo-spatial orientation skills and their underlying neural mechanisms (Lukavský, 2014). ICC platforms can, therefore, be used to elicit stress responses, and then effectiveness of specific countermeasures can be tested. Future missions will include intelligent onboard technologies to support the crew responding to an anomaly, and technologies that assist the crew by providing relevant knowledge to help them make informed decisions in the absence of immediate ground support. Although human-in-the-loop testing in a laboratory setting is an extremely valuable step when developing and validating such countermeasures, assessing these systems in an exploration-like analog allows for a fuller assessment in a realistic mission-like environment. ICC environments are particularly helpful for assessing changes in crew performance over extended durations because these facilities allow crews to live and conduct simulated mission operations over periods spanning many weeks or months.
The Human Exploration Research Analog (HERA) at NASA Johnson Space Center (Figures 1, 2) and the Scientific International Research in a Unique terrestrial Station (SIRIUS) at the Nazemnyy Eksperimental’nyy Kompleks (NEK) (Figures 3, 4) are examples of ICC facilities. NASA’s HERA is a 2-tiered module attached to a hygiene module and a simulated airlock (see Figure 2). NASA conducted its first HERA Campaign in 2014, which included a complement of studies on a team of four astronaut-like individuals in the HERA facility over a 7-day mission. These missions were repeated 4 times, each with a new set of four crewmembers, over a period of 1 year. In more recent years, HERA campaigns have included a complement of studies repeated 4 times a year in missions lasting around 45 days. Each 1-year campaign typically ‘sets’ a standard operational scenario with a consistent tempo and series of stressors, i.e., severe sleep restriction schedule throughout HERA Campaign 4 (2017–2018). More information on HERA can be found in Appendix A.
[image: Figure 1]FIGURE 1 | NASA’s Human Exploration Research Analog (HERA) facility at Johnson Space Center. Source: NASA JSC HERA Facility. Source: https://www.nasa.gov/hera-about-hera/.
[image: Figure 2]FIGURE 2 | Diagram of the 148.6 m3 interior of the Human Exploration Research Analog (HERA), which supports four crewmembers. Source: NASA HERA Facility and Capabilities Information https://www.nasa.gov/wp-content/uploads/2016/05/2019_hera_facility_capabilities_information.pdf.
[image: Figure 3]FIGURE 3 | Scientific International Research in Unique Terrestrial Station (SIRIUS) Nazemnyy Eksperimental’nyy Kompleks (NEK) habitat. Accessed 15 August 2024. https://www.nasa.gov/mission/nek-and-sirius/.
[image: Figure 4]FIGURE 4 | Diagram of the interior of Scientific International Research in Unique Terrestrial Station (SIRIUS) Nazemnyy Eksperimental’nyy Kompleks (NEK) habitat, which supports six crewmembers. Accessed 15 August 2024. https://www.nasa.gov/mission/nek-and-sirius/.
Research in ICC environments has helped to characterize both individual and team behavioral health and performance outcomes. Similar to spaceflight and ICE experiences, most findings and reports from ICC environments highlight positive experiences without adverse outcomes. Specific challenges in some individuals however can arise.
As an example, in their assessment of performance changes over 45-days under the HERA Campaign 4 sleep restriction protocol (5 nights of 5 h in bed, followed by a two nights of 8-h sleep opportunity, repeated throughout each 45-day mission), Flynn-Evans and colleagues (2023) found a significant worsening of performance from the beginning to the end of the mission for mean reaction time, response speed, and fastest 10% reaction time. Researchers have also shown that individuals performing a spaceflight-like task in HERA can demonstrate performance impairments over time, even under nominal conditions (Stankovic et al., 2023), suggesting such isolation and confinement analogs can impact performance of complex tasks. Additionally, at a team level, creativity and conceptual performance has been shown to decrease later in the mission when compared to performance early in the mission (Larson et al., 2019). Other performance measures in HERA however, such as performance on the Cognition test battery, have been reported to be mostly steady or improved over time under nominal schedules (Dev et al., 2024).
Studies in the NEK facility in Moscow have further characterized the potential psychological effects of prolonged exposure to confinement and isolation. For example, three crewmembers who participated in the 520-day simulated mission to Mars in the NEK reported increasing levels of stress, physical exhaustion, and workload throughout the mission, with one of these individuals reporting increasing symptoms of depression (Basner et al., 2014). A more recent international analog campaign included six participants in an 8-month simulated spaceflight mission in the NEK. Lungeanu and colleagues (2023) found that these isolated participants developed and maintained more motivating relationships than non-isolated teams, but also faced fewer viable relationships and sustained fragmentation.
In summary, both ICE and ICC environments contribute uniquely to our understanding of isolation and confinement. ICE settings offer realism and ecological validity, whereas ICC environments provide control and replicability, allowing researchers to balance the advantages and limitations of each approach based on their specific research objectives.
2.3 Bed-rest studies
The second category of spaceflight analogs induce physiological adaptations without simulating all spaceflight conditions. Long-duration (60 days or more) of head-down tilt bed rest is a prime example of this category (Sundblad et al., 2016). Bed-rest analogs simulate the effects of microgravity on the body, impacting musculoskeletal, cardiovascular, and sensorimotor systems, while also allowing researchers to measure the psychological responses to prolonged inactivity and confinement. This dual focus on both physiological and psychological functions may enhance the relevance of ICC platforms for studying the multifaceted challenges of space exploration.
Lying in a bed for extended periods with the head tilted slightly downward, simulates the effects of microgravity. This position induces fluid shifts towards the upper body, emulating the bodily fluid redistribution astronauts experience during spaceflight (Lee et al., 2019). This change of gravity loading affects multiple physiological systems, notably the musculoskeletal, cardiovascular, sensorimotor systems, and potentially behavioral health systems, as summarized in Table 1 (Basner et al., 2021; Scott et al., 2020; Richter et al., 2017; Scott et al., 2011). Muscle atrophy and bone loss are induced during bed rest as a direct consequence of prolonged inactivity (Sundblad et al., 2016). Additionally, recent studies have determined that bed rest impacts the sensorimotor system (Mulavara et al., 2018).
TABLE 1 | Key physiological changes due to bed rest.
[image: Table 1]Assessments of behavioral data collected during 60 days of bed rest show an increasing tendency over time towards negative valence, as noted by Basner et al. (2021). Subjective ratings of sickness, physical exhaustion, mental fatigue, and stress increased over time throughout the duration of bed rest, and additional deterioration occurred during the post bed-rest recovery phase (Basner et al., 2021). Likewise, a study by Brauns et al. (2021) showed that participants in a 60-day bed-rest study experienced mood decrements, emotion recognition challenges, and other behavioral changes. Vestibular and emotional dysregulation can occur together because the vestibular and emotional systems share neural pathways in regions such as the insular and anterior cingulate cortex (Preuss et al., 2014a; Preuss et al., 2014b; Clément et al., 2020). This shared functionality is evident in these brain areas, where vestibular and emotional networks overlap, suggesting that vestibular signals play a role in affective control and decision-making outcomes (Carmona et al., 2009; Preuss et al., 2014a; Preuss et al., 2014b).
These findings may be related to the inherent isolation of bed-rest participants; unlike spaceflight missions, where astronauts work in teams towards a common goal, current bed-rest study participants are typically isolated, therefore, bed-rest participants have less social and team interactions than astronauts during a space mission. The experience of bed rest can therefore feel even more isolating than spaceflight, presenting an intriguing interplay between physiology and psychology. Bed rest can be used to study the interaction of multiple factors, including fluid shifts, variations in CO2 concentrations, glymphatic changes, and sleep, but in its current common design, bed rest does not fully capture important social and team aspects of behavioral health and performance.
2.4 Flight-based analogs
Flight-based analogs of spaceflight conditions currently include parabolic flights, which induce short-term bouts of microgravity (multiple exposures each lasting an average of 20 s over the course of approximately 120 min), enabling researchers to study the acute effects of microgravity on a range of human performance outcomes. Relevant outcomes measured encompass physiology, fluid shifts, and sensorimotor function. Such studies have furthered the understanding of how the human body reacts to microgravity, even for a brief or transitional period (Kermorgant et al., 2020). Parabolic flights can also be used to ensure equipment intended for use on the ISS functions optimally in the real conditions of the spaceflight environment. Although, in certain circumstances data obtained in parabolic flight is very translatable to spaceflight, the short-term exposure to microgravity limits translating outcomes for long-duration space missions, and minimal behavioral health and performance focused research has been conducted on this platform to date.
Flight-based studies provide a direct exposure to microgravity and the spaceflight environment, but they also come with limitations relative to future exploration missions, in addition to logistical and cost challenges. Researchers can use the ISS to study the physiological, neurological, and psychological effects that occur with long-duration exposure to microgravity in LEO (Kermorgant et al., 2020), and studies on the ISS have provided insights into some of the challenges astronauts will encounter on extended missions, such as prolonged exposures to weightlessness and radiation. Radiation exposure levels on the ISS however, are relatively low compared to radiation exposures anticipated during long-term interplanetary missions.
Much has been learned from the ISS in preparation for future missions regarding protecting sleep and circadian rhythms, particularly through the scheduling of tasks and through habitat design (Flynn-Evans et al., 2023). High tempo lunar missions in vehicles and habitats that will be much smaller than the ISS will require alternate mitigation strategies. Additionally, communication challenges and changes in the roles of personnel in the mission control center (MCC) and ISS astronauts during exploration missions are expected to impact scheduling, extravehicular activity (EVA), and MCC support. The relatively close proximity of the ISS to Earth and the real-time communication between MCC and the crew limits the ability to simulate the delayed MCC communications and support that will occur during future exploration missions—conditions that will require crews to function more autonomously with interfaces and processes that are developed accordingly (Gore et al., 2021).
The increasing presence of commercial vehicles in LEO offers another potential platform for conducting spaceflight research. Depending on the provider and the nature of the missions, such endeavors offer unique opportunities for human spaceflight research that will prepare for exploration missions. Recent commercial missions include the Inspiration-4 SpaceX mission, during which 4 civilian SpaceX astronauts embarked on a 3-day mission at a peak altitude of 364 miles. Human research studies facilitated by SpaceX, the Translational Research Institute for Space Health, and other partners, addressed key aspects such as biological and behavioral changes. Presently, the duration of these commercial missions spans minutes to several days, and planning is underway for future extended commercial missions in LEO. These commercial spaceflight platforms may provide more comprehensive opportunities for conducting research on behavioral health and performance in preparation for future exploration missions.
3 LIMITATIONS OF CURRENT ANALOG APPROACHES FOR NEAR-TERM AND FUTURE EXPLORATION CLASS MISSIONS—HUMAN FACTORS AND BEHAVIORAL PERFORMANCE CONSIDERATIONS
Each terrestrial platform offers unique capabilities and constraints that should be taken into consideration when determining whether an analog is a good fit for addressing specific research questions (Keeton et al., 2011; Cromwell et al., 2021). To date, studies in ICC environments have furthered our understanding of the challenges of future spaceflight, in part by offering a standardized setting where conditions, such as temperature, humidity, mission duration, work-rest schedules, and food options, can be consistently controlled. This uniformity ensures a reliable foundation for research that minimizes potential confounding variables.
Although many analogs are designed to mimic the conditions of space to the best possible extent, they may not fully capture many of the challenges faced in space—including the psychological sense of true separation from Earth. ICC platforms are designed to mimic the isolation and confinement astronauts experience during long-duration missions, and often include authentic scenarios and tasks to elicit as close to realistic responses anticipated during future spaceflight missions. Current preliminary evidence however suggests that, in comparison to current spaceflight, missions in platforms such as the HERA have been limited in their ability to induce spaceflight-like behavioral responses. In their assessment of subjective stress ratings over multiple analog platforms, Dev and colleagues (2024) reported that participants of just one of 4 HERA analog campaigns demonstrated similar subjective responses as those of ISS crewmembers for ratings across constructs such as stress and workload. Notably, the campaign that elicited the responses that aligned most closely with the responses of spaceflight crews was HERA Campaign 4, which ran a series of 4, 45-day missions during which participants were consistently restricted to 5 h of sleep (time in bed) for five nights a week, and up to 8 h of sleep (time in bed) two nights a week. Hence, additional efforts are needed to augment current spaceflight analogs so that they are more analogous to spaceflight.
Although the ISS itself offers a high-fidelity platform for studying the hazards of future exploration missions, it does not fully replicate the mission characteristics of either a short-duration lunar mission or a transit to Mars. For example, unlike the relatively infrequent amounts of communication delays experienced between the MCC and the ISS, lunar missions will face roundtrip communication latencies of 4 to 14 seconds (e.g., Parisi et al., 2024). Although 4 to 14 s communication delays may seem minimal, during critical situations even such short delays can have significant implications. Astronauts on missions to the lunar surface will also have limited exercise and food options, significantly less vehicle space and privacy than that provided by the ISS, and limited re-supply of resources. The lack of real time communication with Earth will force operations towards increasing autonomy; crews will also need to be more responsive during emergencies due to limited options for evacuation.
Studies of the effects of short-term communication delays could be conducted on the ISS, but such studies are resource intensive and lack fidelity to future missions, given that ISS systems are likely not the same as systems on future vehicles. The ISS was designed between 1984 and 1993 and was built to be controlled from the ground, whereas future vehicles include more recent advances in technology and automation. Although understanding ISS systems and procedures is essential for defining future mission processes, platforms with higher fidelity to future vehicles are needed.
During exploration missions, reliance on ground control will decrease, especially during missions to Mars (Robinson et al., 2019). The communication delays between Earth and Mars will increase to approximately 20 min one way. This substantial delay will require a shift in the operational paradigm regarding support from MCC. Crews on Mars missions will have to become more autonomous, making critical decisions in real-time without the immediate guidance of MCC support. The duration of these missions will also be significantly longer; a Mars mission will last several months to years.
3.1 Radiation as a risk factor
As noted by Clément and colleagues (2020), radiation exposure will be a crucial factor during future lunar and martian missions due to its potential long-term health impacts on astronauts. Missions beyond Earth’s magnetosphere expose astronauts to significantly higher levels of cosmic radiation, which can affect various physiological systems and is associated with increased cancer risk, central nervous system effects, and cognitive impacts. As noted by Sishc and colleagues (2022), targeted mitigations are needed for risks associated with space radiation exposure to ensure astronauts are safe during and after missions to Mars.
Although it is not ethical to incorporate radiation exposures when studying humans in analogs of spaceflight, radiation is an underlying hazard that could impact the long-term health of crewmembers, which highlights the complexities of maintaining crew health and safety in deep space (Miller et al., 2022). Understanding the impacts of exposure to cosmic radiation is essential for developing comprehensive countermeasures to ensure crewmembers’ wellbeing on future lunar and martian missions. Terrestrial rodent studies are used to assess the effects of the radiation exposure crewmembers are anticipated to receive beyond LEO (Dev et al., 2025; Mao et al., 2024; Alaghband et al., 2023; Miller et al., 2022; Mhatre et al., 2021; Willey et al., 2021), which are much higher than the exposures incurred by astronauts on the ISS. A description of these studies is beyond the scope of this paper; however, it is important to note that efforts are being conducted to translate the anticipated radiation exposure during lunar and martian missions to human health and performance outcomes (Alwood et al., 2023).
Efforts critical for designing habitats and implementing protective measures for Moon and Mars exploration include direct measurements of the space radiation environment around the Moon (George et al., 2024), developing and validating models to simulate radiation exposure at the lunar surface and subsurface that help to quantify the potential exposure astronauts would receive during lunar missions (Dobynde and Guo, 2021), and efforts to inform risk mitigation strategies for astronauts during Mars missions by analyzing data from the Mars Science Laboratory’s Radiation Assessment Detector to determine the radiation environment on the surface of Mars (Guo et al., 2021).
4 CONSIDERATIONS FOR FUTURE MOON AND MARS MISSIONS
Choosing the best spaceflight analog in which to implement a research study is contingent upon the specific science objectives and the resulting characteristics needed to properly evaluate those objectives. Regarding research into human factors and behavioral performance, analogs can be used to characterize risk, identify biomarkers, refine measures, and/or test and evaluate tools and mitigation strategies in preparation for their application during spaceflight. Logistical factors, such as the degree of experimental control, the desired sample size, and the time between study approval and implementing the study, can also play a role in deciding which spaceflight analog to use. Refer to Table 2 for an outline of research categories and questions that may be considered when choosing an analog.
TABLE 2 | Research questions to address.
[image: Table 2]As the next phase of human spaceflight approaches, the capabilities of current spaceflight analogs should be evaluated to ensure these platforms accurately reflect future spaceflight scenarios. The ability to generalize findings from research in spaceflight analogs to characterize and mitigate behavioral health and performance risks in a future exploration mission depends in part on the fidelity of the analog itself, i.e., how closely it reproduces the environment, operations, and crew of lunar and martian missions.
Near-term Artemis lunar missions are expected to be short-duration, high-tempo missions with communication delays of around 4–15 s one-way. Eventually these missions will include crewmembers that are dispersed between the Gateway (the lunar orbiting vehicle), the lunar lander, and the lunar rover. Journeys to Mars are anticipated to include prolonged isolation, extended communication delays of up to 19 min one-way, increased autonomy with reduced ground support, and limited access to food, recreation options, and communication with family.
The escalation in complexity of these missions introduces new criteria that, when properly incorporated, can enhance the fidelity of future spaceflight analogs, ensuring a more genuine representation of what crews will experience during missions to the Moon or Mars. Increasing fidelity can likewise foster a higher level of genuine engagement from participants, which will produce tools and methods that can be translated with higher confidence into operational countermeasures and interventions. Technologies that support different aspects of a mission are typically developed in isolation, without considering the overlapping infrastructures of adjacent systems. Spaceflight analogs can also serve as a testbed for maturing technologies in an integrated environment analogous to the one in which they will be used (Wu and Vera, 2019).
To support increased crew autonomy, future vehicles will likely incorporate more automation and additional design considerations that are not required on the ISS because the ISS relies on support from the MCC. Furthermore, EVA on the lunar and martian surface will differ substantially from EVA conducted during ISS missions. Astronauts will also be exposed to higher levels of cosmic radiation when they travel beyond Earth’s magnetosphere than they do on the ISS. The effects of this increased radiation exposure require further study to understand and mitigate its long-term effects on crew health.
To address these evolving demands, new spaceflight analogs should be identified, or existing platforms enhanced, to better encapsulate the challenges of future exploration missions. Although no terrestrial analog can perfectly emulate every facet of a spaceflight, it’s important to consider the following:
• What are the key hazards to behavioral health and performance during future missions to the Moon and Mars?
• What simulated features are required to study the effects of these hazards and to better mitigate them?
• How can existing spaceflight analogs be adapted or modified to fit the objectives of a lunar or martian mission?
• If only limited spaceflight analogs exist to answer a specific research question, what are the desirable vs necessary requirements of a new platform that can provide a high-fidelity simulation of a lunar or martian mission?
The defining features of lunar and martian missions call for an evaluation of the science questions and resulting requirements to achieve mission-specific, high-fidelity simulations. Establishing clear and scientifically grounded specifications that align research objectives and data collection will allow for a better representation of future space missions that can be used to determine effective countermeasures for these missions.
5 OVERVIEW OF RECOMMENDATIONS AND CAPABILITIES FOR CURRENT AND FUTURE HIGH-FIDELITY ANALOGS
Developing recommendations for high-fidelity analogs of near-term Artemis lunar missions, extended duration lunar missions, and martian missions will involve unique challenges and will incorporate some shared elements. NASA’s Design Reference Missions (DRM) provide a frame of reference of planned characteristics such as mission duration and operational characteristics. The DRMs and subsequent analog recommendations are aligned in Table 3. Ideally, spaceflight analogs should be modifiable or adaptable to simulate the dynamic nature of the environment and operations, and the psychological stressors of various mission types, from lunar surface stays to long-duration missions to Mars. Current spaceflight analogs vary in their capacity to accurately replicate features of the spaceflight environment, with many falling short in fully capturing certain elements of lunar or martian missions. Maintaining a balance between what is practically achievable in simulations and the ideal requirements will be optimal, because not every facet of the space environment can be replicated.
TABLE 3 | Mission characteristics and analog recommendations.
[image: Table 3]5.1 Simulating extravehicular activity (EVA) and sensory conditions
EVAs on the lunar and martian surfaces will substantially differ from those conducted on the ISS. Whereas EVA on the ISS is primarily focused on vehicle maintenance and occur in microgravity, lunar and martian EVA will require astronauts to navigate the planet surface in reduced gravity, which will affect mobility and will require new techniques and EVA equipment (León et al., 2021). Furthermore, the lunar and the martian regolith, which is composed of fine, abrasive dust, may pose significant challenges to the health of astronauts and the durability of equipment (see Figures 5, 6).
[image: Figure 5]FIGURE 5 | NASA’s Concept of Mars Extravehicular Activity: Partial-gravity, natural surface, partial atmosphere. Source: https://www.nasa.gov/directorates/stmd/prizes-challenges-crowdsourcing-program/nasa-marsxr-challenge/.
[image: Figure 6]FIGURE 6 | NASA’s Concept of Lunar Extravehicular Activity:Partial-gravity, natural surface, thermal vacuum. Source: https://www.nasa.gov/image-article/astronauts-lunar-surface-nasa-artist-concept-of-eva-astronauts-working-lunar-surface/.
Analogs of lunar and martian EVA should account for the technical and environmental complexities of the specific mission. Scenarios should cover both routine and off-nominal surface EVA, including habitat maintenance or assembly, geological sampling, and navigation. Innovations such as detachable rover modules and flexible modules for habitat-system assembly and repair activities will enhance the realism of these simulations and allow for a closer approximation of the physical and technical aspects of conducting EVA.
EVA on the initial lunar missions is anticipated to include two crewmembers on the surface. Simulations should include the low-light and/or low-angle lighting conditions that are expected near the poles or permanently shadowed regions to prepare astronauts for EVA in environments with minimal sunlight. Training with limited visibility, using lighting equipment on spacesuits and rovers, and conducting scientific operations in minimal lighting are essential for adapting to these conditions. Off-nominal scenarios, such as medical conditions, technical malfunctions, or communication latency, should also be simulated (Walton et al., 2023).
Simulations of EVA on Mars should include extended, multi-day EVA durations and variable surface and weather conditions (Coan et al., 2020). Scenarios should focus on crew autonomy, particularly when managing critical incidents such as equipment malfunctions or environmental hazards or prioritizing and managing limited resources, all while contending with the psychological stresses of increased isolation and confinement.
5.2 Habitat characteristics
The volume and structure of lunar and martian surface habitats will differ dramatically from the ISS (see Figure 7). Surface habitats need to ensure adequate minimal volume for logistics, storage, systems, and crew living and work functions (Whitmire et al., 2014; Burke et al., 2022; Howard, 2021). Analogs of these habitats and modules should accurately reflect the logistical constraints and limited volume anticipated for these DRMs to mimic the specific activities and challenges of living and working in confined spaces (see Figures 7–10). Other factors that will contribute to creating a realistic living and working environment include noise levels, temperature regulation, task scheduling, and internal lighting conditions. If these elements are carefully controlled to simulate the actual conditions of space habitats, researchers can align these environmental factors with anticipated conditions of the internal habitat and the EVA environment. Research should reference the habitat-specific challenges, characteristics and requirements of Artemis, Gateway, and Mars habitats listed in Table 4.
[image: Figure 7]FIGURE 7 | NASA International Space Station comparison to length of a football field. The ISS is approximately 388 cu. m. Source: https://www.nasa.gov/space-and-football/.
[image: Figure 8]FIGURE 8 | NASA Orion Capsule crew module which is 9.0 cu. m. Source: https://www.nasa.gov/reference/orion-spacecraft/.
[image: Figure 9]FIGURE 9 | Rendering of NASA Gateway Habitat Module, which will be approximately 125 cu. m. Source: https://www.nasa.gov/mission/gateway/.
[image: Figure 10]FIGURE 10 | NASA lunar surface habitat concept that support a crew of two for approximately 30 days (Burke et al. 2022).
TABLE 4 | Habitat characteristics and analog recommendations.
[image: Table 4]5.3 Crew health and performance
Because crews of exploration missions will be required to perform more autonomously, their workload will increase and operational processes may become more complex, especially when crewmembers are required to work in dispersed locations. It is critical that the composition of analog teams reflect the intricate social dynamics of real spaceflight crews including both sexes, and multiple nationalities, technical, and organizational backgrounds. Spaceflight analogs should support assessment of different team structures that focus on defining clear roles, responsibilities, and the importance of managing cultural and interpersonal differences. Behavior should be monitored continuously both at the team and individual levels to evaluate performance in autonomous decision-making scenarios and help determine ways through which safety and performance can be supported. Example Crew Health and Performance Characteristics and Analog Recommendations for Artemis, Gateway, and Mars habitats are listed in Table 5.
TABLE 5 | Crew health & performance characteristics and analog recommendations.
[image: Table 5]6 STANDARDIZED DATA COLLECTION AND DATA ARCHITECTURE SUPPORT
Systematically implementing sensitive, reliable, and validated measures is important for studying spaceflight-induced changes in behavioral health and performance. In addition, the ability to aggregate and analyze data garnered from multiple analog missions enriches the relevance and applicability of research findings, training outcomes, and risk mitigation strategies for spaceflight. Ensuring that analog platforms accurately reflect the specific mission characteristics and possess robust infrastructure for secure data collection, storage, and accessibility will be essential for effectively mitigating identified risks. NASA has established a set of standard measures that are conducted in analogs of spaceflight isolation such as in the HERA (in addition to standard measures collected on the ISS). These standard measures are the “gold standards” for helping characterize specific physiological and behavioral health outcomes and for providing insights into responses to space-like conditions. These include measures of sensorimotor function, cognitive function, immune markers, and sleep-wake activity (Theriot et al., 2024).
A global centralized database that houses data from spaceflight analog missions is essential to facilitate data pooling and insights across diverse analog environments. A repository would streamline data comparison and pattern analysis, provide detailed documentation to clarify data collection protocols and contexts that include analog characteristics, task specifics, and participant demographics. Standardizing data collection protocols and metadata documentation is also recommended because this will enhance the robustness and reproducibility of the research. Standard methods would allow results to be compared effectively and hypotheses to be refined. The central database should also host a suite of validated assessment tools that will allow researchers to access established metrics for crew performance and to evaluate behavioral health.
7 FUTURE DIRECTIONS
During the next phase of analog mission research, the ongoing use of multi-modal data collection tools should be considered, including wearable sensors and environmental tracking systems, which play a key role in providing real-time insights across a spectrum of parameters, from physical health to cognitive functioning and interpersonal dynamics. Physiological measurements offer promising avenues for unobtrusive monitoring, and an essential part of this process is establishing baseline performance levels and understanding normal variability when conducting mission-critical tasks. Further research is needed to establish consistent physiological markers across different cognitive states, such as workload or situational awareness, whose reliability may be influenced by fatigue, stress, and individual experience levels. In addition, assessing such changes in physiology and behavior relative to changes in operational and/or meaningful outcomes (e.g., task performance) provides a more comprehensive assessment for determining the impact and implications of such changes.
The use of advanced artificial intelligence (AI) and machine learning algorithms can help streamline the collection and analysis of datasets generated from these multi-modal data collection tools. For instance, AI-driven analytics could help modulate environmental conditions, workload, and even parameters surrounding social interactions. These technologies can be used to identify patterns and predictive markers that are not immediately apparent through traditional analysis methods, leading to more personalized and adaptive support systems within analog environments based on real-time data inputs.
AI-driven analytics may also help with the collection of unobtrusive measures. Tailoring unobtrusive metrics such as speed and accuracy measures to specific tasks and skills enhances the accuracy of measurements while a task is conducted without interference. Recent research has shown that voice recordings and speech analysis of conversations between crewmembers is a valuable non-intrusive metric for evaluating dynamics of human-machine interactions, such as workload (e.g., Paromita et al., 2023), and can provide insights to help develop training materials specifically tailored to teams and individuals.
Developing virtual and augmented reality tools that simulate more complex and varied environments offers another promising direction for future research. These technologies can create highly immersive and variable scenarios that mimic the unpredictability of real space missions, which could be used to provide invaluable training and evaluation opportunities. Research that is designing virtual reality scenarios to test and refine crew responses to unforeseen challenges and emergencies has shown some promising results, such as enhancing preparedness for actual spaceflight and resilience to future stressors (Finseth et al., 2023). Integrating these sophisticated simulations with physiological and psychological monitoring tools would provide a holistic method to prepare crewmembers for spaceflight, and fine-tuned mission parameters would ensure maximum safety and efficiency during spaceflight. These advancements will not only push the boundaries of current spaceflight analog capabilities but also significantly help crewmembers to prepare for long-duration space missions.
In conclusion, a multi-faceted, collaborative approach across the larger spaceflight community will further reduce risk to behavioral health and performance during future exploration missions. As new analog opportunities arise and provide additional platforms through which to address research questions, efforts that help increase fidelity to future mission scenarios can increase analogs’ value for risk reduction. Additionally, findings from carefully crafted research can serve to inform—while being informed by—the larger field of social sciences and humanities, providing a richer, interdisciplinary perspective. Recommendations are provided for those seeking to refine and/or develop analogs as a mechanism through which to help characterize and mitigate behavioral health and performance risks for future spaceflight.
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APPENDIX A
The images in Figures 1, 2 show NASA’s Human Exploration Research Analog (HERA) facility, which is located at the Johnson Space Center. The HERA facility is a unique research environment designed to simulate the isolated, confined, and resource-limited conditions astronauts would experience on deep-space missions, such as those to Mars or other distant celestial bodies. Let’s break down each component visible in the figure:
1. Main Habitat Structure: The central part of the HERA facility is a cylindrical habitat structure that is multi-leveled. This structure is designed to resemble the interior space and layout of a spacecraft or space station module. The upper level could be used for sleeping quarters, workstations, or storage, while the lower level contains more accessible living and operational areas.
2. External Staircase and Ramps: There is a staircase and a ramp leading up to the entrance of the habitat. This setup allows easy access to the simulated spacecraft interior, supporting ease of movement for crewmembers entering or exiting the habitat.
3. Entrance and Airlock Simulation: The primary entryway mimics an airlock, complete with a secure hatch door. This feature is essential for simulating space missions, where crewmembers would need to move between the habitat and exterior environments through airlocks to maintain internal pressure and safety.
4. Hygiene Module: To the right of the main habitat, there is a “Hygiene Module.” This module would typically include bathroom and shower facilities, designed to allow the crew to maintain hygiene in an isolated environment. The module’s separate designation and connection to the main structure indicate the modular nature of the habitat, reflecting the compartmentalized design of spacecraft to manage different functions.
Observation and Control Station: Adjacent to the habitat, there’s an area with equipment and a console where a researcher or technician monitors the habitat. This control station is essential for supporting the simulated environment, allowing researchers to monitor and control the habitat’s internal conditions, crew behavior, and experiment parameters.
Surrounding Environment: The entire HERA habitat is contained within a large facility at the Johnson Space Center. The walls of this facility are lined with reflective or insulated material, to control temperature or provide soundproofing for the experiments conducted inside. The reflective walls contribute to creating an isolated environment, helping replicate the conditions of a spacecraft away from natural light and sound.
More details regarding HERA can be found at https://nspires.nasaprs.com/external/viewrepositorydocument/cmdocumentid=961141/solicitationId=%7B467D3677-A1E4-7369-3FF2-E0FE15E7B326%7D/viewSolicitationDocument=1/June%202023%20NRA%20HERA%20Study%20Information%20Package.pdf.
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scenarios to match specific mission
requirements and unique challenges. VR
operations such as external inspections,
remote robotic operations, maintenance
tasks, training in emergency procedures
or dealing with unexpected scenarios.

“Tailor EVA simulations to target-
mission specifics, incorporating
detachable rover modules and flexible
habitat systems. Prepare for low-light
EVA conditions and simulate off-
nominal scenarios to enhance crew
readiness for diverse operational
challenges. Refer to section below for
guidance on target-mission EVAs and
sensory conditions.
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Research category  Questions to address

Risk Posture
Characterization

Biomarker Identification

Testing and Evaluating
Tools

Testing and Evaluating
Countermeasures.

‘What is the likelihood and consequence of the risk given the
parameters (location, duration, hazards) of the anticipated
exploration mission?

‘What are the key indicators (physiological, behavioral, performance)
that suggest a potential adverse outcome may occur? What are key
indicators of resilience relative to the risk?

How can we most reliably and efficiently measure meaningful
outcomes? How should we refin or adapt our existing measures and
methods? When do we know that a score or range of scores have a
meaningful impact on behavioral health and operationally relevant
performance that a countermeasure may be needed?

How effective is the countermeasure for reducing risk? Is it valid in
our target population? Is it feasible in the anticipated target
environment? How effective and acceptable is this countermeasure
over extended durations?

Recommended/Example approaches

Integrate data from past missions, analogs, and simulations to estimate
risk likelihoods. Develop probabilistic risk assessment models tailored to
mission-specific conditions. Use scenario-based simulations (e.g.,
environmental stress testing) to model potential outcomes. Tools such as
Monte Carlo simulations and fault-tree analysis can enhance precision in
estimating mission-specific risk profiles.

Develop standardized assays for assessing biomarkers in real-time for
practical use in missions.

Use validated, minimally obtrusive indicators to track physiological and
behavioral changes longitudinally over time.

Employ multi-omics analyses (e.g., genomics, proteomics,
metabolomics) to identify biomarkers predictive of adverse outcomes.
Integrate machine learning algorithms to assimilate multi-modal
biomarkers measured longitudinally to analyze complex data sets for
resilience indicators.

Use advanced sensor technology, including wearable devices, to collect
continuous physiological and behavioral data. Validate and standardize
assessment tools for space environments through extensive analog
testing (e.g. in Antarctic or underwater habitats). Conduct correlation
studies to link metrics with risk thresholds, developing actionable
scoring criteria for intervention.

Implement randomized controlled trials in analog environments to test
countermeasure efficacy and safety. Use adaptive trial designs to refine
countermeasures in real time. Incorporate both subjective and objective
measures (e, survey feedback, performance data) to evaluate long-term
acceptability and effectiveness. For high-risk countermeasures, develop
simulations or in vitro testing alternatives.
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Characteristic

Artemis (near-term
lunar) missions

Artemis extended
duration (surface +
gateway)

Mars extended
duration missions

Analog recommendation

Crew Size & Composition

Crew Baseline Fitness
Level & Exercise

Psychological Fitness

Distributed Teams

Crew Autonomy

Monitoring & Evaluating
Crew Dynamics

Scheduling & Workload
Management

Sleep Disruptions &
Schedule Management

Psychological & Physical
Health Management

Psychological Support &
Safety

The Gateway is the lunar or

Both men and women;
international crewmembers;

diverse expertise;
4 crewmenmbers

Very limited space for exercise
diversity; extended exercise
limited to EVA activities;
limited space for equipment

Emphasis on emotional stability
and tolerance to stress

Distributed crews during
surface operations; support
provided by crewmembers in
habitat; slight delays with MCC

High with near real-time
communication support

Continuous in-flight

monitoring and possibly
support and intervention
capabilities from ground

High-tempo operations on the
lunar surface; shifting schedules

Structured schedules with
designated sleep periods and
cycles; disruptions manageable
with support from MCC;
personal sleep quarters for each
crewmember

Short-term support systems in
place; emphasis on physical
exercise and maintaining Earth
circadian rhythms

Regular mental health check-ins
and stress management
training; access to on-demand
psychological resources.

ing vehicle. EVA, extravehicular acti

Both men and women;
international crewmembers;

diverse expertise;
4-6 crewmembers

Moderate space afforded with
exercise diversity; potential space
for fitness equipment in Gateway
or surface habitat; many EVAs on
the planet surface

Additional focus on interpersonal
skils for long-term cohesion

Distributed crews during surface
operations; support provided by
crewmembers in habitat;
coordination between MCC,
Gateway and lunar surface

High; Gateway operations require
greater self-sufficiency

Continuous in-flight monitoring
and possibly support and
intervention capabilities from
ground

High-tempo operations in
cislunar orbit, Gateway, and
lunar surface, shifting schedules

Structured schedules with
designated sleep periods;
distributed disruptions with
support from MCC and crew
both in cislunar orbit and on
lunar surface

Short-term support systems in
place; emphasis on physical
exercise and maintaining Earth
circadian rhythms

Enhanced psychological support
for extended isolation; early
detection protocols for detecting
stress; coping training

ity; DRM, design reference

Both men and women,
international crewmembers;
diverse expertise. Increased
emphasis on psychological
compatibility of crewmembers,
resilience, and coping
mechanisms for long-duration
isolation. 4-6 crew

Highly limited space for
exercise diversity on Mars
transit

Key considerations include
coping with monotony and
‘managing uncertainty

Distributed crews during Mars
surface operations; support
provided by crewmembers in
habitat; operations and
emergencies managed without
ground support

Extreme; significant delays
necessitate full autonomy in all
aspects

Continuous long-term
‘monitoring with no possibility
of ground intervention;
emphasis on in-flight
intervention capabilities, and
self-managed conflict
resolution and support

Varied paces of workload,
combining monotony in transit
with high-tempo periods
during approaching orbit and
on martian surface

Autonomous schedule with
strategies to mitigate
disruptions as a result of
workloads, stress, or habitat
conditions

Comprehensive systems to
support mental health and
physical health and to provide
recreation; circadian rhythms
will be managed without Earth’s
cues

Comprehensive mental health
‘monitoring; autonomous
support systems for extended
missions; rigorous
psychological preparedness
before the mission

ion; MCC, mission control center.

Analogous crews should match the
requirements of the DRM (see HERA.
guidelines). Stringent requirements
should be used to select analogous
crews that match the requirements of
the DRM, include male and female,
multi-national crewmembers and focus
on compatibility, psychological
resilience and coping mechanisms in
extreme isolation and confinement.
Incorporate conflict management and
resolution training and team-building
exercises before the mission. Recruit a
more even distribution of sexes in
subject pools

Establish baseline fitness levels and
exercise regiments that crewmembers
can maintain throughout the mission.
Constrain exercise to induce stress in
highly fit and active crewmembers and
measure health outcomes and assess
potential countermeasures.

Analogous crews should be
comprehensively evaluated;
psychological screening should be
conducted to test for traits such as
emotional stability, stress tolerance, and
cognitive flexibility; interpersonal skills,
such as conflict resolution and effective
communication; key considerations
should include the ability to cope with
monotony, manage uncertainty, and
maintain motivation over extended
periods.

Simulate interdependent tasks (eg.
logistical support, scientific research
coordination, and emergency response
management) and coordination
between separate teams in different
environments, which will require teams
10 adapt their communication and
collaboration strategies across different
mission phases, (e.g. surface teams,
orbiting spacecraft, and ground
control). Measure time-on-task
performance, etc.

Assess independent problem-solving,
and management of unforeseen events
with delayed guidance from mission
control. Exercises should be designed to
‘measure autonomy, impacts on mission
success, and psychological responses to
autonomy in high-stress situations.
Assess decision-making support
systems with realistic operational
protocols and challenges requiring
autonomous problem-solving, with
adjustable levels of difficulty and
complexity.

Continuously monitor crew
interactions, behaviors, and
performance, including biometrics.
Include a combination of direct
observation, sclf-report measures,
wearable technology (for physiological
data), and digital communication
tracking to continuously assess deep-
seated crew dynamics, evolving long-
term changes in behaviors,
performance, and effectiveness of
interventions.

Assess scheduling and workload
management systems that reflect
mission operational pace and adapt to
mission needs. Execute real-time
adjustments to workloads and priorities.
in nominal and off-nominal operations.
Assess work-rest cycle optimization,
task complexity and duration. Assess
different levels of task management
under varying workload conditions to
assess impacts on performance, health,
and overall mission efficiency

Platform should include customizable
lighting and noise control systems
within individual sleeping quarters,
alongside software that optimizes slecp
schedules based on workload and
health data, to assess sleep quality, and
psychological wellbeing.

Platform should include
comprehensive health monitoring and
‘management systems that integrate
physical exercise regimes, in-flight
psychological support resources;
measure health outcomes and assess
effectiveness of physical and
psychological countermeasures caused
by long-term adaptation to isolation.

Include psychological support and
regular communication, mental health
resources, and protocols for early
detection of psychological issues.
Training should comprehensively
prepare analogous crews for the
technical aspects of the mission and the
psychological challenges. Integrate
safety protocols and health monitoring
to ensure ongoing health assessment
and immediate intervention
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Estimated
characteristic

Artemis (near-term
lunar) missions

Artemis extended
duration (surface +
gateway)

Mars extended
duration missions

Example
recommendation

Volume, Capacity &
Logistical Constraints

Living, Working & Sensory
Conditions

Daily Activities & Space
Usage

Resource Constraints

Rest & Recreation Options

Support Diverse System
Designs, Training &
Evaluation Needs

Habitat modules for 2-4 crew;
payloads limited to what can
be transported by the SLS and
commercial vehicles; modular
habitats and rovers for surface
exploration*

Lunar day-night cycles;
reduced gravity (1/6th of
Earth’s), lunar dust
challenges, and temperature
extremes

Research, habitat
maintenance, and EVAs
within proximity of the
landing site; workstations in
habitat; 24-h schedule

Resources limited to
infrequent resupply
schedules; waste recycling
and water recovery

Limited by habitat size;
includes digital
entertainment, exercise
equipment, and possibly
virtual/augmented reality for
Earth experiences

Address training challenges
due to design variability in
Artemis missions

Gateway est. 125 cu. m. for
4-6 crewmembers; payloads
limited to what can be
transported by SLS and
commercial vehicles; Gateway
modular expansions.

Microgravity in cislunar orbit to
lunar surface; controlled lighting,
temperature, humidity, and air
composition

Research in Gateway modules
and surface habitats; laboratory
maintenance; coordination with
surface habitat sites; surface
EVAs with rovers

Long-duration management with
Gateway resupply to maximize
resource efficiency.

Limited by habitat size and
gateway modules; includes digital
entertainment, exercise
equipment, and possibly virtual
reality for Earth experiences

Adapt training for extended
missions’ system designs,
including Gateway operations

Habitat modules (DRM-specific)
for 4-6 crewmembers; compact
and expandable habitats for
efficient long-term use*

Reduced gravity (1/3rd of
Earth’s), martian dust,
temperature extremes, radiation
exposure

Research, habitat, and equipment
‘maintenance; agricultural tasks;
exploration potentially aided by
rovers and drones; highly
constrained by launch vehicle
capacity; habitats with efficient
use of space for long-term living

Life support, food, water, and
power meticulously managed or
produced on-site for the duration
of the mission; no resupply

Similar to Artemis but requires
more innovative solutions to
support mental health over
longer periods; includes
hydroponic gardening, extensive
digital libraries, and virtual reality

Focus on innovative system
design and autonomy training for
Mars missions

Provide DRM-specific modular and
reconfigurable habitat simulations that
mimic the volume and logistical
constraints of space habitats, including
cargo management and habitat
expansion, which may include the use
of virtual reality to simulate areas or
EVA experiences outside the habitat.

Simulate living, working, and sensory
conditions. Simulate internal (lighting,
temperature, atmosphere, sounds,
olfactory cues, ambient sounds of
spacecraft or habitat systems) and
external (atmospheric, dust, lighting,
austere terrain, radiation) conditions
of space environments. Soundproof
and include controlled environmental
systems to mimic the sterile, artificial
atmosphere of a space habitat.

Simulate daily routines, tasks,
workstations, and spatial navigation
challenges inside and outside the
habitat while performing daily
activities. Virtual reality to simulate
remote exploration tasks. Complex
simulations should reference DRM
when designing tasks that mimic
practical challenges. Provide
customizable interior architecture and
volume space (shared and private
quarters).

Include real-time monitoring and
‘management of air, water, power, and
mission like food systems, requiring
active crew engagement for
sustainability. Include resource
management systems that track
consumption, regeneration of vital
supplies, and scarcity of resources.

Include rest and recreation options
feasible within the varying constraints
of target mission’s habitat design:
provide access to digital
entertainment, exercise equipment,
windows for Earth-viewing, virtual
reality escapes, allot time for personal
hobbies and activities

‘The analog infrastructure should
simulate diverse system designs and
operational dynamics. Tailor interface
designs and training for mission-
specific scenarios, protocols, and
interactions with human in-the-loop
systems.

Note*: Metrics may be subject to change; reference most current design reference mission (DRM) specific requirements. Please note some discrepancies may exist in volume estimations based
on whether references included total volume, habitable volume or net habitable volume. Mission profile characteristics are also subject to change. The Gateway is the lunar orbiting vehicle. SLS,
space launch system; EVA, extravehicular activity.
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Physiological
system

Key changes due to bed rest (microgravity simulation)

References

Musculoskeletal

Cardiovascular

Sensorimotor

Behavioral Health

Muscle atrophy, especially in the lower limbs; bone density loss due to reduced mechanical
loading

Fluid shifts towards the upper body; reduced blood volume; orthostatic intolerance (difficulty
standing upright upon return to normal gravity)

Altered sensory integration and motor coordination; balance issues upon re-exposure to
normal gravity

Altered morphology or functional connectivity of brain regions that may be related to
behavioral health changes

Scott et al., 2020; Richter et al,, 2017

Lee et al,, 2019 Scott et al,, 2011

Mulavara et al.,, 2018; Scott et al., 2020;

Sundblad et al, 2016

Basner et al. (2021)
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