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Abstract

With the development of the deep space exploration missions, performing in-orbit experi-
ments with small mammals to investigate the effects of microgravity and cosmic radiation
on mammalian life becomes increasingly important. In this study, a small mammal hus-
bandry and life support system for small mammal life support in the microgravity environ-
ment of space stations has been developed. The system consists of small mammal feeding
device, mouse experiment unit, environmental control module and upward /downward
life support devices. The system combines gas circulation, dynamic oxygen source, exhaust
gas absorption, temperature and humidity control and the on-board monitoring of several
parameters into a closed loop control system and a hermetic system. The circulation in the
system is uniform, and there is an excellent gas exchange performance within the system
in closed environment, which was verified by computational fluid dynamics numerical
simulation of gas distribution and exhaust gas purification. The system can protect samples
during transportation by using flexible packaging and cushioning structure. The system
can satisfy the requirements of oxygen, food and water supply to ensure the feeding of
mice throughout their life cycle in space. The research results lay a foundation for the
development of deep-space life support system and long-term mammalian experiments in
space stations.
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The knowledge of organisms coping with life in space is being accumulated through
research on space environmental effects on living organisms as mankind beings to ex-
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development, have genetic similarities to humans, and exhibit development processes
with human physiological and biochemical characteristics. Since the 1950s, the United
States, Italy, Japan, and the former Soviet Union have studied rodents in space biology
experiments. The systems studied have included skeletal [3-5], muscular [6], nervous [7],
cardiovascular [8], and immune [9-11]. For example, in 1999, the International Space Station
recorded data related to how the space environment affects the physiology and behavior
of animals [12,13]. Furthermore, the Russian Bion satellite program has conducted many
mammalian studies [14,15]. The Bion-M No. 2 mission, which was successfully completed
in 2025, aimed to investigate the effects of high-intensity cosmic radiation and microgravity
on biological organisms, with 75 rodents onboard [16]. Previous spaceflight missions have
also revealed the vulnerability of biological experiments to life support system failures. For
example, during the Foton-M No. 4 mission, malfunctions in the life support system led
to the failure of multiple biological experiments, highlighting the critical need for reliable
and robust environmental control and life support technologies in space [17]. To better
understand microgravity’s effects on animal growth, immune responses, and osteoporosis,
mice are used as model organisms. Currently, China’s space station (CSS) functions as
a long-term orbiting experimental platform. It features specialized facilities like the Life
Ecology Experiment Cabinet and the Biotechnology Experiment Cabinet, offering a top-tier
scientific platform for plants, microorganisms, zebrafish, and fruit flies [18,19]. However,
the lack of a mammalian experimental platform limits research involving rodents and other
mammals, creating a gap in China’s life science research.

This research aims to facilitate life science experiments on mice in space by designing
and building a new life support system for mammals, along with upstream and downstream
transport devices. It ultimately advances China’s space life science research by creatively
proposing two major module systems: gas circulation and waste treatment. These systems
are designed to ensure that experimental animals receive the necessary life support in space
while also accurately and efficiently collecting key physiological data.

The task of transporting live animals for mammalian reproduction has been successfully
completed on the Chinese Space Station. Currently, the Tianzhou cargo spacecraft is intended
to transport mammalian payloads and deliver them to the CSS Wentian experimental module
aboard the Shenzhou manned spacecraft [20,21]. To ensure the successful transportation,
space survival experiments, and post-mission studies of metabolically active organisms like
mice, the experiment design incorporates two device modules: the Mouse Experimental Unit
(MEU) and the Space Small Mammal Feeding Device (MFD), which serves as the experimental
modules; and the Uplink Launch Life Support Device (ULSD-L) and the Downward Recovery
Life Support Device (DLSD-R), acting as transportation modules.

The primary components of the MFD include the Mouse Experiment Unit (MEU) and
the Environment Control Module (ECM). It is designed to collect experimental data and
maintain vital signs during mouse space survival. It manages the overall gas circulation
and life support systems. The gas circulation system supplies essential gases, such as
oxygen, to the rodents through built-in oxygen cylinders and gas purification devices.
Additionally, a purification and filtration system stops the buildup of waste gases and
carbon dioxide inside the chamber. To maintain a suitable experimental environment, these
modules and systems work in tandem. They ensure mice’s survival and the accuracy of
experimental data by using gas sensors and other multi-parameter monitoring devices. In
this work, verification includes numerical verification, ground-based functional verification
of the gas purification subsystem, and on-orbit verification of the integrated device on the
Chinese Space Station.

The mammalian animal experiment’s entire launch and transfer process is depicted
in Figure 1. The MFD was transported to CSS and successfully operated in orbit and
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subsequently deployed on the application payload general support platform in the Wentian
experimental module. Four C57BL mice, two of which are located in the mouse experiment
unit (MEU), will be housed in an ascent life support device and launched to the space
station on a crewed spacecraft. The mouse experimental units will be removed from the
ascent life support device, installed, and secured on the MFD upon their arrival. The
MEU will be disassembled and transferred to the MEU-R for returning to Earth aboard the
crewed spacecraft after undergoing in-orbit flight cultivation. The experimental mice will
be subjected to multi-omics analysis, imaging analysis, and brain microstructure imaging
upon their arrival on the ground for scientific researches. ULSD-L and DLSD-R are used
exclusively as transportation instruments in this experiment design, not as equipment
for housing mammals on the space station. Consequently, the MFD, a device that is
compatible with the Application Payload Support Platform for collaborative testing, will
be launched to the space station as unpowered cargo aboard a cargo spacecraft. In the
space station, flexible containers are used to store ULSD-L and DLSD-R. MEU supported
in-orbit mouse husbandry for 14 days, exceeding the originally planned 5-7 days. The
rodent research endeavor necessitates the return of live animals to the Earth for post-flight
studies. Upon the conclusion of the feeding experiment, astronauts will be required to
extract certain components of MEU and transfer the remaining unit, which contains the
rodents, to DLSD-R. DLSD-R will subsequently return to Earth with the spacecraft, owing
to resource constraints on the return capsule.
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Figure 1. The process of dispatch and transfer for mammalian animal habitation facilities.

A standardized operational procedure that encompasses the entire process, from
ground preparation to sample return, is illustrated in Figure 2. The main components of
this system are as follows: sample selection and quality control, matching experiments that
meet experimental conditions, biosafety protection, sample life support systems, sealed
leak-proof isolation and transfer, automated experimental apparatus operation, gas pu-
rification treatment systems, real-time safety monitoring system, sample low-temperature
isolation transfer and cryopreservation, harmless disposal of experimental byproducts,
equipment maintenance and inspection procedures, downlink life support system, low-
temperature storage and transportation chain, and ground terminal disposal. A compre-
hensive closed-loop management system is established by the division of the workflow
into five primary phases: ground preparation, ascension transportation, in-orbit experi-
ments, post-experiment sampling, and sample return. Through a multi-parameter real-time
monitoring network, a stratified safety protection mechanism, and a highly automated
operation platform, this system guarantees the safety of the experimental environment and
the integrity of the samples.
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Figure 2. Sample processing and biosafety control system for the Earth return mission: a closed-loop
workflow from ascent to return.

2. Materials and Methods

The primary task of the proposed system is to support short-term in-orbit survival
and experimental operation of small mammals under microgravity conditions on a space
station platform. The system is required to provide a stable and controllable environment,
including oxygen supply, carbon dioxide removal, temperature and humidity regulation,
and waste management, throughout the mission duration. The system design is subject to
multiple constraints, including limited mass, volume, and power resources, compatibility
with space station payload interfaces, sealed operation in a confined environment, and
high reliability under autonomous operation with minimal crew intervention. In addition,
the system must ensure biosafety and safe containment during launch, on-orbit operation,
and return.

To address these requirements and constraints, a requirement-driven and modular
design methodology was adopted. The system architecture integrates functional subsys-
tems for gas circulation, environmental control, sensing, and control into a closed-loop
life support device. Numerical simulations, particularly CFD analysis, were employed as
a primary engineering tool to verify the feasibility of gas circulation and environmental
regulation under microgravity conditions.

2.1. Specifications for the Design Parameters

The precise regulation of temperature and humidity, carbon dioxide emissions, and
oxygen consumption is the foundation of life support systems in the confined environment
of space. The fundamental respiratory requirements of living organisms are directly sup-
ported by the oxygen supply, as space stations lack natural gas exchange mechanisms. In
the interim, the degradation of air quality and the potential hazard to life safety are both
exacerbated by the impact of elevated carbon dioxide concentrations on metabolic pro-
cesses. For example, biological experiments may be compromised if gas parameters are not
monitored in real-time and dynamically adjusted within the experimental cabin. This can
result in oxygen depletion and carbon dioxide accumulation exceeding safety thresholds
within a short period, resulting in physiological dysfunction or even death of experimental
animals. The reliability of scientific research tasks is thereby compromised [22]. Conse-
quently, the development of an environmental control system with intelligent feedback
regulation capabilities to reliably maintain gas concentrations and temperature/humidity
within physiological tolerance ranges has become a critical technological foundation for
the success of space science experiments.
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We designed a compact mammalian housing system to maintain the habitats of the
animals in space and the accuracy of the laboratory measures. To support system design
with vital data, we conducted comprehensive calculations of oxygen consumption and
carbon dioxide emissions from the apparatus based on mice’s metabolic needs. These
data guided the sizing of oxygen cylinders and the performance specifications of carbon
dioxide removal devices, ensuring oxygen and carbon dioxide levels stayed within safe
limits during the 7-day mouse experiment. This helped maintain a stable environment
for the animals. The MFD must respond immediately during the 7-day in-orbit mission
to keep oxygen, humidity, carbon dioxide, and temperature within comfortable ranges
for the animals. These factors were included in the design to ensure the space station’s
animal habitat meets their physiological needs [23]. The comfort zone and allowable
environmental bounds for mice (temperature, relative humidity, O, and CO; concentration)
used as design inputs are summarized in Table 1, based primarily on the national standard
GB 14925-2010 [24].

Table 1. Atmosphere conditions to be maintained by MFD.

Comfortable Area Crucial for Survival MFD Design Requirement
Requirement — - — - — -
Minimum Maximum Minimum Maximum Minimum Maximum
Oxygen 19% 24% 16% 25% 20% 22%
Carbon Dioxide / 0.7% / 1.0% 0.04% 0.6%
Relative Humidity 29% 70% / / 30% 70%
Temperature 18°C 28 °C 10°C 35°C 20°C 26 °C

Note: The environmental ranges are derived from GB 14925-2010, Laboratory Animal—Requirements for Envi-
ronment and Housing Facilities. Table 1 lists the oxygen concentration, carbon dioxide concentration, humidity,
and temperature ranges that must be maintained for mouse husbandry. These environmental control settings are
crucial to guaranteeing the health and survival of experimental animals during space missions.

We selected mice from the C57BL strain for their stability and reproducibility in
experiments [25]. We monitored metabolic data, including water and food intake, oxygen
consumption, and carbon dioxide production, using a small animal energy metabolism
system. This data provided a basis for system design and helped us manage gas supply and
waste emission effectively during operations. These estimates served as important reference
data for actual tasks, especially for verifying key parameters like oxygen consumption and
water needs. During ground experiments, mice showed higher respiratory rates in both
low-oxygen and high-carbon dioxide environments. Using this data, we designed modules
capable of real-time regulation of oxygen levels and monitoring environmental parameters
such as carbon dioxide.

We placed two 8—week-old female mice in the metabolic cages of the Oxymax-CLAMS-
Oxymax Comprehensive Lab Animal Monitoring System (Columbus Instruments, LLC:
Columbus, OH, USA), a small animal metabolic energy monitoring system, to conduct a
24-h non-invasive assessment of physiological and behavioral parameters [26]. The data
show that the experimental subjects included two 6-week-old female C57BL mice tested
over 24 h within the monitoring system. The study mainly measured the mice’s 24-h food
and water intake, oxygen consumption, carbon dioxide production, and the respiratory
exchange ratio of oxygen to carbon dioxide. The following data represent the test results.
The mice’s daily food intake was 5-6 g, water intake was 5-6 g, and oxygen consumption
was about 0.3 L higher than carbon dioxide output, with oxygen consumption around 2 L
per day and carbon dioxide exhalation approximately 1.8 L per day. The data in the table
are estimates based on the peak intake of mice during periods of elevated metabolic activity.
The values shown in the table are derived from peak conditions rather than average values
or the amount consumed solely to maintain vital signs. Table 2 provides a summary of the
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metabolic consumption of four mice over one week, based on monitoring data collected
from metabolic cages. It details water, food, and oxygen intake, along with carbon dioxide
emissions, respiration rates, and metabolic water produced from urine during this period.
Table 2 presents the total demand and emission figures:

Table 2. Cumulative life support volumes for 4 mice over a 7—day mission scenario used as a
worst-case design guideline for MFD.

Life Support Function (7 Days, . Worst Case Design .
Mice Included) 4 Mice (18 g Each) (Including 20% Margin) Units
Oxygen Consumed 56 80 L (gas)
Carbon Dioxide produced 50 70 L (gas)
Water Intake 168 200 g (liquid)
Food Intake 168 200 g (solid)
Water Produced Metabolically (for 142 160 mL (liquid)

average respiratory coefficient

RQ)

Note: The total consumption of oxygen, water, food, and other consumables by rodents during a seven-day
mission is detailed in Table 2. The life support system was designed using these data to guarantee that the survival
requirements of experimental animals are met during space missions. Although the system was designed using a
conservative 7—day mission scenario as a worst-case guideline, the in-orbit mission was successfully extended to
14 days, demonstrating additional performance margin and system robustness.

2.2. Mouse Experiment Unit Module

The Mouse Experiment Unit (MEU) provides a stable and controllable experimental
environment. This confined biological experiment payload module is specifically designed
for microgravity conditions. The main frame of the mouse living space in our device is
shown in Figure 3. The mammalian housing system has gas inlets and outlets, lighting and
temperature monitoring, camera for mouse behavior observation, gas detection, drinking
water parts, mouse food and living space, and waste collection and dehumidification
module. The whole unit is designed in drawer type to facilitate the animal handling and
experimental operations. The MEU installs the waste collection module, which is driven
by the fan to establish directed ventilation and transfer exhaust gas and waste to the gas
purification and waste treatment module (ECM) of the life support subsystem (LSS). The life
support system consists of independent functional subsystems, including gas circulation,
oxygen supply, exhaust gas purification, environmental sensing, and control electronics,
which are integrated through a modular architecture. The maintenance of an undisturbed
environment and stable ambient conditions is imperative for experimental accuracy. The
module installs dehumidification and high adhesion material to seal the waste, and uses
air filtration method to separate solid-liquid.

Lighting, temperature monitoring,
and fans

| Electrical
interface

Figure 3. The schematic diagram of the structural design of the mouse experimental unit.
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It is imperative to ensure the uninterrupted and reliable supply of medical gases,
notably oxygen. Based on the research on the stability of spatial mouse life characteristics,
the CFD method was used to simulate and analyze the airflow system of the mouse
experimental unit (MEU) to verify the feasibility of the design scheme [27]. Four fans control
the internal circulation loop of the inside air. The solid and liquid waste are transported to
the excretion collection box when the airflow arrives at the excretion collection box from
the fan to the mouse cage. The airflow distribution of the experimental unit is shown in
Figure 4 (airflow simulation diagram). The diagram shows the direction, velocity and
flow form of ventilation in different parts of the ventilation system, which can help to
understand the stability and effectiveness of the ventilation system of the gas circulation
system. The gas circulation performance of the mouse experimental unit (MEU) was
studied by experimental methods and fluid dynamics simulation. The fan-driven airflow
system can maintain an optimal oxygen level by establishing a stable laminar flow field
(Reynolds number < 2300), as is shown in the experimental results [28]. The entire system
is replaced in 2.3 & 0.4 s, indicating that metabolic waste gases like CO, are efficiently
transported, outperforming traditional diffusion-based ventilation methods. This is verified
by CFD simulations.

Figure 4. CFD simulation input model and airflow streamline results under different fan derating
factors: (a) input model; (b) derating factor = 1.0 (100% nominal operation); (c) derating factor = 0.85;
(d) derating factor = 0.7.

The CFD model of the MEU ventilation system was established based on a four-fan
symmetric layout. To evaluate robustness under fan performance degradation, three fan
derating cases were simulated: derating factor = 1.0 (100% nominal operation), 0.85, and 0.7.
As shown in Figure 4b, when the fan derating factor is 1.0 (100% nominal operation), the cir-
culation loop provides the strongest momentum input and yields the most effective global
gas exchange, with airflow penetrating the main cage region and minimizing low-velocity
zones. In Figure 4c (derating factor = 0.85), the overall circulation pattern remains similar
while peak velocities are reduced, indicating adequate ventilation coverage with improved
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flow uniformity. In contrast, Figure 4d (derating factor = 0.7) exhibits more pronounced
large-scale recirculation and an increased proportion of low-velocity regions, suggesting
a higher risk of local gas renewal insufficiency. There-fore, derating = 1.0 provides the
best ventilation performance, and derating = 0.85 is recommended as a practical operating
point with sufficient margin, while derating = 0.7 represents a conservative degraded-
case scenario. Overall, derating = 0.85 maintains the ventilation topology while reducing
localized high-velocity regions, which is beneficial for both environmental stability and
animal comfort.

In the CFD simulations, the flow field is dominated by the momentum introduced
by the circulation fans. Micro-acceleration effects were not explicitly included in the
numerical model, as their contribution is negligible compared with the actively in-
duced airflow for the present configuration. This modeling assumption is commonly
adopted for engineering-level verification of gas circulation performance in spaceborne life
support systems.

2.3. Space Small Mammal Feeding Device

The Space Small Mammal Feeding Device (MFD) features a hermetic design that
ensures the stability and safety of biological experiments in a microgravity environment.
The gas purification module and the mouse experimental unit (MEU) within the device are
connected via air tubes to the purification module, oxygen cylinders, and other life support
system components, forming a complete closed-loop gas circulation system. Both modules
have independent airtight structures. To ensure optimal system sealing during experiments,
the leak rate of the gas connections is maintained at 1077 Pa-m3/s. A schematic diagram
showing the gas circulation between the environmental control module, mouse unit, and
rearing device is shown in Figure 5a. In space environment, the gravity is almost zero and
natural convection is disappeared. The device takes advantage of the fan driven active air
circulation technology to compensate for the lack of natural convection. The gas is collected
by the effect of the fan. The fan draws the gas into the MEU and induces a vortex. The gas
is drawn through the pores of the ECM and filtered and purified. The gas pump moves
the gas through a specially designed ventilation duct to induce the gas return to the MEU
and forms a closed cycle. In the ECM, the partial pressure of the oxygen is controlled and
supplemented by the oxygen cylinder. Computational fluid dynamics (CFD) method was
used to simulate the gas flow pattern in the MFD device to evaluate the gas distribution and
the flow field in the MFD device. The simulation results of the present work are depicted
in Figure 5b. The simulation results revealed that the distribution of the gas in the device
was uniform, with no dead zone or vortices in the flow field, and the flow field was stable
under the above-mentioned conditions of operation, which maintained the circulation of
the gas and transport of the pollutants.

The MFD and MEU constitute a double-layer sealing system to prevent the gas leakage
and contamination in the experiment. The above design could guarantee that the air
environment inside the chamber was not affected by the breeding experiment of rodents.

In addition to functional design, structural considerations were incorporated at the en-
gineering level. The device adopts a modular load-bearing framework, with each functional
module enclosed in a mechanically independent and sealed housing. Structural materials
were selected to satisfy mass, stiffness, and compatibility requirements for spaceflight
payloads. The overall configuration is designed to withstand the mechanical environments
associated with launch, on-orbit operation, and recovery, in accordance with the interface
and accommodation requirements of the space station payload support platform.
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Figure 5. Schematic diagram of gas circulation in the rearing device and model simulation (a) Space
small mammal feeding device (MFD) (b) Simulation results of the MFD.

2.4. Environment Control Module (ECM)

As shown in Figure 6a, a closed culture system was constructed for the gas purifi-
cation. Real-time gas monitoring network (sampling cycle: 1000 ms) is composed of the
environmental control module (ECM) designed in this study. The sensor array used in
the ECM is an industrial grade. As shown in Figure 6d, the sensors consist of an oxy-
gen sensor: Sangbay K-55-O,, with a range of 0-30% vol and a resolution of 0.1% vol;
a carbon dioxide sensor: SangbayK-55-CO,, with a range of 0-5% vol, linear error less
than +0.05%, and a resolution of 0.1% vol; and an ammonia/hydrogen sulfide sensor:
SangbayK-55-NH3/H;S, with a detection range of 0-100 ppm and a resolution of 1 ppm.
Additionally, a high-precision closed-loop oxygen regulation system is integrated into the
space mammal housing device developed in this investigation. As shown in Figure 6b,c,
the core module includes a miniaturized proportional valve, a safety valve, a pressure
reducer, a control valve, and an O; cylinder (leakage rate less than 0.016 cm3/min of
helium at 150 psi). Oxygen cylinder specifications and compliance are shown in Table 3.
The system continuously adjusts the oxygen partial pressure (setpoint 21% vol. & 0.3% vol.)
based on a PID control algorithm and uses an embedded oxygen sensor (range 0-30% vol.,
accuracy £ 0.3 FS %) for real-time feedback. The oxygen supply unit features a single
O, cylinder with a volume of 1.1 L, filled to a pressure of 15 MPa (nominal pressure
30 MPa, test pressure 50 MPa). Key parameters of the oxygen supply system are calculated
as follows:

Table 3. Oxygen Cylinder Specifications and Compliance.

CRPIII-99-1.10-30-T (Beijing Tianhai Industry

Model Co., Ltd., Beijing, China) Compliance
Nominal Volume (L) 1.1 Compliant
NominalMass (kg) 1.00 Compliant
Working Pressure (MPa) 30 Compliant
Test Pressure (MPa) 50 Compliant
Actual Operating Pressure (MPa) 15 Compliant
Material AL6061 aluminu.m alloy lin.er with full carbon Compliant

fiber wrapping
Cylinder Thread Size M18 x 1.5 Compliant
Cylinder Length (mm) 230 Compliant
Service Life 15 years Compliant
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Figure 6. Environmental Control Module (a) Experimental setup for gas purification in closed culture
(b) Oxygen supplementation structure (c) Oxygen cylinder and valve connection (d) Life-Supporting
gas detection sensor combination module.

The oxygen consumption rate per mouse is 108 mL/h, based on the metabolic needs
of rodents. The average daily oxygen consumption is 10.4 L, determined through an
experimental setup with four rodents. According to the ideal gas law, the effective oxygen
storage capacity at 15 MPa pressure is as follows:

VvV = P actual < V.

PSt dard gas cylinder — 165 L (1)
anaar
Continuous oxygen supply capacity:
V.
T = standard X 7 = 135 d o

Qo,

The safety factor meets the 7—day in-orbit requirement and has a redundancy of 6.5 d.

3. Experimental Characterisation

The gas purification and detection system developed in this study is based on a modu-
lar hierarchical processing architecture (as shown in Figure 7a). Its functional components
include two parts: a composite adsorption purification module and an intelligent detection
and control module. The adsorption purification module features an LiOH-based CO,
adsorption unit with a dynamic adsorption capacity of (25 °C,101 kPa) [29], a phosphoric
acid-impregnated activated carbon module with an adsorption capacity of 125 cm?/g for
ammonia and other volatile organic compounds [30], and a color-changing silica gel unit
with an adsorption capacity of 403 mg/g for humidity regulation [31]. The intelligent
detection and control module uses a high-precision sensor array for gas sampling and a
small diaphragm gas compressor for gas circulation.
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Figure 7. MEU and ECM gas monitoring data and gas purification curves (a) Temperature change
curve (b) Humidity change (c) Pressure curve (d) Oxygen concentration (e) Ammonia concentration
(f) Carbon dioxide concentration. Note: The data shown are representative results from one formal
matched experiment.

The evaluation results of gas purification performance are shown in Figure 7. Under
the closed-loop feedback control system: The temperature inside the MEU and ECM
modules is consistently kept between 24 °C and 26 °C, providing a suitable environment
for the rodents (Figure 7a). The humidity inside the MEU is maintained between 20%
and 30%, while the relative humidity in the ECM is about 10%, as shown in Figure 7b.
The filtration devices in the ECM are highly efficient at dehumidification, indicating that
moisture from mouse respiration is effectively absorbed. The centralized exhaust and
treatment of gases are achieved through the small pressure difference between the MEU
and ECM units, which directs airflow in a designated direction, as illustrated in Figure 7c.
The overall system pressure remains stable. The oxygen level in the ECM stays steady at
21%, as shown in Figure 7d, while the MEU maintains an oxygen concentration between
20% and 20.5%, meeting the environmental requirements for mouse experiments. The
system’s ability to remove NHj is demonstrated by the fact that the highest ammonia
(NHs) concentration in the MEU is 1.7 ppm, and after purification, the maximum in the
ECM drops to 0.45 ppm (Figure 7e). The carbon dioxide (CO;) levels are consistently kept
below 2500 ppm during the experiment, as shown in Figure 7f. The system achieved stable
control of multiple physical parameters, with overall gas cleanliness meeting experimental
standards as the LiOH adsorption process continued. On the seventh day during daytime,
CO; levels were about 1400 ppm, peaking at roughly 2400 ppm at night.

4. Conclusions

We conducted ground-based experiments to validate the system’s feasibility and dis-
cussed the composition and performance of the MFD. The primary technical challenges in
breeding mammals on space stations were the focus of this study, which also developed
a high-reliability closed-loop life support system. We successfully addressed technical
obstacles on multiple scales, including regulating gas circulation in microgravity, providing
water in confined environments, and environmental control. We achieved a standard
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deviation of o < 0.15 % vol. (21 £ 0.3 % vol.) by building an oxygen dynamic replen-
ishment system, enabling precise control of oxygen concentration fluctuations. The key
issues of rapid removal of metabolic waste gases and maintaining stable air composition
were solved using lithium hydroxide molecular sieve adsorption purification technology
(CO;, <2500 ppm, NH3 < 0.5 ppm). The liquid circuit architecture and humidity buffer
system, featuring a silicon gel adsorption capacity of 26%, were innovatively designed to
meet the drinking water needs of mice and keep humidity in the electronics zone below
RH < 70%. This effectively reduces risks of material corrosion and biological contamination
caused by high humidity. Ground-based experiments confirmed that gas component test-
ing meets space payload reliability standards, providing a measurable and reproducible
survival support solution for rodent experiments in international space life science research.
The presented results provide functional and design verification of the proposed system
at the numerical simulation level, laying the foundation for subsequent hardware imple-
mentation and experimental validation. Beyond numerical simulation and ground-based
verification, the proposed life support system was successfully validated during a 14—-day
in-orbit mission on the Chinese Space Station. The payload safely returned to Earth with
the re-entry capsule on 14 November 2025, demonstrating the engineering reliability and
operational robustness of the system under real microgravity conditions. This in-orbit
verification substantially strengthens the practical value of the proposed design for future
long-duration mammalian experiments in space.

The future of CSS involves conducting more diverse research, including mammalian
reproduction experiments and longer-term rodent culture studies in space. This study’s
space-based small mammal reproduction system prioritizes automating experimental
procedures while ensuring monitoring and daily care of mice. It will also develop into a
multi-species compatible intelligent life support platform by creating detection and analysis
devices suitable for microgravity environments. This platform for deep space exploration
will have significant scientific and technological value for in-orbit in situ analysis, detection,
and the return of live mice.
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The following abbreviations are used in this manuscript:

CSS Chinese Space Station

MEU Mouse Experiment Unit

MFD Space Small Mammal Feeding Device
ECM Environment Control Module

ULSD-L  Uplink Launch Life Support Device
DLSD-R  Downward Recovery Life Support Device
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