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Space radiation is one of the main limiting factors for deep space human exploration missions. Besides 
the risk of long-term health effects due to galactic cosmic rays, the crew needs to be protected from solar 
particle events (SPE) - huge fluxes of ionizing particles, mainly protons with energies up to 100’s of MeV. 
Exposure to strong SPEs can lead to mission impairment and immediately endanger astronauts’ life. 
Differently from high energy galactic cosmic rays (GCRs), SPEs can be shielded in space: best solutions 
under study are those based on the optimization of resources available on board, such as water, food and 
waste. Wearable, portable and personal multifunctional radiation shielding systems therefore represents a 
very promising solution.  
 
This paper focuses on such multifunctional approach to radiation shielding and, in particular, to the one 
adopted for the project PERSEO (Personal Radiation Shielding for intErplanetary missiOns). Funded by the 
Italian Space Agency, PERSEO led to the development of the prototype of a radiation protection garment for 
use in a pressurized space habitat: the garment can be filled with potable water at need, thus shielding 
astronauts’ most radiosensitive organs during SPEs. Water can be recycled after use, thus optimizing the use 
of available resources. The ESA astronaut Paolo Nespoli has successfully demonstrated practicality and ease 
of use of a PERSEO prototype on the ISS, during the VITA mission, in November 2017.  This paper reports 
on the key technical features of the PERSEO garment and on the results of the ISS on-orbit demonstration. 
 
PERSEO is funded by the Italian Space Agency (ASI), coordinated by the University of Pavia, and involves 
scientists from Thales Alenia Space, SMAT, AVIOTEC, ALTEC, University of Roma Tor Vergata, Kayser 
Italia and ARESCOSMO. 

Nomenclature 
ARS = Acute Radiation Risks 
ASI = Agenzia Spaziale Italiana (Italian Space Agency) 
AU =  Astronomical Unit  
BFO = Blood Forming Organs  
CNS = Central Nervous System  

                                                           
1 Space Infrastructures Systems Innovation, Domain Exploration and Science Italy, Strada Antica di Collegno, 253, 
Torino, 10146, Italy. 
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Dred = Dose reduction 
ESA = European Space Agency 
EVA = Extra Vehicular Activities 
Geant4 = GEomentry And Tracking  
GDML = Geometry Description Markup Language 
GI = GastroIntestinal 
GRAS = Geant4 Radiation Analysis for Space 
ISS =  International Space Station 
IVA = Intra Vehicular Activities 
LEO = Low Earth Orbit 
MC = Monte Carlo 
NASA = National Aeronautics and Space Administration  
NEO =  Near Earth Objects  
GCR =   Galactic Cosmic Ray 
PERSEO = PErsolanl Radiation Shielding for intErplanetary mission 
RBE = Relative Biological Effectiveness 
SMAT =  Società Metropolitana Acque Torino 
SPE =  Solar Particle Event 
SPENVIS = SPace ENVironment Information System 
 

I.  Introduction 
s the astronauts leave the Low Earth Orbit (LEO) to venture towards deep-space destinations, they also leave 
the protection the Earth’s magnetic field is providing them from space radiation, one of the main showstopper 

to space exploration. The same scenario will occur for missions on the Moon and Near Earth Objects (NEOs) 
surfaces and, to a partial extent, on Mars.  In particular, solutions for the upcoming developments of the Deep Space 
Gateway in cislunar orbit are becoming more and more urgent. 
The magnetic field is indeed attenuating both the high energetic Galactic Cosmic Rays (GCRs) and the intense, 
sporadic Solar Particles Events (SPEs), the two main sources of radiation exposure in space. 
GCRs are originating from outside our galaxy and reach the solar system in an isotropic way. They are mainly high 
energy protons and alpha particles, but also heavy ions, with the capability of traveling also several meters inside 
matter, leaving behind them tracks of dense ionization. Therefore, totally shielding GCRs is practically impossible 
in a space habitat, due to existing limitations on launching mass to space and the volumes available on-board.  
SPEs are instead sporadic emissions of huge amount of particles from the Sun, mainly protons of relatively lower 
energies than GCRs, which can be effectively stopped using passive shielding made of tens of centimeters of water 
equivalent materials. On the other hand, even if it is possible to protect the crew from these events, their random 
nature still makes them very dangerous, if striking when the crew is in low-shielding conditions, such as when 
involved in Extra Vehicular Activities (EVA) or when performing operations in low-shielded areas, without the 
possibility of immediately reaching a radiation shelter.  
NASA categorizes the biological effects of space radiation as1,2: 
• Acute Radiation Risks (ARS): when high radiation doses are delivered to human beings, such as the ones which 

could result from an SPE in low-shielding conditions, ARS could be induced, characterized by radiation sickness 
and, in extreme cases, death. 

• Increased Cancer Risk: evidence of increased risk exists for exposure as low as 100 mSv, and nowadays it is 
thought that during a mission to Mars the crew could be exposed to up to 1 Sv3.  

• Risks of Central Nervous System (CNS) effects, such as behavioral changes and neurological disorders, with 
evidence from animal studies. 

• Degenerative tissue risks, such as cataract induction, effects to the circulatory system and immunological changes.  
SPEs, if not adequately shielded, can induce immediate ARS which can have tremendous impacts on the 

mission, if not immediately treated at medical facilities. GCRs instead are responsible for late effects, which could 
possibly impact the missions after some months, besides their impact during the course of astronauts’ life at their 
return. Consequently, every interplanetary space habitat is required to provide protection from SPE, even during 
short duration missions, and simultaneously to mitigate the GCR long-term exposure effects. If protection is 
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insufficient, radiation exposure during a space mission has the intrinsic potential to lead to serious health risks for 
the crew.  

At the moment, passive radiation shielding represents the only viable method to enable human exploration 
missions: this strategy consists in interposing matter between the external radiation environment and the habitat 
areas where the crew is, in need of protection3. There are however huge limitations on the amount of mass which 
can be economically launched to space, therefore it becomes essential to adopt shielding strategies able to minimize 
the amount of dedicated shielding mass, possibly using materials already present and available on-board.  

In addition, as SPE forecasting is now impossible and some future missions will be even outside the reach of 
Earth-based detecting systems, the combination of on-orbit now-casting together with radiation mitigation 
procedures can make the difference concerning crew safety.  

This paper describes an integrated multifunctional passive radiation shielding system for exploration missions, 
based on personal shielding approaches. The main element of the system is a radiation protection suit to be worn by 
the astronaut during SPEs, whose concept was initially proposed in the framework of an ESA funded feasibility 
study and then developed, realized and tested on the International Space Station (ISS) within the ASI funded 
PERSEO project (PErsonal Radiation Shielding for intErplanetary missiOns) [contract number 2016-3-U.0].  

Light elements of the same kind as those embedded in the radiation protection suit could be also used to create a 
passive shielding panels, movable around the habitat. 

Finally, future suitable enhancements of this system are outlined.  

II.  Multifunctional radiation shielding strategies 
As dedicated shielding mass requires extra launch costs and further limits the habitable volume for the crew, the 

investigation of shielding strategies able to save mass and volume is crucial for exploration missions.  
In general, the whole layout configuration of future habitats should be proposed keeping in mind that everything 

in the path of radiation is influencing the resulting radiation field inside the habitat. From basic nuclear physics 
considerations, low atomic number materials are better for shielding GCR and SPE radiation and should be preferred 
whenever possible in the habitat design Figure 4. Crew quarters, where the crew spend most of the time, should be 
possibly located in areas shielded by the highest thicknesses of materials, for two reasons: first, the radiation dose to 
astronauts would always be slightly reduced, at least e.g. when the crew is sleeping; second, in case of SPE, the crew 
quarters could become a radiation shelter, further increasing the protection by adding dedicated shielding materials, 
or relocating specific items. Relocating materials already present on board and using them to improve the shielding 
of the crew in case of SPE would permit to save mass at launch5,6: a convenient strategy, as further elaborated in this 
paper. 

Different SPE shielding approaches can be devised, when exploiting materials already present on-board.  
For instance, items could be moved and a crew shelter built by the astronauts in certain locations when a SPE 

strikes: not only this would take time, but also, the crew could be stuck inside a small volume for hours, even some 
days. To avoid this situation, our project’s goal was to develop a lightweight personal shielding system, movable 
and modular, to enable the astronaut to protect themselves from radiation during a SPE, while still being able to 
perform activities outside the main protected area, for instance, in case of an emergency.  

A natural choice was to select a system made of different light components of different shapes and functions, to 
be then filled with water, a good radiation shielding material. Light elements of this kind can be also built in 
different shape, and would always be available on board. 

III.  Flexible radiation protection system 
Our system exploits water, a well-proven radiation shielding material4, and a resource always available on board, 

to support exploration missions while achieving significant mass reductions. It consists of two main components, a 
radiation protection suit, selectively shielding the most radiosensitive organs, and a system of bags constituting a 
movable and modular protective water wall, which also acts as water storage. To save mass, all these elements are 
made of light polymeric materials, which can be drained and compacted when not used. The shielding elements are 
designed to sustain over-pressurization due to potential specific water loading interface conditions, to minimize the 
risks of water leakage inside the habitat. 

A. The radiation Suit 
The closer to the astronaut a shielding material is placed, the more effective it is from a mass saving point of 

view. This is the idea behind wearable radiation protection suits. Our design is based on a set of polymeric bags, all 
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interconnected, able to contain water and to maintain the desired thickness of shielding around the most radio-
sensitive body parts. After the suit has been filled and used, it can be drained and the discharged water recycled, for 
conservation of resources.  

The most sensitive parts to be protected to prevent radiation sickness are the Blood Forming Organs (BFO), i.e. 
red bone marrow, distributed in different bone structures in the human skeleton (in particular, spine, cage and pelvis 
together account for approximately 80% of the whole body red bone marrow)14. Also, gastrointestinal and 
cardiovascular systems are to be safeguarded. All these systems are characterized by the onset of short-term non 
cancer effects for acute exposures, together with an increased risk for long-term consequences. 

Extensive Monte Carlo simulations have been carried out with Geant4/GRAS12,15, using a stylized 
anthropomorphic computational phantom and protecting it with PERSEO radiation suit inside a simplified 
pressurized module. 

The PERSEO project team realized a first prototype of the jacket, launched on-board the ISS in 2017, with the 
Dragon spacecraft, as part of SpaceX twelfth commercial resupply services mission, from NASA Kennedy Space 
Center, Florida. The prototype consisted of a section of the radiation suit, protecting the torso of the astronaut, with 
water bags made in CORETECH®. This choice was due to the limited amount of water which could be used for the 
experimental session on the ISS. Also, the potential over-pressure at the ISS selected water interface impacted the 
design of our prototype, which resulted less flexible than originally desired. ESA astronaut Paolo Nespoli 
successfully tested the suit prototype in November 2017, interfacing the suit with the ISS potable water dispenser 
and filling it with water. The suit was then donned for about half an hour and after that drained into the waste water 
system. More  technical information about the PERSEO garment are reported in a dedicated paper13. 

The astronaut could provide the PERSEO team with feedbacks on the garment, regarding the perception of 
moving in confined cabin volumes carrying a large mass of surrounding water. He reported only a minor sensation 
of limited freedom of movements and judged as moderate the impact on his daily operations, thinking to be still able 
to perform complex intra-vehicular operations while wearing the suit. As only discomfort, he referred a sensation of 
cold, due to the low temperature of the water introduced inside the suit bags. 

Pictures of the experimental session on-board the ISS are shown in Figure 1 and Figure 2. 
 

 
 

 
 

Figure 1.  On Orbit Test of the PERSEO garment. ESA astronaut Paolo Nespoli filling the PERSEO garment 
with ISS potable water, during the on-orbit session in November 2017– Courtesy of NASA. 
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Future development of the prototype includes a study on different polymeric materials, to improve the suit 

compatibility with potable water, and a refinement of the design, mainly aiming at increasing ergonomics and 
shielding efficiency of the system.  

B. The Water Wall Shelter 
Modular water (also possibly wastewater) storage bags were designed modifying the PERSEO suit prototype 

elements, able to be reconfigured and moved in the habitat. The modularity of these elements allows to combine 
them to build shielding walls, whose extension can be increased adding new bags, and that can provide protection in 
case the crew needs to work in low-shielded areas. Bags are made of polymeric materials. When not used, they can 
be drained and stored, or a default configuration can be proposed, e.g. with bags placed around the crew quarters, to 
provide increased protections in nominal scenarios, as previously suggested5. 

Water bags are designed to be compliant with ISS environmental condition and are produced to maintain a 
uniform water thickness of about 7 cm under different pressure conditions, within the range of 0 to 1 barg. They 
present valves to be insulated in case launched full of water and have eyelets to be interfaced with the habitat walls 
through Velcro straps and bungee cords. 

Figure 3 shows a simplified sketch of a water wall implementation based on PERSEO’s water bags. 
Possible developments of the whole concept are under evaluation, focusing in particular on the shielding efficiency 
and compatibility with future life support systems. Furthermore, the water bags will be designed to be 
accommodated within different deep space habitat architectures.       
Simulations of water walls radiation shielding efficiency in different scenarios are planned as soon as an established 
deep-space habitat design will be available. 
 

 
 

Figure 2. On Orbit Test of the PERSEO garment.  In this picture PERSEO worn by ESA astronaut Paolo 
Nespoli during the on-orbit session in November 2017 – Courtesy of NASA 
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IV.  Radiation protection suit: Monte Carlo Simulations  
Monte Carlo simulations have been carried out using the tool Geant4 Radiation Analyses for Space (GRAS) as 

interface to Geant4 8,9. QBBC_EMY physics list was used to reproduce space radiation interactions with matter and 
phantom, spacecraft and suit have been built in GDML format10. ICRP Publication 110 was considered when 
building the human phantom, to properly take into account the BFO distribution14.  

Simulations were carried out with the astronaut model inside a habitat, during a SPE, with and without wearing 
the suit. The habitat (2.25 m radius, 6 m length) was modeled with two different thickness values for the module 
walls, 1.5 cm and 5 cm, reproducing a low- and higher shielding situation: the phantom, with or without protective 
elements around it, was placed in the middle of the habitat, as reported in Figure 4. 

 

 
 

 

 
 

Figure 3.  The Water Wall shelter. Water wall shelter implementation based on PERSEO water bags. 

 
Figure 4.  PERSEO GRAS Simulation Geometries. Stylized anthropomorphic computational male 
phantom (a), Computational phantom wearing PERSEO water bags (b) and pressurized module geometry 
used for the evaluation of dose reduction in IVA scenario (c) 
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Different SPEs models were used to reproduce the radiation environment: August ’72, October ’89 (using 
SPENVIS16) and the spectrum averaged over a mission of 1 year in deep space (1 A.U.), with 90% confidence level, 
using the ESP model, given by OMERE17. The particles were generated isotropically around the module according 
to the selected SPE energy spectrum, and then transported inside the habitat and the phantom.  

 
 

 
 
Doses to sensitive target radiosensitive organs were calculated in Gy-eq, as the system is optimized to prevent 

short-term non-cancer effects2: for this purpose, absorbed dose, expressed in Gy, must be multiplied by the Relative 
Biological Effectiveness (RBE) factor of the incoming protons, that is set to 1.5 by NASA standards.  

The performance of the protective radiation suit was calculated in terms of dose reduction: 

 Dred % = [(D in module – Dwith garment in module)/Din module]  (1) 

where Din module and D with garment in module refer to the radiation deposited dose to a certain target (e.g. BFO) when the 
simulation is run with the phantom inside the habitat without/with the radiation suit, respectively.  
Results of the Monte Carlo simulations of the PERSEO suit are reported in Figure 6 and Figure 7 in terms of dose 
reduction to BFO and to gastrointestinal (GI) tract, respectively.  

Dose reduction to BFO is about 42% for low shielded modules (1.5 cm Al thickness), considering a ESP SPE 
differential flux, and slightly less for the October ’89 and August ’72 models. When a thicker habitat wall is 
considered, dose reduction is higher for August ’72 SPE, because of the larger component of energetic protons 
characterizing this spectrum. Uncertainties related to dose reduction calculation are lower than few percent. 

 

 
 
Figure 5.  Solar Particle Events fluxes.  SPE differential fluxes used for dose reduction calculation 
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SPE exposure can cause acute radiation effects affect that involves also other organs in addition to BFO: examples 
are the gastrointestinal (GI) tract and hearth18. GI tract, that contains about 1012 bacteria involved in several 
physiological functions, such as pathogenic microbial growth regulation, fermentation and absorption and 
modulation of the gut and systemic immune system19. Radiation exposure can disturb the control of bacteria and the 
passage of their products through GI mucosa, causing an immune system alteration19. In our simulation study, GI is 
composed by the following phantom organs: stomach, lower intestine, upper intestine and small intestine. The 
PERSEO prototype suit provides a dose reduction to GI tract on average of about 23%. 

 
 

Considering NASA short term limits for acute effects to the BFO in LEO (0.25 Gy-Eq), it is also possible to make 
an assessment about the elapsed time before a threshold dose is reached, corresponding to an unsafe condition.  
We have defined in a past publication this time interval as “safe hours” in space7. According to this definition, we 
calculated the time gain obtained when wearing the PERSEO suit, before reaching the NASA BFO limit. In case of 

 
 
Figure 6.  Blood Forming Organs simulation results. PERSEO garment dose reduction at BFO for three 
different exposure scenarios 

 
 
Figure 7.  Gastrointestinal track simulation results. PERSEO garment dose reduction at GI for three 
different exposure scenarios 
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low shielded habitat (1.5 cm thickness of Aluminum), the time gain before reaching the dose limit is about 50% in 
case of August ’72 SPE.  
Furthermore, dose reduction induced by PERSEO is about 33% for circulatory system15. A detailed description of 
simulation results is given elsewhere15. 

 

 
 

The presented results have been obtained using a simplified computation phantom, developed to capture only a 
general description of position and shape of organs: indeed the main goal of the phantom was to evaluate the dose 
reduction induced by the suit and not to give accurate anatomical description of dose deposition. 

V. Conclusion 
Innovative shielding approaches, complementary to whole habitat shielding, need to be investigated to allow 

future deep-space exploration missions, keeping in mind the necessity to optimize the on-board available resources.  
Personal shielding, combined with modular and movable water walls, offers promising perspectives in terms of 
radiation protection effectiveness and resources optimization. Also, it is a viable way for astronauts to perform 
emergency operations outside the safe shelter, preventing the onset of acute radiation effects, and at the same time 
mitigating long-term detrimental health effects. Simulations results show indeed that a simple partial radiation 
protection prototype suit, as the one made in the framework of the PERSEO project, when worn by the astronaut, is 
able to provide a BFO dose reduction of at least 40%, for all the considered scenarios. Dose reduction is even higher 
for the GI tract. 

With the ASI funded PERSEO project, it was possible to test this concept for the first time in a weightlessness 
environment, showing that the mass of water is minimally impacting the astronauts’ movements and, at the same 
time, demonstrating the operations of the key building blocks of our water wall concept.  
 Future work will include the design of a more ergonomic and flexible radiation suit, to be inflated with water at 
needs, able to guarantee safe working conditions in case of SPE. The suit will be able to shield a large portion of the 
upper body, including, to a partial extent, also arms and hips. An option will be provided to shield thighbones too. 
Water wall concepts will be further upgraded, to be operatively interfaced with the on-board liquid resources, further 
addressing potable water compatibility.  Demonstration and validation of the concepts will be performed in 
habitation facilities on ground and on the ISS as appropriate, with the Deep Space Gateway as the most urgent actual 
application beyond the Low Earth Orbits. 

 
 
Figure 8.  PERSEO Safe Hours Gain. Safe Safe hours gained by wearing the PERSEO prototype suit 
during different SPE scenarios 
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