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The European Space Agency has a vision for a collaborative multi-national village to 
establish a long-term human settlement on the Moon, building on the legacy established by 
ISS operations. Medical planning and life support considerations for the Moon Village need 
to address routine operations, special scenarios (e.g., higher risk activities) and emergencies. 
Within this planning life support systems will be designed with in-built redundancy and back-
up options and, typically, also the safety net of a separate emergency system. The aim of this 
study was to assess the engineering considerations and medical requirements and to design a 
potential solution for one such emergency life support system; that required for emergency 
pressurization in the event of spacesuit failure during Extra-Vehicular Activity (EVA) on the 
Lunar surface. The system was designed using a Model-Based Systems Engineering (MBSE) 
approach; beginning with the business justification, formal requirements engineering, and an 
architecture trade-off to develop behavioral and structural models. Each major subsystem 
was then considered including physiological requirements, environmental control, thermal 
control, power supply, and structures and mechanisms. The subsystems were then combined 
into a comprehensive system, with some consideration for recovery methods. The proposed 
LEEP shelter design has mass of 63 kg (equivalent to ~10.5 kg on lunar surface). It would be 
capable of deployment and pressurization in 60 seconds creating a 5 m3 volume, sufficient for 
two astronauts in EVA suits. It would be pressurized to 29.8 kPa with 100% oxygen from a 
compressed gas cylinder with subsequent atmospheric recycling using rapid cycle amine 
technology to remove CO2. Internal temperature would be controlled between 283-316 K using 
convection heating and/or vapor sublimation. Power is from a 730 Wh battery to support 28 W 
operation up to 26 hours. Further consideration has been given to system implications for 
likely medical complications and potential recovery methods. 

Nomenclature 
A = surface area 
α = solar absorptivity 
E = energy 
ε = thermal emissivity 
Jm = lunar infrared emission 
Js = solar constant 
k = high vacuum effective thermal conductivity 
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MTBD = mean time before (a) death 
P = power 
Q = heat flow 
Qinside = internal power dissipated 
R = R-value (thermal resistance) 
s = Stefan-Boltzmann constant 
Tskin = skin temperature 
t = time 
Dx = thickness in the x direction 

I. Introduction 
ITH the proposed return to the Moon, astronaut safety will be paramount. Some of the most dangerous parts of 
any mission are the Extravehicular Activities (EVAs). A return to the Moon, particularly one as ambitious as 

the ESA/Roscosmos Moon village1 will involve significant EVA activity – often at locations remote from the 
centralized base. In these situations, should a catastrophic suit failure occur (either through malfunction or accident) 
a Loss of Mission (LOM) situation is probably inevitable. This does not necessarily imply a Loss of Crew (LOC) 
though and systems and procedures should be developed to support astronaut survival. 

The key difficulty with Lunar EVA becoming a routine activity, is the autonomy that must be achieved.  If EVAs 
are to occur on a weekly, daily or even an ad-hoc basis – or more than one EVA mission take place simultaneously – 
then mission control may not be able to keep the same level of watch over each mission.  To compound this, the 
majority of EVAs are currently planned well in advance, with astronauts knowing and training exactly what to do at 
each stage such that the operation becomes essentially a highly complex choreographed sequence of movements and 
actions.  With routine EVA activity, the same level of prior planning will not be achievable.  Both of these factors 
greatly increase the risk of an incident occurring. 

A. Analysis of EVA Incidents 
A report produced by the Johnson Space Center (JSC) Safety and Mission Assurance (S&MA) directorate Flight 

Safety Office2 lists all of the incidents that have occurred within US, Russian and Chinese EVAs; a total of 391 EVAs 
(up to mid-June 2016), totaling 2103 hours.  The incidents that were classified covered the following categories: 

1. Loss of Crew 
2. Crew Injury 
3. Early Termination 
4. System Issue 
5. Operational Issue 

Analysis of the report indicates that there were 114 incidents on 110 EVAs, with just over 28% of EVAs resulting 
in an incident.  This equates to roughly one incident every 18.4 hours of EVA time.  As there have (so far) been no 
deaths on EVA, focusing on the incidents that resulted in crew injury (12) or early termination (14) reveals that 3% 
and 4% of EVAs respectively are likely to end this way. 

It is impossible to do a statistical analysis for fatalities on EVA when none have occurred, however a rudimentary 
analysis can be performed by looking more generally to manned spaceflight.  Up to the end of ISS Expedition 14 in 
2006 there were 25 crew fatalities (including US high altitude flights e.g. SR-71, and ground incidents e.g. Apollo 1) 
from a total of 707,446 cumulative man-hours in space3.  Treating this like the mean time before failure (MTBF) of 
hardware components (a dubious assumption as one incident can result in multiple fatalities, e.g. 
Challenger/Columbia, however adequate for a rough order of magnitude study), gives a mean time before (a) death 
(MTBD) of 28,298 man-hours.  Using a Poisson model, this gives 2,981 man-hours (equivalent to 186 two-man, eight-
hour EVAs) before a 10% chance of an EVA fatality occurring as shown in Equation 1. 

 1 − #$% &'()⁄
= 0.1	 ⇒ 0 = −1234 × ln(0.9) = 2981 (1) 

Given the population estimates of a Moon base or Moon village, it is clear that this will happen sooner or later, 
highlighting the need for additional safety systems. 
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B. Historical Safety Systems 
A number of systems have been used or proposed historically to protect astronauts in emergencies.  The two most 

relevant are given below. 
 Apollo Era Ground Systems 

The Oxygen Purge System (OPS) was a simple secondary life support 
built into the astronauts’ Portable Life Support System (PLSS).  It consisted 
of two bottles providing 30 minutes of gaseous oxygen (at 4 lb/hr) as a back-
up emergency system.  This would allow the astronauts to quickly return to 
the Lunar Module (LM) and hook up to the vehicle system should a problem 
develop4. 

From Apollo 14 onwards (when the EVAs were significantly further 
distance from the LM), the astronauts also carried a buddy secondary life 
support system (BSLSS).  This was carried either on the Modularized 
Equipment Transporter (MET), or on the Lunar Roving Vehicle (LRV).  
The BSLSS was essentially a hose that could connect two astronauts 
together, allowing them to share one circulating coolant water system.  This 
would allow ample time to recover from the location of the incident back to 
the LM.  Figure 14 shows the BSLSS in action. 

 Personal Rescue Enclosure 
The PRE, or ‘rescue ball’ was a NASA program developed for the space 

shuttle in the early 1970s5,6,7.  The concept was similar to the space lifeboats, 
however with a much shorter occupation duration.  The idea was that if an orbiter 
became stranded on-orbit, then in order to transfer the crew to a second, rescue 
shuttle, five inflatable rescue balls would be used (along with the two EVA suits 
carried) in order to move all the crew through space from one shuttle to the other.  
The ball was an enclosure which could be inflated, protecting against the 
vacuum of space, though the astronauts would use a separate portable oxygen 
system (POS) to breathe.  An example is shown in Figure 28. 

The PRE was abandoned when NASA realized the operational cost of 
holding a second shuttle ready on the launch pad for rescue operations was 
unfeasible in the budgetary environment, however it is potentially the most 
relevant system to this project, as although the operational scenario is completely 
different, the idea of enclosing an astronaut in a small, lightweight, portable 
shelter to preserve life and enable a rescue is exactly the system being proposed here, though for a very different use 
case. 

C. Proposed Systems 
Any currently proposed systems of a 

similar nature are all in very early concept 
stages, as such there is nothing currently in the 
public domain.  The closest equivalents to the 
system that will be proposed are the Martian 
ball tent developed by Charles Cockell9,10 and 
the MASH shelter developed by Häuplik-
Meusburger et al.11. 

 Martian Ball Tent 
The Martian ball tent concept is 

essentially a portable pressure vessel that can 
be used by astronauts/explorers on the 
Martian surface to provide relief from a suited 
environment.  Whilst not designed for use in 
an emergency situation there are clear 
parallels to the system that will be proposed.  
Cockell only proposes the system as a demonstration of concept, there is no engineering design behind the work. 

 
Figure 1. Apollo BSLSS, Ref. 4. 
 

 
Figure 2. NASA astronauts 
with a PRE prototype, Ref. 8. 
 

 
Figure 3. Martian ball tent, Ref. 9. 
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 MASH Shelter 
The MASH shelter is a prototype development of an emergency shelter for use on Mars EVAs.  The authors did a 

concept design and produced a prototype which was used on a Mars analogue mission in Morocco.  The parallels are 
obvious despite the different operational scenario, and many of the lessons learned will be referred to and used 
throughout this project.  The key differences are that authors concentrate on the architecture and functional design of 
the system rather than the systems engineering approach used here, no thought is taken for recovery of the protected 
astronauts, the operational scenario refers to Mars rather than the Moon, and the prototype only took the structural 
engineering and human factors considerations into account.  This paper will use some of the structural and human 
factors lessons learned from the MASH shelter, extend the concept to a lunar base scenario and focus on the systems 
design element. 

D. Opportunity 
Given the gap in the current trade space, an opportunity exists to provide a system that will protect an astronaut in 

a catastrophic suit failure situation. This would turn a certain LOC scenario into only a LOM scenario, allowing the 
astronaut to recover and continue work in the future. 

As such, the preliminary operational concept is to develop a system that can be used to provide life sustainment 
should a catastrophic suit failure occur on lunar EVA leading to a loss of space suit pressure. The system will be 
designed to be used when other backup life support equipment, for example the BSLSS would not work due to the 
scale of the failure or the distance/time from safety. Whilst not designed to allow a mission to carry on as planned, the 
LEEP will allow the astronaut to be recovered to a safe location alive in order to carry out first aid or further necessary 
medical treatment. 

II. Requirements Engineering 

A. Operational Scenario 
In order to allow for assumptions in the design, a preliminary operational scenario was defined as shown: 
1. Two (or more) astronauts are conducting an EVA from a lunar base (either ESA or international).  They are far 

enough away from the base that they have taken supplies with them, either in an MET, or a lunar rover type 
vehicle. 

2. One of the astronauts has an accident (this is not specific; it could be a fall, an industrial accident or similar) 
causing a catastrophic suit failure. 

3. The suit failure is such that it is impossible to patch, or to return to safety before hypoxia sets in. 
4. In a worst-case scenario, the injured astronaut has around 10 seconds of consciousness and 1.5 – 2 minutes 

before permanent, irreversible neurological damage occurs. 
5. This would normally be a ‘certain death’ incident. 
6. The astronaut (or more likely his buddy) deploys the LEEP and gets inside it (placed, falls, climbs or 

automatically enclosed – at this stage the method of entry will not be defined). 
7. The LEEP pressurizes and maintains a stable internal atmosphere and temperature. 
8. The astronaut patient is kept alive, and kept from suffering any further permanent damage. 
9. The system continues to maintain a stable internal environment for an as yet unspecified length of time. 
10. This enables the astronaut’s buddy to communicate (method as yet unspecified) for help and the patient to be 

recovered to a safe location (most probably the lunar base but could also be a nearby pressurized rover). 
11. The astronaut patient is given emergency medical treatment as required in the safe location. 
12. Further stabilization and medical treatment, as appropriate, takes place in a more time friendly environment in 

line with the needs of the patient. 
In order to provide some numbers from which to develop system requirements (particularly for serial 9 above), a 

worst-case mission was imagined as shown in 
Figure 4.  This gave us a maximum time that 
the astronauts could be inside the LEEP 
shelter of 26 hours.  This figure was used to 
develop the system requirements and the 
subsystems; however, an alternative value 
could be used requiring changes to the 
resources carried. 

 
Figure 4: Worst case mission scenario. 
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B. System Requirements 
Having developed a set of stakeholder needs and requirements (not shown in this paper), the system requirements 

that were developed for the LEEP are shown in Table 1, only the top two levels are shown for clarity. 
Table 1. LEEP system requirements, top two levels shown only. 

ID 

(a) 

Title 

(b) 

Description 

(c) 

SR 1 External Environment The LEEP should operate within the lunar environment. 

SR 2 Internal Environment The LEEP should maintain a survivable internal environment in accordance with NASA-STD-
300012. 

 SR 2.1 Atmosphere Internal atmosphere should be breathable in accordance with NASA-STD-300012. 

 SR 2.2 Pressure Absolute pressure should be sufficient to prevent decompression illness including ebullism. 

 SR 2.3 Temperature Internal temperature should be maintained within the safe limits for EVA systems in accordance 
with NASA-STD-300012. 

 SR 2.4 Duration The LEEP should support the patient for at least 26 hours. 

SR 3 Prior to Operation The LEEP should be monitored and controlled prior to deployment. 

 SR 3.1 Prevention of Accidental 
Deployment 

The probability of accidental deployment on an EVA should be less than 0.0001. 

 SR 3.2 Pre-Deployment Pre-deployment measures should be taken before the LEEP is used operationally. 

 SR 3.3 Carriage The LEEP should be able to be carried without disrupting any other EVA tasks. 

SR 4 During Operation The LEEP should be monitored and controlled during deployment. 

 SR 4.1 Deployment Speed The LEEP should be able to be unpacked and deployed within 60 s. 

 SR 4.2 Deployment Ease The LEEP must be able to be unpacked and deployed with a single action. 

 SR 4.3 Control The LEEP should be easily controllable in an emergency situation. 

 SR 4.4 Medical The LEEP shall allow medical support to be given to the patient. 

SR 5 Post Operation The LEEP should be monitored and controlled post deployment. 

 SR 5.1 Movable It must be possible to move the LEEP with a patient inside. 

 SR 5.2 Monitoring The LEEP should monitor and display relevant patient and system data. 

 SR 5.3 Communications The LEEP should transmit vital information to the relevant authorities. 

SR 6 Structure The structure of the LEEP must allow carriage, deployment and use. 

 SR 6.1 Mass The LEEP must have a mass not exceeding 40 kg (6.6 kg on the Moon)11. 

 SR 6.2 Size The size of the LEEP when packed and deployed should be appropriate to the situation and use 
case. 

 SR 6.3 Carriage Method The LEEP should be able to be carried prior to deployment without disruption to primary and 
secondary EVA tasks. 

SR 7 Reliability The LEEP should meet reliability standards as a last line of defense emergency system. 

 SR 7.1 Lifetime The LEEP should have a suitable lifetime in all use scenarios. 

 SR 7.2 Failure Risk The LEEP should have a 0.001 probability of failure during use. 

 SR 7.3 Maintainability The LEEP should be maintainable locally within the operational environment. 

SR 8 Manufacture The LEEP should be able to be manufactured with existing or near future technology to a budget. 

 SR 8.1 Technological Reuse Where possible, existing technologies should be used for development, and where not they should 
have a TRL ³ 4. 

 SR 8.2 Cost The LEEP should cost less than $50m to produce. 

III. System Overview 
From the system requirements, a trade study was conducted to select a candidate architecture from the trade space. 

The trade study will not be included in this paper; however, the selected architecture is described below. 
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A. Candidate Architecture 
The Gamow bag (pronounced Gam-Off) is a piece of equipment used in altitude medicine in order to treat altitude 

sickness (e.g., High-Altitude Cerebral oEdema, HACE, or High-Altitude Pulmonary oEdema, HAPE). It consists of a 
portable inflatable bag into which the patient is placed. The bag is sealed and acts as a pressure shell, inflated with an 
external pump to a desired target pressure (set using pop-off valves). In normal use patients are treated in 1-hour 
increments and then re-evaluated13. The concept of the Gamow bag has potential for application in the space 
environment as an emergency survival device. In such a use case, the theoretical bag would be stowed either in an 
astronaut’s personal EVA equipment or carried either on a rover or with equipment.  Should a catastrophic suit failure 
occur, the bag would be deployed and the astronaut enter.  The inflated bag would provide a safe ‘cocoon’, either 
allowing the astronaut to conduct suit repairs or providing time for rescue efforts to be coordinated. 

The Gamow bag itself could not be used in space, as it can only be inflated to a differential pressure of 14 kPa, 
which at an altitude of 4,267 m (14,000 ft) is equivalent to descending the patient by 2,134 m (7,000 ft). In the vacuum 
of space this degree of re-pressurization would be equivalent to a pressure altitude of 14,021 m (46,000 ft), which 
whilst sufficient to temporarily protect life and maintain consciousness when breathing 100% oxygen (equivalent to 
breathing air at 6,400-7,000 m) would mean the patient would still be markedly hypoxic and additionally at risk of 
hypobaric decompression sickness, which itself could cause brain damage and pose a threat to life. 

The LEEP architecture is similar to the Gamow bag, however larger and designed for multiple occupants. In this 
case both the astronaut patient and his can buddy enter the shelter (although obviously, a single astronaut could also 
enter on their own).  This size provides advantages and disadvantages when compared to a single occupant system. 
On the one hand, the buddy being inside the LEEP with the patient allows for the provision of much better medical 
care, without the need to operate through a glove box or similar. This would allow for potentially better critical care, 
helping to deal with many of the medical issues that an astronaut exposed to sudden vacuum is likely to face. The 
major disadvantage is the reduced mobility. By putting the buddy inside the LEEP, mobility is essentially reduced to 
zero, meaning that the pair are entirely dependent on external rescue.  It should be noted that the LEEP shelter is a 
self-contained structure separate to the astronauts’ space suits (so it can be used in case of complete suit failure), 
though with further design iterations it could be augmented to also work in a duel fashion with the suits using the 
servicing and cooling umbilicals. 

B. System Models 
Having outlined requirements, and a candidate architecture, finally the detailed system design can begin.  The first 

stage of this is to begin with a top level SysML model of the overall system.  The various subsystems will then be 
modelled and analyzed in more detail.  Note that whilst the system requirements defined above will be followed, no 
attempt will be made to satisfy every single one at this stage, with only implementation for the ones relevant to the 
subsystems being considered. 

 Use Case Diagram 
Figure 5 shows the use case 

diagram for the LEEP.  This diagram is 
fairly simple to understand as the 
system is not overly complex.  Within 
the system boundary of the LEEP, there 
is only one major use case, this is to 
provide shelter from the physical 
environment of the Moon.  There are 
two separate use cases that make up 
this major case.  Firstly, the emergency 
deployment of the shelter.  The actors 
that this case involves are the patient 
and their buddy, as they are the ones 
who will actually use the shelter.  The 
emergency deployment use is case is 
the one that involves the most 
subsystems, and will be considered below.  The second use case making up the major case is recovery.  This 
additionally involves mission control, and also any other astronauts on the lunar base who may get involved with the 
rescue and is considered in section V. 

 
Figure 5. Use case diagram for the LEEP. 
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 State Machine Diagram 
The state machine diagram for the LEEP is slightly more involved, and is shown in Figure 6.  The LEEP has seven 

different states which will be discussed below. 
In the first state, the LEEP is sitting on a shelf in 

the lunar base, ready to go.  This is the default state 
for the system.  In order to get the system ready for 
use, firing pins are removed which move the shelter 
into the Primed state.  At this point, replacing the pins 
returns it to the Storage state, and connecting to an 
EVA suit for auxiliary power (see Section IV below) 
moves the system into the ReadyForCarriage state. 

The ReadyForCarriage state is the state that the 
LEEP will be in most of the time during use.  The 
system is ready to deploy, and carried and powered 
by an astronaut whilst they are on EVA.  During this 
state, the system also regularly switches to a SelfTest 
mode, where it can update a status light as to its 
correct functioning. 

The act of firing the LEEP when required, triggers 
the next two dynamic states.  Firstly, the system 
moves into the deployment state where the structure 
unfolds itself, the astronauts can ingress and the 
shelter begins to rapidly pressurize.  Once the 
pressure is stable, the system automatically switches 
into the AtmosphereManagement state.  Here, the 
internal environment will be maintained until either 
the astronauts can be rescued or the system runs out 
of power. 

From the AtmosphereManagement state, there are 
two possible outcomes.  If the system has been deployed for training, then it can be moved to the maintenance state 
and from there returned to storage.  If on the other hand it has been deployed in an actual operational scenario, it will 
be assumed that the system will be discarded after use (whilst it may not actually be discarded, it will be at the least 
returned back to Earth for full maintenance). 

 Activity and Sequence Diagrams 
Looking more closely at the Deployment and AtmosphereManagement states, the activity diagram is fairly simple.  

It is shown in Figure 7.  The deployment is one single activity, consisting of the structural deployment and then internal 
atmosphere deployment.  The AtmosphereManagement is 
made up of three separate activities, which all occur 
simultaneously.  The PressureManagement activity 
maintains the pressure at the correct internal level, the 
TemperatureManagement activity maintains the 
temperature between the correct ranges using active 
thermal control (Section IV), and the CO2Management 
activity removes excess carbon dioxide (along with trace 
contaminants and latent water vapor, see Section IV).  
These activities operate continuously on a loop as there 
are no more operational state transitions after this point. 

The sequence diagram for the deployment activity is 
shown in Figure 9a.  In a sequence diagram, time is shown 
by the vertical lines, starting at the top of the diagram.  
The flow of information is shown by the arrows. 

To explain this diagram, the sequence begins when the 
LEEP is fired.  At this point, the control system 
immediately commands the deployment mechanism to 
deploy the structure.  The next command doesn’t occur 

 
Figure 6. State machine diagram for LEEP. 
 

 
Figure 7. Activity diagram for the LEEP. 
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until the astronauts are inside the deployed structure, when the control tells the oxygen system to begin deploying 
oxygen to pressurize the system.  This occurs automatically as soon as a seal is created at the entrance to the LEEP.  
Once this pressure is correct, a signal is fed back which then closes the tank valve.  From here, the sequence 
automatically moves into the AtmosphereManagement activity, whose sequence is shown in Figure 9b. 

The sequence diagram for the AtmosphereManagement activity begins once deployment is complete.  There are 
three separate activities (shown by the three right hand stream lines) all controlled by the control system.  These are 
continued monitoring of the pressure inside the shelter, continued monitoring and control of the level of carbon 
dioxide, and monitoring of the internal temperature.  As was explained by the activity diagram, these processes repeat 
continuously until either the astronauts have been recovered, or the system runs out of power. 

 
a)                 b) 
Figure 9. Sequence diagrams for a) the deployment activity and b) the atmosphere management activity. 

 
Figure 8. Block definition diagram for the LEEP. 
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 Block Definition Diagram 
The block definition diagram is shown in Figure 8.  The block definition diagram shows the major constituent 

subsystem blocks of the LEEP without considering how they interact with each other. 
The oxygen system delivers an internal pressure to the LEEP, made up of two parts: an oxygen delivery system 

and a pressure management system.  The atmosphere management system controls the atmosphere within the LEEP, 
ensuring that it remains breathable.  It consists of blocks for the removal of carbon dioxide, latent water, and 
particulates.  The thermal system controls the internal temperature of the LEEP.  There are blocks to add and remove 
heat via active thermal control depending on what is necessary given the exterior environment (see Section IV).  The 
structural system consists of the actual physical structure of the LEEP.  It has two blocks, first a deployment system 
which represents the deployment mechanism taking the structure from its packaged state to its deployed state, and 
secondly the actual structural block.  The power system delivers power to control the other systems, it consists of two 
blocks; a main power system for use when the shelter is deployed, and an auxiliary power system for providing power 
prior to deployment.  The control system controls all of the other subsystems and provides overall control for the 
LEEP.  Finally, the patient and their buddy are an integral part of the system so they are represented as blocks on the 
block definition diagram. 

 Internal Block Diagram 
From the block definition diagram, it is possible to develop the internal block diagram.  This is shown in Figure 

10 and shows how the blocks interact with each other. 
There are two types of arrows on the diagram.  The dashed arrows represent information flow (either control 

signals and data signals in black, or the firing signals to initially deploy the shelter in purple).  The solid arrows 
represent physical flows in three colors.  The blue arrows represent power, the red arrows represent heat, and the 
orange arrows represent gases. 

The easiest way to explain the function of the LEEP is to talk through a deployment example.  The names and 
colors given to the blocks and flows will be used in order to aid understanding.  Initially during carriage, the system 
is powered by one of the astronauts, connected to their EVA suit through the :AuxiliaryPower system which keeps the 
system in a ‘ready to deploy’ state (through the SuitPowePreDeployment flow).  An incident occurs and it becomes 
necessary to deploy the shelter, so the buddy presses the ‘Fire’ button which sends a FireSignal to the :ControlSystem, 
which is forwarded on to the :DeploymentSystem.  The :DeploymentSystem deploys the :PhysicalStructure of the 
shelter, and the :MainPower kicks in, providing Power to the other subsystems; at this point the :AuxiliaryPower 
connection is redundant and can be disconnected. 

The astronauts enter the :PhysicalStructure and close it up.  A ControlData signal to the :OxygenSystem commands 
the :OxygenDelivery to deploy oxygen (ProvidesOxygen) to the :PhysicalStructure, raising the pressure which is 
monitored by the :PressureManagement system and sent back as PressureData to the :ControlSystem. 

The astronauts inside the shelter (the :PhysiologicalSystem) exchange gases (ConsumeOxygen, WasteProducts) 
and MetabolicHeat with the :PhysicalStructure, which also exchanges gases (OxygenLeakage) and heat (HeatFlow) 
with the external environment (:LunarDomain). 

Using data exchange with the :ControlSystem, the :ThermalSystem uses HeatFlow to maintain the 
:PhysicalStructure at the correct internal temperature; the :AtmosphereManagementSystem uses 
AtmosphereCirculation to remove unwanted atmospheric constituents; and the :OxygenSystem maintains the internal 
pressure via the :PressureManagement system commanding the delivery of more oxygen (ProvidesOxygen) as 
required. 

As long as there is Power remaining, delivered by :MainPower, the internal environment will remain survivable, 
allowing the buddy to provide first aid to his patient and a recovery to be organized. 
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IV. Subsystem Design 
With system models in place, the detailed design of the subsystems can take place.  The idea will not be to complete 

the design, but rather to give potential candidate design solutions as a baseline for further investigation. 

A. Medical and Physiological Considerations 
The common medical issues that an astronaut will face when exposed to sudden vacuum conditions in this scenario 

will be covered in a separate paper.  These indicate the likely injuries that the patient will possess, and hence will 
indicate the treatment and medical equipment that must be provided as an enabling system.  Although there are a wide 
range of potential conditions which could occur on EVA, the most serious (acute hypoxia, barotraumas, ebullism, gas 
embolisms) all have the common theme that rapid re-pressurization is the initial immediate action treatment. 

 
Figure 10. Internal block diagram for the LEEP. 
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On the simplest level, 
an astronaut wearing an 
EVA suit can be considered 
as a self-contained black 
box.  The only system level 
interaction with the outside 
world is a rejection of 
metabolic heat (produced 
by the astronaut) by the 
portable life support system 
(PLSS) radiator.  The 
system becomes more 
complicated, however, when the astronaut is not wearing an EVA suit (or the EVA suit is no longer functioning).  This 
is the worst-case scenario for the LEEP, where neither the injured astronaut, or his buddy, are wearing their EVA 
suits.  A literature survey provides a number of models of humans as a metabolic system14-19, an average of these 
models was taken and is shown in Figure 11. 

Given that the LEEP is an emergency system designed to shelter two people for up to 26 hours (see section II), 
some simplifications can be made.  Humans, even when injured, are able to survive without food for many days so it 
is safe to remove any requirement for additional food beyond that carried already carried on EVA.  Similarly, it will 
be assumed that there is sufficient water carried by the astronauts in their EVA suits to allow survival, if not comfort, 
for 26 hours; made up of 1.9 L in the suit in-line drinking bag20 and 3.9 L in the PLSS cooling loops21 which could (in 
extremis) act as a secondary water source. As for the heat produced, the combined figure for the two astronauts will 
be assessed as the sum of the average value and the minimum value from literature, to account for one patient and one 
astronaut potentially performing lifesaving treatment.  The physiological subsystem inside the LEEP can therefore be 

modelled as shown in Figure 12.  
This subsystem will be used below 
in order to develop the 
environmental controls for the 
LEEP.  Note that as the current 
space suit maximum absorbency 
garment (MAG) can hold up to 2 L 
of urine/feces, this will be deemed 
sufficient (if uncomfortable) for an 
emergency situation, but could be 
augmented with small plastic bags 
or similar. 

B. Environmental Control 
The environmental control is the internal system which pressurizes the internal atmosphere of the LEEP on 

deployment, and the control system which both maintains this internal pressure, and maintains a breathable 
atmosphere.  The LEEP dimensions are shown in Figure 16, and it is large enough to fit two fully suited astronauts 
lying side by side with an internal volume of 5.051 m3 when deployed. 

 Providing oxygen 
In order to provide an internal atmosphere of 29.6 kPa, using 100% oxygen (equivalent to current space suits), the 

ideal gas law can be used to calculate the amount of oxygen required.  At a temperature of 300 K, 63.51 mol., or 2.032 
kg gives the required pressure.  Referring back to Figure 12, it is shown that the astronauts will use 1.82 kg of oxygen 
if inside the LEEP for 26 hours, meaning that the total provision of oxygen should be 3.832, say 4 kg (with a safety 
margin) of oxygen (equivalent to 125 mol). 

Prior to deployment, this oxygen must be stored in a pressurized system.  In a PLSS, the secondary oxygen supply 
is stored at a pressure of 41,368.5 kPa, which will also be used for the storage of oxygen in the LEEP. 

When the oxygen expands into the LEEP, it will be assumed for a first order estimate that this is a free (joule) 
expansion and no work is required to inflate the LEEP (i.e., it deploys to maximum volume immediately).  Therefore, 
there will be no change in the temperature of the oxygen during expansion and the pressurized oxygen will be stored 
at 300 K prior to deployment.  This will be achieved by providing for an auxiliary connection to the heat rejection 
system of the carrier’s EVA suit during carriage.  In this way, rejected heat which is currently wasted will be used 

 
Figure 11. Unsuited astronaut as a metabolic system. 
 

  
Figure 12. Physiological subsystem of LEEP. 
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along with a control system to maintain the oxygen cylinder at the correct temperature.  The ideal gas law can again 
be used to find that this pressurized tank has a volume of: 

 = =
>?'

@
=

ABC×D.EAF×EGG

FA,EID.C×AGJ
= 0.00754	mE (2) 

Release of oxygen from the cylinder into the deployed shelter will be controlled by a control system which will be 
considered below. 

 Removing carbon dioxide, latent water, and particulates 
As the astronauts occupy the shelter, they will produce particulates, carbon dioxide and latent water.  This must 

be removed from the atmospheric system.  The rapid cycle amine (RCA) system22,23, currently at technology readiness 
level (TRL) 6 and under development as a replacement for the current PLSS system, employs two separate solid-
amine sorbent beds to remove both water and carbon dioxide simultaneously.  One bed operates at a time, and whilst 
it is working the other bed is recharging.  This allows for continuous operation indefinitely and offers considerable 
mass (75%) and volume (27%) savings on the systems in use currently for PLSS atmosphere management. 

It is proposed that a version of this system is 
adapted for the LEEP, scaled up to manage the rate of 
CO2 and H2O production for two astronauts.  As a 
maximum, this system would be twice the size of the 
model proposed by Chullen et al. in22 (not accounting 
for any efficiencies that could be made), giving an 
overall mass of 12.76 kg and a volume of 0.0226 m3.  
This is a complete system including particulate 
removal using activated charcoal, followed by the 
RCA sieves. 

The atmosphere management system would be on 
a separate loop to the oxygen tank, with the use of a 
fan to provide atmosphere flow.  A simple block 
diagram for the atmosphere management system is 
shown in Figure 13.  Note that the RCA system is external to the LEEP and vents to space. 

 Control system 
A simple feedback controller will be used to control the pressure inside the LEEP, both during deployment and 

operations, with a sensor mounted on the inside of the chamber detecting the current internal pressure.  Simulink, 
along with the Simscape gas toolset was used to model the plant control system, as shown in Figure 14. 

The deployment and re-
pressurization system is 
modelled as a high-pressure gas 
reservoir (the oxygen tank), 
attached to a tank valve which 
can be turned on or off (hence 
the saturation block) to release 
oxygen into the chamber at a 
constant mass flow rate of 0.1 
kg/s*, modelled as a constant 
volume system initially at 
vacuum.  A sensor measures the 
pressure in the chamber, and a 
secondary purge valve can 
reduce the pressure by venting 
oxygen to space if it is over the 
pressure limit. 

The controller is a simple proportional-integral-derivative (PID) controller, tuned automatically to give a just 
damped step response. 

                                                        
* This can be altered and is well below Mach one so the flow is not choked. 

 
Figure 13. LEEP atmosphere management system. 
 

 
Figure 14. Simulink model of plant. 
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Under PID control, the system is able to inflate from vacuum to an 
operating pressure (29.6 kPa) in around seven seconds, before the purge 
valve opens briefly to stabilize the pressure  and then closes again, along 
with the tank valve, maintaining a constant internal pressure.  This seven 
second pressurization gives an average rate of change of pressure of 4.23 
kPa/s, which is low enough in order to prevent further pulmonary 
damage to the patient12.  It should be noted that such a rapid change in 
pressure may cause ear barotraumas to the astronaut with a suit 
malfunction, however this is not a life-threatening condition, which is 
insignificant compared with the other medical emergencies caused by 
vacuum exposure, and so will be regarded as a potential negative side-
effect with nothing further considered at this stage. 

C. Thermal Control 
 Skin Temperature 

The system requirements require an internal temperature between 283.15 K and 316.15 K, with 300 K as the 
optimum mid-range value (from NASA-STD-300012).  This is wider than the 28-day emergency values for the ISS12,18, 
but must only be survivable for 26 hours.  The general thermal environment is shown in Figure 15.  The surface 
temperature of the shelter can be estimated by using a thermal balance for the two extreme scenarios, in maximum 
sunlight and in complete darkness, before the internal temperature can be calculated.  

For a first order estimate of the thermal scenario, a number of key simplifications will be used.  Firstly, the floor 
of the LEEP will be modelled as a perfect insulator due to the existence of materials with a very low thermal 
conductivity in the aerospace sector24, and the poor heat transfer characteristics of regolith25.  The second assumption 
is in the direct sunlight case, the lunar albedo is 0.1226, and that this is combined with an IR radiation emission from 
the Moon, OP, of 1306 W/m2*. 

The two cases will be analyzed using a heat balance equation to give the exterior surface temperature of the LEEP, 
Equation 3 refers to the hot case and Equation 4 to the cold case.  Note that the dimensions of the LEEP are shown in 
Table 2. 

 QRSTUVWXY − RVZ[[U\]^2S_`>
F = aQRVZ[[UOS + RS`cY[0.12OS]\ + ]RS`cYOP + f`>S`cY (3) 

 QRSTUVWXY − RVZ[[U\]^2S_`>
F = f`>S`cY  (4) 

Taking a surface coating with as low an α as possible and a 
value of ε around 0.2 gives the best combination of reasonable 
values for the hot and cold cases.  Through extensive trials of a 
variety of different surface coatings, a Kapton Film (Silver-
Aluminum oxide overcoating) with α = 0.08 and ε = 0.19 in the 
form of  a 1 mil (25.4 µm) coating27 provides skin temperatures 
for the hot case and cold case of 391.5 K and 248.3 K 
respectively.  This temperature is the steady state skin 
temperature for both scenarios, however the time taken for the 
interior atmosphere to reach this temperature will depend on the 
thermal insulation. 

 Thermal Insulation 
When looking for a material from which to make the insulation structure, the material must be thin and lightweight, 

resistant to tears, and have a low thermal conductivity.  Fortunately, such material already exists in the aerospace 
domain in the form of multi-layer insulation (MLI), though this must be improved by layering with some kind of 
airtight bladder material to keep the internal pressure.  Johnson28 gives a comprehensive review of various multilayer 
insulation technologies.  From the materials reviewed, the best one for this scenario (low conductivity with low mass 

                                                        
* Modelling as a black body with emissivity 0.9 at the maximum lunar surface temperature of 400 K, not present during darkness as the Moon has 
no atmosphere so doesn’t retain the heat well. 

 
Figure 15. Thermal system for LEEP. 
 

Table 2. LEEP dimensions. 
Symbol 

(a) 
Value 

(b) 
Description 

(c) 

RSTUVWXY 16.142 m2 Total surface area of LEEP 

RVZ[[U 3.941 m2 Area in contact with lunar surface 

RS`cY 8.260 m2 Side area of LEEP for reflected 
and emitted radiation 

f`>S`cY  500 W Internal power dissipated (431 W 
heat plus internal systems) 
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density) is a state-of-the-art thermal 
blanket from Quest Thermal Group 29, 
with the following properties as shown 
in Table 3. 

For a thickness of 23 mm, this 
integrated MLI (IMLI) has a resistance 
R-value of (using Fourier’s law in one 
dimension): 

 g =
h%

i
=

G.GBE

G.GGGAGF
=

h'

j̇l
= 221.2	mBn/p (5) 

Taking an inside oxygen temperature of 300 K, heat flow through the surface by conduction is given by: 

 f =
q∆'

?
 (6) 

 Active Thermal Control 
In the cold case, heat leaks at a rate of: 

 f =
st'

?
=

AB.BGA×(EGG$BFD.E)

BBA.B
= 2.85	W (7) 

Therefore, additional head needs to be added to maintain the temperature within the system requirements.  The 
easiest way to do this is to build a continuous heating element into the atmosphere control system (i.e., the RCA beds).  
With oxygen flowing through a 3 cm pipe at an average velocity of 4.01 m/s to move 6 ft3/min of gas around the RCA 
beds, a 1 m long heating element around the pipe can supply this to the gas with only a 3 K temperature differential*  
This is a very easy temperature differential to produce and can be controlled by the same control system which 
manages the pressure, so this system can be easily integrated into the RCA subsystem without adding much mass or 
volume. 

Conversely, in the hot case, heat enters the LEEP at a rate of: 

 Q= st'

?
=

AB.BGA×(EvA.C$EGG)

BBA.B
= 5.04	W	 (8) 

This heat must be rejected in order to keep the interior atmosphere within a survivable temperature.  Similar to the 
cold case, this heat rejection system can be built into the RCA subsystem as an alternative to heating.  This could be 
done with a small system controlling the sublimation of latent water to the vacuum of space, removing heat prior to 
the water being absorbed in the RCA beds, as is done with the PLSS system on current EVA suits14.  As a comparison, 
the first Apollo 12 EVA sublimated 2.15 kg of water in 224 minutes to provide an average heat rejection of 262 W30.  
This is equivalent to the LEEP sublimating 0.29 kg of water in 26 hours at a rate of 5.04 W.  This is well within the 
amount of latent water produced (see Figure 12) so means that this would potentially work as a solution. 

 Note on Assumptions 
Two things should be noted, firstly that the cases considered here are the extreme scenarios.  Most operational use 

cases will fall between them, providing less stress on the thermal system.  Secondly that this was a first order estimate 
conducted using a heat balance equation and the conductivity of the structure, whilst assuming that the floor of the 
LEEP was a perfect insulator.  In order to get a more accurate estimate of the thermal control, a model should be 
created using Simulink or similar to model the complete heat system including convection of oxygen inside, 
conduction through the floor (as well as the walls), and radiation into space.  This would then be used to accurately 
design any active control systems required and link them to the pressure management control system (remembering 
that pressure is intimately linked to temperature through the ideal gas law). 

                                                        
* Convective heat transfer with Re = 3534, Pr = 0.828, Nu = 16.4, heat transfer coefficient h = 10.1 Wm-2K-1. 

Table 3. MLI properties. 
Name 

(a) 

Layers 

(b) 

Layer 
Density 

(c) 

Thickness 

(d) 

Mass 
Density 

(e) 

High Vacuum Effective 
Thermal Conductivity 

(f) 

  (layers/mm) (mm) (kg/m3) W/m-K 

Quest 
IMLI 

20 1.15 23.0 21 0.000104 
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D. Power 
The power budget for the LEEP is fairly simple, only needing to take into account the functions shown in Table 

4.  Taking the total power and the duration required given an energy as shown in Equation 9. 

 w = xy = 28	 × 	26 = 728	Wh (9) 

A dual solution will be proposed, 
with heavier, bulkier rechargeable 
batteries used for training, and smaller, 
lighter disposable batteries used for 
operational use cases.  Whilst it may 
seem counterintuitive to develop two 
batteries, this is a methodology 
already in common use in the military.  
The technologies are shown in Table 
5. 

The training batteries will be 
polymer electrolyte membrane (PEM) 
Li-Ion rechargeable batteries, with a 
total mass of 6.5 kg and a volume of 
3.47 L with a 70% depth of discharge 
(DOD).  Li-Ion batteries are already 
being developed for EVA suits.  These 
batteries are cheaper and rechargeable, so can be used multiple times when carrying out training with the LEEP, both 
on Earth and in space. 

The operational batteries that will be used 
are lithium-carbon monofluoride (Li-CFx).  
These are already in an advanced level of 
development for both military32,33 and 
space34,35 applications (around TRL 6), with 
ever increasing power levels taking advantage 
of the high energy density and stability.  Whilst 
single-use and expensive, these will be ideal 
candidates for the operational batteries, having 
a mass of 1.19 kg and a volume of just 0.69 L 

(690 cm3).  As these batteries are single use, no DOD is required providing further mass and volume savings, and the 
long shelf life ensures that they will still be working when required in an emergency. 

E. Structure 
The overall shape of the deployed structure is shown in Figure 16.  The structure is made up of a number of 

components: a micrometeoroid protection layer, MLI to provide thermal protection (see above), a structural layer, and 
a bladder to form a pressure vessel and keep the atmosphere inside the shelter. 

For the purpose of simple modelling, three assumptions will be made.  Firstly, that the structural material has no 
thermal properties (i.e., this has already been assumed by it being ignored in thermal calculations above).  Secondly, 
the opposite in that the MLI has no load bearing capabilities.  Thirdly, that the floor of the structure is made of the 
same structural material as the walls, with the addition of a perfect floor insulator rather than MLI.  Separating the 
two materials allows for some simple calculations to be made, the thickness of the MLI (23 mm) will then be added 
to the thickness of the structural materials to give an overall wall thickness. 

Table 4. Power budget for LEEP. 
Ser 
(a) 

Function 
(b) 

Description 
(c) 

Time 
in Use 

(d) 

Power 
(e) 

Comment 
(f) 

   (hrs) (W)  

1 Deployment   0 Powered through 
auxiliary power 

2 Control Low power control 
system 26 6  

3 Atmosphere 
management 

Circulation fan and 
control of RCA beds 26 12 Ref. 22 

4 Heating Power of heating 
system 26 

Max 5 Either one or the 
other in operation 

5 Heat removal Power of 
sublimation system 26 

6 Margin 20%  5  
Total 28  

 

Table 5. LEEP specific battery technologies, adapted from Ref. 
31. 

Ser 
(a) 

Type 
(b) 

Technology 
(c) 

Specific 
Energy 

(d) 

Energy 
Density 

(e) 

Life 
(f) 

   (Wh/kg) (Wh/L) (yrs) 
1 Disposable Li-CFx 614 1051 5 
2 Rechargeable PEM Li-Ion 160 300 unknown 
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 Layers 
Figure 17 shows the structural layers which 

make up the LEEP.  From left to right (outside to 
in) these are a surface coating, a micrometeoroid 
protection layer (Nomex/Kevlar/Teflon), 
insulation, a structural layer to resist pressure 
stresses, and the pressure bladder itself. 

The floor of the LEEP was modelled as a 
perfect insulator, and must also be stronger to 
withstand limited dragging and the pressure of 
the astronauts moving around on top of it.  In 
order to provide a rough estimate for this, twice 
the thickness and areal density will be used i.e., 
48.84 mm and 3.26 kg/m2 respectively.  The total 
mass of the structure is therefore found 
by multiplying the wall and floor 
densities by their respective areas 
(12.201 m2 and 3.941 m2) giving a total 
of 32.74 kg.  This has an equivalent 
weight on the Moon of 5.46 kg. 

 Deployment 
The deployment mechanism 

releases the LEEP from its initial 
packed state to an unpacked state where 
the astronauts can ingress and deploy 
the pressurization system.  The key 
feature with this is that the process 
needs to be entirely automated as there 
will be no time for a slow unpacking.  It 
is proposed that the LEEP should be 
folded in its packed state into a 
rectangle 0.5 m by 0.34 m in size (with 
a depth of approximately 0.3 m to 
account for the folded thickness of the 
material, however to obtain this is the 
multi-layer insulation must be 
compressed to around 5% of its thickness).  The packed shelter is under compression with material struts that want to 

straighten out naturally, and held in that state 
underneath the control part of the LEEP with 
pyrotechnically operated devices (which 
have a very low failure rate).  On pushing the 
button to the deploy the system, the 
pyrotechnics are activated, the fasteners 
holding the shelter packed are released, and 
the LEEP deploys in a two-stage process as 
shown in Figure 18a and b.  

 Ingress 
On deployment, the LEEP is unfolded 

but not yet inflated (i.e., the top surface of the 
structure is laying loose on top of the floor).  
Ingress will be achieved by an entry seal 
running the long length of the LEEP, initially 
open on deployment.  The astronauts deploy 
the system, then ingress through the opening 
in the material between the top and floor of 

 

Dimension 
(a) 

Value 
(b) 

Maximum length 2.5 m 

Maximum width 1.7 m 

Maximum height 1.5 m 

Volume 5.051 m3 

Wall surface area 12.201 m2 

Floor surface area 3.941 m2 

Total surface area 16.142 m2 

Figure 16. LEEP shelter structure.  Note at this stage structure 
is idealized, internal pressure will distort the shape. 
 

 
Figure 17. LEEP wall structure. 
 

   
a)          b) 
Figure 18. LEEP deployment a) stage 1 side view b) stage 2 
overhead view. 
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the shelter.  In cases where one astronaut is unconscious, this ingress 
could be achieved by laying the shelter over the top of the patient with 
the edges of the opening touching the floor, so that they are already 
‘inside’ the shelter, and then rolling them over so that the floor of the 
shelter is beneath them, before the buddy entering afterwards and sealing 
behind them. 

In terms of sealing, the proposed solution for the LEEP is to have two 
zips, an outer one of the BDM (YKK) design to keep the pressure in, and 
an inner load bearing zip.  On entering the LEEP, the uninjured astronaut 
can first close the pressure zip, then immediately begin deployment of 
the oxygen (this could be triggered automatically on closure of the outer 
zip).  The second load bearing zip is just for additional security and can 
be closed soon afterwards (during the few seconds in which the LEEP is 
inflating).  Figure 19 shows the proposed solution. 

There are two considerations for this, firstly that the pull loops on the zips must be large and colorful enough for 
a suited astronaut to grab and close in a panic, and secondly that the heat loss through the zip is controlled (this could 
be managed by having a Velcro thermal strip secured over the zips following closure).  Whilst the system works in 
principle, field trials will be necessary to ensure that the proposed system design is an adequate solution. 

There has been no consideration given to the leak rate through the closures of the system, though it is noted that 
on the Apollo missions, the lunar dust interference with the A7L suit seals caused leakage rates of up to 1.72 kPa/min 
(Conrad, Apollo 12, EVA 236).  Future research is required to determine how to minimize any leak rate from the LEEP 
given the lunar surface conditions, using state of the art technology.  If necessary, extra oxygen could be carried to 
compensate for a low leak rate. 

 Egress 
There are two forms of egress for the LEEP (assuming there are still vacuum conditions outside i.e., the shelter 

and occupants have not been recovered).  In the simplest case, both suited astronauts unzip the shelter, vent the 
atmosphere to space and exit. 

A more complicated case occurs if one astronaut must leave the shelter, leaving the other inside.  To deal with this, 
it is proposed that the LEEP contains an inner pressure curtain (much like a room divider inside a tent) that can be 
unrolled, zipped along the outer edges with a pressure zip between the two astronauts, before the exiting astronaut 
opens both zips of the outer seal, venting half the atmosphere and exiting, before resealing behind him for thermal 
control.  The inner curtain must then be left fastened to maintain the reduced internal volume at the correct pressure. 

Figure 20a and b show this design in practice.  This inner curtain only needs to be a thin, 0.32 mm layer of urethane 
coated nylon, with a 0.51 mm Dacron structural layer.  The outer shell will only be open for a matter of seconds then 
closed again, so no thermal layer is required.  This curtain will have an area of 3.595 m2 and add an additional 2.23 
kg to the mass of the structural part of the system. 

 

 
Figure 19. Closure solution for LEEP 
ingress and egress. 
 

  
a)             b) 
Figure 20. Internal curtain allowing single astronaut egress a) overhead view b) in use. 
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V. Recovery 
Whilst the complete design of a recovery system is beyond the scope of the paper, thought must be given to how 

this will be achieved.  Two potential styles of recovery will be considered, firstly manual recovery and secondly, 
looking to the near future, completely automated recovery by robotic means.  This section will not attempt to solve 
the problem completely and give a definitive solution, as every rescue will be different; merely give some thought to 
potential recovery strategies. 

A. Manual recovery 
The first means of recovery that will be considered is manual recovery, either by the astronauts themselves, or by 

a rescue party.  A few different options will be presented, along with comments, pros and cons of each method. 
The simplest case of recovery is where the astronauts are able to self-recover and return to a safe location (e.g. a 

pressurized rover, base location or other safe area) by the shortest means.  There are many incidents where this could 
occur: for example, should an astronaut suffer a suit failure that is not catastrophic but that cannot be fixed quickly 
enough whilst exposed on the lunar surface.  In this case, the pair would deploy the shelter, get inside, and fix the 
problem.  They then re-don their suits and open up the shelter, venting the oxygen inside, before moving via the fastest, 
safest route back to a secure location.  The LEEP is discarded as debris on the lunar surface (it should go without 
saying that the emergency nature of the incident trumps any requirements for protection of the lunar surface).  Once 
back in a secure location, a more in-depth medical examination of the patient can take place and any further treatment 
administered. 

A more involved manual method of recovery that will be considered is recovery to a rescue rover, either 
unpressurised or pressurized.  This is probably the situation that is most likely to occur, when, for a variety of reasons 
self-recovery is not possible.  On hearing of an incident, mission control alerts the Moon base, and the other astronauts 
inside the base begin planning for a rescue.  As soon as possible, the rescuers don their EVA suits and set out in a 
rover to towards the LEEP.  On arrival, they bring the rover right up next to the LEEP and lift the shelter either onto 
(an unpressurised rover) or into (a pressurized rover) the rover.  There are many possible ways this could be achieved, 
limited only by imagination.  One such method would be to use a winch and hook system to drag the LEEP onto the 
back of, or into the airlock of, the rover.  In the case of the rescue rover being unpressurised, the two astronauts remain 
within the LEEP until the rover arrives back at base.  In the case of a pressurized rover, they can leave the LEEP and 
treatment can continue inside the rover. 

B. Robotic recovery 
The second option is for entirely automated recovery without any need for outside intervention.  With current 

advances in AI, robotics, and computer vision, this is not beyond the realms of possibility within the next decade.  
There is much crossover with autonomous robots for terrestrial search and rescue operations in urban search and 
rescue (USAR), nuclear accidents, and mining accidents. 

The first example of a robotic recovery is one in which there is still a human in the loop i.e., the robot is tele-
operated either from the Moon base, from Earth, or even by the astronauts themselves inside the LEEP.  This operates 
in a similar fashion to other current rescue robots for terrestrial applications, providing a stepping stone on the path to 
eventual full automation.  The advantage and disadvantage of this method is that it removes additional humans from 
the loop.  This prevents more people moving into danger, but also denies the addition of a fresh pair of hands to take 
over critical care.  

The ultimate end goal is a robot which is entirely autonomous, deploys automatically when the astronauts are in 
trouble, moves to their location, picks them up, and then returns back to a safe location.  Whilst this may seem like 
something out of science fiction, these types of robots are already in use for terrestrial USAR applications37. 

The entire process could be triggered by remote monitoring of an astronaut’s health and EVA suit capabilities 
using wearable biosensors38.  On automatic confirmation of an emergency, (either on receipt of a change in astronaut 
health or an automated notice on deployment of the LEEP) the robot deploys from the exterior of the Moon base.  It 
then travels towards the astronauts using computer vision to avoid obstacles; this can be at much faster speeds than 
standard planetary autonomous rovers, using technology developed for things such as the Defense Advanced Research 
Projects Agency (DARPA) challenge39.  On arrival at the astronauts inside the shelter, the robot slides underneath the 
shelter, providing it with mobility, before turning around and returning to base.  Iwano, Osuka, and Amano40 give one 
example of how this could be achieved.  Of course, such a system would have to be scaled in size both for the lunar 
environment, and also for the LEEP. 
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Many other different methods of 
autonomous recovery exist, and a full 
discussion is beyond the scope of this 
report, however the example above 
serves to illustrate that robotic 
recovery of the astronauts is definitely 
a possibility. 

VI. Conclusion 
A final mass budget for the LEEP 

is shown in Table 6. The complete 
system will be integrated into a 
package with dimensions 0.5 x 0.34 x 
0.3 m.  The current system as designed 
is essentially a minimum viable 
product (MVP), with all features 
required to enable survival for 26 
hours, and could be carried prior to 
deployment without disruption to 
normal EVA activities.  There are two 
main ways this could be 
accomplished; either in a backpack 
design or trailing behind the carrier.  
Fundamentally, the system that has 
been developed will protect astronauts, allowing them to survive otherwise fatal accidents and incidents on the lunar 
surface during future exploration in the context of establishing a Moon base. 

As an early concept design, there is much further research necessary to develop the concept, however this paper, 
and the full LEEP report41, provide a baseline from which to conduct future design work. 
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