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Executive Summary 

Introduction 

This document is in response to the Analogue Rover Specifications - March 27, 2000 (updated April 18
th
 

as a result of questions raised by the MSUK).  

The approach taken is to perform an analysis of the requirements and from this analysis derive additional 
parameters which are then used to design the rover. Additional material from previous designs of 
Pressurized Rovers for both Mars and the Moon have been consulted and relevant parameters and 
design techniques extracted.  

It is important to note that this is an analogue of a Mars rover, designed to test out operational issues, it is 
not a candidate design for an actual rover destined for Mars.  

Definition of Terms 

The following terms have been used throughout this response: 

Term Definition 

ADVISOR A simulator to guide hybrid vehicle propulsion development 

APU Auxiliary Power Unit. An electrical power generator which supplies power when the 
main engine is not running. 

Bobcat Small, multipurpose construction vehicle see http://www.bobcat.com 

COG Centre of gravity 

COTS Commercial-off-the-Shelf 

DRM Design Reference Mission, the JPL mars mission against which all others are 
measured, now at version 3.0 

EVA Extra Vehicular Activity, in the context of this report, any activity that takes place 
outside the rover or other analogue pressurised structure. 

F-MARS The Mars Society Flashline Mars Arctic Research Station located at Haughton 
Crater, Devon Island, in the Canadian Arctic 

Gnomon A device to show physical scale, sun angle and colour scale (and local vertical) in 
acquired photographs and videos 

Hab Habitation module, the main living quarters for the personnel while on Mars 

LSS Life Support System 

Mars Direct The Mars Mission defined by Robert Zubrin in The Case for Mars and various 
papers 

playmate cooler Icebox approximately 40.3cm long by 26cm wide by 37.8cm deep 

P-rover Pressurised rover vehicle 

U-rover Unpressurised rover vehicle 

http://www.bobcat.com/
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1.0 Design Specification Section 1: Overview 

1.1 Introduction 

Discussion 

This section defines in very general terms how the rover will be used. Information is presented in the form 
of a general discussion of each section and sub-section of the requirements specification, followed by a 
statement of the baseline design the Mars Society UK team intend to use for the rover analogue. Options 
or alternatives to the baseline design are also given, where appropriate. 

The overall traverse philosophy that has been assumed for this study is given in section 2.2. We also aim 
to be able to demonstrate emergency procedures. 

An outline of the Human Factors research for this traverse scenario and general rover usage is given in 
Appendix I.  

Note: All section numbers given in this and subsequent headings correspond to the heading numbers 
given in the original rover design specification posted to the Mars Society international website. 

1.2 Operational Description 

Discussion 

The specification indicates that submissions are to be in the context of the NASA Design Reference 
Mission (DRM), (version 3.0) or the Mars Direct Mission. The Caltech Mars Society Mission (version 2) 
that has more relaxed mass and volume requirements than Mars Direct is specifically excluded. The 
designs of the pressurised rovers in the DRM and Mars Direct are very different with masses of 16.5 
tonne and 1.4 tonne respectively.  

The (dry) mass requirement given in the specification (1500kg ï see section 3.3) would appear to be 
somewhat optimistic given the rest of the requirements specified. The volume requirement is also quite 
stringent as the rover has to fit within the launcher payload shroud and within the Mars entry heat shield, 
this is mirrored by the volume requirement to fit into a C-130 cargo bay, (as defined in section 3.5 of the 
specification).  

While the overall dimensions for the vehicle will be adhered to, it is not our intention to be overly 
constrained by the dry mass limitation. While we will endeavour to work towards it, we will also aim to 
develop a vehicle that will provide a robust and operable test platform that can realistically simulate 
pressurised rover operations across a range or terrain. At the same time, we will undertake a paper study 
to demonstrate the dry / wet mass of our vehicle were it to be constructed to current aerospace standards 
and designed for deployment on Mars rather than on Earth. This, we believe, will be more beneficial and 
useful to future rover designs and analyses. 

The analogue pressurised rover will require some dismantling to fit within the C-130 cargo bay, 
specifically the wheels will have to be removed. We therefore propose to also complete a paper study on 
how the rover will be deployed after landing, including removal from the lander and any construction or 
fitting out required in order to make the vehicle operational. 

Both the Mars Direct and DRM3.0 assume a method of working where tasks and timelines are decided by 
a combination of the crew automated systems and mission control working in concert. The exact functions 
and responsibilities assigned to each body is not made clear, neither are chains of command. It is one of 
the functions of this analogue pressurised rover competition to discover effective ways of working during a 
geological traverse. The methodology to achieve this will include experiments in particular aspects of 
human factors affecting rover operation and longer experiments of up to a week where trial traverse are 
undertaken and observed. 
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1.3 Modes of Operation 

Discussion 

We will design a vehicle capable of meeting all the specified modes of operation.  

In addition to the operational modes defined in the requirements specification, we would seek to provide 
control capability for unmanned rovers (which would normally be autonomous) in the P-rover so that they 
can be operated telerobotically in support of a P-rover excursion. Ideally, this operation would also be 
possible from the U-rover, and an astronaut on EVA. 

Consideration should also be given to allow the P-rover to be operated telerobotically from a number of 
sources: base camp, a U-rover or an astronaut on EVA. This would permit the possible remote recovery 
of a P-rover following an accident or other difficulties experienced by the crew. 

No mention is made of night operation, we assume that lights or night vision systems should be provided 
and that emergency night operation must be possible. Routine night operation is probably relatively 
dangerous, and so should be avoided. 

There are also many other modes of operation which are not mentioned, these include:  

1 Crew asleep  

¶ both  

¶ only one  

2 Driving  

¶ Three EVA concepts: cabin pressurised/unpressurised, suitports, airlock  

¶ crew inside  

¶ one crew on EVA:  

Á driving U-rover  

Á unaccompanied  

¶ both crew on EVA - remote controlled driving:  

Á driving U-rover(s)  

Á unaccompanied  

3 Stationary  

¶ Three EVA concepts: cabin pressurised/unpressurised, suitports, airlock  

¶ crew inside  

¶ one crew on EVA:  

Á driving U-rover  

Á unaccompanied  

¶ both crew on EVA:  

Á driving U-rover(s)  

Á unaccompanied  

4 Attached to Hab. 

These modes will each have different power usage, emergency routines and will stress the crew in 
different ways.  

Suit wear and tear is likely to be a major problem, even after 3 EVAs of 7 hours the Apollo suits were 
starting to show signs of wear and tear. Operational modes that reduce this wear and tear would be an 
advantage, but as this depends on the suit design, we will make no attempt to mitigate it in our p-rover 
design.  
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 1.2.1 Solo Operation 

The vehicle we propose will be able to operate solo or with the support of a U-rover. It will be designed to 
operate with a crew of two. However in an emergency we would expect that all the mission's crew will be 
able to fit in the rover for short trips (4 for Mars Direct, 6 for DRM). 

1.2.2 Accompanied Operation 

The peak engine power needs to be enough to pull the unpressurised rover (U-rover) up a 14% gradient. 
It is estimated the dry mass of the U-rover will be some 400kg (1000kg fully loaded for Mars Direct, 4 
tonnes for DRM). To achieve this, there must be attachment points for pulling or carrying the U-rover.  

The maximum straight-line range is 40km from base. This is due to the U-rover round-trip limit of 80km. 
However, traverses are rarely straight line and an arc at maximum U-rover range might be appropriate, so 
the range should be at least the 200km given in section 3.2 of the specification.  

Notes: Maximum range may be limited by average U-rover speeds, a U-rover might have a maximum 

speed of 25kp/h, but it may not be able to maintain an average of anything above 10kp/h. Thus, 
maximum daylight range is approximately 120km. If EVA suit time limits are considered, the 
maximum U-rover range might be less, under 80km including ingress and egress time.  

 The range does not seem to affect human factors research, a smaller range should be acceptable 
as should cheats like the experimenters filling up the P-rover with while the crew sleep. 

Analysis needs to be done on U-rover range, the 80km range halved is not very good, it does not 
take into account length of time on the U-rover to cover that distance, nor does it cover such 
obvious strategies of leaving a supply cache for the U-rover to extend its emergency range.  
 

1.3 Science Philosophy 

Discussion 

Being able to create "roads" (i.e. tracks which have been smoothed and had the major obstacles 
removed) would allow faster access to the primary sites and so increase science return. Efficient use of 
the astronautsô time would mean that road building might be limited to moving the odd boulder or creating 
a passable route over a small ridge. This would be one of the major uses of the detachable tools and 
possibly winch and crane.  

Perhaps as much as 200 days will be spent in the P-rover by exploratory teams during their 500+ day stay 
on Mars, it should therefore be relatively comfortable. The DRM has 8 excursions of 10 days, with a crew 
of 3. Mars Direct calls for long-range traverses totalling some 16,000 kilometres approximating to an 
average of 32km a day. The psychological aspects of the long total duration in the cramped P-rover 
quaters will need to be assessed. They are much smaller than would be allocated to a crew of two in an 
equivalent duration space mission. The non-continuous use and ability to go outside on EVA will likely 
mitigate adverse psychological effects. EVAs however will contribute to cumulative tiredness and may not 
relieve the sense of being cut off from the environment. This assessment of psychological factors should 
form part of the human factors research, however it is unlikely the analogue rover will ever be used 200 
days in 500 by the same crew.  

Rover capabilities would be greatly extended through the use of an optional trailer. This would allow 
additional equipment, fuel and supplies to be towed to, and possibly left at, primary sites between 
visits.While a trailer is not a requirement of the current specification, we intend to evaluate the use of one, 
and develop data on the optimum dimensions for a trailer and the likely required mass budget. The trailer 
is the subject of a separate RFI generated by our group, the responses this RFI (if any) contribute to this 
RFP response by our group. 

Note: The trailer has been specifically excluded from extending the P-rover range or one week mission 
duration. There seems no good reason for this exclusion.  

Additionally, in considering real-world deployment on Mars, it would be beneficial for one P-rover to be 
able to tow another P-rover (again as a form of assistance or to recover a failed or damaged vehicle and 
return it to base). It would also be useful to have the facility to mate two P-rovers together for ease of 
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transfer of supplies and crew (and possibly injured personnel, where transfer via spacesuit might not be 
possible). 

Whilst both of these elements are outside of the scope of the requirement specification, we believe both 
have significant enough benefits to warrant further investigation unless otherwise directed by the project 
manager. Mating two P-rovers together will require the front mating adapter to be androgynous, human 
factors research does not depend on the feasibility of a lightweight androgynous mating adapter, therefore 
we will assume that one exists, and perform research to uncover human factors affecting design and 
operation. The human factors advantages from having it will also be researched, these will be useful for 
assessing the desirability of having an androgynous mating adapter on the P-rover as against its costs of 
weight and power when it is finally designed. 

2.0 Design Specification Section 2: Proposed Vehicle 
Requirements 

We will design (in order of importance) for:  

1. Human factors simulation fidelity.  

2. Terrestrial environment constraints.  

3. Similarity to systems which would be used on Mars.  

4. Cost. 

5. System simplicity. 

2.1 Vehicle Structure 

Discussion 

We have chosen not to use an existing vehicle, it is our current opinion that using an existing vehicle will 
compromise human factors fidelity. However, using an existing vehicle is a back-up option in case the 
detailed design shows that our baseline design is not effective in terms of cost or performance. 

The reasons for not using an existing vehicle are to do with size, shape, weight and power efficiency, they 
are given in more detail in appendix H.  

2.1.1 Tyres 

Discussion 

Interesting areas of Mars have significant (15-20%) coverage of the rocks 10cm in diameter or larger, 
surface imagery show numerous rocks of 25cm diameter and larger boulders and rock outcrops. The  
Mars landing sites have similar large numbers of boulders visible. The rover needs to have clearance of 
somewhere between 0.5 and 1 metre in order to avoid problems.  

According to the Mobility of Large Manned Rovers on Mars (George Herbert, Retro Aerospace; The Mars 
Society Conference, August 1998), surface rocks of sizes between 0.1 and 0.3 of the tyre width of contact 
surface are a control hazard and cause significant maintenance wear. Larger rocks are a threat to the 
integrity of the suspension and even larger ones could damage the pressure envelope.  

Previous designs have had tyres of between 1 and 2 m in diameter and widths between 0.25m to 0.65m. 

We suspect the tyre size will be determined by a large extent by the Rover "wet" weight, although the 
target dry weight is 1500 kg, by the time fuel, furnishings, food, water, EVA suits, crew, external 
equipment and u-rover have been added it is made strong enough to work in terrestrial environments and 
is not built using aerospace techniques, it is likely to be approaching 6000 kg. Moreover the tyres should 
allow travel on soft ground, including stand dunes (and at the F-MARS site marshes?) where large contact 
areas are an advantage. A large radius and wide area in contact will help in traversing soft terrain.  
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Baseline Design  

The nominal ground pressure, NGP needs to be less than the soil shear strength in order to resist 
sinkage. For temperate cohesive soils, this is 75 kN/m2, but for compliant soil must be less than 40 
kN/m2. NGP=W/nrb (where W=vehicle, weight=mg, n=number of wheels=4, r=wheel radius=0.6m, 
b=wheel width=0.3m). This gives a maximum fully laden vehicle mass of 2.94 tonnes.  

Given that the vehicle dry weight is 3.9 tonnes plus 1.4 tonnes of consumables, with 0.2 tonnes margin, 
we are over budget on the mass. To accommodate the 5.3 tonne projected fully laden mass, we need to 
either increase the number of wheels to 6 or resize the wheels. Resizing the 4 wheels to b=0.40m and 
r=0.8m offers a lower NGP at about 40 kN/m2. This gives the additional advantage of increased ground 
clearance of 0.7m.  

Option  

6 wheels with b=0.30 and r=0.75 would work, in that case the EVA port would have to be moved to the 
back as there is no longer enough room along the side for egress. 

2.1.2 Suspension 

Discussion 

 We will provide a suspension which is capable of giving a smooth ride at 8 km/hr over rough terrain and 
32.2 km/hr over easy terrain. This is mainly for astronaut safety and equipment lifetime reasons.  

Baseline Design 

Suspension will be torsion bar suspension (as adopted by the Apollo lunar rover). This design reduces the 
overall mass of the suspension system, and allows the damping units to be reduced in size.  

Option 

Independent strut suspension, with shock absorbers will be investigated as a lower-cost alternative, 
should budget constraints be imposed.  

2.1.3 Chassis / Frame 

Discussion 

 The chassis/frame should allow for a wide wheelbase, this will improve stability and allow higher speeds 
without overturning hazards, see Mobility of Large Manned Rovers on Mars. The chassis will have to be 
quite rugged, it has to bear 4 times the weight as the equivalent rover on Mars.  

The chassis will have to provide attachment points for the body, multiple attachment points for tools and a 
tow bar for trailer or u-rover, winch and crane attachments. This may make altering an existing vehicle 
design difficult as available attachment points may not be in the correct places for human factors fidelity.  

Baseline Design  

The structure is a welded tubular steel spaceframe that provides support for the pressure vessels and 
attachment points for the tools, sample boxes, etc. The strength of individual members will be sized to 
support the loads. The spaceframe will be modular so that at least one side and the front can be replaced.  

Aluminium (AI) or titanium (TI) will optimally be used for constructing the spaceframe. However, should 
budget constraints be imposed, a steel spaceframe will be investigated, although this will add 
considerably to the overall mass of the vehicle.  

The external structure dimensions (minus wheels and attachments) are approximately 2.5m wide, 2.5 m 
high by 4.0m long. Approximately 150m of tubular aluminium are estimated as required, at 4 cm diameter 
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with a thickness of 0.5 cm the total mass would be 222 kg. Including attachment points and some 
strengthening at important points about 300 kg will be required.  

The structure will be capable of supporting at least 500 kg of external cargo, and 2000 kg of internal 
cargo, supplies and consumables.  

Option 

If using a spaceframe is found to be unacceptable during the detailed design we will change to using a 
chassis from a COTS vehicle, probably a Humvee.  

2.1.4  Pressure Envelope / Body 

Discussion  

The pressurised envelope / body must look and seem to function as though it were pressurised even 
though it is not. We will pay particular attention to keeping the number of breaks (ports) in the envelope 
small. It should have a rounded shape (which is more mass efficient when pressurised). It should be 
insulated as much as possible to keep the power requirements for heating or air conditioning low, the 
amount of insulation will depend on the results of the thermal budget analysis of the design.  

The estimate of at least 2m
3
 per person would give only 4m

3
 for a 2-person crew. This is the volume 

which is available for the astronauts after all the necessary internal fittings and systems, which will have to 
include seats, galley storage for RVA suits (if not using suit ports), various storage lockers for food, water 
and air tanks, CO2 scrubber, etc. This volume estimate seems to be based on the equivalent spacecraft 
when used for a week. Long duration flights tend to require more space for psychological reasons and it is 
possible that moving between an enclosed space the Hab and an even smaller enclosed space is not 
good for the crews psychological health. It is unclear whether the EVAs will alter this space effect, after all 
an EVA suit is an even smaller enclosed space, one in which direct manipulation of the environment is not 
possible. The volume of a spacecraft is much more useable than the equivalent volume in a gravity field, 
there area tends to be more important. The design will attempt to keep useable floor area within the P-
rover to a maximum  

There needs to be a large window at the front to meet the requirement for a good field of view for driving. 
However, such a large windshield provides a weak point in the vehicleôs overall integrity, and provides a 
greater mass requirement (window, seals + support structures). Therefore, while not recommending them, 
we will investigate alternative means of driving. One possible option is the use of video rather than a large 
windscreen, with images relayed to the driver from forward-mounted cameras. External headlights might 
then be replaced by a low light/infra-red option on the video camera. Potential design advantages in such 
an approach are better hull integrity and an overall reduction in mass. Human factors research has been 
done in this area as regards to flying by video, most pilots have disliked it especially in combat situations, 
however driving a rover on Mars is a completely different situation and one in which the crew will not be 
foremost pilots, with their trained aversion to not being able to see outside.  

Baseline Design 

The pressure envelope is made out of fibreglass which is not used for load bearing or attaching internal or 
external fittings. At least one side and the front are replaceable. The external dimensions of the pressure 
shell are 2.3m x 2.3m x 4.0m.  

Two shapes are being considered a circular cross section:  

¶ rounded ends shape which is the most efficient for containing pressure and for volume/mass ratio.  

¶ modified arch cross section, sloping front, flat back (van) shape which maximises volume in a C-
130 compatible cargo space and usable floor area.  

Rounded Cross-section Shape 

Internal volume is approx. 14m
3 
and the area is approximately 29m

2
.  

The Transhab wall has a mass of 1.5148 g/cm
2
, so a rover of similar size to our design would have a 

pressure envelope mass of 440 kg. Transhab windows are 4 inches think and 20 inches in diameter and 
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at a glass density of about 3 g/cm
3
 this would give a window mass of 60 kg each not including seals and 

other fittings.  

We expect a mass of about 1.5 g/cm
2
 for the Analogue rover pressure shell that will be non-load bearing 

and unpressurised.  

Van Shape 

Internal volume is approx. 19m
3 
and the area is approximately 45m

2
.  

The Transhab fabric walls are not suitable for this shape, a Aluminium alloy shell stiffened by stringers, 
etc. could be used at a mass of about 0.3 g/cm

2
. Giving a shell mass of about 1350kg. This increase in 

mass over the rounded cross section is offset by a greatly reduced mass of the spaceframe.  

We expect a mass of about 1.5 g/cm
2
 for the Analogue rover pressure shell which will be non load bearing 

and unpressurised (about 675 kg), but a heavier spaceframe.  

Option 

If a standing driving position is adopted (see the internal fittings section) then this enables the windows to 
be small and tilted downwards or bowl shape to reduce stress and close to driver, as per Apollo LEM.  

2.1.5 Pressure Ports 

Discussion  

The requirement specification calls for designs that do not use airlocks. However, without an airlock, the 
entire interior of the rover may have to be depressurised for EVA egress. This has a number of negative 
aspects associated with it, including:  

¶ Greater energy / power expenditure running pumps to evacuate vehicle atmosphere  

¶ Internal equipment must also operate at extremely low ambient pressure environments  

¶ Loss of residual air that much greater than via the use of an airlock  

¶ Greater volume of air needs to be tanked and stored (or vented) during EVA cycles than would be 
required when using an airlock. Therefore the mass and size of the vehicle may need to be 
increased.  

¶ Potentially longer EVA times due to longer pumping, repressurisation.  

The major reason for excluding airlocks is stated as ñAirlocks are very systems intensive and add 
considerable massò. This statement is only true of traditional ñhardò airlocks of the type used aboard the 
space shuttle. However, other types of airlock do exist.  

The requirement specification suggests the use of suit ports as an alternative to depressurising the entire 
vehicle. However, such ports have traditionally been used in a static environment (i.e. where the suit 
remains fixed to a wall), rather than being sealed and detached for independent operation. It is our view 
that, while the use of suit ports may be a viable alternative to the use of an airlock, it must be noted that 
they also present a number of potential problems in terms of:  

¶ Hull integrity - a failure of the suit while attached will lead to pressure loss, they will have to be 
protected from damage and flying stones during normal vehicle operation.  

¶ Health and safety - maintenance of the suits is difficult, there has to be one suit port per crew 
member, which leads to requiring at least 4 ports for emergency use, ingress and egress require 
a crew member to be in the rover. A crewmember with a suit tear cannot be brought into the rover 
as that act will cause loss of cabin pressure.  

¶ Space - 4 (or even 2) suit ports take up a lot of space on the exterior, especially as they all will 
have to be protected from damage.  

¶ All oxygen atmosphere - a suitport forces cabin pressure to be suit pressure, effectively resulting 
in an all O2 atmosphere, while this removes pre-breath time it greatly increases fire risk and has 
potential crew health implications.  
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¶ Suit ports mean that dust is not brought into the rover interior, a major advantage. They also 
make cleaning the suits of dust difficult, which may adversely affect suit lifetimes.  

Therefore, as a part of our detailed proposal, we intend to perform a comparative analysis in the use of a 
number of airlock designs and the use of suit ports, to determine which is the most beneficial and effective 
means of EVA egress from or ingress to the vehicle.  

We believe that the docking port to attach to the Hab will be vital for efficient operation. It enables 
shirtsleeve re-supply and internal maintenance of the rover without using EVA's. The height of 1.67m is 
presumably the centre, we would need to find exact dimensions. It seems that the docking port to the Hab 
may be usable as an air lock, the port is likely to be a tube over 1 metre long and at least 1 metre in 
diameter, this would allow one and possibly 2 crew to occupy it at the same time. A simple pump, a supply 
of air, and suit cleaning equipment could make this tube an air lock. Having a docking port allows a 
second route for emergency use,  

The analysis for consumables and traverse timeline assumes that there will be no more than 2 EVAs each 
day for each astronaut, so this will lead to 14 evacuations of the pressure envelope (or airlock) and 28 
EVAs in total. A normal traverse will use fewer EVAs because of driving time and to reduce crew work 
rates.  

Baseline Design 

 We propose to use replaceable sides so that the Human Factors associated with various combinations of 
ports can be tested using the same vehicle.  

Options for the number / placement of pressure ports are explored in Table 1.  

Table 1 Pressure Port Options 

 Rover Front Rover Sides 

Port Type Option 1 Option 2 Option 3 Option 1 Option 2 Option 3 

EVA    1 1  

Docking 1  1    

Suit     2 (4?)  

Sample    1   

Airlock      1 

The Docking port in the front section may be used to attach to the Hab.  

The exact requirements for ports (number, type, and placement) will be the subject of study in the detailed 
design phase in consultation with the project manager. At present, we are looking at options 1 for both the 
font and side as our baseline.  

2.2 Powerplant 

Discussion  

We will design the power plant as an integrated system, providing both motive power and power for 
stationary operation. As it generates heat and is used to supply both heaters and air conditioning cooling it 
is intimately connected to the ECLSS.  

The peak power required during driving (up hill towing a trailer and u-rover) is more than one order of 
magnitude higher than that during stationary operation.  

Baseline Design - Power System  

The electrical power system will be hybrid internal combustion / electric. This has a number of advantages 
over a diesel motive engine with separate APU:  

1. Engine can be sized for average loads, rather than maximum loads, as long as adequate battery 
power is available for peak loads.  
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2. Engine can be run at its most efficient operating point.  

3. Two engines can be used to provide redundancy with little loss of efficiency.  

4. Can be more efficient overall than mechanical transmission.  

5. It is as easy to drive 6 or 8 wheels as 2.  

6. Probably weighs less.  

7. Easier to make the whole system with no single point of failure, and multiple redundant 
alternatives (engines, batteries, distribution circuits, motors, wheels).  

8. A lot of electrical power will be required for other purposes, therefore it makes sense to use 
integrated system.  

9. Allows flexible placement of wheels.  

10. Engine can be placed anywhere for better Centre of Gravity.  

11. Regenerative breaking may be used to reuse some of the kinetic energy of the vehicle as it is 
slowed.  

However, this approach does exhibit some disadvantages, which we will attempt to address in developing  
our detailed proposal:  

1. Complex charging & distribution if redundancy added.  

2. Not available off-the-shelf  

3. Requires more work.  

4. There is much larger knowledge base for direct transmission.  

5. Probably more expensive  

6. Harder to fit into existing vehicle frame.  

The detailed design has not yet been performed but we believe that the power system will have following 
characteristics Simpley, ADVISOR or a similar system will be used to dimension the power system more 
accurately.  

Initial results from Simplev, confirm the estimates in the following sections, we have a quote for 
components of approximately $60K from Unique Mobility, Inc. but are looking for cheaper solutions.  

Option 

If a series hybrid-electric power system is found to be unacceptable during the detailed design we will 
change to using a COTS solution, probably a HumVee engine with APU.  

2.2.1 Engine 

Discussion  

The four major parameters will be maximum and mean (averaged over a period of an hour or so) of power 
levels during motion and when stationary. Much of the power will be needed for heating/air conditioning 
and other electrical powered equipment, this will tend to dominate the total fuel requirements.  

A real Mars rover would be powered using a series hybrid internal combustion engine and battery with 
electrical transmission and electric motors on each wheel. Alternatively a fuel cell technology might be 
used instead of the internal combustion engine. It would use methane or possibly methanol as a fuel and 
oxygen as the oxidiser. Fuel cells are inherently more mass efficient than batteries, and are ideal for high-
power outputs (~kW). We propose to study the use of hybrid engines; battery systems; fuel cells, 
hydrogen peroxide combined fuel, oxygen generation and water supply; and other emerging technologies 
(such as flywheels) as a part of the main project.  

Our initial estimates of volume and mass of the various options are within a few percent of each other, so 
it seems that which option is chosen should be on reliability, ease of maintenance and other features. 
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Enough room and mass allowance is provided in this design to replace the engine with another 
technology without it affecting the basic rover design.  

The engine may be placed inside or outside the pressure shell, if it is inside will make maintenance much 
easier. Being outside will make heat control easier, even in a cold climate the warmth of the engine may 
make air conditioning necessary if placed inside. It is easier to warm something than cool it. Cooling an 
engine on Earth is significantly easier than on Mars.  

We will take into account the size and placement of this cooling system for the Martian environment when 
designing the analogue rover, so as to allow a better simulation of human factors.  

The engine will have to provide enough power to charge up the batteries even when all other systems are 
drawing full power.  

Baseline Design  

We propose to use two identical engines that will be able to function independently allowing the rover to 
function (although at reduced speed) even if one engine fails. This type of redundant design is typical of 
the design for a real Mars rover.  

Two 15 kW (20 horsepower) max. Gasoline engines of about 500 cc, or a single 30 kW engine, the 
engines will have a specific power of about 500 W/kg so will mass about 60 kg, they will have a peak 
efficiency of about 45% with average efficiency of 40%, the average efficiency is much better than an 
internal combustion engine driving a conventional drive train. The main engines are contained within the 
pressurised envelope so that they can be maintained without performing an EVA.  

The main engines are sized to supply the average motive power while also powering the electrical 
equipment that operates while in motion.  

The engines are likely to be the heaviest system, they will be at the front, as low to the base of the 
pressure envelope as possible.  

Fuel for the engines will be contained in tanks at the rear.  

Options 

1 There are potential safety and noise problems with running the engines within the pressure 
envelope, if these cannot be solved we will place the engines outside it.  

2 Use fuel cells instead of the engine/batteries.  

2.2.2 Electrical System 

Discussion 

The electrical system is somewhat complex as it needs to distribute power from either the engine or 
batteries (or possibly APU) to every load. Voltages (and frequencies) need to be kept constant during 
switches between power sources and as various loads are switched on and off.  

Power may be distributed as either alternating current (AC) or direct current (DC).  A 240V,  50Hz AC 
system would enable easy sourcing of equipment in the UK and single or three phase generators would 
simulate the APU. However, the battery system naturally gives DC. If an existing vehicle were used as the 
base, then the electrical system is probably not going to be adequate and would have to be replaced or 
enhanced.  

The electrical supply may also be used to drive an electric motor mounted on each of the wheels. Where 
this is the case, harmonic drive gearing will be used for the electric motors. This is extremely reliable, and 
benefits from no backlash and no meshing. 

The engine, generator and APU are the major sources of acoustic noise in the vehicle. We will take care 
to keep noise levels low enough to be comfortable when the rover is used as living accommodation for a 
week.  

Some items of equipment (like computers) will require a relatively "clean" supply of electricity. Switching 
major pieces of equipment on or off could potentially cause power spikes and brownouts of the electrical 
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supply that must be guarded against. The electrical noise environment both radiated and through the 
power supply will have to be carefully controlled.  

Baseline Design ï Generator 

The main engines will drive two permanent magnet generators, of 15kW each, a specific power of 800 
W/kg giving a mass of 37.5kg and efficiencies of 95% (peak), 90% (average).  

Baseline Design - Electric Wheel Motors 

Four permanent magnet motors of about 32kW (42 horsepower), one on each wheel (or 6 of 20kW for a 
Cat design). The motors have a specific power of 800W/kg and efficiencies of 92% peak, 86% average.  

Baseline Design ï Batteries 

There will be enough battery power to supply the rover for over 5 hours with the engines off. As a baseline 
a B-11 single module battery which masses 277kg and has 155Ah capacity at 187V may be used. The 
batteries allow over 20 minutes driving at full power or more like 2 hours at average power without using 
the engines, at the stationary load of 1 kW they provide over 1 day of power without using the engines. 

Battery charging cycles will be a major constraint on mission timelines, particularly where this is much 
uphill driving required, as the topography of Mars in the vicinity of the landing site will be well known the 
mission timeline planning tool can take uphill power requirements into account when planning routes and 
rest breaks.  

The batteries will be one of the heaviest items used in the vehicle. They will be placed at the rear of the 
rover at the inside bottom of the pressure envelope. 

Table 2 provides an overview of our anticipated electrical budget, based on calculations completed by the 
team. 

Table 2 - Rover Electrical Budget  

  

Analogue Rover based on series hybrid-electric 

average peak 

moving stationary moving stationary 

Wheel Motors 3,300W - 36,000W - 

Airlock Pump - 20W  5000W 

Power Systems -6.5kW -1.30kW -28kW -29.5kW 

Engines -7.5 kW -1.5kW -33kW -33kW 

Generator -6.75kW -1.75kW -30kW -30kW 

Electrical Distribution (5%) 250W 50W 2,000W 450W 

External Fittings 100W 200W 100W 600W 

Crane - 100W - 500W 

Winch - 100W - 500W 

Arm and Detachable Tools - 100W - 500W 

Antenna / Camera Mast 50W 50W 50W 50W 

Tow Bar Connect (external 
power) 

50W 500W (by design) 50W 500W (by design) 

Life Support Systems 
(estimate) 

500W 300W 1,000W 1,000W 

Furnishing 50W 90W 200W 1,100W 

Food Preparation - 40W - 900W 
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Analogue Rover based on series hybrid-electric 

average peak 

moving stationary moving stationary 

Lights 50W 50W 200W 200W 

Communications 50W 50W 50W 50W 

Computers & Network 200W 200W 200W 200W 

Science Systems - 100W - 200W 

Vehicle Control 100W 100W 100W 100W 

Estimated Total 4,300W 880W 37,650W 8,250W 

TOTAL (Aim) 5,000W 1,000W 40,000W 9,000W 

In addition a real Mars rover would require  

¶ 100W - carbon dioxide scrub  

¶ 600W - thermal control  

Giving a ECLSS total of about 700W and a stationary total of about 1280W average.  

Transient Loads 

The power system should be able to cope with transient loads lasting up to a second due to motors 
starting.  

2.2.3 Fuel 

Discussion 

Basic options for fuel are diesel and gasoline. The fuel supply is likely to be dominated by the need to run 
a generator/APU for a week, see section 3.2 of the requirement specification). 

Baseline Design 

Approximately 15 km/L while driving (= 21.3 L for a range of 320 km) and 1.5 L/hr for equipment use (= 
252 L), fuel tanks will be placed low down inside the pressure envelope at the rear. A 50% safety margin 
will be added giving a total fuel size of 410 L.  

A larger fuel tank with the volume of the methane/lox tanks as used in the equivalent Mars rover will be 
fitted, if filled to capacity this would compensate for any shortfall in range or duration caused by 
underestimation of fuel usage 

2.2.4 Speed 

Discussion 

Engine power is unlikely to be the limiting factor for the vehicle. The upper limit to the vehicleôs speed will 
be dictated by the tipping characteristics of the rover and how much vibration and shaking the occupants 
and equipment can take.  

Having a wide wheelbase and low centre of gravity lessens vehicle tipping. Unfortunately clearance 
requirements mean that the COG is going to be quite high, of the order of 1m above the ground. We 
should of course put the heavy items at the bottom of the pressure hull (or chassis).  
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Baseline Design 

The proposed design is meant for slow speeds of under 32.2 kp/h, it makes no attempt at streamlining, 
the vehicle shape is designed for utility and avoidance of tipping. 

2.3 External Fittings 

External fittings will be attached to the vehicle frame or chassis, as noted in the following sub-sections. 

2.3.1 Crane 

We aim to supply a crane on the vehicle, which may be made removable. The specified external operating 
console may be implemented by using a mobile computing device connected via a radio link (fail-safe on 
link failure).  

Baseline Design 

A crane will be attached to the top of the space frame with a lift capacity of 100kg, a radius of reach of 
over 180 degrees round the front of the rover and a reach of 1m from either side of the rover. It may be 
controlled from either inside the rover or during an EVA using an interface on a portable personal 
computer via a radio link (fail-safe on link failure). The crane will be electrically operated.  

Option 

Having the crane able to reach round the back of the rover would enable easier loading and unloading of 
a trailer and hitching the trailer and U-rover to the vehicle. 

2.3.2 Winch 

Discussion 

We aim to supply a winch on the vehicle, which may be made removable. An external operating console 
may be implemented by using a mobile computing device connected via a radio link (fail-safe on link 
failure).  

Baseline Design 

An electric winch capable of pulling twice the loaded weight of the rover up a 14% gradient will be 
provided, attached to the front.  

Ideally, it should be possible for the manipulator arm to attach the winch to items to be towed (i.e. no EVA 
is required). 

2.3.3 Detachable Tools 

Discussion 

Only one tool need be operational at a time. Stowage will be provided for several pieces of equipment, 
although not all the tools specified need to be carried every traverse.  

Baseline Design 

The rover will have one arm with 2 arm segments and 6 degrees of freedom (see section 2.3.7). 
Detachable tools can be attached to this arm by and EVA crewmember. The arm will be heavy duty able 
to take tools of up to 100 kg and move soil or rocks of up to 500 kg.  

Our recommended tool set comprises: 

¶ Two fingered parallel jaw grippers for standard assembly-type manipulation 
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¶ Three fingered universal hand for prehensile manipulation 

¶ NASA/CSA standard latching end effector 

¶ ORU (orbital replacement unit)/Tool Changeout Mechanism (OTCM) - assuming adoption of ISS-type 
modularization of cargo 

¶ ESA-type ORU-pin latch for universal pin handling 

¶ Several Smart EVA power tools (developed from the astronaut HST power tool) 

¶ Several Mini-EVA power tools 

¶ Coring drills of various sizes for samples - ultrasonic/sonic drill/corer is based on piezoelectric stack 
which works like a jack-hammer - very efficient with lower power, mass and size 

¶ Manipulators (large and small). 

The power tools should have interfaces for mounting on the manipulator.  

Options  

1 One of the detachable tools will be a manipulator able to grasp and manipulate small and 
medium-sized objects and place them in sample containers. It will also be able to reach and 
operate some of the tools that would normally be used by the crew on EVA. This manipulator will 
require control and power cables along the arm and the ability to allow precise positioning. It may 
be necessary to have an extra short arm segment, as part of the tool, to allow fine positioning. 

2 We will study ways in which tools may be changed without the need for an EVA. 
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2.3.4 Sample Stowage 

Discussion 

We will provide storage lockers to provide the same capacity as 6 ñplaymate coolerò type chests 
(approximately  40.3cm x 26cm x 37.8cm). These will be mounted on the side of the vehicle, their lips 
placed no higher than chest height (approx. 1.5 metres) for ease of access. This implies that the bottom of 
the sample boxes will be at about 1.1m. However, while the total volume of storage will remain within the 
specification (equal to that of a minimum of 6 boxes of the dimensions specified), the size of the actual 
storage bins may vary, providing the crew with a broader range of storage options.  

Baseline Design 

Six sample bins will be fitted as a minimum. The exact placement of these will be determined during the 
detailed design phase. These bins will be removable by the crew, allowing for easy transfer of samples 
from the rover to storage within the hab, as required. Sample cross contamination can be avoided by 
using sample bags (as used in Apollo).  

Should it prove feasible, and become a recognised requirement, we will seek to provide additional 
stowage to carry a number of core drillings some 10cm in diameter and of possible varying length 
(minimum 1 metre). 

Option 

We will review various additional options for the placement of the sample, tool and EVA equipment 
stowage during the detailed design phase. 

2.3.5 Sample Pressure Port 

Discussion 

We will investigate this option in greater depth as a part of the detailed proposal. An actively cooled 
sample box that can be moved inside the rover might be a preferable option to the suggested approach, 
and would reduce the risk of cross contamination. The standard for planetary protection from bacterial 
spores is very tough, examining the samples for Mars native biological activity will require contamination 
of <10 spores/m

2
 as even if they are dead the remains could mask native Martian organic traces  

Baseline Design 

Option 1 of table 1 includes a sample pressure port.  

In addition, we will undertake a comparative study of the suggested sample pressure port approach and 
the use of an actively cooled glove box to determine which is the most beneficial method of completing 
sample transfers into the rover. 

Use of the manipulator arm to achieve sample transfers will also be investigated, as we think it will 
important to reduce the number and length of EVA activities wherever possible. 

2.3.6 EVA Equipment Stowage 

The required dimensions of these boxes will depend on the tools required for a traverse, the tools used on 
the Apollo missions are probably a minimum, they only performed three EVAs at most, were severely 
mass limited and every step was planned in advance. The tools included a rake, scoop and tongs used for 
lunar regolith mechanics experiments and sampling, cameras, a size and local vertical indicator (gnomon 
device). We will also seek to include video camera, digital 35mm still camera and personal computers for 
each crew member, it would avoid dust contamination of the rover by keeping them outside, but they are 
also useful inside the rover. Also needed pre-marked sample bags, and hermetically sealed container to 
retain volatiles. Smaller tools will include a hand lens, hardness tester, colour char and magnet. See also 
Exploration Strategies and the Astronaut's Toolset and Exploring the Moon.  
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Baseline Design 

A box 200cm long x 36cm wide x 40cm high will be fitted to the hull of the rover, at a height of 70 cm 
above grade (top height 110cm above grade). This will include bins and segmentation for storing different 
items of equipment. 

2.3.7 Manipulators 

Discussion 

We aim to have at least one manipulator arm. This will be located in the front of the vehicle to allow 
viewing from the window and have access to the sample storage bins.  

As the requirements state that the manipulator workstation and drivers station must be separate a large 
window (or several smaller ones) will be required so that both the driver and operator have good visibility. 
There seems no good reason for this separation requirement unless driving and manipulator arm use 
were expected to take place concurrently. Human factors and systems engineering approaches would 
tend to provide a redundant system where either crew can drive without changing places and were either 
crew can use the manipulator. Glass cockpit type technology is capable of this with very little mass 
overhead.  

We assume that the manipulator is not going to be used while the rover is in motion.  

Baseline Design  

The rover will have one arm with 2 arm segments and 6 degrees of freedom, detachable tools can be 
fitted onto this arm by one crewmember on EVA. The arm will be heavy duty able to take tools of up to 
100kg and move soil or rocks of up to 500kg. 

Option 

Have two manipulator arms. 

2.3.8 Tow Bar Connect 

Discussion 

We will provide a tow bar as this will allow the U-rover to be towed if it broke down. It will also be used to 
pull a trailer as well as the U-rover. It is desirable to be able to tow another P-rover for recovery when 
broken down. The total towed mass will be of the order of 2500 kg.  

Baseline Design 

A tow bar capable of pulling a 2000kg trailer and 500kg open rover at the same time up a 14% grade.  

The tow bar will also have an electrical supply giving up to 500W AC at 240V. 

2.3.9 Communications 

Adding in a time delay of 40 minutes (maximum) to two-way communications may simulate 
communication to the Earth. If all communication is digital, this delay can be simulated by a delay buffer 
on a personal computer. 

Communications requirements. We have identified the following optimum communications options. These 
will be investigated in full during the detailed design phase. 
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Table 3: Communications Options 

 To 

From EVA P-rover U-rover* Base Earth 

EVA R R,V,T,C C R,V,T R,V,T 

P-rover R - C R,V,T R,V,T 

U-rover* - V,T - V,T V,T 

Base R R,V,T C - R,V,T 

Earth R R,T - R,V - 

Notes: 

R = Voice, V = Video, T= Telemetry, C= Command 

* = U-rover communications can be considered the same as EVA communications 

When astronauts on EVA are in the vicinity of the u-rover but out of range of the p-rover and base, voice 
and other communications are routed through the u-rover. Similarly, in other cases direct communication 
between two elements may not be possible, in this case the communications are routed via available. The 
Internet protocols appear to offer a good fit to the communication routing requirement. The u-rover has no 
microphone and is therefore not the source of voice communication, only video and telemetry; it can only 
receive commands. Similarly the astronauts on EVA can only receive voice, but can generate voice, 
video, and telemetry and can control the rovers remotely.  

There will be several cameras on the vehicle, both internal and external, these need not all be transmitting 
at the same time. The astronauts on EVA are likely to be carrying portable computers and or video 
cameras, these may be the source of the EVA video, rather than any camera attached to the EVA suit.  

It is not required to telerobotically operate the p-rover from the simulated Earth, this would require extra 
robotic systems for autonomous driving to be able to operate efficiently. Remote control of the p-rover 
from the u-rover, an astronaut on EVA and the Hab base, should ideally be possible.  
 

Baseline Design 

An extendable communication tower will carry the required antennae and a camera. The camera will 
provide a better panoramic view and be able to follow crew during EVA though remote control.  

The communication system between the vehicle, a U-rover, astronauts on EVA and base will be provided 
by an 802.11 system when they are in close proximity, connected by one or more IP routers. When the 
vehicle is further from the base, a 6 Mbit/s bi-directional link will connect the P-rover to base and the IP 
network will chose the best route for data between the various components: 

¶ Baystack 660 available now, 6 or 8 Mbit/s shared access 802.11 approx. 900 metres coverage inside 

¶ Baystack 670 available summer 11 Mbit/s shared access 802.11  approx. 1800 metres coverage 
outside 

¶ Baystack 350-12T router 

¶ Baystack 250/254 12 port hub 10/100 Mbit/s autosensing 

¶ RW series M point to point 6 Mbit/s or 32 Mbit/s 

Using such a system the crew can use the same laptop PC within and without the P-rover and 
communicate by voice and video between any two places. The 802.11 system allows 2 Mbit/s 
communication on at least simultaneous 3 channels (which can be shared between several mobiles), we 
expect that medium definition video, voice and data can be carried at the same time. These systems 
require about 200W (max.) and mass about 10 kg.  
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2.4 Internal Fittings 

Internal fittings will be designed with a view for human factors fidelity, mass and cost reduction. Where 
possible, COTS systems will be used.  

Baseline Design 

Where possible, fabric fittings will be used as they can be made relatively light and can be used for 
multiple purposes. 

Table 4 ï Rover Volume Budget (modified arch, sloping front, flat back shape)
[6]

 

 Mars Mover Analogue Rover 

Pressure ports 4.00 m
3
 (e) 4.00 m

3
 (by design) 

airlock 3.9 m
3
(e) 3.9 m

3
(by design) 

air pumps, valves, etc 0.1 m
3
(e) 0.1 m

3
(by design) 

Power System 1.36 m
3
 (e) 1.36 m

3
 (e) 

Engine(s) 0.03 m
3
(e) 0.10 m

3
(e) 

Generator 0.02 m
3
(e) 0.05 m

3
(e) 

Electrical distribution 0.01 m
3
(e) 0.05 m

3
(e) 

Batteries 0.20 m
3
(e) 0.60 m

3
(e) 

Motors external 0.10 m
3
(e) external 0.30 m

3
(e) 

Fuel tanks & piping 0.34 m
3
(e) 0.50 m

3
(e) 

Radiator external 0.10 m
3
(e)  

Spare 0.76m
3 [5]

 0.06m
3 [5]

 

Life Support System 2.00 m
3
 (e) 2.00 m

3
 (e) 

Hygiene & waste disposal 0.10 m
3
 (e) 0.26 m

3
 (e) 

Water Supply tank & piping 0.20 m
3
 (e) 0.20 m

3
 (e) 

Thermal control  0.20 m
3
 (e) 0.20 m

3
 (e) 

Oxygen tank 0.38 m
3
 (e) dummy 0.38 m

3
 (e) 

Nitrogen tank 0.30 m
3
 (e) dummy 0.30 m

3
 (e) 

Carbon dioxide scrub 0.30 m
3
 (e) dummy 0.30 m

3
 (e) 

Spare 0.52 m
3 [5]

 0.36 m
3 [5]

 

Furnishings 1.24 m
3
 (e) 1.24 m

3
 (e) 

Food storage 0.10 m
3
 (e) 0.10 m

3
 (e) 

Food preparation 0.10 m
3
 (e) 0.10 m

3
 (e) 

Seats 0.30 m
3
 (e) 0.30 m

3
 (e) 

Partitions, storage, etc. 0.30 m
3
 (e) 0.30 m

3
 (e) 

Exercise equipment 0.04 m
3 [1]

 0.04 m
3
 
[1]

 

clothing 0.008m
3
/person/day = 0.112m

3 [2]
 0.008m

3
/person/day = 0.112m

3 [2]
 

wipes 0.001m
3
/person/day = 0.014m

3 [3]
 0.001m

3
/person/day = 0.014m

3 [3]
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 Mars Mover Analogue Rover 

medical equipment 0.22 m
3 [4]

 0.22 m
3 [4]

 

Spare 0.34 m
3 [5]

 0.34 m
3 [5]

 

Science Systems, etc. 1.50 m
3
 (e) 1.50 m

3
 (e) 

science workstation 0.40 m
3
 (e) 0.40 m

3
 (e) 

science equipment (fixed) 0.30 m
3
 (e) 0.30 m

3
 (e) 

science equipment (mobile) 0.30 m
3
 (e) 0.30 m

3
 (e) 

Spares 0.10 m
3
 (e) 0.10 m

3
 (e) 

Tools 0.10 m
3
 (e) 0.10 m

3
 (e) 

Spare 0.30 m
3 [5]

 0.30 m
3 [5]

 

Command, Control & 
Communications 

1.90 m
3
 (e) 1.90 m

3
 (e) 

 1.0 m
3
 (e) 1.5 m

3
 (e) 

Monitoring equipment  0.4 m
3
 (e) 

Spare 0.9 m
3 [5]

  

TOTAL 12.00 m
3
 (e) 12.00 m

3
 (e) 

Volume within Pressure Shell 19.00 m
3
 (e) 19.00 m

3
 (e) 

Volume available to crew 7.00 m
3
 (e) (3.50 m

3
 per person) 7.00 m

3
 (e) (3.50 m

3
 per person) 

(e) = estimated at this time. 

General source HSMAD, table 14-6, scaled to crew of 2. 

  
[1] 

Source HSMAD, section 18.4.5.  

[2] 
Bourland, C. and Smith, M. 1991. Selection of Human Consumerables for Future Space Missions. 

Waste Management & Research. 9:339-344.  

[3] 
ISS will use 3 utensil detergent wipes, 3 utensil rinse wipes, 4 detergent wipes, 1 disinfectant and 8 dry 

wipes for housekeeping per person on an average day. This is 0.15kg/person/day and 
0.001m

3
/person/day. Reusable (after washing and rewetting) wipes may take up more volume and mass, 

rover cleaning can probably be left until return, but EVA suit cleaning probably needs to be done every 
day.  

[4] 
Apollo 16 carried a medical/first aid kit of mass 7kg, Skylab 45kg and 0.22m

3
. Space station Freedom 

460kg and 1.7m
3
. We will assume 20kg and 0.1m

3
.  

[5] 
The spare volume copes with volume and weight growth.  

[6]
 A circular cross section, rounded ends shape would give 14m

3
 within the same dimensions, the volume 

budget would then become very tight, an equivalent volume to the baseline design would require a shell of 
dimensions 2.6 x 2.6 x 4.5 m.  

2.4.1 Life Support System 

Discussion 

The Environment Control and Life Support System (ECLSS) for the analogue rover will be significantly 
different than that of a Mars rover. The heat balance and air supply and replenishment will be completely 
different.  
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Baseline Design 

The life support system will include heating, ventilation and air conditioning, as we are designing for the 
arctic the temperature range is -45

o
 C to 21

o
 C. This temperature range mainly requires heating capacity. 

The engines, batteries and power conditioning equipment are within the pressurized envelope, this 
provides a large amount of heat, so much so that at the top of the temperature range air conditioning 
(cooling and dehumidifying) will be required.  

We will provide an air replacement/ventilation system that mimics the equivalent system of a Mars Rover. 
Carbon dioxide removal is a major problem for a Mars rover, HSMAD [table 17-9] gives 60kg, 0.3m

3
 and 

0.6kW for a 4-bed molecular sieve based on zeolite technology for both CO2 and water vapour. We do not 
have to solve this problem for the analogue rover, but do need to be aware that our allowances are below 
these values.  

2.4.1.1 Waste Disposal 

Discussion 

To simulate Martian planetary protection and anti-contamination measures we should probably use 
chemical toilets and not store human wastes outside the vehicle. We should probably be capable of 
simulation of the use and removal/cleaning of the EVA suit system, although this does not have to use 
actual human waste. Non-human waste should be stored in a container that is sealed so as to not 
contaminate the p-rover external surface and are carried out during egress.  

Using wipes that are non-recyclable requires quite a high launch mass, recyclable alternatives should be 
looked at, but will not form part of this proposal 

Baseline Design 

A separate system will be used for faeces and urine as on a real Mars rover urine will probably be 
recycled. A chemical toilet will be used.  

Non-human waste will be placed in a sealed bag each day, and removed during the EVA egress. Suitable 
holders for the bags will be carried on the outside of the P-rover.  

A curtain, which may be used for other purposes, will provide a degree of privacy when the toilet area is in 
use.  

Hand washing after using the toilet will be by using wipes rather than water. 

2.4.1.2 Water Supply 

Discussion 

The water supply can also be used as part of the thermal control system. Mars Direct allows normal water 
usage of 4.0 kg potable water and 26.0 wash water per person per day, The 26kg upper bound includes 
showering and clothes washing which will not be needed for the P-rover. The whole of the potable water 
allowance should be used and an allowance of 6.0kg of wash water per person-day will be made. For a 7-
day traverse with 2 crew this totals 140kg. Extra bottled water will be carried if required. Longer 
excursions will probably require a larger wash water allocation. Including tanking and piping the total 
volume used for storage will be about 250L. 

With lightweight tanks and piping a mass allowance of 140kg is reached.  

Baseline Design 

The water supply will be housed in tanks and use pipes that can withstand the water freezing. The tank 
will be large enough to supply potable water for 2 people for 7 days. 
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2.4.1.3 Heating, Ventilation and Air Conditioning 

Discussion 

We will design the vehicle for the cold environment to allow the use of the vehicle at the FARS Haughton 
crater site. It is also easier in general to heat something than cool it. The temperature range is sufficiently 
broad to require both heating and cooling systems. As well as providing dedicated heating elements, we 
propose to use excess engine heat, heat resulting from power conversion inefficiencies and heat from 
equipment wherever possible and feasible as a part of the heating system The heat generated by the 
crew will also be taken into account.  

The ventilation system will extract air and replace it with heated (cooled) air from outside. This system is 
completely different from that used on a Mars Rover.  

The air conditioning will remove excess humidity from the vehicleôs atmosphere. In a real Mars Rover this 
would be stored to be purified and reused. We will provide a means to measure the amount of humidity 
removed to help with expendables analysis, but are not proposing to re-use it in any way. 

HSMAD gives the following figures for Human metabolism:  

¶ Sensible heat : 100 W/person  

¶ Latent heat : 65 W/person (2.3 kg per-day of water vapour)  

and for other sources (hygiene/food):  

¶ latent heat : ~12 W/person  

Good ventilation will reduce the latent heat input (water vapour in the air).  

Baseline Design - Thermal Control 

Thermal control is made difficult by the large temperature range and much higher heat loss on Earth as 
compared to Mars. At the lower end of the temperature range engine heat is used to warm the rover, 
which together with the insulation of the pressurized envelope allows a comfortable temperature to be 
maintained in the p-rover. At the top end of the range, engine heat is extracted by a fan assisted radiator 
cooling system and air conditioning is used to extract body and equipment heat from the vehicle.  

For design purposes we will use 0.09-0.12 kW/m
2
 and 5-10kg/m

2
 for the radiator, values which come from 

HSMAD.  

Baseline Design ï Heating 

Heat sources include the engine(s), power conditioning and distribution system, electrical equipment and 
human metabolism. Together with a modest amount of insulation they should be enough to keep the rover 
warm, there is about 3 kW heating from the generator at 90% generator heating capacity available on a 
long term basis which in the medium term can be augmented by another 2 kW from the batteries.  

The heating capacity can be controlled by turning off one or both engines and turning the fan assisted 
external radiator engine cooling system on or off.  

Baseline Design ï Ventilation 

We will include a fan assisted vent which will be operated automatically or switched on manually.  

Ventilation can be achieved by opening the (a) port, but at the expense of simulation fidelity.  

We will add volume to account for Oxygen and buffer gas supplies and CO2 scrubbing, but not the mass 
as the analogue rover will weigh more on Earth than the equivalent rover on Mars  
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1.1.1 Furnishings 

Discussion 

In order to reduce mass, there will be a combined compartment for all functions. The toilet will be 
screened from the rest of the cabin when in use. This screen may possibly be used to provide acoustic 
shielding when not in use to shield the toilet.  

Baseline Design - Interior Lighting 

The interior lighting will provide a comfortable environment for all anticipated tasks. Lighting levels will be 
adjustable, and reading lights will be provided for close-up work. The lights are allocated a 60W average, 
(200W max.), using high efficiency lights.  

HSMAD gives the following suggested values for lighting:  

¶ Nightlights/emergency lights : 25 lux  

¶ Storage areas : 100 lux  

¶ General areas (dining, kitchen, etc.) : 200-300 lux  

¶ Reading at a workstation : 540 lux  

The conversion of lux into power depends on the lighting efficiency and factors such as the volume to be 
lit and the positioning of lights.  

A larger lunar rover design gives a figure of 50-200W for interior lights and a total power of 0.1 kW.  

HSMAD gives the following figures for the sleeping gear (mass and folded size) suitable for short duration 
missions (<14 days). Mass: 4.5 kg, folded volume: 0.017m

3
 per person. However, this is for a zero-gravity 

where there is extra mass for sleep restraints, but no need for a bunk. 

Baseline Design ï Seating & Work Areas 

Seating and working facilities will be provided for the crew of two. Work areas may also double as 
dining/food preparation areas. Seating used during driving must enable a good view out the window. Only 
two seats are provided, as seats occupy a large volume that could be better used within the limited 
internal rover volume that is available to the crew. The seat(s) can turn so as to be used for the science 
workstation and manipulator arm control. Seat belts and headrests will be provided for safety and comfort 
during driving. The seats should be usable while the crew are in EVA suits, with or without the cabin 
pressurised.  

Options 

1 Alternatively, seating could be provided anywhere in the rover and driving and control could be 
done by looking at a monitor that provides an external view. This could actually be a lower mass 
system as windows would not be necessary. We believe windows and the seals round them will 
be significantly heavier than an equivalent area a pressure vessel wall, adding well over 100kg to 
the rover depending on view port size. These external cameras are required for remote control 
anyway and so do not add mass 

2 The crew could stand/lie against vertical benches that could be tipped backwards to provide 
working space or even sleeping spaces. Rear surface of vertical driving positions could 
accommodate equipment etc. This is done in some high performance US Navy vessels.  
 

Baseline Design - Sleeping Arrangements 

Hammocks will be investigated as a means of providing sleeping accommodation. They offer significant 
flexibility of use (easier to stow, better use of available space).  

Option  

Bunks will be used, these will need a place to fold away to, or alternatively somewhere to be stored.  
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Baseline Design ï Storage 

Storage will be provided internally for: 

¶ Food 

¶ Personal 

¶ Tools 

¶ Equipment. 

We are investigating lightweight fabric stowage containers, which can be removed or folded away when 
not in use. 

Baseline Design - Galley  

There will not be a separate galley or eating accommodation, the crew will sit in their usual seats for 
eating and use airline type trays.  

Baseline Design - Exercise  

During days when EVAs take place they provide all the exercise required. However many days in the 
rover will not involve EVAs, and alternative exercise will be required (rowing machine / cycling machine) 
Probable mass: 10kg  

2.4.2.1 Food Preparation 

Discussion 

We will complete volume and mass estimates of food requirements, Mars Direct allocates 0.5 kg of dry 
food and 1.0 kg of whole food per day, HSMAD allocates between 1.5 and 2.0 kg of food per day, but this 
includes more bound water than the Mars Direct estimate. The crew is expected to be performing hard 
physical exercise due to the difficulty of performing EVAs. Even when not performing EVAs their fitness 
regime to counter the effects of low gravity will likely involve periods of high-energy expenditure.  

HSMAD gives figure of 1 kWh / person-day for kitchen equipment for a large lunar rover design. This is 
probably allowing for a higher comfort/longer mission. This would result in a 14 kWh allowance for heating 
food and water and for keeping stuff cold.  

It also gives a figure of 1.8 kW for 2 microwave ovens in a study for a Mars surface habitat, so this is 
about 0.9 kW for a single oven. In the example given there were 6 crew, with two ovens and it gave a 
powered time of 6% per day. From this we can estimate a powered time of 4% per day for our 2-person 
crew and single oven, which seems reasonable. This gives in the order of 0.9 kWh per day total. Mass of 
microwave seems to be 35 kg, vol. = 0.15m

3
  

Another design does away with a microwave and just mentions a food warmer with a mass of 5 kg (no 
power) suitable for missions of a week or so.   

Baseline Design 

A microwave cooker can perform cooking and water heating. A 60W microwave requires a supply of 0.9 
kW it will be used for approximately 1 hour per day.  

There will be no refrigerator, freezer or dishwasher.  

Option 

A small gas stove could be used, this would not seem to cause any loss of simulation fidelity. 
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2.4.3 EVA Systems 

Discussion 

Space for donning / doffing EVA suits and storage is probably 2 to 4 m
3
 but more would be desirable, 

especially for emergencies and to speed up egress and ingress procedures.  

Baseline Design 

Our design has over 4m
3
 available for EVA protocols within the pressure envelope. We will add unused 

storage space volume for Mars EVA expendables above those needed for simulated EVA on Earth. We 
will investigate methods of separating the port from the rest of the vehicle, for example using a fabric 
curtain, in order to control dust levels in the living area. 

2.4.4 Science Systems 

Scientific instruments will include an optical microscope and mass spectrometer. Ground penetrating 
radar and seismic instruments will function outside but be operated from within the rover.  

A science station inside the vehicle will consist of a work bench and various fixed equipment, possibly 
including  the following equipment / facilities for: 

¶ Optical microscope (petrographic) 

¶ Lightweight mass spectrometer (or gas chromatography mass spectrometer) 

¶ X-ray Fluoroscope 

¶ Differential scanning calorimeter 

¶ Petrographic slice preparation 

¶ Differential thermal analysis 

¶ Gamma-ray/neutron spectrometer 

¶ Alpha-proton-X-ray spectrometer 

¶ Mossbauer spectrometer 

¶ Electron microscope or scanning tunnelling microscope 

The exact specifications / requirement for tools and working facilities will be defined during the detailed 
proposal. 

Fixed externally to the vehicle but operated from within will be: 

¶ Ground penetrating radar 

¶ Laser range finder 

¶ Air temperature / pressure measurement (the former may not be very accurate if attached to the 
vehicle) 

¶ Wind speed and direction 

¶ Humidity. 

Science stations which are deployed by the crew a short distance from the rover and may be left for short 
times, they can either store their results to be recovered later or send their results back to the Hab or P-
rover. They will include the following systems:  

¶ Heat flow measurements (in conjunction with a core hole) 

¶ Seismic 

¶ Air temperature / pressure measurement 
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¶ Wind speed and direction 

¶ Humidity 

Baseline Design 

The design will include suitable power, communication, space and mass allowance for a selection of the 
science equipment as discussed above, however it we will not be supplying any science equipment.  

We at this stage arbitrarily allocate 100W to science systems while stationary, and a total mass of 50kg. 
These figures will be refined during the development of the detailed proposal. 

2.1.6 Vehicle Control 

Discussion 

A dedicated driving position will be provided for the vehicle. Optimally, this will be located at the front of 
the vehicle with a large windshield to provide a high level of forward / side visibility. All required controls 
and indicators will be available from this position.  

We aim to provide teleoperation of the vehicle. This implies a high quality, two-way communication link. 
We also will provide the links to enable autonomous navigation, but will not provide autonomous 
navigation software. 

Baseline Design 

The driving position will provide full control of the vehicle and allow internal systems (heating air 
conditioning, etc.), to be controlled from here as well as from elsewhere within the pressure envelope. 
Engine, power, and other monitoring systems will report to a console / screen incorporated in the driving 
position to allow the driver to monitor the status and health of the vehicle during traverses. 
Communications will also be enabled at the driving station, although these may be restricted to audio feed 
only to prevent driver distraction. 

Option:  Alternatively, driving and control may be enabled via a video relay from forward-mounted 

cameras. This would reduce the mass of the vehicle, as the requirement for the forward 
windshield and its associated seals and support structure would not be required (leading to a 
potential mass reduction of some 100kg). Non-use of a windshield also increases the 
pressure envelope integrity. However, there are also significant disadvantages in taking this 
approach. We propose to investigate the possible use of a video relay system as a part of the 
detailed design phase, although such a system may not form a final element of our design  

Remote operation of the vehicle will be achieved using a ófly by wireô approach which controls the wheel 
motors and wheel direction by a direct servo control feedback loop. We propose to enable the ability to 
ólog-onô to the U-rovers and control them through the same controls as are normally used for the P-rover. 
This allows teleoperation of both the P-rover and the U-rover through the same system.  

Headlights will be provided, but not used in normal operation. They require approximately 200W, which is 
not included in the main power budget, using the lights means that some non-essential equipment will 
have to be turned off.  

Option:  The baseline system uses computer control for all systems to allow for remote operation. This 

is a major task for involving a lot of programming that is notoriously labour intensive. We will 
use non-computer-controlled equipment if this task seems to be requiring too much effort as a 
result of detailed design studies. 
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3.0 Design Specification Section 3: Performance 
Requirements 

The following are desired performance requirements. As they are only desired, not mandatory, it is our 
intention to meet (and possibly exceed) those we regard as critical, while others will be of secondary 
importance to such factors as crew safety. For example, the quoted upper speed of 32kp/h would only be 
practicable on a smooth, level surface when the P-rover is not towing a trailer or U-rover. Therefore, we 
do not regard this as a critical design parameter. 

3.1 Speed 

32.2 kp/h over easy terrain is dependent on rover motive power available and mass being pulled. 

Baseline Design 

We anticipate no difficulty in this area. Over rough terrain, 8Kp/h will be possible as long as long as the 
rover does not get stuck or have to backtrack. Our design also makes it relatively easy to increase peak 
motive power by enlarging the wheel motors and increasing the average power by putting in larger 
engines. The design, being stable on Mars at the desired speeds, will be even more stable on Earth. 

3.2 Range 

Discussion 

A fuel tank sufficient to provide the range and power requirements will be provided. The volume required 
for the equivalent quantity of methane and oxygen will be allocated and not used for other purposes. We 
will not add mass for the difference as the gravity fields of Mars and Earth are different.  

Baseline Design 

Our current design requires about 270 Litres of fuel. 

3.3 Vehicle Mass 

Discussion 

We anticipate that the vehicle mass will exceed the desired value of 1500kg dry mass, this will be for 
several reasons: 

¶ We are building a rover to cope with Earthôs gravity 

¶ We cannot spend large amounts of money shaving kilograms off each piece of equipment 

¶ The engine and battery are considerably less sophisticated than a real Mars rover, and the power 
requirements about double. 

As part of the design process we will calculate the equivalent dry mass of a rover built to aerospace 
standards for use on Mars, but using the same design parameters (volume, number of ports, etc.). 
Current indications are that a Mars rover would have a dry mass close to the target, as shown in the 
following tables.  

Table 5 - Rover Dry Mass Budget (modified arch, sloping front, flat back shape)
[3]

 

 Mars Rover Equivalent 
Analogue Rover based on tubular 

space frame 

Chassis / Frame 100 kg (e) 300 kg (e) 
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 Mars Rover Equivalent 
Analogue Rover based on tubular 

space frame 

Pressurised Envelope 1350 kg 675 kg (e) 

Windows 
60 kg x 3 = 180 kg 

(Transhab) 
20 kg x 3 = 60 kg (e) 

Wheels, axles & tires (10% total 
mass)

[2] 
 

500 kg (e) 550 kg (e) 

Suspension (5% total mass)
[2] 

 250 kg (e) 275 kg (e) 

Pressure ports 300 kg (e) 50 kg (e) 

air lock 250 kg (e)  

air pump 50 kg (e)  

Power System 315 kg (e) 655 kg (e) 

Engine(s) 50 kg (e) 60 kg (e) 

Generator 35 kg (e) 37 kg (e) 

Electrical distribution 10 kg (e) 13 kg (e) 

Batteries 100 kg (e) 275 kg (e) 

Motors 100 kg (e) 250 kg (e) 

Fuel tanks & piping 20 kg (e) 20 kg (e) 

External fittings 250 kg (e) 850 kg (e) 

Crane 100 kg (e) 400 kg (e) 

Winch 10 kg (e) 50 kg (e) 

Arm and detachable tools 100 kg (e) 300 kg (e) 

Sample stowage 10 kg (e) 20 kg (e) 

EVA equipment stowage 10 kg (e) 20 kg (e) 

Antenna/camera mast 9 kg (e) 19 kg (e) 

Cameras, Lights & Minor fittings 10 kg (e) 40 kg (e) 

Tow Bar connect 1 kg (e) 1 kg (e) 

Life Support System 260 kg (e) 330 kg (e) 

Hygiene & Waste Disposal 50 kg (e) 100 kg (e) 

Water Supply tank & piping 20 kg (e) 30 kg (e) 

Thermal Control 100 kg (e) 100 kg (e) 

Ventilation/ Air conditioning  100 kg (e) 

Oxygen tank 30 kg (e)  

Nitrogen tank 30 kg (e)  

Carbon dioxide scrub 30 kg (e)  

Furnishings 70 kg (e) 110 kg (e) 

Food storage 8 kg (e) 13 kg (e) 
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 Mars Rover Equivalent 
Analogue Rover based on tubular 

space frame 

Food preparation 8 kg (e) 13 kg (e) 

Seats 10 kg (e) 20 kg (e) 

Partitions, storage, etc. 10 kg (e) 20 kg (e) 

Excercise equipment 34 kg 
[1]

 34 kg 
[1]

 

EVA support 10 kg (e) 10 kg (e) 

Science Systems (fixed) 50 kg (e) 50 kg (e) 

Vehicle Control 10 kg (e) 30 kg (e) 

TOTAL 3645 kg (e) 3945 kg (e) 

(e) = estimated at this time.  

[1] 
The mass of the shuttle rowing machine. 

[2] 
Due to the lower gravity on Mars these percentages are expected to be reduced to 4% (wheels, axes & 

tyres) and 2% (suspension), reducing the rover mass by over 450 kg in total. 

[3]
 Using a cylindrical shape with rounded ends would reduce the mass of a real Mars rover of the same 

volume by about 800 kg. A smaller 14m
3
 rover would fit into the C-130 cargo bay, saving about 900 kg, 

but has a very tight volume budget.  

Table 6 - Rover Consumerables Mass Budget  
(7 days, 2 people, 2x safety margin) 

 Mars Rover Equivalent 
Analogue Rover based on 

tubular space frame 

Fuel (methane / 
gasolene) 

300 kg (e) 410L (~375 kg) 

Oxidizer (oxygen 675 kg (e)  

Food 56 kg (including safety margin) 56 kg (including safety margin) 

Potable Water 100 kg (including safety margin) 
100 kg (including safety 

margin) 

Wash water 140 kg (recycle water vapour in rover?) 
140 kg (including safety 

margin) 

Oxygen 50 kg (e)  

Buffer Gas Leakage 50 kg (e)  

LiOH CO2 removal 28 kg (HSMAD)  

Misc. consumerables 100 kg 200 kg 

Portable science 
equipment 

50 kg 200 kg 

EVA suits 70 kg 50 kg 

EVA consumerables 
3.5-5.5 kg per person per hour cooling water = 

392-616 kg total
[1]

 
 

EVA tools 50 kg 200 kg 

Sample storage bags & 
boxes 

10 kg 10 kg 
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Rocks, cores, etc. 
(replaces used fuel) 

500 kg (max.) 500 kg (max.) 

Misc Consumerables 55 kg 55 kg 

clothing 2.3kg/person/day = 32.2 kg
[2]

 2.3kg/person/day = 32.2 kg
[2]

 

wipes 0.15kg/person/day = 2.1 kg
[3]

 0.15kg/person/day = 2.1 kg
[3]

 

medical kit 20kg
[4]

 20kg
[4]

 

   

TOTAL ~1725 kg + 616 kg
[1]

 ~1375 kg 

general source HSMAD  

[1] 
Some Mars suit designs do not use water evaporation/sublimation for cooling. Alternatively extract and 

store water produced from fuel combustion.  

[2] 
Bourland, C. and Smith, M. 1991. Selection of Human Consumerables for Future Space Missions. 

Waste Management & Research. 9:339-344.  

[3] 
ISS will use 3 utensil detergent wipes, 3 utensil rinse wipes, 4 detergent wipes, 1 disinfectant and 8 dry 

wipes for housekeeping per person on an average day. This is 0.15kg/person/day and 
0.001m

3
/person/day. Reusable (after washing and rewetting) wipes may take up more volume and mass, 

rover cleaning can probably be left until return, but EVA suit cleaning probably needs to be done every 
day.  

[4] 
Apollo 16 carried a medical/first aid kit of mass 7kg, Skylab 45kg and 0.22m

3
. Space station Freedom 

460kg and 1.7m
3
. We will assume 20kg and 0.1m

3
. 

Table 7 - Mass Budget (modified arch, sloping front, flat back shape) 

 Mars Rover Equivalent Analogue Rover based on tubular space frame 

Dry mass 3645 kg 3945 kg 

Consumables mass 1725 kg 1375 kg 

Margin 130 kg 180 kg 

TOTAL rover mass 5500 kg 5500 kg 

Trailer mass 2000 kg 2000 kg 

Unpressurised Rover mass 500 kg 500 kg 

TOTAL pulled mass 8000 kg 8000 kg 

3.4 Terrain 

We are working to design a vehicle that can negotiate a 14% incline with numerous rocks up to 50cm 
diameter, while pulling a trailer and a U-rover at 8 kp/h. This remains to be demonstrated during the 
detailed design. 

3.5 Logistics 

It is not clear whether the height restriction from the C-130 includes the pallet.  

Baseline Design 

We have to remove the wheels to meet the height and width restrictions of the C-130. The rover will be 
loaded onto the C-130 using its standard pallet system.  

The external structure dimensions (minus wheels and attachments) are approximately 2.5m wide, 2.5 m 
high by 4.0m long,  See also: Chassis / Frame. 
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3.6 Crew 

We will work for normal operation with 2 crew, however we will try to enable (simulated) emergency use 
with at least 4 crew (Mars Direct) or 6 (DRM). 

4.0 Section 4: Deadlines / Schedule 

4.1 Baseline 

The baseline plan is for a design that follows the baseline and completes first stage integration in June 
2001 and completes integration in January 2002. During the time before the rover integration is complete 
there are periods where it is available for human factors research.  

4.2 Alternative 

An alternative plan has been developed for the case in which the amount of effort available from the 
volunteers is less than desired. An initial static rover is built which does not have a full power system, 
wheels, motors, etc. This would again be ready for full human factors research in January 2002 and 
limited human factors research during July 2001. In parallel a fully mobile analogue rover is designed and 
then built after the static rover is complete, this is ready for limited human factors research in March 2002, 
September 2002 and full human factors research from February 2003.  

4.3 Subsidiary Systems  

The crane, trailer, communications system, manipulator arm, science package and various software 
including navigation software, timeline planning software and ECLSS subsystem emulation are 
subcontracted out. Schedules, integration and related human factors research will be agreed in discussion 
with our suppliers to fit in with the above schedules.  

5.0 Section 5: Additional Requirements  

5.1 Safety 

The operation of the analogue should be safe.  

5.1.1 Fire 

Discussion  

Fire is a potential problem which is both life threatening and can destroy the rover.  

Baseline Design 

Fire heat, smoke and carbon monoxide alarms will be fitted.  

The frame, structure and fittings of the rover will be made of non-flammable material.  

The secondary fittings, tools and equipment should be fire resistant.  

The methane fuel will contain a foul smelling chemical to ensure detection of leaks that could case fire or 
explosion.  

A hand-operated fire extinguisher will be provided and the crew trained in its use.  
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5.1.2 Manipulator  

Discussion  

The manipulator arm will be heavy and strong enough to cause injury to crewmembers while on emulated 
EVA. It may cause crew to be crushed by the arm against the ground or rover body. Special care needs to 
be taken to ensure that the arm does not present a safety hazard.  

Baseline Design 

The manipular arm will be safe in operation. It will be designed to stop when not being actively driven, and 
in that stopped state be hand moveable. When moving the motion should be slow with the tip (hand) not 
moving more than 50 cm per second. Any closing gripper should not close with sufficient force to crush 
bones.  

5.1.3 Rolling 

Discussion 

As the rover will be travelling on rough terrain there is a danger that the rover will roll. This is lessened by 
the overall design that has a low centre of gravity, but still a combination of bad driving, a steep slope, 
tight turn at speed or ground conditions could still cause the rover to roll over.  

Baseline Design 

The rover will be able to withstand a roll, without crushing the crew cabin.  

5.1.4 Crash 

Discussion 

The rover is not designed for high speed, but never-the-less may still crash into stationary objects (rocks, 
people) or moving objects (the u-rover analogue).  

Baseline Design 

When crashing into a stationary object the rover should be designed to maintain the integrity of the shell, 
although the spaceframe may be dented, this will help ensure the safety of the crew inside. The rover 
seats will be provided with safety belts, which "mission rules" will insist must worn while the rover is in 
motion.  

The rover may present a considerable danger to crew on emulated EVA if it crashes into them, 
reasonable care will be taken to avoid sharp protuberances below head height when the rover is in 
motion. The manipulator arm and winch are to be stored in a manner that does not present hazards.  

5.1.5 Electrical  

Discussion  

The rover will have electrical power of several tens of kilowatt and voltages at levels which are dangerous.  

Baseline Design  

United Kingdom standards of electrical safety will be adhered to (BS???). All conducting wires will be 
insulated and kept out of human contact. Maintenance will only be carried out on systems with the power 
off, this is different from a real Mars rover where maintenance has to be carried out while at least the 
ECLSS is powered. Note that the batteries will not be discharged so there has to be a way of electrically 
isolating the batteries from the rest of the electrical system.  
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5.2 Vibration 

Discussion 

The Rover will be travelling over rough terrain, this will cause vibration and jerk within the shell. Too much 
vibration or vibration at the wrong frequency (resonant), may cause undue stress and strain on the vehicle 
structure and the internal and external subsystems. High vibration amplitude or large jerk magnitudes will 
cause an uncomfortable and tiring ride, lower frequency rolling causes motion sickness.  

Baseline Design  

The rover spaceframe design has a high stiffness and hence a resonant frequency which is high almost 
certainly above the high amplitude frequencies. The tyres are wide which a large radius, which reduces 
the frequency and amplitude of vibration caused by the surface rocks. The suspension system that has 
been specified will reduce the amplitude of vibration further.  

5.3 Electromagnetic Compatibility 

Discussion 

The rover will contain several high-powered motors and lots of low voltage transducers and computing 
hardware within close proximity. There is also a LAN, radio LAN and a long distance communications. 
Care will have to be taken that these electrical systems do not interfere with each other.  

Baseline Design 

The power supply will have two systems, a "ring main" for the computers, LANs, communication 
equipment, scientific instruments, etc. The other power supply system will be for the high-powered 
motors, air conditioning and heating systems. Chokes and similar components will be used to clean up the 
supplies in the at the motor ends, which prevent the supply wires acting as aerials.  

Cases will be used as Faraday cages to protect sensitive low voltage signals.  

5.4 Atmospheric Pressure and Composition  

Discussion 

The rover usage is dependent upon the emulated atmospheric pressure. It is the intention of this design to 
enable Human Factors research for various emulated compositions and pressures.  

Baseline Design  

The Analgue Rover will work with four compositions  

Table 8 - Cabin Atmospheres 

Condition PB pO2 pCO2 Comments 

Sea Level "standard"  101.3 kPa 21.3 kPa 0.04 kPa Nominal Conditions; pH20 = 0.4 

1. NASA, 1995b 99.9-102.7 19.5-23.1 <0.4 
25%-70% RH (pH2O<3, varying 
with temperature) 

2. Lower PB, lowered pO2 81.0 17.0 " 21% O2, 1830 m altitude equivalent 

3. Lower still PB 71.0 17.0 " 24% O2, 1830 m altitude equivalent 

4. Mostly oxygen (5psi) 34.4 22.0 " 
70% O2, low free radicals for 
extended use (Skylab) 

The rest of the total pressure (PB) is made up of nitrogen. 



Ò 2000 The Mars Society UK Ltd.  37 

Table 9 - Prebreathe times for EVA suit pressure = 29.6 kPa. (US standard) 

Condition 
R=1.22 pre-

breathe 
R=1.4 pre-

breathe 
R=1.8  

pre-breathe 
Comments 

1. NASA, 1995b ?? 6h 3h  

2. Lower PB, lowered pO2 ?? 4h 30min  

3. Lower still PB ?? 40min none emergency EVAs need no prebreathe 

4. All oxygen (5psi) none none none  

Source: HSMAD Fig 5-1.  

Table 10 - Prebreathe times for EVA suit pressure = 39.2 kPa. (Russian standard) 

Condition 
R=1.22 pre-

breathe 
R=1.4 pre-

breathe 
R=1.8  

pre-breathe 
Comments 

1. NASA, 1995b ?? 4h 30min  

2. Lower PB, lowered pO2 2h 30min none 
emergency EVAs need no pre-
breathe 

3. Lower still PB 15min none none 
emergency EVAs need no pre-
breathe 

4. All oxygen (5psi) none none none  

Source: HSMAD Fig 5-1.  

PB = pO2 + pN2 + pH2O + pCO2 + pX1 + pX2 + ... + pXn  

where pX1, etc. are contaminants. 

R=1.22, clinically detectable N2 bubbles in the blood, but decompression sickness not expected.  

R=1.40, a few symptoms may appear but not affect missions.  

R=1.6-1.7, current United States missions.  

R=1.80, current Russian missions.  

The pre-breathe times given here are quite conservative, but are needed because of the multiple back to 
back EVAs which may be made during the traverse and the large number over a 500+ day stay on Mars.  

The values for the mass of the real Mars Rover pressure shell given here in comparison are for the NASA 
1995b atmosphere. The real Mars Rover will probably have a 71.0 kPa atmosphere which retards fire and 
transmits sound easily; or the 5psi mostly oxygen which reduces rover mass and enables fast EVAs, but 
at the same time greatly increases fire risk and may make hearing instructions harder. Mars Direct calls 
for a 5psi atmosphere.  

6.0 Human Factors Research and Experiment Design  

See Appendix I.  
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Appendix B: Mars Rover Team Members 

Name / Position Comments 
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Project Manager 

Mike Atkinson is a software engineer with 19 years experience in the 
telecoms industry. He as worked on several space related projects 
including a high performance military GPS receiver, broadband 
satellite system design and specification, and a control centre for a 
satellite system. 

Rob Foweraker 
Deputy Project Manager 

Rob Foweraker has 10 years experience in the fields of Spacecraft 
Operations, Mission Simulation and Operations Team Training. He has 
a BSc in Astrophysics and an MSc in Astronautics & Space 
Engineering. He is also an ISU Alumni. 

Chris Armstrong   

Nicholas Cross Nick Cross is a post-graduate at St. Andrews University, currently 
studying for his doctorate in astronomy 

Alex Ellery Allex Ellery has BSc (Hons) in Physics, MSc in Astronomy, PhD in 
Astronautics & Space Engineering, specialising in space robotics. 
Author of forthcoming "An Introduction to Space Robotics" textbook. 

Pat Galea  

Mark Greene Mark Green is an Architect...ISU SSP '97 

Corey Hinshaw  

Mark Leigh    

James Lloyd-Hughes  

William Marshall  

Sharron Pratt  

Jonathan Schulster  

Mark Sims Mark Sims is project manager for Beagle 2 

Trevor Alan Sproston  

Milo Thurston Milo Thruston is present working towards a D.phil (PhD) in plant 
virology 

Emma Walsh Emma works at ESA, Germany on spacecraft systems 

Partick Whittome  

Mark Woolrich Mark Woolrich provided both technical and design input to the project 
and supplied the rendered graphics of the proposed design. 

 Project Oversight  

Porject oversight for the Board of the MSUK was provided by Bo Maxwell, Managing Director. 
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Appendix C: Reference Traverse 

The object of the Reference Traverse is to identify the way in which the pressurised rover will be used in 
order to check the design and to identify areas for human factors research.  

The Design Reference Mission Traverse 

In figure 1-4 of the DRM v3.0 a typical excursion is 10 days long has a crew of 3 and working days of 7 
hours. The rough outline of an excursion is: 

¶ Charge fuel cells 

¶ Check vehicle 

¶ Load vehicle 

¶ Plan excursion 

¶ Drive vehicle 

¶ Navigate 

¶ Don suits (x10) 

¶ Pre-breathe (x20) 

¶ Egress (x20) 

¶ Unload equipment (x20) 

¶ Set up drill (x10) 

¶ Operate drill (x10) 

¶ Collect samples (x500?) 

¶ In-situ analysis (x?) 

¶ Take photos (x1000?) 

¶ Communicate 

¶ Disassemble equipment (x20) 

¶ Load vehicle (x20) 

¶ Ingress (x20) 

¶ Clean suit (x20) 

¶ Stow suit (x20 

¶ Inspect vehicle (x10) 

¶ Secure for night (x10), (sleep, eat, cleanup, hygiene, etc.).  

In total 210 hours of useful work  

It will clearly be an advantage to cut down the time required for the common operations.  

For the analogue rover there are some changes, it is assumed that the pressure and mixture of the air is 
the same for the rover and EVA suits, so that no pre-breathe is required. Typically there is 7 days 
excursion, and a crew of 2. There needs to be no day off during the excursion and driving time is 
reduced by returning to important sites near the Hab. Use of suit ports promise to cut down the egress, 

clean suit and ingress times. The aim of this design is to give 150 hours of useful work during a 7 day 
excursion.  
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Our Reference Traverse 

Re-supplying the Rover 

Before a traverse can be made the rover must be readied for the mission, this will include refuelling the 
rover, loading internal supplies (from within the Mars Hab), and external equipment, (from outside the 
Hab). Several trips to and from the Hab will be made this will be much easier if the Hab and Rover are 
both pressurised and connected by a docking tube.  

A real Mars rover will need to be fuelled (methane and oxygen) and supplied with water (potable and 
wash) and atmospheric buffer gas (nitrogen) if used. The re-supply of oxygen and nitrogen are outside the 
design of the analogue rover, water is re-supplied by topping up the tanks manually, and methane is re-
supplied by [TBA] 

The rover may start off cold, being powered from the Hab or by its own engines. It will be brought up to 
operating temperature. In an emergency the rover may need to be started from ambient which may be as 
low as -45

o
 C (Earth) or ??

o
 C (Mars), in this case the environment within the p-rover will not initially be 

"shirt-sleeves", but will quickly warm up.  

The efficient re-supply of the rover, including stowage, is the subject of the human factors research.  

Rover Ingress 

Ingress into the rover from the Mars Hab.  

This consists of:  

1. checking the pressure inside the connection tube  

2. opening the hatch in the hab  

3. opening the hatch in the rover  

4. crawling into the rover  

5. closing the hatch in the hab  

6. closing the hatch in the rover  

7. depressurising the connection tube  

8. disengaging the rover from the hab  

Driving Down Explored Routes 

When a route has already been taken it can be counted as explored, which means that there are not likely 
to be sites of opportunity and the surface will be known. This will allow greater speed and higher safety. 
The route might have been cleared of its major obstacles "road making". These routes might have been 
explored by a u-rover if near to the base or when working in accompanied mode, or by a robot rover.  

Average speeds will be about maximum (30 km/h) over most of the explored route, only needing to be 
slower in boulder fields or when climbing a slope.  

While driving down explored routes the workload will be moderate, crew should not drive for more than 2? 
hours without changing or stopping for a rest. The non-driver will handle communications, science (if any), 
ECLSS functions (minimal), external and internal cameras, etc.  

Much of the time navigation can be performed by following the tracks from previous expeditions. When 
this is not possible due to the tracks being covered by wind blown dust or there being no tracks in the first 
place the crew will have to use the global navigation system  

It may be possible for the rover to follow explored routes autonomously, the rough position can be 
obtained from the global navigation system, the exact position and route can be obtained by comparing 
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the current view from the cameras with that from previous traverses. This advanced system will not be 
implemented or simulated on the analogue rover as it does not affect the human factors.  

While driving both crewmembers will have to be strapped in, the ride is likely to be rough.  

Science return on an excursion will be enhanced if the already explored routes are traversed quickly, the 
requirements for this are the subject of the human factors research.  

Driving down unexplored routes 

When working in an area which has not been explored before, the rover will have satellite maps to go on. 
These are likely to show details below 1m and show most obstacles, some areas are likely to have been 
observed when in shadow, and some obstacles such as patches of soft surface will not show up on 
satellite photos.  

Average speeds will be about 15 km/h over unexplored routes, slowing down to 5 km/h to negotiate 
boulder fields. There may be a need to back out of some routes that become impassible. When climbing a 
slope the speed may drop to 5 km/h.  

In general the driving will require a great deal of concentration and driving should be limited to 1 hour 
without changing or stopping for a rest.  

The route will have been planned in advance and be in the global navigation system together with satellite 
photograph maps and topological data. Checking progress against the planned route and negotiating 
obstacles will require the co-operation of both crew. The non-driver will handle communications, science, 
ECLSS functions (minimal), external and internal cameras, etc. When operating in accompanied mode the 
second crewperson will be on the u-rover and so the entire workload will be placed on the driver, this will 
likely lead to slower average speeds.  

The co-operation between the crew and the support programs/equipment required for safe and successful 
driving will be a major subject of research.  

Co-operation between the crew and personnel at base or back in mission control to enhance the science 
return is the subject of the human factors research.  

Working Accompanied 

One operating mode will be two work with an unpressurised rover or light truck. An astronaut rides on the 
u-rover and uses the p-rover for rests and accommodation. As the u-rover might break down or both crew 
might want to ride in the p-rover for extra comfort, the u-rover may be towed behind the u-rover. If the p-
rover is towing a trailer it will be connected to the trailer for towing.  

The average speeds of the u-rover are likely to be considerably higher than the p-rover during 
accompanied operation. This means that it can cover more ground and the astronaut can dismount to 
perform science at sites of opportunity.  

The co-operation required between the crewmembers in the p-rover and on the u-rover, together with 
those at base and at mission control to enhance science return is the subject of the human factors 
research.  

The working methods for accompanied operation to reduce the workload of both crewmembers and allow 
them sufficient rest to remain fresh and operate safely are the subject of the human factors research.  

Negotiating obstacles 

Although the surface of Mars is on average flatter than that of the Earth it till has many obstacles which 
need to be negotiated. They include steep inclines, large boulders, dunes, crater walls, valleys, etc.  

When stuck, the rover may need to be dug out, a winch attached to the front will help. It will also help to 
climb inclines which are normally too steep for the rover, but satellite maps should enable such inclines to 
be avoided.  

Use of tools, the winch and crane to negotiate obstacles while encased inside an EVA suit or by the 
manipulator arm is the subject of human factors research.  
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Making Roads 

Routes that are to be frequently used may benefit from some work to enable average speeds to be 
increased or a shorter route to be taken. Moving a few boulders and levelling the ground in a few places is 
probably all that would be required.  

The detachable tools will be used, they will include various earth moving equipment, blades and grading 
equipment.  

Such routes might be common if a few sites are repeatedly visited, allowing a larger area to be explored.  

Use of tools, the winch and crane to improve the route while encased inside an EVA suit or by the 
manipulator arm is the subject of human factors research.  

Stopping at Pre-arranged Sample Sites 

Most sites of interest in p-rover range of the Hab will be known before the crew arrives on Mars. By the 
time of a manned landing Mars will have been observed at a high resolution for many years and the 
ground near the landing site covered in detail.  

The rover must navigate to the sample site, in many cases this will not be especially difficult as the site 
will be a large geographical area. However sometimes the site may be a specific boulder or similarly small 
object, finding these might be more difficult.  

Samples may be obtained by the manipulator arm without the need for an EVA or they may require an 
EVA. The sequence for performing an EVA is given later, but in general the length of time required for 
donning suits, depressurisation, exit, sampling, storing the samples, re-entry, pressurisation and doffing 
the suit will be long enough to severely limit the number of sample stops which may be performed.  

The human factors associated with such sampling will be investigated, in order to decrease the time it 
takes to perform sampling.  

Stopping at Sites of Opportunity 

A few sites may be discovered during the traverse, either by observation while moving or as a result of the 
surveying which is being done during the traverse (seismic, ground penetrating radar). It may be that the 
site is not recognised by the crew but by scientists on Earth, which due to the round trip communication 
delay means that the rover will be several kilometres further on.  

It is important that the p-rover can stop at or go back to such sites to make further observations that might 
include an EVA. This requires flexible planning and only loose control and consulation from Earth.  

Methods to perform co-operation between mission control and the crew to identify sites of opportunity are 
a useful result that could come out of the Analogue Rover Project.  

Working with Autonomous Rover(s) 

Autonomous rovers the size of a golf cart or smaller will no doubt have been on Mars several years before 
the first landing, while directed in a general way from Earth they carry out most of their tasks 
autonomously. The round trip times between the Earth and Mars do not allow close control of a rover 
while at the same time performing continuous tasks. An autonomous rover will carry a set of programs 
sophisticated enough to navigate towards objectives while avoiding obstacles. The major obstacles and 
lie of the land will be downloaded to the rover from analysis of satellite imagery and laser altimeter data, 
however obstacles of the order of 10cm diameter will cause problems for such a vehicle and will need to 
be avoided. While it travels the autonomous rover will built up a very detailed 3 dimensional view of its 
environment, the size, shape and multi-spectral colour of the nearby rocks, soil and bedrock. This may be 
uplinked to the Hab, p-rover or Earth and the results used for planning traverses, EVAs and excursions.  

Autonomous rovers may also gather rock samples from a wide area and bring them to one point for 
collection by the p-rover. This is of considerable advantage as autonomous rovers are expected to be 
slower and have much less sample cargo capacity than a p-rover, but operating from solar energy they do 
not have range limits from consumables depletion.  
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Autonomous rovers will likely carry a set of small but capable scientific instruments and be able to bring 
these instruments into contact with rocks in place or analyse samples of rocks and soil which are placed 
into the rover. The sites of the most interesting rocks and deposits can be marked (virtually) for later in 
depth analysis by the p-rover.  

Autonomous rovers may be used in a fetch and carry role, they will have enough cargo capacity to carry 
light tools or supplies out to a remote site where astronauts in p-rover are working. They might also be 
used to preposition supplies for a u-rover along particular routes, this may enable the range of the u-rover 
to be extended and hence the distance from base that a p-rover can work and still be in u-rover range for 
rescue.  

With astronauts on Mars the real time delays from the base or p-rover are sufficiently small to allow closed 
loop control of the rover. While this would allow more intelligence to be applied to the rover surveying and 
science activities it is probable that in general the rover is best left to its own devices most of the time with 
astronauts only taking over at the most vital times.  

Autonomous rovers may be used in close conjunction with a p-rover to deploy an array of seismic sensors 
and recover them afterwards.  

The pressurised rover project will not investigate any activities that involve autonomous rovers.  

Egress from the Rover 

EVA will start with the process of suiting up that will involve inspection of the EVA suits, donning them and 
running through a checklist to ensure that they are working properly. The baseline approach to EVA is to 
use the whole pressure envelope as an airlock, so both astronauts will have to suit up even if only one is 
going to do an EVA. It is probably the case that if a separate airlock was used both astronauts would have 
to suit up because it would take too long in an emergency for the second to egress the vehicle if they had 
not had their suit on in the first place. The big difference between these two approaches is that without an 
air lock any astronaut who stays in the rover will have to do an internal EVA for the whole time the other 
one is outside. As the rover is depressurised all controls and tools which may be necessary in an 
emergency or which are useful during normal use will have to be operable from a fully suited (including 
gloves and helmet) astronaut. With an air lock controls may be hand operated.  

If the whole rover is to be depressurised a larger volume will have to be pumped out which will take longer 
for the same sized pumps. To equalise the pressure not all the air needs to be pumped out, however this 
would lead to loss of oxygen and buffer gas as they are replaced by CO2 due to defusion. A longer 
process would pump out more of the air, gradually replacing it with CO2, but the mass of air saved is 
probably not worth the extra time. 

The outside hatch is opened and the astronaut(s) egress, then the outside hatch is closed or covered in 
some way to avoid windblown dust ingress, especially if the EVA is during dust storms.  

During a typical traverse about 30 EVAs will be performed, involving about 15 depressurisations of the 
rover. This places significant strain on the rover systems, because not only does everything have to be 
able to withstand repeated pressure transitions with the accompanied outgassing; but they will probably 
be accompanied by large temperature changes. The outside Martian atmosphere will in general be 
considerably colder than the cabin. The repeated pressure and temperature changes will put considerable 
strain on any enclosed volumes within the rover.  

It is important that the EVA egress procedure is simulated during the traverses, similarly for ingress after 
EVA.  

The large numbers of EVAs during a traverse lead to a premium being placed on fast and efficient egress 
from the vehicle, this can only be evaluated and improved by Human Factors investigation of the sort this 
analogue rover project is designed to carry out.  

The human factors advantages and disadvantages of whole vehicle depressurisation and using airlocks 
will be investigated.  
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Performing Surface Explorations 

See also Exploration Strategies and the Astronauts Toolset.  

Including rock sampling (photography, collection, labelling); dust/soil sampling and mechanical 
experiments; performing environmental measurements (temperature, pressure, wind speed) and taking 
shallow core samples.  

The tools required during the EVA will have to be removed from their external stowage position.  

Unlike the moon the round trip delay is too much to allow active control of the EVA from Earth, this means 
that specialists on Earth will be able to ask for something to be done or point out features or experiments 
of interest but will not be able to direct that they are carried out.  

The human factors of this interaction between Earth and astronauts on Mars EVA is a topic that the 
analogue rover project is designed to discover.  

The human factors of various possible tools and combinations of tools will be evaluated.  

Setting up Experimental Stations 

Experimental stations similar to those which were employed during Apollo or which have been carried on 
Mars landers will be deployed by the astronauts. This may take considerable time, especially if a core is 
taken at the site and the core hole used for heat flow experiments. The experimental stations are likely to 
be fairly delicate and will require careful handling in order not to beak or contaminate them  

Experimental stations will best be deployed a short distance from the route of the p-rover so as to be in 
undisturbed territory.  

Taking Deep Core Samples 

(setting up and using a drilling rig).  

Stowage of Samples and Equipment 

Any samples taken will either have to be stowed externally or internally before the end of the EVA.  

Transfer of samples into rover interior?  

Any tools used during the EVA will have to be returned to their external stowage positions, care will have 
to be taken in order not to forget any tools or equipment, procedures that do not involve control or advice 
from Earth will be essential.  

Rover Ingress 

Pressurisation, dust control and contamination control procedures.  

Housekeeping 

Meals, sleeping, personal hygiene, relaxation.  

Telemetry and Focumentation 

During the traverse Crew vital signs, video and voice, vehicle telemetry, photography, remote science 
(from Earth). Communication with Earth, the base, other rovers, crew on EVA.  
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Return to Base 

re-entry into base avoiding contamination and dust problems. Overhaul of equipment and rover. Transfer 
of samples. Removal of human waste, cleaning and tidying the rover interior.  
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Appendix D: Emergency Procedures 

This Appendix will be completed as a part of the detailed design. Subjects to be covered include: 

¶ Emergency ingress 

¶ Emergency egress 

¶ Ingress with unconcious crew member. 

¶ Repair work on rover. 

¶ Fire. 

¶ Serious dust contamination. 
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Appendix E: Quantities of Interest 

As the analogue rover is being designed for experiments with the Human Factors involved in a 
Pressurised Mars Rover, the quantities that these experiments are meant to discover are of importance to 
the rover design. As such they will include: 

¶ Ingress and egress time 

¶ How long it takes to do a traverse (per mile) 

¶ Consumable budgets 

¶ Water requirements 

¶ Size and weight estimates 

¶ EVA times 

How EVA times effect efficiency (is it better to have one EVA of 8 hours rather than two of 4 hours each).  
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Appendix F: EVA Access 

This appendix discusses some of the issues to do with EVA access, using  

¶ Suit Ports  

¶ Airlock  

¶ Fabric Airlock  

¶ Whole Vehicle Evacuation  

The access method needs to work in both normal use and during emergencies.  

Suit Ports 

Suit ports have been put forward as a means of cutting down rover mass while at the same time freeing 
the rover from dust contamination problems. It is also probably easier and quicker to do an EVA using suit 
ports. The EVA suit would be attached to the rover by its back (or possibly front) and the astronaut would 
enter it to start an EVA (presumably the whole would have to be quite large). After performing a suit 
checkout he would seal it on the outside while a fellow crewmember would seal it on the rover inside. At 
the end the process would be reversed. This has a number of consequences:  

¶ The rover does not need to be depressurised during an EVA so crew left inside it do not need to 
be suited, this makes operating the internal equipment easier.  

¶ The number of EVAs that can take place at any one time is one less than the number of rover 
crew.  

¶ To rescue a crewmember injured outside, at least two crew need to be able to do EVAs at the 
same time.  

¶ This means that the rover needs a crew of at least 3.  

¶ In order for no crewmember to be left alone the Mars Mission crew must either be 3, 5, or more, 
or the rover crew needs to be 4.  

¶ The suits are stored outside, this makes them very hard to service or clean.  

¶ The suits must be protected while the rover is travelling, this probably means some form of 
covering and maybe a restraining device for the suits to avoid putting undue stress on the suit 
ports.  

¶ A suit with a fault would be attached to a port, thus blocking this port for other use.  

¶ Getting an injured crewmember inside the rover would be difficult.  

¶ Getting objects into the rover would require another port, such objects would include samples, 
tools, supplies and crew during "lifeboat" type emergencies.  

¶ There will be more ports in the rover pressure envelope, which will lead to more possibilities of 
failure.  

¶ Not much help can be given from one crewmember to another to don or doff the suit. The 
astronaut on EVA will be wearing gloves so it is harder for him to do don and doff the suit.  

Airlock 

This is the traditional option, it has one big disadvantage it is heavier than the other EVA options and is 
also fairly complex, however it does have many advantages:  
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¶ It leads to only small amounts of air loss  

¶ Suits can be kept in the airlock, they have to be stored somewhere anyway.  

¶ The suits can be cleaned in the airlock, leading to low levels of dust contamination of the rest of 
the rover.  

¶ The suits can be serviced inside the rover.  

¶ A spare suit can be kept in case of failures that cannot be fixed in the rover.  

¶ It puts no artificial limit to how many crew the rover can hold.  

¶ It can be used for both samples and EVA and any other reasons to enter the rover.  

¶ It is flexible during emergencies.  

¶ Injured crew can be brought into the rover through it.  

¶ There is only one opening in the pressure envelope.  

¶ Crew staying inside the rover might be suited, but would not need to have a helmet or gloves on, 
making operation of controls much easier.  

Whole Vehicle Evacuation 

The airlock becomes the whole vehicle, which is evacuated whenever an EVA is taking place.  

¶ The required mass is the least of all the options.  

¶ Multiple entries / exits into the rover during the EVA are easy  

¶ It was used in Apollo and is known to work, at least for a stationary vehicle  

Unfortunately there are a number of problems:  

¶ The rover has a larger volume than an airlock, so it will take longer to evacuate and there will be 
more air loss.  

¶ It requires all the crew to suit, including helmet and gloves even if only one is doing an EVA.  

¶ The rover will need to be evacuated the entire time of the EVA.  

¶ This will require all controls to be usable in an EVA suit.  

Perhaps a lightweight fabric dust screen could be used to separate the hatch and suit donning area from 
the rest of the rover.  

Fabric Airlock 

This is a suit shaped airlock which has low volume while the suit is inside, no pump may be used to 
evacuate it; the air loss would be much less mass than the pump and fuel for the pump.  

¶ Dust would be partially contained within the fabric  

¶ Suits can be maintained by extracting them from the fabric.  

¶ The rover does not need to be evacuated while the airlock is used.  

Use for a fabric airlock is still being worked out, but seems to be able to be operated by the astronaut 
doing the EVA.  

The safety of the airlock needs to be carefully designed to ensure there is no single seam between the 
outside and the pressurised interior.  
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Airlock / Port Research 

The airlock/port(s) is vital to the engineering and usage of a Pressurised Mars Rover, there are several 
options non of which is obviously the best and all of which bring many human factors, operational (normal 
and emergency) and engineering problems. We aim to do the some basic airlock research as part of our 
rover design, without it the airlocks included in the rover would be sub-optimal which would mean all the 
other human factors research will be invalid.  

The main areas we will be looking at are:  

¶ Airlock/port systems  

¶ power  

¶ mass  

¶ failure modes  

¶ Ingress / egress procedures  

¶ Safety issues  

¶ Emergency usage  

¶ emergency ingress with incapacitated crew member on EVA  

¶ emergency egress - fire or other internal emergency  

¶ use of the rover as a "refuge" - maximum crew.  

¶ Internal systems operating under low pressure and cold, multiple cycles of temperature and pressure. 



Ò 2000 The Mars Society UK Ltd.  53 

Appendix G: Reasons Behind Choices 

Why an Existing Vehicle is Not Proposed 

It quickly became apparent during the design that the external and internal layout of the vehicle are 
important to the usage of a Mars rover. In order to perform valid human factors research the size and 
shape of the internal volumes and external fittings should match those of a real Mars rover.  

Using an existing vehicle chassis, engine and drive system is possible but the engine position puts severe 
constraints on the internal layout of the vehicle and the chassis dictates the overall shape.  

Why a Series Hybrid Electric Power System is Proposed 

A conventional engine and drive train is likely to be less fuel efficient than a series hybrid electric vehicle 
(by a factor of about 3) and this leads to a bigger fuel tank. It is also too powerful to use to power the 
generator during stationary operation. Therefore, a separate APU would be required, even this APU is 
likely to be less efficient at supplying electric power than a series hybrid electric system as it has to be 
sized at about 10 times average loads. The size of the engine, APU and fuel tank will be considerably 
larger than the series hybrid electric system, which makes it hard to fit into the available rover volume.  

The mass of the engine, APU and fuel are more than the equivalent series hybrid electric system, which 
increases wheel loadings and in turn require more motive power. Overall more fuel is required about 1000 
kg (maybe up to 1,500 kg), as opposed to about 270 kg for a series hybrid solution. The fuel tank would 
require a volume of over 1m

3
, which is a large portion of the available internal space (about 14m

3
).  

 

Why the Design Team is Considering an Airlock Solution 

The RFI says that an airlock should not be considered due to mass/complexity considerations, instead 
suggesting a whole vehicle evacuation or suit port strategy. We believe that airlocks should be 
considered.  

¶ Suit ports have many problems, and may not be a viable solution, other options should be tried.  

¶ Having two compartments that can be separately pressurised can enhance safety, giving more 
options in the event of fire for instance.  

¶ The dust problem can be handled, by keeping the EVA suits and other EVA equipment in the 
airlock, at the least this will lessen cleaning time for the rover and it may make the rover safer.  

¶ The operation of the rover is enhanced. When only one crew member needs to go on EVA only 
he needs to suit fully (the other may partial don his suit to reduce rescue time), as the whole 
vehicle will not be evacuated. The rover need only be operated when pressurised, easing many 
functions.  

¶ The main crew compartment need only be designed (for non-emergency operation) when 
pressurised.  

¶ The size of the pumps, air removal tank, etc. need be smaller than for whole vehicle evacuation.  

¶ The airlock will be depressurised / pressurised faster than the larger crew cabin, easing time 
pressure during traverses.  

¶ Less cabin atmosphere will be lost for each EVA.  

Other EVA systems like a fabric airlock are being considered. 
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Why A "Storm Shelter" is Not Included 

Solar particle events (SPE) (solar storms) are a potential danger to the crew on a Mars mission. The Hab 
will include a storm shelter that will consist of a small volume surrounded by hydrogen rich materials 
(water, food, waste, etc.). It has been suggested that a storm shelter should be included in the rover 
design, this has been rejected for the following reasons.  

¶ The design of a storm shelter requires about 1 m thickness of material covering the protected 
area, as the bottom is covered by Mars, we are only concerned by the top and to a lesser extent 
sides. The area to be covered is a few square meters, or a volume of a few cubic meters. As the 
density will be approximately that of water the required mass will be several tonnes. This is much 
more that the mass of hydrogen rich materials in the rover (under 1 tonne).  

¶ To be effective the shielding has to be above the crew which would make the centre of gravity of 
the rover high, causing the rover to be less stable and a tipping hazard.  

¶ The risk to the crew is quite small, they would have to be away from the base during the SPE 
during the day (during the night the rover will be shielded by Mars). Therefore, adding extra 
systems to cater for this risk will make the rover heavier and more complex and more expensive, 
so the opportunity cost will be high the mass, money and complexity could be 'spent' in other 
ways to make the crew safe.  

¶ Due to improvements in solar weather prediction, the expected warning for most SPEs is at least 
2 days, plenty of time to return to base.  

¶ In the unlikely case that the crew will be caught out way from base during a SPE they can shelter 
under the rover. This gives the maximum possible mass for protection. The rover having a ground 
clearance of 65 cm allows plenty of room for the crew to shelter underneath. It will not be 
comfortable, but it will be safe, the maximum time they need to shelter will be 12.5 hours caused 
by the day length of Mars.  

Pressure Shell Shape 

Many options for the shape of the pressure shell where considered, including circular, square, rounded 
square, hexagonal and arch cross sections and rounded, flat, and slanted end sections.  

In general the rover pressure shell needs to have the following properties:  

¶ a large internal volume  

¶ a "simple" shape  

¶ be easy to manufacture  

¶ hold pressure with minimum mass  

¶ a floor to ceiling height of 2m over as much area as possible.  

¶ good visibility forward and to the side  

¶ minimum number and size of windows  

¶ a flat floor  

¶ ease of attaching external fittings (winch, sample boxes, manipulator arm, crane).  

¶ ease of attaching wheels/axles.  

¶ aesthetics  

¶ low centre of gravity (above the lowest point of the shell)  

 
These considerations have led to the choice of the following shape:  

¶ It is 4.0m long, 2.3m high and 2.3 m wide. The roof is an arch which is flattened, the floor is flat 
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except nearthe edges where it curves up to meet the walls which are also flat. The back is flat, the 
front is flat up to about 60 cm and then sloping slightly back. All corners are rounded with a radius of 
about 20 cm, except for the roof which is joined to the back and sides with a more complex curve 
with minimum radius of 50cm. 

Internal Volume 

Within the maximum dimensions of 2.3 x 2.3 x 4.0 (maximum volume = 21.16m
3
) this has a volume of 

about 19m
3
. The surface area is about 45.5m2.  

Simple Shape & Ease of Manufacture  

This shape is not as simple as some of the others being considered, however it does have lots of flat 
panels and few areas in which there are curves in two directions.  

The shape is easier to form than ones in which there are curves in two directions. The windows are flat. 
The spaceframe (or other support structures) can be mainly made of straight sections and these can be 
used to support the shell.  

Pressure and Mass Efficient  

Although we are not actually pressurising the shell we need to make sure that it is reasonable for this 
purpose. A circular cross section is best for holding pressure, but this is not too bad, the large flat sections 
would tend to bend outwards, but this can be countered by support from the structure/spaceframe in 
appropriate places. Allowing smaller windows is an advantage as they are proportionally heavier than the 
shell and require significant mass to hold them in place.  

Floor Area  

The floor area with about 5.3m
2
 of floor area with a ceiling height of 2.0m or more. Most of this area could 

have a raised floor of 20 cm or more and still provide headroom when suited for EVA.  

Good Visibility 

The windows in the front allow good visibility while being smaller than for some other designs. Small 
portholes in the sides might be useful. The crew will be able to sit close to the windows and so have a 
better field of view than in say the circular end section.  

Flat Floor  

While any design can have a flat floor by adding a false floor, this design naturally has one. We would 
probably still want to have a raised floor so that cables, etc. can be fitted underneath. I would design with 
a centre isle about 60 cm wide that would run from the front to just past the airlock. The floor of the airlock 
can be at this level as well giving enough room to suit up.  

Ease of Attaching External Fittings 

The arm can be at the front corner, meaning it need not be so long and still have a good reach. The winch 
is at the front, clear of the port and not overhung by anything. The sample boxes can be attached to a flat 
surface (they are likely to be cuboid), they could also be easily stored on the flat roof, being lift up there by 
the crane.  

Ease of Attaching Wheels / Axles  

The struts between the wheels and the spaceframe / structure can be made shorter than with a circular 
cross section.  
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Aesthetics  

The shape is similar to many vans, with the exception that the corners are  

Low Centre of Gravity 

The floor may be raised and heavy items placed underneath over most of the plan area, this allows a very 
low centre of gravity.  

Consequences 

Choosing this shape has two main consequences:  

¶ The rover cannot use a fabric shell, it must be more conventional Aluminium (or similar) alloy hard 
shell this means it has a mass penalty of about 810kg. This means bigger wheels and more motive 
power required.  

¶ The volume is now big enough to allow volume margins. This makes it much easier to build the 

rover.  

 

 

 

 

 

 

Rendering of the proposed, purpose-built rover shell 
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Appendix H: Human Factors Research 

Expanded questions from Human Spaceflight: Mission Analysis and Design  

¶ How do we manage housekeeping and trash without contaminating the external or internal 
environments? If trash stored internally may be manageable for only 7 day traverse with careful 
planning, if external then would require secure sealing from outside environment. Suggest 
programme to try both when Rover built. As far as contamination goes could say brief exposure to 
UV light be sufficient to sterilise any potential human contaminants that may be on the surface of the 
EVA suits? Cleaning fluids or gases would add to the mass budget, and could pose an additional 
hazard to the crew if a leak occurred.  

¶ What technologies should be used for stabilising, compacting, and treating trash? Research what 
methods used for Russian Mir program, and proposals for I.S.S. How must they be adapted to allow 
recycling back at the base?  

¶ What types of tools and facilities should we supply to permit the range of free fall and partial g repairs 
expected? Will depend on mass budget for these items and the most likely items to fail on a traverse. 
Suggest a Failure Mode Criticality Analysis to be carried out by all Groups to assess highest risk and 
mission critical items.  

¶ Gloveboxes, tools for plumbing, de-soldering, milling, sawing, manufacture of small parts, and other 
repair activities? Suggest similar exercise to above to highlight most likely tasks required.  

¶ How can we best use virtual reality, virtual environment, augmented reality, and similar technologies 
to assist with maintenance activities and continual in-flight training exercises? With recreation? 
Research what systems are currently available, at what cost and likely serviceability, if suitable 
systems are available we will then attempt to assess their usage.  

¶ What methods of noise reduction would be best to use in crew compartments? Active or passive 
noise-cancellation techniques? We suggest passive around sleeping area, and active for 
communications system and around driving position (if possible), is this the correct approach?  

¶ Can we develop technologies for capturing, compressing, and transmitting digital images that will 
meet the scientific, recreational, and public-affairs needs of future exploration missions? We will 
research what methods are currently in use. "Real Player" for Internet gives a relatively fast 
download for moving pictures and sound at 56kbps, but only in a 40 by 30 mm window at the 
moment.  

¶ How do we provide food-preparation and food service facilities that will work in free fall and partial g 
environments (such as Marsôs 3/8 g and the Moonôs 1/6 g), including freezers, ovens, utensils, 
dishwashers, etc? We will research what has been used in previous space programmes. Washing 
may present the greatest problem i.e. large quantities of water required. Suggest investigating 
possibility of using some sort of washing device based on ultrasound - lower power and probably 
more compact, plus would use less water or cleaning fluid.  

¶ How do we control dust in the surface habitat, especially planetary dust that is tracked inô Can we 
devise vacuum cleaners that will work in mat environment? Investigate vacuum cleaners, but 
consider replaceable sticky mats on the floor in de-suiting area (like are used in semiconductor 
manufacturer's clean rooms). What about some sort of "overall" that could be fitted over the EVA suit 
just prior to egress, and removed for cleaning(?) just after ingress? Could a combination of 
techniques be optimum?  

¶ What methods and hardware are best suited for partial- and whole-body cleansing in free fall and 
partial g? Further research required into requirements for personal hygiene. Make part of a one day 
evaluation using a mock-up?  

¶ How do we develop recreational hardware and activities that reinforce the astronautsô mental and 
emotional bond to Earthôs culture and society - especially methods and technologies which can bring 
familiar Earthly pursuits, interests, and experiences into deep space? What research studies have 
already been carried out into such environments (any I.S.S. studies?), and check for similar 
environments (Antarctica and submarine crews are the most obvious), but perform with caution.  

¶ How can we provide an intra-vehicular maintenance system that can keep critical systems alive for 
the required time? To what extent can expert systems and other technologies support repair? 
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Computing power is such now that much of the systems monitoring that was carried out by the crew 
in the days of the Lunar landings, can most probably now be carried out by an expert monitoring 
system. Suggested areas where such systems exist are F1 racing cars, and many of the more 
modern airliners (e.g. Boeing 777).  

¶ How would a clothes washer/dryer for free fall and partial g be constructed? Suggest investigating 
some sort of ultrasound based system as described above.  

¶ Can we recycle materials (e g, plastics, solvents, etc) in flight to save mission mass? For example, 
on the out-bound voyage, could we re-melt the tons of food-packaging plastics to form it into modular 
pieces for tables, racks, etc, that are only needed in a gravity environment? It would be a good idea 
to take careful note of what materials we use in general, and in particular what plastics are used, 
since this would make it much easier to recycle such materials. However until some sort of industrial 
infrastructure is available on Mars, the use of recycled materials may be limited in the short term.  

Internal Space Usage 

Seating/standing driving 

This could form part of the research to be carried out using a static analogue rover mock-up, to verify the 
view from the driving position and to ensure that all the controls are within easy reach.  

However dynamic aspects are only really assessable during a traverse over representative terrain.  

Issues are driver tiredness, space usage, mobility, safety, etc.  

Hygiene area 

¶ Toilet usage  

¶ Personal cleaning, grooming, etc.  

Room for Exercise 

EVAs are probably not going to be carried out each day of a traverse by all the crew, therefore some 
within rover exercise is advisable, how much room is required, how long, what type of exercise?  

Command, Control and Communications 

Control Panel layouts 

¶ Initial investigation during the static Analogue Rover mock-up, grouping of functions, ease of reach, 
reduction/detection of operator errors, etc.  

Glass Cockpit 

¶ How many screens, where should they be positioned.  

Screen Layouts 

¶ General layouts, specific layouts for individual functions.  

System Control 

TBA 
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Driving Control 

Changing Drivers 

How long does it take, who decides, how long are driving spells, how long should continous driving take 
place for.  

Driving By Video 

¶ Can this be done effectively?  

¶ Can this be done by the crew within the Rover? 

¶ Can this be done remotely by the crew on EVA, back at the hab, by mission control? [probably not 
mission control]  

Timeline Planning 

¶ How are timelines generated, where does control and responsibility lie.  

¶ Evaluate software and man/machine interaction of the specially written software. Incrementally 
improve the software. Investigate various combinations of roles between the crew in the Hab and 
Rover and mission control; pre-planning versus during traverse planning; etc.  

Checklist Generation and Use 

¶ How are checklists changed, where does control and responsibility lie.  

¶ Investigate combinations of manual and automatic checking and checking by crew in the Hab and 
Rover and mission control.  

Livability 

Noise Levels 

This can only really be assessed once the Rover has been built.  

We will add load speaker(s) to generate additional noise and assess the effects on the crew.  
Noise levels while sleeping and ease of communication are major concerns.  

Sleeping Facilities 

The design could be verified using a suitable mock-up.  

Cooking / Eating Facilities 

The design will be verified using the mock-up, and changed if necessary.  

Human factors issues include cooking time, generation of water vapour, smell/micro contamination control 
to reduce the burden on the atmosphere processing system, menu choice. 

EVA 

The exact details of durations of some processes will depend upon the Atmospheric Pressure and 
Composition detailed in Section 5.4.  

For each of the different pressures and compositions investigated we will modify them appropriately.  
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EVA procedure 

This has been based on figures derived from Reference [14].  

Draft "Flight Plan"  

Task Duration Cumulative 

Post Sleep & EVA plan  01:00 01:00 

Eating period 01:00 02:00 

Don EVA suits 01:00 03:00 

EVA preparation 01:30 04:30 

EVA 08:00 12:30 

Dust Decontamination 00:30 13:00 

Post EVA 01:00 14:00 

Doff EVA suits 00:30 14:30 

PLSS recharge 00:15 14:45 

Debrief 00:30 15:15 

Eating period 01:00 16:15 

Pre sleep 00:30 16:45 

Sleep period 07:15 24:00 

Notes: The crew should be more involved in the planning of the day to day goals and tasks to maintain 
their interest and motivation. Much of the checklist preparation should be accomplished using 
expert software. The crew's base should be there to offer advice and analysis as well as strategy, 
instead of rigidly telling them what to do each minute of the day, as in Apollo.  

PLSS recharge should be "fit and forget". That is , once the PLSS has been removed, it should be 
fitted to a recharge station and the expert software system takes care of the rest. The crew would 
only be required to perform brief safety checks instead of monitor and control the whole 
procedure. 

The crew could use a handheld computer that would be designed to stay outside the vehicle's 
pressure shell all the time. This could be done by arranging to have a connection inside the EVA 
stowage hatch on the exterior of the Rover, or even use an Infra-red link, to allow communication 
with the Rover's computer system. This would cut down on the equipment needed on the EVA.  
 

EVA CHECKLISTS 

Initial checklists are as follows, we will refine them during the course of the detailed design, then improve 
them during the testing and trials phases.  

Crew Preparation and Egress for EVA  

¶ Check EVA plan and transfer to handheld computer  

¶ Configure cabin for EVA preparation  

¶ Verify PLSS recharge complete  

¶ Check gloves and helmet  

¶ Don inner EVA garments  



Ò 2000 The Mars Society UK Ltd.  61 

¶ Crew 1 then crew 2 to don lower body and torso of EVA suit  

¶ Fit and check communications equipment  

¶ Verify comfort of communications equipment  

¶ Crew 1 then crew 2 to fit PLSS  

¶ Configure cabin for EVA  

¶ 1 then 2 fit helmet  

¶ Fit gloves  

¶ Check PLSS operational  

¶ Pressure check EVA suits  

¶ Communications check  

¶ Inform base commencing depress proceedure  

¶ Open inner hatch, then close and lock. Verify integrity  

¶ Begin atmosphere evacuation  

¶ At 100mb (for example) unlock outer hatch  

¶ At 20mb (for example) break seal  

¶ Open outer hatch and egress [EVA begins]  

¶ Check suits and communications  

¶ Close and lock outer hatch  

¶ Inspect and clear any dust and fines from stowage area hatch  

¶ Open stowage area hatch  

¶ Verify handheld computer operational and EVA plan OK  

¶ Disconnect handheld computer from vehicle connector and replace connector covers (vehicle and 
computer)  

¶ Prepare EVA equipment  

¶ Commence EVA tasks  

Note: It is envisaged that some sort of inner and outer hatch arrangement will be necessary to prevent 

dust from entering the vehicle directly even if an airlock is not used. 

Crew Ingress from EVA  

¶ Crew returns to vehicle  

¶ Inspect stowage area hatch for dust and fines contamination  

¶ Remove any dust or fines contamination from the stowage area hatch using appropriate tool (brush)  

¶ Open stowage area hatch  

¶ Place labelled samples on stowage area scales and ensure result recorded  

¶ Place labelled samples in stowage area  

¶ Inspect handheld computer connector covers (vehicle and computer) for contamination and clean if 
necessary  

¶ Remove handheld computer connector covers and make connection  

¶ Verify data being loaded onto vehicle computer system and battery recharging  

¶ Stow EVA tools as required  

¶ Proceed to outer hatch  

¶ Inspect outer hatch for contamination by dust or fines  

¶ Remove contamination as required and stow tool (brush)  
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¶ Unlock outer hatch and open  

¶ Crew enter vehicle  

¶ Close and lock outer hatch - verify secure  

¶ Enter suit cleaning area  

¶ Begin re-pressurisation procedure  

¶ Decontaminate EVA suits  

¶ At 500mb (for example) verify pressure - SAFETY CRITICAL ITEM - Contingency plan required  

¶ Remove helmet and gloves and place in stowage area  

¶ Check crew health and vehicle systems  

¶ Contact base for health report  

¶ Remove PLSS and mount on replenishment points  

¶ Crew assist each other remove EVA suits  

¶ Remove remaining EVA garments  

¶ Check PLSS recharging automatically  

¶ Check all data uploaded from handheld computer and battery recharge status  

¶ Inspect suits for damage  

¶ Prepare suits for next EVA  

¶ Debrief with base  

¶ Eat period  

Suit Cleaning 

We will research properties of Martian dust to identify possible methods for containment and 
decontamination.  

Then we will plan a program of research to investigate these methods, for efficiency consumables usage 
and human factors.  

Suit Ports 

¶ Operation 

Expendables Usage 

¶ Investigate possibility of using mock-up to simulate one days operation, certainly for food and water. 
Gas used for EVA wil probably be more difficult to simulate but is relatively easy to calculate.  

¶ Expendable usage of other items; including wipes, and other cleaning materials, special chemicals 
and other scientific consumerables (if any), etc.  

Traverse 

We will research using current geological surveys the amount of terrain that may be covered during a 7 
day traverse, from say 3 base locations.  

Psychological Factors 

According to Reference [14], the most significant factors might be Isolation and confinement, Sensory 
overload, Biological rhythms and Group interactions. Spacecraft (or vehicle) habitablity might become an 
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issue over long durations. We will investigate what research has already been completed in each of the 
fields, then formulate a program of research.  

Re-supply, Maintenance, etc. 

The next 3 items could probably benefit from the use of a computer database and barcode system. A 3-D 
CAD model of all stowage spaces could also assist with these issues. The human factors research should 
concentrate on reduction of crew time spent on routine tasks, reduction of mistakes and enhancement of 
the science and other objectives.  

What Needs to be Maintained and How? 

Check the handbooks of any off the shelf units for maintenance schedules, and check with manufacturers 
for advice on one-off parts. Make up a checklist like that for most vehicles.  

Use of Androgenous Docking Adapter 

¶ Desirability in terms of  

¶ ease of use  

¶ speed of re-supply  

¶ safety  

¶ flexibility  

Maintenance of External Systems 

How easy is maintenance of the engines if they are outside the pressure shell? 

Will require a high fidelity simulation of an EVA suit.  

Maintenance of the crane 

Attempt to design with use of EVA suit in mind. Human factors research will require a high fidelity 
simulation of an EVA suit.  

Maintenance of the manipulator arm 

Attempt to design with use of EVA suit in mind. Human factors research will require a high fidelity 
simulation of an EVA suit. 

Crane 

¶ Use to move samples, boxes, drilling rig, etc.  

¶ Use to remove items on the trailer.  

¶ Initial research could be performed on the static rover mock-up.  

Manipulator Arm 

Arm Control 

¶ How well can the position of the arm be controlled, especially the position of the arm end relative to 
stationary (rock) targets.  
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¶ How can the arm be used to dig trenches, obtain and move samples, etc.  

Visibility of the Arm End 

¶ How visible is the end from within the rover, at what positions within the rover?  

¶ How can it be enhanced?  

¶ Will a micro-camera on the arm end help.  

Science 

Sample analysis 

¶ How many samples need to be collected to obtain knowledge of an area? What sizes of the samples 
are required?  

¶ What basic analysis techniques might be performed on board the vehicle?  

¶ What can be done on EVA, by the manipulator arm, and what may be performed by the crew within 
the rover and what has to be left to investigation in the Hab.  

Surveying 

¶ Are there any automatic or semi-automatic systems available that could be used in conjunction with 
satellite photos and derived data, that are commercially available? Can they be spun of from military 
or space agency research? Does such software have to be written from scratch or substantially 
modified to be usable for a Martian traverse?  

¶ How much would it slow things down to try to survey a traverse route using conventional land-based 
survey techniques?  

Science While Driving 

We would probably be limited to measurements of the atmosphere (temperature, pressure) and what 
could be derived from visible light and Infra-red cameras.  

What instruments/procedures are useful while driving to sample the following parameters: 

¶ Atmosphere  

¶ Pressure 

¶ Partial pressures  

¶ Trace gasses 

¶ Ground/surface conditions  

¶ Rock numbers and size 

¶ Soil partical size  

¶ Soil conditions - adhesion  

¶ Slope 

¶ Mineral composition  

¶ Subsurface geology 

¶ How much about the geology and morphology can be spotted by the crew while driving at different 
speeds and with different window sizes?  

¶ Using the cameras what is the best height(s) and direction(s) to point the cameras, how can the 
pointing best be controlled?  

¶ What resolution and frame rate for the camera(s) is optimum to balance science return against 
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bandwidth? What about IMAX or similar very high resolution format? What about still cameras?  

¶ What interactions between rover, base, mission control are advisable to increase science return, how 
does this affect crew workloads?  

¶ Can ground penetrating radar be used during general traverses, or is it only useful/advisable in 
special circumstances?  
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Appendix I: Command, Control, and 
Instrumentation 

Software Infrastructure for the Rover 

The software structure for the Analogue Pressurised Mars Rover is built on a series of technologies. 
These are all Open Source or at least free, can run on multiple platforms and integrate well together. All 
the technologies are in active development and will have a long life.  

Open Source is important as the project have access to the source to examine it, if necessary fix bugs 
and possibly customise it to our own use. This is important as we will not be using most of the software to 
solve common problems. Open Source Software is by definition free, but much of it is also available 
commercially with support contracts, etc. if required. There is a high degree of free support for the 
technologies listed below.  

Having the software freely available means that it is much easier and cheaper (essentially free) to add 
members to the development team. The team will also be able to leverage the work done by other 
developers much more easily.  

Java 

Java is a general purpose programming language, which compiles to a portable "bytecode", a Java Virtual 
Machine (JVM) runs this bytecode, either by interpreting it, Just In Time (JIT) compiling it into the native 
machine language on loading, or dynamic compiling/recompiling while the code is running. The third 
component as well as the language and JVM, is the class libraries; they include both standard libraries 
and extensions. The libraries are very extensive and provide a basic for everything required for the 
Analogue Mars Rover project.  

The latest version of Java is JDK1.3 (Java 2), which is currently available on Windows systems, beta 
implementations are available for Solaris, Linux and OS/2; a implementation for MacOS X is planned, as 
are those for other operating systems. JDK1.3 is available now from SUN and IBM, with other suppliers 
(e.g. Oracle) coming along soon. Most of these systems use dynamic compilation/recompilation and have 
performance comparable with C++.  

Java, JVMs and most Libraries is available for free, although open source implementations do exist they 
are not yet complete. There is a high degree of support, both commercial and available for free on the 
web. The source code for the Java class libraries is available for free from Sun.  

Evidence suggests that programmer productivity for Java is 2-3 times that for C/C++, with the advantage 
growing when cross platform portability is important.  

http://www.java.sun.com/  

Python 

Python is a scripting language that can be used for general purpose computing as well. Most 
implementations are slower than C++ but still adequate in speed.  

Python has been implemented in C (CPython) and Java (JPython), CPython has many precompiled 
libraries, while JPython makes use of the extensive Java class libraries and only supports the commonest 
of the CPython libraries.  

Both CPython and JPython are Open Source, as are most if not all the libraries. Python seems to be 
becoming more popular. We will be using JPython as it integrates well with the other development that will 
be in Java, the current version is 1.1 final.  

http://www.java.sun.com/
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http://jpython.org/  

Linux 

Linux is a Unix like operating system that runs on a wide variety of platforms, but most commonly on 
ordinary PCs. It has high performance and is well supported  

Linux is Open Source and is available in several configurations from both commercial and not commercial 
sources. The current stable version is 2.2 while development work continues on version 2.4, which is 
expected to be available before the Analogue Pressurised Mars Rover is integrated.  

Linux will make a good basis for a firewall to protect the rover systems when connected to the Internet.  

There is a Real-Time Linux version that adds real-time facilities to the kernel, this seems a good 
candidate for the Real-Time Controller function. Other candidates such as pSOS or VxWorks not only cost 
quite large amounts of money but also require considerable support during development; also possible 
would be one of the real-time micro-kernels of which there are many, however these are not usually 
supported or in active development.  

http://www.linux.org/  

Apache 

Apache is a http (web) server which has about 70% of the server market, it has high performance and 
configurability on a wide selection of platforms.  

Apache is Open Source and is available for free as a simple download and install. It supports many plug 
in modules which extend the functionality of the server above just serving static HTML pages.  

The current version is 1.3.12, which is stable and only undergoing bug fixes. The next major release is 
version 2.0, which is in alpha and is expected to be available in time for the start of coding, this is a much 
cleaner and more consistent source tree, while providing extra features and performance.  

http://www.apache.org/  

Tomcat 

Tomcat is a Apache plug-in module which enables Java Server Pages (version 1.1) and Java Servlets 
(version 2.2) to be used with Apache. It uses a JVM and class libraries, together with purpose written Java 
classes to implement server side processing.  

Java Server Pages uses special HTML tags to fire off extra processing (e.g. data base access). Java 
Servlets are extensions to the web server which generate HTML on the fly. Both JSP and servlets are 
portable across implementations and web servers.  

Tomcat is Open Source and is available from the Apache Web site, the current version is 3.1final.  

http://jakarta.apache.org/  

Xerces 

Xerces is an XML parser available in both Java and C++ versions, the Analogue Pressurized Rover 
Project will be using the Java version.  

It supports DOM (level 1 & 2), SAX (version 1 & 2) and XML schemas.  

Xerces is Open Source, it is available from the Apache web site, the current version is 1.1.2.  

http://xml.apache.org/xerces-j/index.html  

http://jpython.org/
http://www.linux.org/
http://www.apache.org/
http://jakarta.apache.org/
http://xml.apache.org/xerces-j/index.html
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Mozilla 

Mozilla is the basis of the next version of the Netscape browser (version 6), but is a separate activity, 
Netscape will customise Mozilla for their own use. Mozilla is much more conformant to standards than 
Navigator 4.7 or Internet Explorer 5.5, it also allows much greater degrees of customisation.  

It is designed to be cross platform and works on many operating systems including, Windows, Solaris, 
Unix and MacOS. It integrates with Java (JDK1.3) in order to run Java Applets.  

Mozilla is open source and is currently available in early beta, a first release is expected towards the end 
of the year 2000.  

http://www.mozilla.org/  
 

Software Development Environment 

The intention of these guidelines is to enable a distributed development team to write the code for the 
Analogue Pressurised Mars Rover and to integrate the software components together and with the rover 
hardware. Ideally the development environment should be free (cost) and freely available on the common 
platforms (Windows, Linux, MacOS) so that new developers can easily and cheaply join the team.  

Documentation 

Project documentation should be in HTML, both for ease of distribution and reading on the web and 
creation on numerous platforms  

StarOffice soon to be Open Sourced as OpenOffice (openoffice.org) is useful for creation of more 
complex documents, presentations and drawings.  

Development Environment 

Linux  

gnu C++ as standard.  
Java use JDK1.3 (J2SE) (http://www.java.sun.com/j2se/1.3/)  
Although an IDE is not really needed for Java, two IDE are recommended  
use JBuilder 3.5 Foundation (http://www.inprise.com/jbuilder/foundation/)  
or Forte for Java CE 1.0 (http://www.sun.com/forte/ffj/ce/).  
Apache, Tomcat, Xerces (http://www.apache.org/)  
Mozilla (http://www.mozilla.org/)  

Windows 

C++ ???  
Java use JDK1.3 (J2SE) (http://www.java.sun.com/j2se/1.3/)  
Although an IDE is not really needed for Java, two IDE are recommended  
use JBuilder 3.5 Foundation (http://www.inprise.com/jbuilder/foundation/)  
or Forte for Java CE 1.0 (http://www.sun.com/forte/ffj/ce/).  
Apache, Tomcat, Xerces (http://www.apache.org/)  
Mozilla (http://www.mozilla.org/)  

MacOS (requires MacOS X) 

C++ ???  
Java use JDK1.3 (J2SE) as standard  
Although an IDE is not really needed for Java, two IDE are recommended  

http://www.mozilla.org/
http://www.java.sun.com/j2se/1.3/
http://www.inprise.com/jbuilder/foundation/
http://www.sun.com/forte/ffj/ce/
http://www.apache.org/
http://www.mozilla.org/
http://www.java.sun.com/j2se/1.3/
http://www.inprise.com/jbuilder/foundation/
http://www.sun.com/forte/ffj/ce/
http://www.apache.org/
http://www.mozilla.org/
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use JBuilder 3.5 Foundation (http://www.inprise.com/jbuilder/foundation/)  
or Forte for Java CE 1.0 (http://www.sun.com/forte/ffj/ce/).  
Apache, Tomcat, Xerces (http://www.apache.org/)  
Mozilla (http://www.mozilla.org/)  

 

 

http://www.inprise.com/jbuilder/foundation/
http://www.sun.com/forte/ffj/ce/
http://www.apache.org/
http://www.mozilla.org/
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Appendix J: Other Rover Designs 

Mars Direct (MD) 

Robert M. Zubrin, David A. Baker and Owen Gwynne  
AAS 87-271 The Case for Mars IV, 1990  

Robert Zubrin with Richard Wagner  
The Case for Mars (book)  

Includes a mars rover in a general mission architecture.  
5psi atmosphere (3.5psi O2, 1.5psi N2), posibly 3.5psi pure O2. Suit pressure 3.5psi pure O2.  

Mars Manned Transportation Vehicle (MMTV) 

Maria E Perez-Davis and Karl A. Faymon  
AAS 87-271 The Case for Mars III, 1989  

Analysis of the power requirements for a fuel cell powered rover, two masses considered 2.7 tonne and 
7.3 tonne.  
See table K-1 for more details.  

The Mars Ball: A Prototype Martian Rover 

Daniel M. Jones  
AAS 87-272 The Case for Mars III, 1989  

A rover which uses deflatable bags to move over objects, suffers from large power requirements due to 
only 3% efficiency.  
Probably not relevant to manned rovers.  
 

Mars Global Exploration Vehicle (MGEV) 

J. Mark McCann, Mark, J. Snaufer and Robert J. Svenson  
AAS 87-222 The Case for Mars III, 1989  

A large design for a long duration rover.  
 

Mars Rovers (MR) 

Benton C. Clark  
AAS 95-490 Strategies For Mars: A guide to human exploration, 1996  

Cubic rover with large windows. Discusses options, but few design figures.  
 

Project Minerva: A low cost manned Mars mission based on indigenous propellant production 
(PM) 

Adam P. Bruckner, et al.  
AAS 90-315 The Case for Mars IV, 1997  

Includes a mars rover in a general mission architecture.  
 
Mobility of Large Manned Rovers on Mars (LMR) 

George William Herbert  
MAR-98 052 The Founding Convention of the Mars Society, 1998  

Mobility and power system considerations only. comparisons of IC engine, H2/O2 and CH4/O2 fuel cells. 
For this size of vehicle CH4/O2 fuel cells beat IC engines by 21%, and H2/O2 fuel cells are even better.  
 
Design of a Nuclear-Powered Rover for Lunar or Martian Explorations 
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Holly J. Trellue, et all.  
MAR-98 057 The Founding Convention of the Mars Society, 1998  

Not obtained yet.  
 

Design Reference Mission 

DRM 1.0 & DRM 3.0  
Nasa Exploration Office  

DRM 1.0 had a very large rover in the first mission, DRM 3.0 has delayed sending this rover.  
Details are very sketchy  

 
 

Table J-1 comparison of the Mass Budgets for various rover designs 

 MMTV MGEV MD
[3]

 PM MR DRM 1.0 DRM 3.0 LMR 

Rover mass (total inc. trailer 
if required) (kg) 

7,272 20,762 1,400 2,250  15,500 16,500 10,000 

         

Power System Total Mass  
(kg) 

1,793 
9,167

[1]
  

+1,230
[2]

 
    1,100 5,250 

Power System Dry Mass  
(kg) 

1,739 9,106 50
[4]

    1,100 1,750 

Power System Consumables  
(kg) 

54 61 560?    0 3,500 

         

ECLSS Total Mass  
(kg) 

 4,135       

Navigation & 
communications  
(kg) 

 200       

Experiments  
(kg) 

 500       

Payload  
(kg) 

 750       

Hull  
(kg) 

 1,650       

Mobility System & Structure  
(kg) 

 2,310      (6%) 760 

Tyres  
(kg) 

       (3%) 380 

Suspension  
(kg) 

       (3%) 380 
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Table J-2 comparison of the Power systems for various rover designs 

 MMTV MGEV MD
[3]

 PM MR DRM 1.0 DRM 3.0 LMR 

Rover mass  
(kg) 

7,272 20,762 1,400 2,250  15,500 16,500 10,000 

Crew  
(number) 

5 3 2? 2   2-4  

Sortie Time  
(days) 

5 110 7? 14   20 16 

Range  
(km) 

100 10,000+ 800 1000   500 4,622 

Power System  
(type) 

fuel cell 

fuel cell  
+ laser  
+ NiCd 

secondary 

methane/ 
oxygen 
engine 

methane/ 
oxygen 
engine 

not 
specified 

 
DIPS  

+ fuel cell 
methane 
fuel cell 

Total Mass  
(kg) 

1,793 9,167     1,100 5,250 

Dry Mass  
(kg) 

1,739 9,106 50
[4]

    1,100 1,750 

Total Consumables  
(kg) 

54 61 560?    0 3,500 

Total Energy Budget  
(kW-hr) 

1,129 
100

 [1]
  

+ 7 
[2]

 
      

Motive Energy  
(kW-hr) 

413        

Housekeeping Energy  
(kW-hr) 

300        

Drill core  
(kW-hr) 

150        

External Power Tools  
(kW-hr) 

40        

Energy Reserve  
(percent) 

25%        

         

Mobility (total)  
(kWe) 

62 82.5      57 

Rolling Resistance  
(kWe) 

24        

50km Climing at 10km/hr 
(30

o
)  

(kWe) 
38        

Housekeeping Power  
(kWe) 

2.5       3 

Core drill  
(kWe) 

10        

ECLSS  
(kWe) 

 6.2       
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 MMTV MGEV MD
[3]

 PM MR DRM 1.0 DRM 3.0 LMR 

Controls & Displays  
(kWe) 

 2.0       

Navigation / Communication  
(kWe) 

 2.0       

Experiments  
(kWe) 

 5.0       

         

Max Continuous Required  
(kWe) 

64 97.7      60 

Power Reserve  
(percent) 

50% 2.3%       

Continuous Power Available  
(kWe) 

96 
100  
+7 

[2]
 

50 35 60  10  

Peak Power  
(kWe) 

        

Max Instantaneous Power  
(kWe) 

        

         

         

MMTV = Mars Manned Transportation Vehicle, AAS 87-271  
MGEV = Mars Global Exploration Vehicle  
MD = Mars Direct  
PM = Project Minerva  

[1]
 The MGEV receives power from orbit by laser when stationary.  

[2]
 Secondary power system  

[3] 
Size, etc. vary for Mars Direct depending on which paper or book is considered, these are for the book  

[4]
 Engine only  
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Appendix K - Another Rover Design 

Table K-1 - Rover Volume Budget (circular cross section, rounded ends shape) 

 Mars Mover Analogue Rover 

Pressure ports 4.00 m
3
 (e) 4.00 m

3
 (by design) 

airlock 3.9 m
3
(e) 3.9 m

3
(by design) 

air pumps, valves, etc 0.1 m
3
(e) 0.1 m

3
(by design) 

Power System 0.60 m
3
 (e) 0.74 m

3
 (e) (0.14m

3
 too much) 

Engine(s) 0.03 m
3
(e) 0.06 m

3
(e) 

Generator 0.02 m
3
(e) 0.04 m

3
(e) 

Electrical distribution 0.01 m
3
(e) 0.01 m

3
(e) 

Batteries 0.20 m
3
(e) 0.30 m

3
(e) 

Motors external 0.10 m
3
(e) external 0.30 m

3
(e) 

Fuel tanks & piping 0.34 m
3
(e) 0.33 m

3
(e) 

Radiator external 0.10 m
3
(e)  

Life Support System 1.40 m
3
 (e) 1.26 m

3
 (e) 

Hygiene & waste disposal 0.10 m
3
 (e) 0.26 m

3
 (e) 

Water Supply tank & piping 0.20 m
3
 (e) 0.20 m

3
 (e) 

Thermal control  0.20 m
3
 (e) 0.20 m

3
 (e) 

Oxygen tank 0.30 m
3
 (e) dummy 0.30 m

3
 (e) 

Nitrogen tank 0.30 m
3
 (e) dummy 0.30 m

3
 (e) 

Carbon dioxide scrub 0.30 m
3
 (e)  

Furnishings 0.90 m
3
 (e) 0.90 m

3
 (e) 

Food storage 0.10 m
3
 (e) 0.10 m

3
 (e) 

Food preparation 0.10 m
3
 (e) 0.10 m

3
 (e) 

Seats 0.30 m
3
 (e) 0.30 m

3
 (e) 

Partitions, storage, etc. 0.30 m
3
 (e) 0.30 m

3
 (e) 

Excercise equipment 0.04 m
3 [1]

 0.04 m
3
 
[1]

 

clothing 0.008m
3
/person/day = 0.112m

3 [2]
 0.008m

3
/person/day = 0.112m

3 [2]
 

wipes 0.001m
3
/person/day = 0.014m

3 [3]
 0.001m

3
/person/day = 0.014m

3 [3]
 

medical equipment 0.22 m
3 [4]

 0.22 m
3 [4]

 

Science Systems, etc. 1.20 m
3
 (e) 1.20 m

3
 (e) 

science workstation 0.40 m
3
 (e) 0.40 m

3
 (e) 

science equipment (fixed) 0.30 m
3
 (e) 0.30 m

3
 (e) 
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 Mars Mover Analogue Rover 

science equipment (mobile) 0.30 m
3
 (e) 0.30 m

3
 (e) 

Spares 0.10 m
3
 (e) 0.10 m

3
 (e) 

Tools 0.10 m
3
 (e) 0.10 m

3
 (e) 

Command, Control & 
Communications 

0.90 m
3
 (e) 0.90 m

3
 (e) 

TOTAL 9.00 m
3
 (e) 9.00 m

3
 (e) 

Volume within Pressure Shell 13.30 m
3
 (e) 13.30 m

3
 (e) 

Volume available to crew 4.30 m
3
 (e) (2.15 m

3
 per person) 4.30 m

3
 (e) (2.15 m

3
 per person) 

(e) = estimated at this time.  
General source HSMAD, table 14-6, scaled to crew of 2. 

[1]
Source HSMAD, section 18.4.5  

[2]
Bourland, C. and Smith, M. 1991. Selection of Human Consumerables for Future Space Missions. 

Waste Management & Research. 9:339-344.  

[3]
ISS will use 3 utensil detergent wipes, 3 utensil rinse wipes, 4 detergent wipes, 1 disinfectant and 8 dry 

wipes for housekeeping per person on an average day. This is 0.15kg/person/day and 
0.001m

3
/person/day. Reusable (after washing and rewetting) wipes may take up more volume and mass, 

rover cleaning can probably be left until return, but EVA suit cleaning probably needs to be done every 
day.  

[4]
Apollo 16 carried a medical/first aid kit of mass 7kg, Skylab 45kg and 0.22m

3
. Space station Freedom 

460kg and 1.7m
3
. We will assume 20kg and 0.1m

3
.  

 

Table K-2 - Rover Dry Mass Budget (circular cross section, rounded ends shape) 

 Mars Rover Equivalent 
Analogue Rover based on tubular 

space frame 

Chassis / Frame 200 kg (e) 300 kg (e) 

Pressurised Envelope 440 kg (Transhab) 450 kg (e) 

Windows 
60 kg x 3 = 180 kg 

(Transhab) 
20 kg x 3 = 60 kg (e) 

Wheels, axles & tires (10% total 
mass)

[2]
 

500 kg (e) 550 kg (e) 

Suspension (5% total mass)
[2]

 250 kg (e) 275 kg (e) 

Pressure ports 300 kg (e) 50 kg (e) 

air lock 250 kg (e)  

air pump 50 kg (e)  

Power System 315 kg (e) 660 kg (e) 

Engine(s) 50 kg (e) 60 kg (e) 

Generator 35 kg (e) 38 kg (e) 

Electrical distribution 10 kg (e) 15 kg (e) 

Batteries 100 kg (e) 277 kg (e) 

Motors 100 kg (e) 250 kg (e) 
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 Mars Rover Equivalent 
Analogue Rover based on tubular 

space frame 

Fuel tanks & piping 20 kg (e) 20 kg (e) 

External fittings 250 kg (e) 850 kg (e) 

Crane 100 kg (e) 400 kg (e) 

Winch 10 kg (e) 50 kg (e) 

Arm and detachable tools 100 kg (e) 300 kg (e) 

Sample stowage 10 kg (e) 20 kg (e) 

EVA equipment stowage 10 kg (e) 20 kg (e) 

Antenna/camera mast 9 kg (e) 19 kg (e) 

Cameras, Lights & Minor fittings 10 kg (e) 40 kg (e) 

Tow Bar connect 1 kg (e) 1 kg (e) 

Life Support System 260 kg (e) 330 kg (e) 

Hygiene & Waste Disposal 50 kg (e) 100 kg (e) 

Water Supply tank & piping 20 kg (e) 30 kg (e) 

Thermal Control 100 kg (e) 100 kg (e) 

Ventilation/ Air conditioning  100 kg (e) 

Oxygen tank 30 kg (e)  

Nitrogen tank 30 kg (e)  

Carbon dioxide scrub 30 kg (e)  

Furnishings 70 kg (e) 110 kg (e) 

Food storage 8 kg (e) 13 kg (e) 

Food preparation 8 kg (e) 13 kg (e) 

Seats 10 kg (e) 20 kg (e) 

Partitions, storage, etc. 10 kg (e) 20 kg (e) 

Exercise equipment 34 kg 
[1]

 34 kg 
[1]

 

EVA support 10 kg (e) 10 kg (e) 

Science Systems (fixed) 50 kg (e) 50 kg (e) 

Vehicle Control 10 kg (e) 30 kg (e) 

TOTAL 2815 kg (e) 3835 kg (e) 

(e) = estimated at this time.  

[1] 
The mass of the shuttle rowing machine 

[2] 
Due to the lower gravity on Mars these percentages are expected to be reduced to 4% (wheels, axes & 

tyres) and 2% (suspension), reducing the rover mass by over 450 kg in total. 

 
 




