MECHANISMS FOR THE BEAGLE2 LANDER
Nigel Phillips
Astrium UK Ltd, Gunnels Wood Road, Stevenage, Herts., England, SG1 2AS,
tel:+44(0)1438 773764
fax:+44(0)1438 778912
e-mail:nigel.phillips@astrium-space.com
minutes. This function is carried out by the Entry Descent
and Landing System (EDLS),which involves aerodynamic
braking, followed by parachutes and finally airbags for the
impact with the surface. This impact occurs at 30m/s
(105kph) and generates an initial shock of as much as
200g despite the protection of airbags. In fact the second
impact can be just as severe as the first. The final 1m drop
from the airbags, when they are released, results in
another impact with the surface at 3.1m/s (11kph). This
gives rise to shocks of up to 400g within the lander.
Having settled on the surface, the clamp band is released,
the lid is opened and the solar arrays are deployed. Finally
after confirmation that there are no obstacles to arm
deployment, the hold-downs on the PAW (multifunctional end effector) and robot arm are released, such
that the arm can be raised into the operational position.
The robot arm/PAW subsystem will then be ready to
survey the landing site, examine rocks and finally take
samples for on-board analysis. The targeted operational
life is 180 Martian sols (days)

ABSTRACT
The Beagle2 program is particularly demanding due to the
extremely tight constraints on mass, volume, power
consumption and environmental conditions. This paper
describes the solutions, against these constaints, for three
of the key mechanisms within the lander. These are the
instrument arm, the main hinge mechanism and the solar
array hinge mechanisms. The design constraints for each
are explained, followed by a detailed description for each
of the mechanism types.
Keywords: Astrium, Beagle2, mechanisms.
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INTRODUCTION TO THE BEAGLE2 MISSION

The Beagle2 program is a British lead effort to land a
probe on Mars as part of ESA’s Mars Express mission.
The primary aim of Beagle2 is to search for evidence of
life, past or present. Beagle2 is due to be launched with
ESA’s Mars Express orbiter on a Soyuz-Fregat launch
vehicle in June 2003. After a seven month cruise to Mars,
the complete probe is ejected from Mars Express. During
this 5 day coast phase, Beagle2 is totally passive, spinning
slowly about it’s axis in order to minimise thermal
gradients and to provide stability at the point of entry into
the Martian atmosphere.

Figure 2 Beagle2 dropping from airbags
This paper discusses the design of the mechanisms for
Beagle2. These include the instrument arm, the main
hinge mechanism and the solar array hinge mechanisms
(see figure3).
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Figure 1 Beagle2 leaving Mars Express

DESIGN CONSTRAINTS

Beagle2 is a particularly demanding program: mass and
volume are particularly restricted due to limitations
imposed by Mars Express. This is clearly shown in the

Once atmospheric entry is commenced, the lander is
decelerated from 5.75km/s (20,000kph) to zero in just five
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cross-section of the lander base (see figure 4). The overall
dimensions of the lander are 622mm diameter by 232mm
high, including the outer shock protection layer. These
restrictions then have the knock on effect of limiting the
power available to drive any mechanisms because of the
limited solar array area. The generic design requirements
are discussed first, followed by each mechanism’s specific
requirements in section 2.2
Instrument arm

Main hinge
mechanism

Figure 4 plan view of the base of the lander

Solar array
mechanisms

•Redundancy:
Due to the mass constraint the decision has been taken to
minimise the redundancy within Beagle2. In fact it has
only been implemented in systems where failure would
result in total mission loss (eg. pyrotechnics within the
EDLS). In the case of all the mechanisms there is no
redundancy.

hinge

•First Vibration Mode:
In the stowed configuration all mechanisms are required
to have a first natural frequency greater than 125Hz in
order to prevent cross coupling with the probe main
modes.

Figure3 Beagle2 deployed on the surface
2.1

General

•Mass:
The probe mass is constrained to a maximum of 68kg.
The lander mass is then limited to only 34kg and if this
mass is exceeded then a safe landing on Mars cannot be
guaranteed. This means that all equipment on Beagle2 has
very tight mass targets. In the case of the mechanisms this
has resulted in some unique design solutions, which have
given high torque outputs whilst achieving a low mass.

•Martian Atmosphere:
The Martian atmosphere comprises mostly CO2 at 8mbar.
This has a breakdown voltage of approximately 100V,
which is of particular concern when selecting the motors
for the mechanisms. The motors chosen are Maxon dc
brushed motors with precious metal brushes and capacitor
commutation (CLL disc) in order to limit brush arcing.
Similar Maxon motors were successfully used on the
Pathfinder mission

•Power:
Due to the mass and volume constraints, the size of the
battery and the number of solar arrays is restricted, which
means all equipment has been designed with the aim to
limit power consumption. The proposed drive method for
the arm is to move each joint separately.

•Dust:
The Martian atmosphere also contains very fine dust,
blown around by the wind. This dust is magnetic,
conductive and very intrusive. All mechanisms have
therefore been carefully designed to either be dust tolerant
or with dust seals to protect dust sensitive areas.
Breadboard hardware will be subjected to testing in order
to verify the adequacy of the approach.

•Volume:
Space is at a premium within the lander (see figure4). The
intention has been to maximise the science return from
Beagle2. This has meant that many design iterations have
been required on all equipment within the lander in order
to accommodate all the different systems, but clearly
compromises are required in such a complex program as
Beagle2.

•Vacuum:
The probe will also be subject to the vacuum of space on
the 7 month journey to Mars. The key issue for the
mechanisms is the selection of lubricants for the motors,
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by the mole launch tube. Mole retrieval forces of 50N
have been measured in test. This would become an arm
design-limiting load if applied directly to the arm.

gears and bearings. This aspect is discussed in more detail
in section 4.
•Sterilisation:
Due to COSPAR regulations all items on Beagle2 must be
sterilised in order to avoid contamination of Mars. As
Beagle2 intends to look for evidence of life it is critical
that all items are sterilised to a high degree. The current
preferred sterilisation method for the mechanisms is to
subject the hardware to a 50 hour soak at +125°C. All
items within the mechanisms have therefore been selected
to be compatible with this temperature.

• Force Applied by Arm:
All the instruments on the PAW used to examine rocks
require a contact force to be applied by the arm in order to
get stable readings. The arm is capable of generating the
5N required.
•Random Vibration: (launch)
The dominant case for random vibration is in the z-axis

•Actuation Factors:
All mechanisms have been designed to the requirements
of ECSS-30 Part3A
2.2
2.2.1

frequency range
20 - 100Hz
100 - 300Hz
300 - 340Hz
340 - 500Hz
500 - 2000Hz

Mechanism specific requirements
Instrument arm requirements

level
+9dB/oct
3.5g2/Hz
-23.8dB/oct
1.3g2/Hz
-9dB/oct

•Shock:
The dominant design cases for shock occur either for the
airbag impact case (x & y axes) or the final drop from the
airbags (z-axis)

•Access Area:
The target of an access area of 1m2 was set in order to
maximise the number of rocks that could be reached on
Mars. Unfortunately due to mass and volume constraints
the access area is limited to 0.7 m2.

axis
x-axis
y-axis
z-axis

•Positional Accuracy:
The target for the positional accuracy of the arm is ±5mm.
The performance of the arm is dominated by the accuracy
of the stereo camera pair on the PAW(currently ±2mm)
and the resolution of the potentiometer used to measure
joint position (.±2mm). Arm structural deflection has been
minimised by the use of carbon fibre tubes for the main
members and by using the potentiometer to measure the
joint position directly at the output shaft, any deflection
within the drive train is compensated for by the control
system. With this approach it has been possible to achieve
a positional accuracy of ±5.34mm.

level
200g
200g
290g+ 6000rad/s2 (about C of
G)

•Temperature:
The instrument arm has not only been designed to survive
the extremes of the Martian environment but also
sterilisation. Currently the chosen method is to bake the
unit at 125°C for 50 hours. The arm design temperatures
are summarised below:
operational case
operational
non-operational

•PAW mass:
The arm has been designed to support the PAW mass of
2.5kg

temperature limits
-40°to +30°C
-100°to +125°C

•Autonomy
Beagle2 will only be able to communicate with Earth via
Mars Express for 15 minutes every 4 days. This affects
the approach taken for arm operations but is not a design
constraint for the mechanism.

•Position of Sample Return:
The arm is required to deliver samples back to the inlet
port of the Gas Analysis Package (GAP) for on-board
analysis. The location of the port has been selected with
the arm configuration in mind.

2.2.2
Main Hinge specific requirements
•Lid Opening:
The worst case lid opening torque is for the case where
the lid is in contact with the ground. The main hinge must

•Mole Retrieval Force:
It is intended that the mole retrieval forces will be reacted
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then generate enough torque to lift the base of the lander,
which has a mass of 24.3kg. This corresponds to a
required output torque of 71Nm after applying torque
margin factors.

2.2.3
Solar Array Hinge specific requirements
• Array Opening:
The worst case solar array deployment opening torque
occurs for a combination of the torque due to the array
panel mass and the loading due to the wind. This
corresponds to a required output torque of 2.5Nm after
applying torque margin factors.

•Toppling:
When the lander is opened with the lid down, there is a
point close to 90° where the lander will topple onto the
base. This generates a large reaction torque of 72Nm (for
a mechanism stiffness of 500Nm/rad).

• Trimming:
On surface trimming of the array panels is required in
order to optimise the power output.

•Trimming:
On surface trimming of the lid is required in order to
optimise the power output from the solar arrays or in order
to stabilise the lander on the surface.

• Back-driving:
Due to the requirement for array panel trimming and
minimum power consumption, the solar array hinge
mechanism must be designed such that it can be retained
in any position with the power to the drive motor turned
off.

•Back-driving:
Due to the requirement for lid trimming and minimum
power consumption, the main hinge must be designed
such that it can be retained in any position with the power
to the drive motor turned off.

•Environmental:
The dominant case for random vibration, shock and
thermal are the same for the solar array hinge mechanisms
as for the main hinge mechanism.

•Random Vibration: (launch)
The dominant case for random vibration is in the z-axis
frequency range
20 - 60Hz
60 - 300Hz
300 - 340Hz
340 - 900Hz
500 - 2000Hz

level
+6dB/oct
4.0g2/Hz
-23.59dB/oct
1.5g2/Hz
-6dB/oct
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3.1
Instrument Arm
The instrument arm (shown in figure3) is a 5-degree of
freedom anthropomorphic manipulator, with multifunctional end effector (the PAW) permanently attached
to the wrist. Each joint comprises a Maxon dc brushed
motor and high ratio planetary gearbox, driving through a
100:1 harmonic drive gearbox. Joint position is detected
by a potentiometer mounted directly to the output shaft.
The output shaft rotates in a pair of Kaydon thin section
angular contact bearings. A cross-section of a typical joint
is shown in figure5

•Shock:
The dominant design cases for shock occur either for the
airbag impact case (x & y axes) or the final drop from the
airbags (z-axis)
axis
x-axis
y-axis
z-axis

level
200g
200g
370g(z)+ 120g(radial)

The Maxon motor has been chosen because of it’s mass
efficient design and space heritage (Pathfinder). The
harmonic drive gearbox also offers outstanding torque
capability for it’s size and mass and the thin-section
bearings have a high load capacity despite their small
dimensions.

•Temperature:
The main hinge mechanism has not only been designed to
survive the extremes of the Martian environment but also
sterilisation. Currently the chosen method is to bake the
unit at 125°C for 50 hours. The main hinge mechanism
design temperatures are summarised below:
operational case
operational
non-operational

DESIGN DESCRIPTION

All structural items are manufactured from titanium in
order to closely match the thermal expansion of the
bearings, whilst minimising the mass. It is also the best
choice where the carbon fibre arm tubes are bonded to the
end fittings. There is also a third reason for the choice: at

temperature limits
-40°to +30°C
-100°to +125°C
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A summary specification for the instrument arm is given
in table1.

night the robot arm will be exposed to the Martian night
when temperatures can fall as low as -100°C. The arm
will then act as a heat leak from the lander. It is critical
that the battery temperature is maintained above -30°C,
which has meant that all heat loss from the lander must be
minimised. Despite the choice of titanium for the majority
of the arm parts, Vetronite thermal spacers are still
required under the base of the arm.

Characteristic
mass
Maximum reach
max. output torque
back-driving torque
max. rotational speed
supply voltage
drive current
position feedback

output shaft

housing

potentiometer

Performance Achieved
2.2kg
0.709m
25Nm
21Nm
0.5°/s
12V
100mA (max)
10kΩ,
0.1%
potentiometer
-40°C to +30°C

linearity

operating
temperature range
non-operating
-100°C to +125°C
temperature range
Table1 instrument arm specification

a/c bearing
harmonic drive
motor/gearbox
bevel gears

The multi-functional end effector (PAW) is a key element
to Beagle2 as it comprises all the instruments to examine
Martian rocks and to take samples for analysis by the Gas
Analysis Package (GAP). The PAW contains the
following scientific instruments:
• a stereo camera pair for stereo imaging, arm
navigation and mineralogy
• X-ray spectrometer (XRS) for age dating rocks
• mossbauer for rock mineralogy and petrology
• microscope for optical examination of the rock
surface
• corer to prepare a flat surface for the XRS and
mossbauer and the take samples for analysis by GAP
• mole to obtain soil samples for analysis by GAP
• wind sensor to study Martian wind speed and
direction

base

thermal spacers

Figure 5 Cross-section through axis1
The launch and landing loads on the arm are severe,
which means that it must be held down securely until
Beagle2 is safely on the ground. In order to achieve this
the arm is held down using Frangibolts1 at the elbow and
wrist. There is however an additional consideration which
is that the arm spans the lander and therefore it needs to be
de-coupled from the structure. This has been achieved by
the introduction of a flexible blade at the elbow, which
minimises stress build up due to thermal differentials or
deflection of the lander structure, yet still restrains the arm
adequately for launch and landing.
Frangibolt positions

blade

Figure 6 Arm Hold Down Positions
1.

Figure 7 PAW

Frangibolts are special notched bolts, which are fractured when the
Frangibolt actuator is energised (shape memory alloy cylinder
heated by a coil)
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pulley

3.2
Main Hinge
The main hinge (shown in figure 8) has the essential role
of opening the lander once it has settled onto the surface.
The solar arrays cannot be deployed until the lid has been
opened. This means that until the lid is open no power can
be generated and the battery cannot be recharged after the
5 day coast phase. If the solar arrays are not deployed then
Beagle2 would freeze on the first night and the battery
would fail.

Steel cable

Lid attachment
Plain bush

HFUC-17
harmonic drive

Output
shaft

1.5:1 spur
gear-pass

Harmonic
output shaft
0.75:1 spur
gear-pass
potentiometer

Figure 9 cross-section through main hinge mechanism
A summary specification for the main hinge is given in
table2.

Figure 8 Main hinge mechanism

Characteristic
mass
dimensions

A cross-section of the hinge is shown in figure 9,
highlighting the key elements of the mechanism. The
mechanism is driven by a 2.5W, 18V, ∅ 13 Maxon motor
and 1119:1 5-stage planetary gearbox, which then drives
through a 1.5:1 spur gear pass to a 120:1 HFUC-17
harmonic drive gearbox. This gives a total gear ratio for
the mechanism of 201420:1 and a deployment time of
approximately 10 minutes for 180°rotation. This section
of the mechanism uses grease lubrication and is sealed
against dust penetration. A grooved pulley is connected to
the output shaft of the harmonic drive, which carries a
stainless steel cable which drives the matching pulley on
the final output shaft of the mechanism. The lid
attachment bracket is then connected to this shaft. The
pulley shafts rotate in Iglidur-X plain bushes.

Performance Achieved
0.82kg
140mm(w)x140mm(d)
x110mm(h)
71Nm
10.7Nm
0.3°/s
12V
100mA (max.)
10kΩ, 1% linearity potentiometer
-40°C to +30°C

max. output torque
back-driving torque
max. rotational speed
supply voltage
drive current
position feedback
operating
temperature range
non-operating
-100°C to +125°C
temperature range
Table2 main hinge specification

The wire rope and pulleys are required to allow the lid to
pivot with the correct geometry whilst keeping the
mechanism safely within the protective layer of the
lander. This solution also gives good dust and debris
tolerance to an area of the mechanism which has to be
exposed in order for the lid to function.

3.3
Solar Array Hinge Mechanisms
There are 4 deployable solar arrays each with their own
mechanism. They are essentially the same mechanism,
with slight geometric changes as required in order that the
solar panels can stack on top of each other for integration
into the lander prior to launch and landing.

The main hinge is also provided with position feedback
via a potentiometer, which is driven by a 0.75:1 spur gear
pass. This position feedback is essential as the solar arrays
cannot be deployed until the lid has opened through at
least 120°.

A typical solar array hinge mechanism hinge is shown in
figure 10. Once the lid has been opened, the solar arrays
are carefully deployed in sequence
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Characteristic
Performance Achieved
mass
0.1kg
dimensions
30mm(w)x100mm(d)x45mm(h)
max. output torque
2.5Nm
back-driving torque
0.17Nm
max. rotational speed 15°/s
supply voltage
12V
drive current
100mA
position feedback
10kΩ, 1% linearity potentiometer
operating
-40°C to +30°C
temperature range
non-operating
-100°C to +125°C
temperature range
Table3 main hinge specification

Figure 10 solar array hinge mechanism
A cross-section of the hinge is shown in figure 11,
highlighting the key elements of the mechanism. The
mechanism is driven by a 1.2W, 24V, ∅ 13 Maxon motor
and 1119:1 5-stage planetary gearbox, which then drives
through a 3.33:1 spur gear pass. This gives a total gear
ratio for the mechanism of 3729:1 and a deployment time
of approximately 12 seconds for 180° rotation. This
section of the mechanism uses grease lubrication and is
sealed against dust penetration. The solar array attaches
directly to the output shaft of the mechanism. The output
shaft rotates in Iglidur-X plain bushes.
Solar array
attachment
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LUBRICANT SELECTION

All the mechanisms use a 13mm Maxon dc brushed motor
plus multi-stage planetary gearbox as a key element in the
drive chain. Due to the very high gear ratio and small size
the lubricant selection and quantity was seen to be a
critical part of the mechanism design and as a result a
common approach has been taken for all 3 mechanism
types developed by Astrium for the Beagle2 program. A
research program carried out by ESTL concluded that
grease lubrication was the best choice for this application
and a series of tests were carried out to determine the
optimum solution. The results obtained are summarised in
figures 12, and 13.

potentiometer

The test sequence was as follows:
• lubricate gearbox with chosen lubricant
• run for 30 minutes in 8 mbar CO2
• cool to -40°C and measure motor current
• increase temperature and repeat test
3.33:1 spur
gear-pass

dc motor

Figure 11 cross-section through solar array
hinge mechanism
The solar array hinge mechanism is also provided with
position feedback via a potentiometer, which is driven
directly from the output shaft via a bellows coupling pass.
This position feedback is essential as the solar arrays
cannot be deployed until the previous one has opened
through at least 120°.
Figure 12 motor current vs temperature

A summary specification for a typical solar array hinge
mechanism is given in table 3.
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Figure 13 motor start-up current
Having selected the lubricant for the planetary gearboxes,
the optimum solution was sought for the bearings and
harmonic drive gearboxes. A summary of bearing testing
also carried out at ESTL is given in figure14.

Figure14 bearing test result
The final solution chosen was to use 2% (by mass)
Maplub PF100a for gearbox lubrication and 1% (bearing
free volume) PF101a for bearing lubrication.
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SUMMARY AND CONCLUSION

The Beagle2 program is very challenging and the
mechanism hardware developed has the potential for
further development for future planetary missions, where
mass, volume and power consumption are particular
design drivers.
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