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ABSTRACT 

The BepiColombo Cornerstone to Mercury is the next 
milestone of the Horizon 2000+ scientific program plan 
of the European Space Agency devoted to the study of 
the planets of the Solar System. The BepiColombo 
mission scenario imposes severe thermal and radiation 
environments on the spacecraft exposed surfaces and 
scientific instrument mechanisms due to the position of 
Mercury in the Solar System.  
 
Amongst the instrumentation required for supporting 
scientific research, long dipole antennae are used to 
measure the electric component of wave fields. 
Mechanisms used to feature these wire boom antennae 
must be designed to the most stringent requirements 
derived from the hostile environment. A design of such 
a wire boom mechanism is here presented along with 
the most outstanding findings of the test campaign to 
which the engineering model was submitted. 
 

1. INTRODUCTION 

A Wire Boom Deployment Mechanism has been 
developed for use on potential interplanetary missions 
to Mercury (BepiColombo) and Solar Probe, in the 
frame of a Technology Research Program (TRP) 
sponsored by the European Space Agency (ESA). The 
aim of this development is a technology demonstration 
of the critical areas in a breadboarding model having as 
a reference the latest requirements of the BepiColombo 
Mission. 
 

 
Figure 1, Wire Boom Mechanism for BepiColombo. 

 
This mission to planet Mercury is aimed at improving 
our understanding of the planet and its surroundings by 
a wide variety of techniques, from remote sensing to 
particle and field detectors, as well as to conduct 
fundamental physics experiments by radio science.  
 

 
Figure 2, Planet Mercury. 

 
The instruments devoted to the study of fields and 
particles in the environment of the planet are 
accommodated on the Mercury Magnetospheric Orbiter, 
a small sub-satellite that is carried on the sidewall of the 
Mercury Planetary Orbiter and ejected after arrival at 
Mercury.  
 
Amongst its instrumentation, a radio and plasma wave 
instrument (RPW) measures three magnetic and one 
electric components of the wave field with a set of three 
search coils mounted on a boom and one 60-m long 
dipole antenna respectively. The deployment of this 
antenna and the azimutal scan of the sensors is 
facilitated by the spin-stabilisation of the MMO. 
 

 
Figure 3, Mercury Magnetospheric Orbiter. 



The orbit is nearly polar and elliptic, and has a low 
periherm altitude, in order to perform a global 
exploration of the magnetosphere and its tail from an 
altitude of a few hundred kms up to planetocentric 
distances of 7-8 times the Mercury radius. This mission 
scenario imposes an extreme temperature environment 
on the mechanism that drives its design. This orbit is 
depicted in Figure 4. 
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Figure 4, MMO orbit around Mercury. 

2. DESIGN REQUIREMENTS 

The final design of the wire boom mechanism is the 
result of an iterative process where the different 
requirements and needs imposed at a higher level must 
be assessed and balanced with the major design 
constraints. 
 
Amongst these requirements, special mention must be 
made to those derived from the BepiColombo mission 
scenario, which imposes severe thermal and radiation 
environments on the spacecraft exposed surfaces and 
scientific instrument mechanisms. These stringent 
environments drive the design of the antenna 
deployment mechanism due to the significant 
implications on material selection, treatments, tribology, 
and component survival, thus, constituting the most 
important technological challenge. 
 
Additional requirements related to functional 
performances, synchronisation and control of 
deployment, tip mass/probe features, long time dormant 
mode before or between activation’s, large thermal 
gradients or high temperature working conditions 
constrain the mechanism design to a great extent. 
 
These critical requirements can be grouped in the 
following categories, namely, functional, performance, 
interface and environment and are outlined hereinafter. 

2.1 Functional Requirements 
 
The mechanism must be able to deploy a 30-metre 
antenna with a controlled speed in order to minimise 
disturbances to the orbiter, while keeping record of the 
deployment status. Deployment will be accomplished in 
one or several intervals. Once deployed, the antenna 
will be used to transmit the electrical signal measured at 
the dipole to the corresponding pre-amplifiers. 

2.2 Performance Requirements 
 
§ Electrical performance 

◊ Average power consumption < 6 W 
◊ Wire capacitance < 50 pF 
◊ Wire impedance < 1 Ω /m 

 
§ Mechanical performance 

◊ Stiffness in launch configuration > 150 Hz 
 
§ Kinematics 

◊ Deployment will be driven by centrifugal force 
◊ Deployment time < 75 min 
◊ Deployment speed < 10 mm/s 

2.3 Interface Requirements 
 
§ Mechanical interface 

◊ Size 

− Stowed: 160 x 100 x 370 mm 
− Deployed: 60 m tip to tip. 

◊ Mass < 1.7 kg excluding electronics 

2.4 Environment 
 
§ Mechanical environment 

◊ Quasistatic accelerations: ZDMWA = ± 16g, 
⊥ZDMWA = ± 16g (ZDMWA is perpendicular to 
interface plane). 

◊ Random accelerations: 0.21g2/Hz  [100-400Hz] 
 
§ Thermal environment 
 
The thermal environment of the wire boom mechanism 
is directly derived from the combination of the position 
of Mercury in the Solar system and the orbit followed 
by the Magnetospheric Orbiter around the planet.  The 
in-flight thermal environment is defined by two extreme 
thermal load cases, a hot case and cold case. 
 
The in-flight hot case is defined as the position in which 
the orbiter is located over the sub-solar point when 
Mercury is at perihelion (see Figure 5). 
 

 
Figure 5, In-flight hot case. 



On the other hand, the in-flight cold case is defined as 
the position in which the orbiter is located over the sub-
solar point when Mercury is at aphelion. In this 
position, the orbiter faces the dark side of the planet, 
which is at extremely low temperatures. In addition, the 
situation of eclipse prevents the orbiter from receiving 
any radiation from the sun. The duration of the eclipse 
is approximately 118 minutes, which joined to the low 
thermal inertia of the MMO leads the mechanism to 
reach a very low temperature after a transient state. 
 

 
Figure 6, In-flight cold case. 

 
The thermo-optical properties (absorptivity and 
emissivity) of the components that are directly exposed 
to Sun and planet radiations are critical to determine the 
temperature range that is reached in the whole 
mechanism. The correct selection of materials and 
surface finishes for these parts compromises the 
feasibility of the mission. 
 
§ Radiation environment 
 
The amount of radiation absorbed by the mechanism is 
also a design driver due to the proximity to the Sun. An 
estimation of the orbital radiation environment has been 
defined for the Mercury Mission (Figure 7). It should be 
noted that this dose accounts for 730 days (transfer to 
Mercury) plus 547 days (orbit around Mercury). 
Radiation dose at intermediate times could require some 
extrapolation. 
 

 
Figure 7, Total radiation dose. 

3. DETAILED DESIGN 

The wire boom mechanism is responsible for the 
deployment of a 30-m long wire antenna extended in the 
spin plane. Two equal mechanisms will be located at 
opposite ends of the Magnetospheric Orbiter platform, 
so that, when deployed they feature a 60-m long dipole 
antenna. Figure 8 shows the conceptual architecture of 
the mechanism. 

DMWA

DRIVE
 SYSTEM

Gear

Drive

DAMPER 
ASSEMBLY

DRUM 
ASSEMBLY

ANTENNA 
ASSEMBLY

POSITION 
SENSOR

Wire

Tip Mass

Slip Ring

Electrical 
Connector

Drum

Bearing Set

Limit Stop

LAUNCH 
LOCKING STRUCTURE

 
Figure 8, Mechanism block diagram. 

 
The most significant elements of the mechanism will be 
explained in the next paragraphs. 
 

 
Figure 9, Wire boom mechanism. 

3.1 Drive system 
 
The drive system of the wire boom mechanism consists 
of a stepper motor and non-back driveable worm gear 
set. The mission of this assembly is to actually control 
the deployment of the antenna. In fact, the antenna is 
deployed by the action of the centrifugal force caused 
by the spinning orbiter, the drive system acting as a 
braking/controlling device to ensure a smooth 
deployment that minimises mechanical disturbances. 
 
Stepper motor 
 
A hybrid stepper motor has been selected as a result of 
the trade-off carried out between the different types of 
motors.  



The main advantages provided by this type of motor are 
the high resolution and high position accuracy in open 
loop without the need for a position sensor. The 
electronics become simpler and the deployment status 
can be monitored by simple counting of motor steps. 
 
The good thermal behaviour of these motors in a hot 
environment and the possibility to make use of the 
detent torque when not energised make of stepper motor 
the most suitable solution for this application. 
 
Gear set 
 
The gear assembly consists of a titanium worm and a 
Vespel wheel. The selection of the materials has been 
based on the thermal and radiation environments, and 
the preference for a self-lubricated gear. 
 
The worm gear has been designed as non-back driveable 
so that an induced rotation in the wheel cannot make the 
worm to rotate. Back-driveability of worm gears can be 
achieved by design depending on the helix angle of the 
worm and the value of the friction coefficient. 
 

  
Figure 10, Gear wheel. 

3.2 Launch locking 
 
The launch-locking device is aimed at preventing the 
antenna from partially deploying during the launch 
phase. In fact, the locking capability should be provided 
by the non-back-driveability of the worm gear. 
However, this feature has proven insufficient in 
vibration environments due to the loss of non back-
driveability in worm gears. As a result, a dedicated 
launch-locking device based on a pin puller that meshes 
with a castellated track has been designed. 
 
Electromagnetic pin-puller technology has been 
preferred to the alternative option of High Output 
Paraffin (HOP) actuators due to thermal and mass 
considerations.  

The electromagnet is based on the reluctant principle, 
the stator being built from a cylindrical solid iron 
structure with a fixed coil, whereas the moving part is 
just built from soft steel. When the coil is energised, the 
magnet produces a linear thrust in the direction that 
opposes to the force of the compression spring located 
inside. This preload spring is built into the motor to 
avoid wrong movement under vibrations during launch. 

3.3 Antenna 
 
One of the most outstanding novelties of the mechanism 
refers to the antenna itself, which is a 30-metre white 
cable that is wound on a drum that rotates around the 
mechanism shaft. The antenna ends in a spherical tip 
mass that provides extra mass to start the deployment 
and could house a sensor in the BepiColombo mission.  
 
Wire / Cable 
 
The main function of the cable is to drive the electrical 
charge obtained at the tip sphere towards the 
corresponding pre-amplifiers located at the sub-satellite 
hub in order to measure the radio and plasma wave 
fields. Two electrical conductors have been foreseen in 
the cable, in order to achieve redundancy in this critical 
function.  
 
The correct selection of the thermo-optical properties of 
the cable along with its mechanical properties have 
proven critical for the feasibility of the antenna in the 
highly exposed environment existing in the surrounding 
of Mercury. In this context, a white-coloured material 
with high radiation resistance and good behaviour at 
elevated temperatures has been selected for the outer 
jacket.  
 
Tip mass 
 
The tip mass of the antenna assembly is a spherical 
element with two different functions: 
 
1. To generate the centrifugal force in the cable that 

ensures deployment. 

2. To provide a metallic exposed surface that collects 
the electrical charge required by the experiment. 

 
The shape and size of the tip sphere is a compromise 
between the centrifugal force required during the 
deployment, the relative cross section with respect to 
the cable preferable for the experiment and the mass 
allocated for the component. 
 
Minimisation of the ratio between absorbed and emitted 
energies by means of an appropriate surface finish is an 
issue if an experiment is to be housed in the sphere. 
 



Slip ring 
 
The slip ring assembly is the element that provides the 
I/F between the rotating part and the fixed part of the 
antenna. The slip ring is also used to transmit the signal 
of the micro-switch, which is located in the moving part 
of the mechanism and is responsible for motor power-
off after deployment. 
 
The slip ring assembly consists of a cylindrical fixed 
part with four tracks (one per electrical signal to be 
transmitted) and a rotating part with as many pairs of 
brushes as tracks there exist in the fixed part. The 
sliding contacts between tracks and brushes are based 
on gold-to-gold contact. 

3.4 Drum 
 
The drum is the part of the mechanism where the 
antenna is stored before deployment. This metallic part 
rotates around the fixed shaft by means of a pair of soft-
preloaded angular contact ball bearings, the rotation 
being induced by the worm gear. 
 
Additionally, the drum also gives support to many other 
parts of the mechanism, namely: 

§ limit stop switch; 
§ limit stop switch activation door; 
§ slip-ring rotating part; 
§ locking device counter part (castellated track); 
§ gear. 
 
The purpose of the limit stop is to switch-off the motor 
once the full antenna length is deployed. As the 
deployment of the two antennae of the dipole is 
synchronised, the first of the two limit stops that is 
actuated (one on each unit) shall cut the power supply to 
the motors, the procedure ensuring a symmetrical dipole 
configuration upon deployment. 

3.5 Damper 
 
The damper assembly is the long conical part of the 
mechanism located in the outlet of the mechanism to 
partially damp the oscillations induced by the in-orbit 
deployment. It basically consists of oscillation damper 
and its protective cone. 
 
Damper 
 
The damper itself is a cylindrical hollow tube made of 
silicone rubber with the mission of damping the 
oscillatory movement that appears during the antenna 
deployment due to the combined effect of the Coriolis 
and the centrifugal accelerations. This material has 
excellent inherent damping and it presents moderate 
resistance to radiation, what is convenient due to its 
location in the mechanism.  

The configuration of the damper has been made based 
on calculations of damping efficiency, so that the 
oscillatory energy is dissipated by the inherent structural 
damping. 
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Figure 11, Damper configuration. 

 
Protective cone 
 
The protective cone is an aluminium part that protects 
the actual damper from the stringent environment and 
gives support to the preload spring and bushing. It also 
covers the tip sphere and the last millimetres of cable. 
This part has a conical shape in order to allow the 
bending movement of the damper inside. 
 

 
Figure 12, Damper protective cone. 

3.6 Position sensor 
 
The main purpose of the position sensor is to confirm 
the initial rotation of the drum so that a potential motor 
failure at the beginning of the deployment could be 
detected. Additionally, this switch provides the 
capability to monitor the number of turns of the 
mechanism. 
 
The solution is based on the implementation of a non-
contact switch between the rotating and fixed parts of 
the mechanism, which adds no resistive torque. 

3.7 Structure 
 
Shaft, housing, cover and connector plate are the 
remaining structural elements of the mechanism. These 
elements provide mechanical support and protection for 
other parts of the wire boom mechanism. 



4. DEPLOYMENT DYNAMICS SIMULATION 

A complex mathematical model of the deployment has 
been built, simulating the dynamics of a pair of wire-
boom antennae and the spacecraft during the 
deployment period. This model has been extremely 
helpful in the assessment of the varying dynamic 
parameters of the system during boom deployment and 
also for determining the amount of damping required to 
minimise the vibratory movement that appears in the 
antenna due to deployment. 
 
Two major parameters are analysed in the model in 
view of their relevance for the overall system, namely, 
the deflection of the tip mass and the spin rate of the 
spacecraft. 
 
MMO spin rate 
 
One of the main findings of the analysis is that a final 
sub-satellite spin rate of 2.3 rpm would be obtained after 
the deployment of the wire boom antenna, if the sub-
satellite were spin-up to 30 rpm prior to the boom 
deployment. Several solutions could be identified to 
reach an improved rate for the flight model: increase the 
initial spin-up, reaccelerate the orbiter between 
deployment steps or to advance in the definition of 
requirements applying to the antenna, regarding the 
number of conductors, the minimum conductor size, etc. 
in order to optimise the design of the cable with a 
consequent reduction in cable weight.  
 

 
Figure 13, Orbiter spin rate. 

 
Tip mass deflection 
 
During deployment, the boom is delayed with respect to 
the theoretical radial direction with a certain lag angle, 
which depends on geometrical and cinematic parameters 
of the deployment. The parameters of the oscillatory 
motion around this position are affected by the ratio of 
hub/boom inertia, and also by the presence of a 
mechanical damper in the mechanism. 

The oscillation of the boom induces some oscillation in 
the hub spin rate due to the conservation of the angular 
moment in the absence of external forces/moments. This 
oscillation occurs according to the sub-satellite coupled 
mode at a frequency that is below the spin frequency of 
the hub. 

 
Figure 14, Tip mass deflection. 

 
The amplitude of boom oscillation after deployment 
depends on the amplitude and velocity of the boom 
oscillation at the moment of stopping the deployment. 
The maximum oscillation amplitude can reach a value 
of 3.5 degrees if the worst combination of time intervals 
occurs between the deployment intervals. In order to 
avoid undesired high oscillation amplitudes, the 
duration of the intervals between deployments should be 
determined based on the damping efficiency of the 
mechanism. 

5. VERIFICATION / TEST CAMPAIGN 

The mechanism was submitted to an exhaustive test 
campaign including, functional tests in ambient, hot and 
cold temperatures, vibration, thermal cycling and life 
test, according to the test sequence shown in Figure 15. 
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Figure 15, Test sequence. 

 
The following paragraphs describe the most outstanding 
results of this test campaign. 



5.1 Functional  
 
The correct operation of the deployment mechanism 
was demonstrated through the deployment tests, which 
were carried out with the aid of a deployment rig 
consisting of a set of pulleys with different input and 
output radii in order to obtain reduction in the pulling 
force. A spiral-shaped pulley ensured a variable tensile 
force in the cable that simulates the actual centrifugal 
force. An electronic unit designed in-house for the 
application and a portable computer completed the test 
set-up. These two latter elements were required to drive 
the motor and to monitor the signal of the sensors. 
 
The deployment test was carried out in two separate 
phases due to the length of the antenna to be deployed. 
Firstly, a partial deployment was accomplished for the 
first millimetres of antenna. Then the tip sphere was 
removed from the antenna to complete the rest of the 
deployment. Figure 16 shows the set-up for the first part 
of the test. 
 

 
Figure 16, Deployment test. 

 
The deployment test was undertaken at three different 
speeds in order to verify the correct performance of the 
mechanism when operating in ambient temperature at 
different speeds, no major changes in the behaviour of 
the mechanism being appreciated. The deployment 
speed of the cable in nominal conditions was 9.96 
mm/s, the total deployment time being 56 minutes. The 
ability of the drive system to control the deployment 
rate in opposition to the centrifugal force was certified. 

5.2 Vibrations 
 
The vibration testing of the wire boom mechanism 
included sine & random excitation apart from the 
resonance survey for eigenfrequency determination.  

§ Frequency survey 
 
The frequency survey of the mechanism revealed a first 
natural frequency in launch configuration of 209 Hz. 
 

 
Figure 17, BBM resonance survey plot. 

 
§ Sine & random 
 
The sine vibration test was undertaken successfully at 
the required levels (20-g maximum acceleration). No 
relevant amplification was found due to the absence of 
resonances in the frequency range of the test. The 
random vibration test was run from 0 to 2000 Hz. The 
input power spectral density was notched to a value of 
44g (3σ), with a maximum output acceleration of 143g 
(3σ) at the motor. 
 
The vibration tests confirmed the need of a launch 
locking device in the mechanism due to the loss of the 
non-back driveability of the gears under sine vibrations. 
This phenomenon, which had been foreseen with the 
inclusion of a launch locking device, is poorly reported 
in technical literature. For this purpose, additional tests 
were carried out upon release of the launch-locking 
device, the movement being only precluded by the non 
back-driveability of the worm gear and the detent torque 
of the motor. 
 
A mono-axial accelerometer was located on the drum 
aligned with a direction that is at an angle with the 
excitation axis. This device can demonstrate the rotation 
of the drum during the test, since the signal of this 
accelerometer is proportional to the cosine of the 
mentioned angle. If some rotation of the drum occurred 
during the test, the output signal of the accelerometer 
should not be directly proportional to the input, that is, it 
would give evidence of the variation of the cosine. 
 

 
Figure 18, Output acceleration during sine test. 



This phenomenon can be appreciated in Figure 18, 
where the effect of the increase in the angle is translated 
into a decrease in the output acceleration with respect to 
the input, thus confirming the rotation of the drum 
during the test. 
 
In fact, this phenomenon was also evidenced by the 
position of the tip sphere at the end of the test, which 
was 17 mm out of the nominal position. This implies 
that the worm rotated several turns, the rotation of the 
drum being in the order of 19 degrees. Figure 19 shows 
the mechanism after this sinusoidal test, where the tip 
sphere can be appreciated out of the protective cone. 
 

 
Figure 19, Loss of worm gear non back-driveability 

during sinusoidal vibrations. 

5.3 Thermal cycling 
 
The test was performed according to the specified test 
profile consisting in three complete cycles between the 
maximum and minimum non-operating temperatures, 
and functional tests at maximum and minimum 
operating temperatures. 
 

 
Figure 20, Thermal cycling test profile. 

 
The thermal cycling test demonstrated the capacity of 
the mechanism to survive and operate in the stringent 
thermal environment expected in the surroundings of 
Mercury, by means of successful deployment tests 
during which the critical parts of the mechanism showed 
no abnormal behaviour. 

5.4 Life test 
 
The life test consisted of fifteen complete deployments 
of the antenna in ambient conditions in order to 
demonstrate the capability of the mechanism to survive 
to the in-orbit lifetime plus the on-ground deployment 
tests. In principle, none of the components of the 
mechanism are liable to suffer damage due to repeated 
operation, so a lifetime test is not a major deal for the 
mechanism. The test was completed successfully, with 
no degradation of the performances of the mechanism. 
 

 
Figure 21, Life test set-up. 

6. CONCLUSIONS 

The feasibility of a deployment mechanism for a dipole 
antenna to operate in the Mercury hostile environment 
has been demonstrated through the design, manufacture 
and test of a breadboard model. The appropriate 
selection of the material for the antenna has proven 
critical for the survival in the space-exposed conditions. 
 
The mechanism was submitted to an exhaustive test 
campaign, including, functional tests in ambient, hot 
and cold temperatures, vibration, thermal cycling and 
life test. The most relevant findings of the test campaign 
were those referring to the deployment tests, which 
revealed the capacity of the mechanism to survive and 
operate in the stringent thermal environment expected in 
the surroundings of Mercury. Moreover, the need of a 
launch-locking device was confirmed during the sine 
vibration test due to the loss of the non back-driveability 
of the gear appreciated during the test. 
 
The ability of the drive system to control the 
deployment rate in opposition to the centrifugal force 
along with the excellent deployment performances of 
the mechanism confirm the validity of the proposed 
design for the BepiColombo mission, for which the 
provision of a flight model could be achieved with no 
crucial changes, apart from those directly related to 
upgrading of non-flight components. 
 
 


