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ABSTRACT 

The overall design of the BEMA rotary actuators and 
associated challenges of developing a severely mass-
constrained solution with a common architecture for the 
Deployment (DEP), Steering (STR), and Drive (DRV) 
actuators is presented throughout this paper. While all 
three types of actuators are similar in design, some 
distinct variations were necessary due to the 
requirements on each to perform the driving, steering, 
deployment, and wheel walking operations of the 
ExoMars Rover. 

The actuators performance and qualification 
environments are summarized against the stringent 
requirements of the ExoMars mission. Furthermore, the 
test-as-you-fly philosophy will be discussed, together 
with methodologies adopted for actuator subassembly 
testing. Testing across a number of hardware prototypes 
included static loading, vibration, shock, low pressure 
thermal cycling in N2, life cycling in CO2, and exposure 
to dust and soil. Hardware was also exposed to Dry 
Heat Microbial Reduction (DHMR).  The lessons 
learned, challenges associated with allocating test 
objectives across multiple test articles, and use of 
similarity and commonality will also be presented. 

1. INTRODUCTION 

The ExoMars 2020 mission is a joint endeavour 
between the European Space Agency (ESA) and the 
Russian Space Agency (Roscosmos). The lander 
(Kazachok, Roscosmos) will be delivered to the surface 
of Mars, from which a rover (Rosalind Franklin, ESA) 
will deploy. The Mission Prime Contractor is Thales 
Alenia Space Italy, while Airbus Defence and Space is 
responsible of the Rover Module, whose Locomotion 
Subsystem is developed by MDA. 

The primary scientific objectives of the ExoMars Rover 
are the search for signs of past or present life on Mars, 
as well as characterisation of the water and geochemical 
environment in the shallow subsurface. The vehicle is 
equipped with an exobiology instrument suite, a ground-
penetrating radar, and a drill that can extract samples 
from a depth up to 2 m in order to fulfil these 
objectives. An overview of the ExoMars Rover and key 
subsystems are shown in Fig. 1. 

The addition of surface mobility to this set of scientific 
instruments constitutes an absolute first in the 
exploration of Mars, making the rover an extremely 
valuable asset that increases the scientific return of the 
mission. The rover’s Bogie Electro-Mechanical 
Assembly (BEMA) provides this mobility and enables 
the collection of samples from various locations on the 
surface of the planet. BEMA includes all electro-
mechanical components required for on-surface 
locomotion and comprises 3 bogies – pivoting structure 
and legs – that are connected to six flexible wheels, with 
18 rotary actuators that enable deployment after landing, 
driving, steering, and wheel walking operations. 

The chosen landing site for the mission is Oxia Planum 
(18.20° N, 335.45° E), pending confirmation in mid-
2019, selected for the region’s valuable geological 
record of the planet’s water-rich past. The nominal 
lifetime for the rover is 218 sols (approximately 7 
months), during which the rover, via the BEMA, is 
expected to travel approximately 4 km across the 
martian surface. 

Figure 1: ExoMars Rover showing Key Subsystems 
(Copyright: ESA/ATG medialab) 

2. DESIGN DRIVERS 

Some of the major drivers for the design of the BEMA 
and its actuators are reported in this section, together 
with their impact on the rover. 

2.1. Mass and Volume 

The ExoMars rover faces strict mass and volume 
constraints, generally driven by the capability of the 
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descent module. These are reflected directly onto 
BEMA, which has to meet a 70 kg mass requirement 
(remarkable when compared to an overall vehicle mass 
of approx. 310 kg). The volume is the key driver for the 
stowage strategy, which BEMA accomplishes by 
folding its legs and wheels up at the sides of the rover 
body. Transition between stowed and deployed 
configurations of the rover utilizes the DEP actuators, 
which are also employed for wheel walking operations. 
The stowed volume constrains the wheels to be small in 
diameter compared to the vehicle, mandating a high-
flexibility design, which ensures adequate ground 
pressure and tractive performance of the rover. 

2.2. Mechanical Environment 

The mechanical environment is an important driver for 
the BEMA design. The most relevant requirements 
come from launch and Entry-Descent-Landing (EDL) 
phases, together with demanding mobility loads due to 
rough surface conditions and a need to perform agile 
manoeuvers. Furthermore, the rover’s streamlined 
architecture places all of the rotary actuators in the 
primary load path for both launch (BEMA is, in fact, an 
interface between the rover and the lander) and 
operations on the surface. 

2.3. Thermal Environment 

The extreme thermal environment is the biggest 
challenge for most of the moving elements of the 
assembly, particularly the actuators. All of the 
components are required to withstand non-operational 
temperatures down to -130 °C during the cold martian 
night and up to +125 °C during sterilization (Dry Heat 
Microbial Reduction, DHMR). The remarkable thermal 
range of 255 °C has a significant impact on the choice 
of materials, tolerances, thermal expansion behaviour, 
thermal fatigue, etc. 

2.4. Planetary Protection 

Planetary protection rules mandate stringent 
requirements in terms of biological contamination 
allowed on all the rover components, including BEMA. 
The entire spacecraft is handled with specific 
precautions throughout all phases of assembly, 
integration, and testing prior to launch. As such, BEMA 
has to meet strict bioburden requirements and has to be 
compatible with the extended high temperature 
exposure of DHMR in order to complete the sterilisation 
process before final integration with the rover. 

This planetary protection is of particular relevance to 
the ExoMars Rover as it is a mission in search for life: 
the strict control on biological contamination is in place 
not only to protect the planet from contamination from 
terrestrial organisms, but also to avoid false positives in 
the detection of martian life. 

2.5. Dust Environment 

Martian dust is particularly aggressive for mechanisms, 
being abrasive, chemically reactive, highly penetrating 
and easily airborne. Operating within a dusty 
environment can cause excessive wear, 
jamming/blocking of bearings and gears, and severely 
limit the life of these components. Provisions need to be 
taken to avoid ingress of dust into sensitive areas and 
ensure compatibility with external surfaces. 

3. SYSTEM ARCHITECTURE 

An overview of the functional and physical architecture 
relevant to BEMA and the higher level Mobility 
System, which also includes the control electronics on 
board the rover, is presented in the following sections. 

3.1. Mobility System Architecture 

Actuation of the BEMA, by way of the Actuator Drive 
Electronics (ADE), allows the rover to move and follow 
a commanded path. The ADE has a centralized 
architecture, where each unit is able to switch between 
different mechanisms to drive, providing significant 
mass savings, but also requires the use of the same 
motor technology for all the mechanisms on-board. 

3.2. Overview of BEMA 

The BEMA design consists of two side bogies and one 
rear bogie in a triple bogie arrangement. Each bogie is a 
fully independent assembly and comprises a passive 
pivot Degree of Freedom (DoF), 6 actuators, and 2 
wheels. Thus the individual wheel DRV, STR, and DEP 
actuators provide 18 total active DOFs for on-surface 
rover operations, as shown in Fig. 2. The design has 
mirror-image symmetry about the center plane of the 
rover, with respect to overall geometry and 
functionality. The BEMA operates within a defined 
volume in order to prevent interference with the rover 
body and its other appendages such as the solar array 
and drill. 

Figure 2: BEMA Actuators in the ExoMars Rover 
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As presented in Fig. 3, the stowed configuration 
packages the rover within the volume required for the 
launch, cruise and EDL stages of the mission. The DEP 
and DRV actuators are rotated such that the BEMA is 
positioned in a near-flat condition and secured to the 
lander’s deck. 

Figure 3: ExoMars Rover Structural and Thermal 
Model (STM) in Stowed Configuration  
(Copyright: Airbus Defence and Space) 

Once landed on Mars, the BEMA actuators are 
commanded through the deployment sequence. All 6 
wheel legs are in the vertical position in the deployed 
configuration where the DEP actuators engage a latch 
mechanism, limiting the range of travel for wheel 
walking. The BEMA system is then ready to engage in 
all mobility operations via commands from the rover-
mounted ADE to the STR, DRV, and DEP actuators (6 
each). 

The triple bogie architecture was chosen for its low 
mass, relatively simple design, static stability, and 
obstacle climbing capability. The triple bogie 
suspension distributes the rover’s weight across 6 
flexible metallic wheels and facilitates a number of 
possible traverse manoeuvres. The BEMA architecture 
facilitates forward and reverse motion, diagonal crab 
manoeuvring, both Ackermann and point turning, direct 
drive, and wheel walking (a contingency mode that 
allows the rover to break free from “sand traps” and 
climb steep dunes by implementing a specific gait 
sequence using DEP and DRV actuators in synchrony).

4. BEMA ACTUATOR DESIGN OVERVIEW 

To support rover locomotion performance, the  BEMA 
system requires three types of powered rotary actuation, 
including primary drive (DRV) actuation of the wheels, 
independent steering (STR) of each wheel leg, 
deployment (DEP) and wheel walking functionality of 
the locomotion system.  

The four functions outlined for the rotary actuators 
result in conflicting requirements for each. For example, 

the DRV and STR actuators have high speed/moderate 
torque requirements. The range of motion of the STR 
actuators is primarily small while dithering over ±2°, 
with larger rotation up to ±90° possible. In comparison, 
the DRV actuators require continuous rotation. In both 
cases, the STR and DRV actuators require high life in 
order to meet the mission traverse and rover pathing 
demands. The DEP actuators on the other hand require 
much higher torque at low speed in order to lift the 
rover during the deployment phase and during wheel 
walking manoeuvres. As such, the DEP operational life 
is much lower due to limited usage on the mission. 

It was determined early in the program that a large 
quantity of actuators would be required to assemble 
complete BEMA systems for the Engineering Model 
(EM), Structural Thermal Model (STM), Protoflight 
Model (PFM), as well as additional dedicated 
qualification and testing units. Thus maximizing the 
number of recurring and common designs became a 
primary driver for the actuator design.  

A common BEMA actuator architecture was developed 
consisting of the following elements: 

Brushed DC maxon motor, planetary gearbox, 
magnetic detent brake, and encoder. 
Custom weight relieved Harmonic Drive: 

o 80:1 ratio in DRV and STR actuators 
o 160:1 ratio in DEP actuators 

Angular contact bearings.  
Spring energized seal. 
Resistive potentiometer (STR/DEP only).  

The resulting family of actuators have an overall 
volume of Ø125 mm diameter x 126.2 mm long (69.4 
mm rotor to stator mounting interfaces) and a mass of 
1.89 kg. Fig. 4 shows the actuator hardware. 

Figure 4: BEMA Actuator Overview 
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Additional design variations between actuator types are 
related to sensing. For example, redundant motor 
encoder for DRV and DEP, single string motor encoder 
for STR, and output potentiometer for STR and DEP. 

4.1 Motor Module 

The common motor module assembly used across all 
types of actuators is developed and supplied by maxon 
(see Fig. 5). The motor module includes a single string 
brushed DC motor, planetary gearbox, redundant input 
encoder, and integrated magnetic detent brake.  

Figure 5: maxon BEMA Motor Module  
(Copyright: maxon motors) 

Prior to the BEMA program, maxon performed a 
number of development studies with ESA to develop 
motors for the whole of the ExoMars rover mission [3]. 
The focus of these studies was adapting their 
Commercial Off The Shelf (COTS) designs to meet the 
specified life and power output while operating in the 
martian environment. These studies led to the following 
customizations for the ExoMars motor modules: 

Customized brush material for compatibility with 
the martian atmosphere and to survive the high life 
demands. 
Modified brush design to survive high shock loads. 
Fully custom designed encoder, in conjunction with 
MDA, utilizing Hall Effect sensors that were 
previously qualified for radiation exposure. 
Custom unpowered magnetic detent brake, based 
on a previous maxon design that was developed for 
use in the Boeing 787 ECS. 

Tab. 1 summarizes characteristics of the motor modules. 

 Table 1: Motor Module Characteristics 

Motor 
Module 

Motor 
Type: Brushed DC (DCX type) 

Position Sensor 
Sensor Type: Hall Effect sensor 

Signal: 2 channels, 8 counts per turn 
Brake 

Type: Unpowered magnetic detent 
Holding 
Torque: 650 mNm @ GB output 

Gearbox 

Type: “Heavy Duty (HD)” series 
planetary gearbox 

Ratio:  ~ 66:1 

4.2 Harmonic Drive 

Harmonic Drives (HD) provide the additional gearing 
required to achieve the torque requirements of the 
BEMA actuators. The DRV and STR actuators both 
have an 80:1 ratio, whereas the DEP actuator has a 
160:1 ratio. Modifying the gear ratio but retaining the 
same size HD maintains the commonality of the 
actuator architecture while providing the increased 
torque capacity required for the DEP actuators.  

Custom weight relieved Harmonic Drives were 
developed for the BEMA actuator assemblies. The 
Harmonic Drive component sets are integrated and 
supported directly within the actuator design, which 
minimizes the overall mass as compared to packaging a 
housed unit from the vendor. Careful consideration was 
given to the actuator design to support and align the 
critical components of the HD while ensuring the units 
both meet the output torque and achieve the high life 
requirements of the ExoMars mission. In addition to the 
weight relieving features applied to the Harmonic Drive, 
the inner Wave Generator plug was also modified to 
achieve a tighter packing ratio for the BEMA actuators. 
The tighter packing ratio further optimizes the power 
density of the units. 

While changes to COTS designs helped optimize 
BEMA hardware for ExoMars, aggressive modification 
of the commercial components of the HDs results in 
reduced performance of the units. The resultant 
performance reduction requires adequate de-rating and 
consideration during the design phase.  

Lastly, selection of the lubrication scheme in the HDs 
required a balance between performance over the 
temperature regime and still meeting the life 
requirements in the martian environment. 

MDA has now fully characterized the performance 
limitations of these units, as well as demonstrated their 
ability to meet the demanding BEMA life requirements 
through an extensive test campaign. 

4.3 Output Position Sensing 

A commercial resistive element potentiometer is used to 
provide absolute position sensing for the STR and DEP 
actuators. A motor encoder is used for output position 
and speed control for the DRV actuator.  

The standard potentiometer design consists of two 
components: an element with conductive traces, and a 
wiper assembly that acts as a bridge, and which 
provides the relative position between the two 
components. The element is bonded into the stator 
housing of the actuator and the wiper is mounted on the 
rotor side. Together they provide the absolute position 
of the actuator. 
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The design solution for position sensing also needed to 
accommodate the ranges of travel of the six different 
DEP positions on the rover in order to avoid signal loss 
during operation when driving through a dead band. 
Variations of the wiper clocking were thus required 
internally across both the DEP and STR actuators. 

4.5 Thermal Control 

BEMA thermal control is achieved using commercial 
heaters and sensors. Thermal control of the actuators 
aids with warming the components of the actuator prior 
to beginning any manoeuvring operations. Additionally, 
the temperature sensors protect the motor windings 
from overheating during extended rover operations. 

While advantageous to use commercial hardware for 
thermal control, the selected COTS hardware required 
an extensive qualification and screening campaign to 
ESCC standards. 

4.6 Bearings 

All of the actuators are within the primary load path of 
the BEMA system, which requires them to react the 
extreme mobility loads generated by the rover while 
traversing difficult obstacles (up to 25 cm high). Even 
with the energy absorption properties designed into the 
flexible BEMA wheels, the loads generated at the 
actuators from the hammer action of the passive bogie 
pivot design while falling from obstacles are quite high. 

To withstand these loads, a preloaded duplex set of 
angular contact bearings optimizes the load carrying 
capability while providing the optimal mass solution 
within the common actuator volume. 

Rigorous design and selection criteria resulted in the use 
of a common, commercially available bearing set for all 
types of actuators. Optimizing their load carrying 
capacity and applying adequate de-ratings to the 
bearings ensures the actuators can meet the BEMA load 
and life requirements. 

5. ACTUATOR PERFORMANCE 

The key performance requirements of the actuators are 
outlined in Tab. 2. The performance was demonstrated 
throughout the life of the actuator and at the operational 
qualification temperature extremes (-60 °C to +82 °C) 
of the mission. 

Table 2: Key Performance Requirements 
Parameter Driving Required Value 
Maximum torque 87 Nm @ 7 °/s (DRV) 

168 Nm @ 1.5 °/s (DEP) 
Unpowered holding torque 35 Nm (DRV/STR) 
Relative position 0.1° resolution, 0.3° accuracy 
Absolute position 0.3° resolution, 1° accuracy 
Rate 0.1 °/s accuracy 

The BEMA actuators are characterized by a linear 
torque vs rotation speed relationship, where the 
performance has been measured at the operational 
temperature extremes using the lowest predicted supply 
voltage (24.3 V) and a current limit of 1.8 A. Fig. 6 
shows the measured torque vs output speed 
characterisation of the DRV/STR type actuator. On the 
same graph, the variability over the operating 
temperature range is also shown by the blue dashed  
(-60 °C) and red dash and dotted (+82 °C) boundary 
lines. Similarly, Fig. 7 shows the graph for the DEP 
type of actuator. On both figures, the torque vs output 
speed characterisation has been limited only to the range 
of interest dictated by the mission needs. 

Figure 6: STR and DRV Measured Torque Speed Curve 

Figure 7: DEP Measured Torque Speed Curve 

In addition to the torque/speed curves presented in the 
previous figures, Tab. 3 contains additional measured 
performance of the other key performance requirements 
at temperature. 
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Table 3: Key Measured Actuator Performance 
DEP Description -60 °C +82 °C 

Max power output (@230 Nm) 13.5 W 14.3 W 
Power density 7.1 W/kg 7.6 W/kg 
Max efficiency 39% 65% 

Unpowered holding torque >173 Nm >94 Nm 
Backdriving torque <128 Nm <30 Nm 

Absolute Position Sensor 
Accuracy (Potentiometer) <0.34° <0.36° 

STR/DRV Description -60 °C +82 °C
Max power output (@120 Nm) 14.1 W 15.3 W 

Power density 7.5 W/kg 8.1 W/kg 
Max efficiency 40% 80% 

Unpowered holding torque >99 Nm >50 Nm 
Backdriving torque <60 Nm <14 Nm 

Rate sensor accuracy <0.09 °/s <0.07 °/s 

The DEP actuator is qualified for more than 450,000 
output degrees while the DRV/STR actuators are both 
qualified for more than 6,670,000 output degrees. Both 
actuators were tested in a CO2 atmosphere at a pressure 
of 800 Pa, where 10,000 revolutions of the DRV/STR 
life were performed with the actuator fully immersed in 
ES-4 martian soil simulant, as presented in Fig. 8.  

The life tests were performed while also operating the 
units under test throughout the transitions between 
operational temperatures. Replicating realistic 
operations in the mission environment in these tests also 
ensures that the components within the actuator are not 
over tested by prolonged operation at the cold extremes. 

Figure 8: DRV Actuator Immersed in Soil for Life Test 

6. QUALIFICATION PATH 

The BEMA program implemented a Protoflight Model 
(PFM) philosophy. Functional, performance, and 
environmental test requirements were verified on PFMs 
rather than dedicated Qualification Models (QMs) to the 
greatest extent possible. Each of the PFM actuators, 
wheels, and pivots (beams) in their sub-assemblies were 

subjected to PFM-level environments and durations 
prior to bogie-level build and integration. PFM bogies 
were then subjected to PFM levels and durations for 
vibration and thermal/vacuum cycling. Finally, DHMR 
was performed on the PFM bogie assemblies. 

The PFM test program was supported by additional 
design validation testing on dedicated Breadboards 
(BBs), Engineering Models (EMs), and Structural 
Thermal Models (STMs) in the following cases: 

i. Where testing was required early-on in the program 
before the PFM build. 

ii. Where tests that were potentially damaging or 
overstressing could not be performed on the PFMs 
(e.g. life, dust/soil exposure, static loading, etc.).  

iii. Where additional testing was necessary for risk 
mitigation activities, or where there were gaps in 
verification and requirement closure. 

Additionally, some QMs were required where the 
design differences between design validation hardware 
and PFM hardware were too significant, or could not be 
rationalized. The combination of PFM testing and 
design validation testing served to accelerate the overall 
BEMA test program, retire key technical risks early, as 
well as provide confidence in mission success. As all 
design validation testing was completed prior to PFM 
delivery, it was possible to implement lessons learned 
and knowledge gained from test results on the flight 
build, where the schedule permitted. 

A main challenge associated with the implementation of 
a PFM test program was proving the representativeness 
of the design validation tests to flight i.e. comparing 
BB, EM, and STM hardware to PFM hardware. Another 
challenge included justifying how the design validation 
tests enveloped all required qualification tests.  

Differences between the design validation test articles 
and the flight design were assessed on a case-by-case 
basis to reduce the risks associated with a PFM test 
program. Furthermore, configurations of engineering 
test articles were rigorously documented to facilitate 
comparison to the FM as-designed configurations. 
Detailed verification planning helped ensure that all test 
requirements were mapped in detail to all available test 
articles, with associated closure references.  

Comprehensive rationale addressed any deviations from 
the principle of “testing-as-you-fly” to ensure the 
approach was acceptable to all stakeholders. Finally, a 
well-planned and implemented Product Assurance (PA) 
and safety approach was critical for meeting planetary 
protection and cleanliness control requirements in the 
context of a combined design validation and PFM 
model/test implementation on BEMA. 
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In addition to the PFM hardware, the following list 
summarizes some of the test articles employed for 
BEMA actuator qualification. In some cases, a 
combination of these articles was necessary to verify 
BEMA test requirements in their entirety. 

Dedicated life test article (EM STR actuator) 
Soil immersion test article (BB DRV actuator) 
Ground strip life article (STM DRV actuator) 
Electromagnetic Compatibility (EMC) 
characterization articles (EM STR, DRV, and DEP 
actuators) 
Static load articles (EM side/rear actuator clusters) 
Wheel walking test article to characterize the DEP 
torque capacity, torsional stiffness, and forward 
drive and backdrive torque/speed performance, as 
well as backdrive torque impulse allowable load 
(STM DEP actuator) 
Life test articles (QM DRV and DEP actuators) 
QM low temperature cycling test articles (EM STR 
actuator and additional workmanship samples) 

A common design for the three actuator types extended 
the results of many of these tests to the other 
configurations by similarity. 

7. QUALIFIED ENVIRONMENTS 

The combination of actuator test articles across multiple 
test campaigns, as described in the previous section, 
qualified the BEMA actuator designs for their 
environmental exposure during the ExoMars mission. 
This included interplanetary cruise, EDL, and 
operations on the martian surface, such as punishing 
mobility loads, deep thermal cycling (including extreme 
temperature survival and low-temperature mechanism 
operation), planetary protection requirements, as well as 
martian soil and dust exposure. 

A “test-as-you-fly” philosophy was implemented where 
practical to help validate that the BEMA system would 
be able to complete its mission. For example, all 
actuator life test articles were exposed to mechanical 
environments (shock, vibration, and static loads), and 
thermal environments, prior to life testing at 
temperature and low-pressure. Where exposure to all 
environments was not possible on some dedicated test 
articles, detailed rationale was provided to justify the 
path forward. For example, the STM DRV actuator 
ground strip life article did not see mechanical 
environmental exposure prior to its life test. For this 
case, it was confirmed by analysis that vibration loads 
are benign for the DRV actuator’s ground strip, which 
was the risk reduction element for this test. Another 
example is where test articles were not exposed to CO2

over their life. In these cases, justification was provided 
to prove how the hardware elements that were the focus 
of tests were not affected by the martian atmosphere. 

Furthermore, a dedicated low-temperature test program 
qualified Electrical, Electronic, and Electromechanical 
(EEE) parts, materials, and processes for the low 
temperature environment of Mars. This low temperature 
test campaign proved the survival of components 
through the mission requirements. Operational 
capabilities of the actuator at temperature were proven 
at qualification cold and hot temperatures after 330 low 
temperature non-operational cycles.   

The BEMA test program and environmental exposure 
across multiple test articles qualified the BEMA 
actuators to the environments presented in Tab. 4. 

Table 4: Summary of Actuator Qualified Environments 
Environment Unit Value 

Shock g 
25 g @ 100 Hz, 
1500 g between 2,000 Hz 
and 10,000 Hz 

Overall random vibe  Grms 16.1 (all axes) 
Quasi-static g 33 (all axes) 
Combined External 
Force  N 2,775 

Cross-Axis Moment 
Loads Nm 

687 (DEP) 
410 (STR) 
163 (DRV) 

Qual survival 
temperatures °C 

3 cycles of 6 hrs @ 125°C 
330 cycles from  
-130 °C to +80 °C 

Qual operational 
temperatures °C -60 to +82 

Atmosphere N/A CO2

Pressure Pa 800 
Martian soil simulant N/A ES-4* 
Life sols 218 

* ES-4 is stiff, high-density gravelly sand that is an ESA 
developed simulant to represent martian Regolith. It is 
crusty-cloddy soil, which is quite prevalent in overall 
flat and gently sloped terrain [1]. 

7. LESSONS LEARNED 

Many lessons were learned during the development and 
qualification of the BEMA actuators. A few key lessons 
learned are highlighted below: 

The use of COTS components for space missions 
requires dedicated qualification campaigns. The 
associated costs and schedule for qualification must 
be accounted for during program execution.  

Modifications to standard COTS components can 
have significant performance impacts. Dedicated 
test articles are advantageous for fully 
characterizing the degradation of performance and 
life as early as possible within the project timeline. 
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Planetary gearboxes and Harmonic Drives are 
capable of operation down to -60°C in low pressure 
CO2 with the appropriate engineering design.  
Validation tests performed early in the program 
help reduce risks associated with this hardware. 

Supporting a PFM test campaign with multiple test 
articles of varying flight representativeness requires 
significant effort to verify and validate technical 
requirements.  

8. CONCLUSION 

The common actuator design for rover driving, steering, 
deployment and wheel walking, followed by their build 
and qualification succeeded in complying with the 
demanding and highly specialised requirements of a 
mission to the surface of Mars. The BEMA actuators 
and all of the components in the mechanisms have been 
shown to perform after exposure to the launch, EDL, 
and rover-to-platform separation loads, as well as after 
DHMR, exposure to a vacuum environment, radiation, 
and extreme survival temperatures. Furthermore, all 
actuator components have been shown to perform 
during exposure to large mobility loads, operational 
temperatures, martian soil and dust, and the low-
pressure martian atmosphere. A common actuator 
design, given the many test environments and test 
articles on the program, was important in reducing both 
the cost and duration of testing. 

The BEMA test campaign demonstrated how it is 
possible to allocate test objectives across multiple test 
articles throughout the development. The success of the 
design validation testing and PFM approach helped 
accelerate the program and minimise risk; however, it 
also implied the additional complexity of assessing and 
justifying the representativeness of each test article and 
test scenario. Performance parameters of the actuator 
flight design were demonstrated across multiple design 
validation and qualification tests, taking advantage of 
BB, EM, STM, and low temperature test articles. Test 
results provided both early confidence in the results and 
the ability to implement lessons learned into the flight 
design prior to Protoflight testing.  

At the time of writing, the BEMA hardware has been 
delivered to Airbus for rover integration and testing, in 
preparation for a 2020 launch. 
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