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ABSTRACT
As part of the European Space Agency’s (ESA) Rosalind
Franklin Mars rover mission, MacDonald Dettwiler and
Associates (MDA), a division of Maxar Technologies
Ltd., developed Bogie Electro-Mechanical Assemblies
(BEMA) to provide locomotion of the rover. A rigorous
test campaign was completed to ensure minimal technical
risk for the first European funded rover to be sent to Mars
in 2020. This paper aims to highlight the difficulties
associated with testing BEMA mechanisms for the
Martian environment, such as: extreme temperatures;
low pressure CO2; simulating blowing dust; and enduring
soil immersion. An emphasis is placed on test setup,
execution, and lessons learned during BEMA
qualification testing.
1.

The rover is equipped with a Canadian built locomotion
system called BEMA, which was developed by MDA in
Brampton and Montreal. BEMA consists of the wheels
and suspension system for the rover; six compliant metal
wheels each paired on three freely rotating bogie beams,
as depicted in Fig. 2.
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INTRODUCTION

The Rosalind Franklin rover (Fig. 1) is an ESARosmocos led Mars rover mission that is set to launch in
2020, following the ExoMars Trace Gas Orbiter that was
sent to orbit the red planet in 2016. Using the Orbiter as
a communication relay, the Rosalind Franklin rover will
drill into the Martian surface up to two meters deep in
search of life – past or present. Combined with the ability
to manoeuvre across the surface, it will allow the rover to
analyse the Martian planet at depth in multiple locations
on one mission.
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Figure 2: BEMA wheels and suspension system
2.

BEMA MECHANISM OVERVIEW

BEMA consists of two main mechanisms that are crucial
for the rover’s functionality: a Bogie Pivot Joint and an
Actuator Assembly. The Pivot is a freely rotating joint
connecting two rover wheels, and exists on each of the
rover’s three bogie beams. This allows the rover to
traverse over un-even terrain and obstacles. The
Actuators are motor-gearbox assemblies that provide
deployment, steering, and driving of the rover. A total of
eighteen Actuators exist on the rover, three per wheel,
allowing for each of the six wheels to be deployed,
steered, and driven independently. A depiction of these
mechanisms on one of the side bogie assemblies is shown
in Fig. 3.
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Figure 1: BEMA on the Rosalind Franklin rover [1]
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Figure 3: BEMA side bogie assembly
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3.

MARTIAN ENVIRONMENT CHALLENGES

Due to the challenges of functioning on Mars, it is
important to test mechanisms in a realistic manner to
ensure success and reliability for the duration of the
mission. However, Mars presents some unique
environmental characteristics that are sometimes difficult
to recreate on earth, such as:
3.1.

Extreme temperatures and low pressure CO2

Temperatures on Mars have been observed as low as
-130°C, while being in a low pressure CO2 dominant
atmosphere [2]. At such low temperatures, lubricants,
often a key component in mechanical mechanisms,
perform poorly. Oil based lubricants tend to thicken in
colder temperatures, causing an increase in drag, which
can limit the functionality of a mechanism. Dry
lubricants can alleviate this problem; however, these tend
to provide lower performance.
The low-pressure environment also leads to poor thermal
transfer, forcing designs to have a robust thermal subsystem. The large presence of CO2 in the atmosphere
introduces a change in tribology, which can affect the
friction of the system and the mechanism performance.
3.2.

Blowing dust

Mars is known for generating large dust storms that can
cover the entire planet for multiple months at a time [2].
For rovers, dust storms pose a threat to visibility, and as
a result navigation and power generation. Fig. 4 shows
the NASA Mars Curiosity rover during a recent dust
storm in 2018, believed to cause the failure of the NASA
Opportunity Rover [3]. The longevity of the dust storms
are perpetuated by the low pressure and low gravity
environment on mars, which cause the events to be a
regular occurrence that rovers must constantly contend
with.

Figure 4: NASA Mars Curiosity rover in 2018 dust
storm [3]
3.3.

Severe terrain

Through the experience of rovers on the surface of Mars
today, we know the presence of sand traps lead to
submersion of mechanisms, impeding their functionality.
Fig. 5 depicts the NASA Spirit Rover after getting stuck
in loose regolith on the surface of Mars in 2009, causing
one of the wheels to be almost fully submerged in
Martian soil. After failing to escape, the rover eventually
lost power and all operations were halted [4].
The terrain on Mars is wide-ranging and difficult to
discern through the distant eyes of a robot. This leads to
complex mechanisms that must be designed for the
unknown.

Exposure to blowing dust can cause damage to rover
equipment in several ways, such as obstructing optics and
solar panels, abrasion of exposed components, and
seizure of mechanisms. Oftentimes the severity is not
realized until after long-term exposure.

Figure 5: NASA Mars Spirit rover submersed in soil [4]
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4.

GROUND TESTING CHALLENGES

In order to ensure the BEMA mechanisms will function
reliably on the surface of Mars, testing was designed to
realistically subject test articles to the expected
environments discussed in the previous section.
However, numerous challenges were encountered while
trying to simulate these unique environmental conditions
during ground testing.
4.1.

Extreme temperatures and low pressure CO2

Testing to such low temperatures while also in a low
pressure CO2 environment is difficult to execute on Earth.
Some of the major factors encountered were the pressure
instability of CO2 at low temperatures, inefficient thermal
transfer, and the high monetary cost of test article
cooling.
Each BEMA bogie includes a freely rotating joint over
which a cable harness is routed to electrically connect all
of the actuators to the rover’s power distribution system
– see Fig. 3. Life testing of the BEMA Pivot Joint
mechanism and Pivot Cable Harness was required to
ensure the repetitive rotating and flexing caused by
driving the rover over obstacles and un-even terrain on
Mars would not cause failures during the mission. Life
testing was done at the Mars Simulation Lab in Aarhus,
Denmark; one of the only facilities in the world that is
capable of subjecting test articles to extreme
temperatures, low pressure CO2, and blowing dust
simultaneously [5]. Testing of the Pivot Joint and Cable
Harness were performed in parallel on separate test
setups.

chafing damage. The suspended harness temperature was
expected to follow closely with the atmospheric
temperature in the chamber, however, the warmer
convective wind was not anticipated during the test
configuration design. The cold plates on the floor of the
chamber were used to further cool the cable harnesses via
conduction using “thermal sandwiches”, as seen in Fig.
6. These consisted of the static wires from the harness
bundles splayed out, and sandwiched to a copper U-bar
with a generous amount of conformable thermal gap pad.
The size of the U-bar was dictated by the chamber
dimensions to the feedthrough. Although still inefficient
because of the insulation on the wires themselves, this
still allowed the temperature of the Cable Harness to
reach -67°C during cold testing. The temperature of the
harness was estimated during testing by measuring the
resistance of the wires in the entire bundle. This number
is an average measurement across the entire cable, and
would likely be colder in the test sections of the harness.
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Figure 6: BEMA Pivot Harness test setup
One of the key challenges of the electrical harness life
test was ensuring that the test article, the Cable Harness,
reached the required extreme cold temperature of
-85°C. While on the surface of Mars, the harness might
have several sols to acclimatize to a particular
temperature. When testing in a facility on Earth, it would
be economically impractical to sustain a constant
extreme low temperature for the multiple days or even
weeks that it would take to complete the required number
of mechanical cycles. The required use of liquid nitrogen
(LN2) for test article cooling introduces the need for
constant surveillance of trained staff. Two cooling heat
transfer mechanisms were available at the Aarhus
facility: conduction via large liquid nitrogen filled
cooling plates, and convection via low pressure CO2
atmosphere being blown by large fans.
Despite the use of a large gas-cooling heat exchanger in
the test chamber, the atmospheric temperature during
testing only reached -55°C due to inadvertent warming
from the chamber walls. The Bogie Cable Harness was
designed to ensure that the moving portions of the
harness did not contact any structure in order to avoid

Initial attempts at driving to cold temperatures at the
allowable parameters saw a very slow ramp-up rate. Due
to the demand of the test facility, the test schedule had
very little flexibility; therefore, an increase in ramp-up
rate was required in order to ensure the required cycles
could all be completed. This led to setting the
temperature of the cooling plate to -120°C in order to
drive the temperature of the test article down in a timely
manner and decrease the air temperature as much as
possible. As temperatures decreased in the chamber,
pressure instabilities began to be seen as the CO2
straddled its transition point to ice at the chamber’s
pressure. To prevent ice formation and pressure
instability, N2 gas was used in the chamber for cold
testing. Given the lower mass density of nitrogen, it was
necessary to use a higher pressure of this gas (around
16mbar) in order to obtain the same gas mass density as
CO2.
Due to the inefficiencies in cooling the test article
discussed above, approximately 27,000 litres of LN 2
were used to reach the required temperatures and
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complete life testing. The 27,000 litres also captures the
portion of LN2 used to cool the parallel BEMA life test
of the Pivot mechanism in the same chamber.
Approximately 500,000 mechanical cycles were
performed at varying angle strokes over the course of six
weeks of testing at 10 hours per day. Of these, two-thirds
were performed at the cold extreme.
4.2.

Blowing dust

Very few facilities exist in the world that can simulate a
dust storm while also in low pressure and at extreme
temperatures. In addition, the type of dust to use and the
method of deposition is difficult to recreate in a test
chamber.
Dust testing for BEMA was required to ensure that the
Pivot mechanism and Harness are not adversely affected
by blowing dust during operations over its mission life
on Mars. The Pivot mechanism, similar to the Harness, is
actuated as the rover drives over obstacles and un-even
terrain. To prevent blowing dust from entering and
damaging the freely rotating joint, rotary seals are builtin along with labyrinth paths, which provides two
barriers to reach the mechanism.
Life testing was performed at the Mars Simulation Lab in
Aarhus, Denmark alongside the Harness life test
discussed in the previous section. Testing of the Pivot
mechanism and the Pivot Harness were separated into
two test articles and tested in parallel in the test chamber
to take advantage of the similar test conditions, but not
have the results dependant on each other. Unlike the
Harness, thermal transfer was not an issue with the Pivot
test article due to the largely metallic make-up and good
conduction path. Fig. 7 & 8 show the two test setups in
the test chamber before and after testing, respectively.

Figure 7: BEMA Pivot and Harness dust test setups
prior to testing

Figure 8: BEMA Pivot and Harness dust test setups
after completing life tests in dust, simulating over 218
sols worth of dust deposition
A major challenge in executing Martian dust testing is
using the appropriate dust analogue. With no physical
samples ever being returned to Earth, scientists are
required to make decisions based on secondary
observations. For the BEMA dust tests, Salten Skov 1
was used as the dust analogue. This material is found
naturally in Denmark and has been studied extensively
with respect to grain size, magnetic properties, aerosol
transport, grain electrification, aggregation and optical
reflectance [6]. Due to its physical similarities, it has been
shown to be an effective Martian dust analogue,
particularly for blowing dust experiments in a wind
tunnel. A key characteristic observed of the analogue was
its non-abrasive nature, contrasted to other extraterrestrial dust known to man such as lunar dust, which
has been described to be razor-sharp grit made of
inorganic stone and powdered glass [7].
Another difficulty is realistically simulating where the
dust will settle. On the Martian surface, the wind patterns
are constantly changing, and the rover might be
constantly changing directions, leaving it vulnerable to
blowing dust from every direction at any time. Wind
tunnel simulations are typically restricted to one direction
of airflow. In order to avoid a significant increase in
complexity of the ground test equipment, a fixed
orientation was implemented, where the rotational axis of
the test articles were chosen to be in-line with the
chamber feedthroughs. This allowed for the drive system
and most of the ground support equipment to be mounted
outside the chamber, with a rotational feedthrough to the
test article. For the Pivot test article, this orientation
coincided with the predicted “worst-case” dust
orientation, where the radial opening for the rotating
seals were in direct path of the blowing dust, as shown in
Fig. 9. Due to the mostly turbulent airflow in the
chamber, however, even the faces shielded from the wind
saw dust exposure.
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temperature acclimatization and facility capability. A
typical test day at cold temperatures followed a rough
schedule outlined in Tab. 1, with dust injections
occurring every 30-60 minutes once cycling had begun.

CHAMBER
FEEDTHROUGH

Table 1: Dust life test at cold rough daily schedule
FLEXIBLE
COUPLING

Time
SEAL OPENING

7:00

8:00
COOLING PLATE

PIVOT TEST ARTICLE

Activity
Resume active cooling with LN2
Refill chamber to appropriate CO2/GN2 levels
to account for leakage overnight
Start fan at low wind speed (2 m/s)
Begin cycling Pivot test article after target
temperature is achieved
Begin cycling Harness test article after target
temperature is achieved

Figure 9: BEMA Pivot test setup for dust life testing

10:00

While the majority of the test equipment was outside the
extreme environment of the test chamber, some crucial
equipment was inside the chamber and subjected to the
same extreme environments as the test article. As such,
this equipment had to be designed suitably. For example,
a flexible coupling was used to connect the radially
loaded Pivot test article to the drive system. In order to
ensure the performance of the coupling over the life of
the test, the coupling had to be dry lubricated to withstand
the cold temperatures, and wrapped in a flexible sleeve to
protect the lubricated surfaces from blowing dust.

13:00

Increase chamber wind speed to 8 or 10 m/s

16:00

Increase chamber wind speed to 16 m/s

17:00

Pause cycling, turn off fans, turn off active
cooling

Facility limitations were also considered and
accommodated into the test plan. While an ideal “worstcase” test would be to run continuously in the test
chamber at the highest wind speed, this would require
two weeks of testing at 24 hours per day for the large
number of cycles to be performed. Logistically, this
would require two separate test crews, and was not
feasible programmatically or operationally. A more
practical approach of 10 hour weekdays was taken over
the course of six weeks. This ensured the test team
remained alert and could properly monitor and react to
any irregularities.
Due to the large amount of energy required to blow dust
at high wind speeds while at low pressures, operational
limits of the test chamber were also encountered. While
the test chamber is capable of generating wind speeds
above 20 m/s [5], there are time penalties associated with
these higher speeds in order to prevent chamber damage.
The maximum speed recommended by facility personnel
was 16 m/s, which corresponded to a speed of roughly
1000 rpm of the wind generating fan inside the chamber.
At that speed, the fan could reliably work for two hours,
after which the bearings begin to overheat, requiring
another two hours to cool down before restarting. Initial
thoughts of a constant high wind speed for the entire
duration of the life test was quickly reconsidered in order
to more efficiently execute the test in the allotted
timeslot. A variable wind speed approach was taken
between 2 m/s and 16 m/s, and was optimised to facilitate

Even with the varied wind speed approach implemented
to limit the stress on the chamber fan, a bearing failure
occurred on the fourth week of testing. This caused a
delay of the test while the bearing was replaced over the
course of two days.
4.3.

Severe terrain

Soil immersion testing was required for the BEMA Drive
Actuators and was performed at the MDA-Brampton
facility. Due to the severity of operating a mechanism
while submersed in soil, and the design implications that
could be imparted, careful consideration of the test setup
used to recreate mechanism submersion was taken in
order to avoid over-testing.
The major challenge encountered while developing the
BEMA Actuator soil immersion test was recreating all of
the required test conditions simultaneously. In order to
achieve analogous soil behaviour to that on Mars, testing
would need to be done in a low pressure and low gravity
environment, while at temperature extremes; all of which
may affect its dynamic behaviour. Counteracting gravity
for ground testing is a common activity that can be done
in a number of ways, often involving air bearing tables or
offloading helium balloons. However, when dealing with
sand, the effects of gravity had to be ignored. The
behaviour of the sand under 1g of gravity was assumed
to provide a more severe condition for testing which
forced the actuator to exert more effort pushing the sand
aside and presented a greater external pressure of the sand
against the actuator seals. Low pressure simulation
requires the use of a thermal vacuum chamber. While
these types of chambers are fairly common for space
hardware testing, they are kept extremely clean in order
to prevent contamination to space test articles and the
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vacuum pumps themselves. For this reason, testing was
done in a regular thermal chamber at atmospheric
pressure, where there was less concern for potential
chamber damage through contamination.
Despite use of a regular thermal chamber, concerns
related to chamber contamination were still present, due
to fans used for convective heating and cooling. It was
necessary to contain the soil in a sealed immersion box,
as seen in Fig. 10, preventing it from entering the fan
circulation system of the chamber. Several feedthroughs
were then needed through the immersion box in order to
inject a constant flow of nitrogen gas. Pressure inside the
box was closely monitored to ensure a pressure
differential was avoided, that could potentially harm the
test article. Precautions were also taken to prevent test
area contamination through the use of filters placed on
the nitrogen purge inlet and outlet lines.
IMMERSION BOX

ACTUATOR
TEST ARTICLE

conservative, which assumed the rover would be stuck
submersed in soil for one third of its life. This led the
BEMA Drive Actuator to have a very robust soil
protection system. The condition of the Actuator test
article before and after life testing is shown in Fig. 11 and
Fig 12, respectively.

Figure 11: BEMA Drive Actuator test article prior to
life cycling in soil

THERMAL
CHAMBER

Figure 10: BEMA Soil immersion test setup
Similar to the challenge with dust, using the right type of
soil has a significant impact on test results. Four types of
regolith shown to be found on the Martian surface were
identified by the European Space Agency for replication
on Earth for locomotion testing of the Rosalind Franklin
rover. Referred to as Engineering Soil (ES-x) simulants,
the four types of regolith simulants developed by ESA
are [8]: a fine dust analogue (ES-1); a fine Aeolian sand
analogue (ES-2); a coarse sand analogue (ES-3); and a
high cohesion sand analogue (ES-4). For BEMA soil
immersion testing, ES-4 soil was chosen, as it is thought
to be closest to the bulk underlying regolith on the surface
of Mars [9].
In order to ensure the dynamic behaviour of the soil,
moisture was removed to the greatest extent possible.
This involved running “de-moisturization” cycles, where
the entire test setup was subjected to long periods of
elevated temperature in the presence of dry nitrogen prior
to commencing any actuator revolutions. This ensured
that the soil had low amounts of moisture, similar to what
could be seen on Mars in a dry CO2 environment.
Several conservative situations were combined into this
test, leading to very severe test requirements. Performing
the test at the actuator sub-assembly level ignores any
effects that the rover wheel might play by pushing the soil
aside and therefore reducing the soil immersion depth.
The required number of revolutions also proved to be

Figure 12: BEMA Drive Actuator test article after
successfully completing life cycling in soil
5.

CONCLUSIONS AND LESSONS LEARNED

Several challenges associated with testing mechanisms
for the harsh Martian environment were encountered
during qualification testing of BEMA mechanisms.
Lessons learned while navigating these test challenges
are summarized below:





Convective thermal transfer is very difficult in a
low-pressure wind-tunnel environment and may
cause cooling/heating inefficiencies.
Cost of LN2 used for cooling test articles to
Mars temperatures was severely underestimated
during the planning phase of testing.
Attempting to drive temperature ramp rates
faster through temperature differentials may
cause pressure instabilities of CO2.
High energy required to drive wind speeds in a
low-pressure wind-tunnel will have operational
limits that should be accounted for in schedule
planning.
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Martian dust and soil analogues exist to recreate
what is believed to be the characteristics of
Martian regolith and should be used
appropriately.
Precautions must be taken to protect test
equipment from extreme environments,
including from dust and soil, to prevent
premature failure of test equipment.
Test condition compromises need to be made in
order to balance the practicalities of test
equipment and facilities, and in turn, cost and
schedule.

The flight BEMA’s (shown in Fig. 13) successfully
completed acceptance testing and were delivered to
Airbus for rover integration in early 2019. At the time of
writing, the Rosalind Franklin rover is on track to be
launched to Mars in 2020.

Figure 13: Flight BEMA locomotion system at MDAMontreal prior to delivery
6.

[4] NASA JPL (2010). NASA's Hibernating Mars
Rover May Not Call Home. Online at:
https://www.jpl.nasa.gov/news/news.php?feature=
2689 (as of April 28th 2019).
[5]

Holstein-Rathlou, C., Merrison, J., Iversen, J.J,
Jakobsen, A.B., et al. (2014) An Environmental
Wind Tunnel Facility for Testing Meteorological
Sensor Systems. Bulletin of the American
Meteorological Society, 31, pp447-457.

[6]

Nørnberg, P., Gunnlaugsson, H., Merrison, J.,
Vendelboe, A. (2009). Salten Skov I: A Martian
magnetic dust analogue. Planetary and Space
Science. 57. pp628-631.

[7] Bell, T.B. Stronger Than Dirt. (2006). In
August/September issue of Air & Space
Smithsonian. pp46–53.
[8]

Poulakis, P., Vago, J.L., Loizeau, D., et.al. (2015).
Overview and Development Status of the
ExoMars Rover Mobility Subsystem. In Proc. 13th
ESA Workshop on Advanced Space Technologies
for Robotics and Automation. Noordwjk, The
Netherlands.

[9]

Apfelbeck, M., Kuβ S., Rebele B., et al. (2011).
ExoMars Phase B2 Breadboard Locomotion SubSystem Test Campaign. In Proc. 11th ESA
Workshop on Advanced Space Technologies for
Robotics and Automation. Noordwjk, The
Netherlands.

AKNOWLEDGEMENTS

BEMA has been developed for the European Space
Agency as a cooperative effort between MDA, Airbus,
and Thales Alenia Space.
7.

REFERENCES

[1] ESA/ATG medialab (2017). ExoMars Rover – Side
View. Online at: http://www.
exploration.esa.int/mars/58838-exomars-rover/ (as
of April 28th, 2019).
[2] Forget, F. (2009). The present and past climates of
planet Mars. In The European Physical Journal
Conferences. 1, pp235–248.
[3]

Shekhtman, L. (2018). Martian Dust Storm Grows
Global: Curiosity Captures Photos of Thickening
Haze. Online at:
www.nasa.gov/feature/goddard/2018/curiosityphotos-show-martian-dust-storm-growing (as of
April 28th, 2019).

_____________________________________________________________________________________________
Proc. 18. European Space Mechanisms and Tribology Symposium 2019, Munich, Germany, 18.-20. September 2019

