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ABSTRACT

In July 2022 the European Space Agency (ESA)
terminated its cooperation with Roscosmos on the
ExoMars mission at a late stage of the project, when both
the Russian lander Kazachok as well as European rover
Rosalind Franklin have already been fully developed,
qualified and produced. This event resulted in an
exceptional and unprecedented circumstance in that a
new lander was to be recreated from 'blank sheet’ to
match an existing mission profile and within a relatively
short timeframe.

This paper presents key challenges of this unique task
with the example of EGRSS, a deployable ramp system
that enables the rover to egress from the lander down onto
the Martian surface, ranging from technical and product
assurance to managerial and programmatic aspects.
Lessons learned at the stage of Critical Design Review
(CDR) are presented.

The lander development for the new Rosalind Franklin
Mission (RFM) was assigned by ESA and the prime
contractor Thales Alenia Space Italy (TAS-I) to Airbus
Defence and Space Ltd. (ADS), which in turn selected
Astronika (AST) as its subcontractor for EGRSS. The
typical iterative design process of development (design
and analysis) needed to be enhanced with ongoing co-
engineering  and  dedicated =~ workshops  for
accommodation and harmonization with  other
subsystems and equipment of the lander.

The technical challenges included designing a lander and
its equipment for an already fixed rover (qualified and
with flight hardware built, accepted and waiting in
storage), which heavily limited the degrees of freedom of
interfaces (mechanical, electrical, thermal, tribological)
and of the allowable and excluded envelopes. Critically,
the new system had to be strictly compliant with previous
mass limits because the lander’s parachute (previously
and still within ESA scope) had already been qualified
for particular loads. There was little-to-no information or
documentation of the incumbent Kazachok lander and its
equipment accessible to the new mission and its
industrial ~ consortium, which proved especially
challenging to attempt similarity in design and
verification. Furthermore, with the new lander entirely

under ESA scope, it was required to strictly follow ECSS
standards, which present a more conservative design,
margin and verification philosophy compared to
incumbent Roscosmos contributions. Finally, the revised
situation has led to the need to include rate dampers for
egress ramp deployment, and there are new requirements
requesting the additional functionality of a dust
protection system for the egress ramps.

The programmatic challenges included a strict and
contracted schedule, for an already delayed mission,
noting the long intervals between Mars launch windows.

As the project reaches its maturity, the authors of this
paper would like to share with the space engineering
community the challenges, hindrances and solutions of
developing of a complex space mechanism in these
unique circumstances.

1 Rosalind Franklin Mission

RFM is a planetary science mission, led by ESA and in
partnership with NASA, with a principal objective of
searching for the chemical markers of life on Mars. The
key segment of the mission is the “Rover Vehicle” (RV)
/ “Rover”, named Rosalind Franklin. The Rover,
designed and built by ADS, will perform the Mars on-
surface operations, and is equipped with a sophisticated
subsurface drill able to reach 2 m depth, and a suite of
advanced chemistry & life science experiments.

Figure 1. Artist’s impression, the ExoMars Rosalind
Franklin rover on the surface of Mars (credit: ESA)



The Rover features a locomotion system comprised of six
wheels and a passive rocker bogie type suspension
system, with three rockers each containing two wheels:
front left, front right and rear. There are three wheels on
each of the left and right sides of the Rover.

1.1 Landing Platform

The primary role of the Landing Platform segment of the
mission is to safely place the Rover onto the surface of
Mars. The Landing Platform features all the subsystems
and equipment needed to achieve this and its other
objectives.

The incumbent Kazachok landing platform for the
ExoMars mission was originally designed, built and
provided by Lavochkin on behalf of Roscosmos. This
landing platform was similar to the configuration of the
new ESA spacecraft and included deployable landing
legs, antenna boom and egress ramps, but also deployable
solar panels (not present on new RFM Landing
Platform). The Kazachok landing platform, whilst being
the means to place the Rover onto the Martian surface,
was intended to perform science objectives as well, and
it featured a suite of scientific instruments. Minimum
planned on-surface life was in the order of weeks.

The new RFM Landing platform has no science
objectives and carries no significant science instruments.

1.2 Concept of Operations

In the lead-up to launch the Rover is assembled onto the
lander. The Rover is stored in a compressed ‘stowed’
configuration during the launch, cruise, entry, descent
and landing phases of the mission. In its stowed
configuration the locomotion system (legs, bogies,
wheels) and each of its appendages (pair of left & right
solar arrays, and mast with pan-tilt mast head) are placed
and held down in their respective ‘stowed’
configurations, within a minimal volume.

The Rover is attached to a "Rover Pallet” using a set of
Hold-Down & Release Mechanisms (HDRM) connected
between the pallet and the Rover body and the wheels,
respectively. An electrical umbilical connection to the
Rover is also fitted, including its own release mechanism,
which provides power to, and transfers data (commands
& telemetry) to and from the Rover.

The Rover on its pallet is fitted to the lander, which in
turn is encapsulated within an aeroshell consisting of a
spherical “Front Shield” and conical “Back Shell”. This
complete “Decent Module” is coupled to the "Car, a
spacecraft that is responsible for getting the entire
“Spacecraft Composite Stack™ from Earth to Mars during
the cruise phase, a ballistic interplanetary transfer lasting
roughly 2 to 2 % years.

Upon final approach to Mars the lander is warmed up to
operational temperatures, ready for the entry, descent and
landing (EDL) phase. The descent module is heavily
slowed down, initially by aerodynamic breaking using
the aeroshell and then with a set of parachutes; at this
point the front shield is ejected and the landing legs
deploy, ready for touchdown. The back shell then
releases and the final descent trajectory and deceleration
is managed by a set of four breaking engines.

Figure 2. Artist’s impression, the lander in powered
descent moments before touchdown (credit: ESA)

Finally, with the lander descending only a few meters per
second vertically, a set of four landing legs absorb the
remaining kinetic energy, limit the transmitted
touchdown loads and allow for a stable landing. The
breaking engines are disengaged via a touchdown
detection sensor fitted to each leg. The exhaust plume
from the breaking engines disturbs the landing terrain and
produce an environment of energetic dust and larger
particles, lasting roughly 5-15 seconds.

Shortly after touchdown the lander’s appendages deploy,
first a boom supporting a helical antenna and then the
four egress ramps, separately and sequentially.
Successful deployment of all five of these appendages is
mission critical as it provides the needed clearances to
allow the Rover to then deploy itself, and eventually to
egress onto the surface of Mars. This set of lander
operations takes place within an hour of touchdown.

Rover deployment begins with the opening of the left and
right solar arrays to their horizontal positions — due to the
limitations on available lander power the survival of the
Rover is determined by whether it can start to generate its
own electrical power. The remainder of the Rover
deployment is not as time critical. The electrical
umbilical harness is released, disconnected and driven
clear of the Rover and its path. The deployable mast
carrying the navigation cameras and other science
instruments then deploys to its vertical position, and
finally the Rover ‘stands up’ using a set of dedicated
motorised rotary actuators on each of its six legs.



Figure 3. Artist’s impression, Rover egressing down
ramps and onto the surface of Mars (credit: ESA)

1.3 Mission Evolution

Between the previous mission with Roscosmos and the
current mission there have been a series of evolutions.
Key changes and their main impacts and effects are
summarised below.

From a Russian-supplied launch vehicle to a NASA-
supplied launch vehicle, resulting in generally
harsher launch environments. Furthermore, the final
launcher selection is still TBD, and thus the Landing
Platform and its equipment need to be designed for a
larger environment that envelopes the set of
candidate launch vehicles.

Extended cruise time from 6-9 months to up to 30
months, resulting in longer thermal cycling lifetime
at survival temperatures, and higher total dosages of
ionising radiation.

Reduced on-surface life, due to removal of science
operations and retaining only Rover support and
egress operations, from a period of weeks to only up
to two (2) sols. It follows that only primary batteries
are now used instead of solar arrays; i.e. limited
power capacity versus continual power generation.
This leads to reduced power & energy availability for
considerations such as thermal control; e.g. a
limitation on the power available for warming up
equipment from survival to operational temperature
ranges prior to EDL. The unavailability of thermal
control power then has consequence on the thermal
design  (thermo-optical properties, mounting
interfaces, etc.) that have not-insignificant impacts
onto architecture and detailed design. The authors
note the severe minimum ambient temperatures on
Mars, down to approximately -130°C, far below the
typical qualification ranges for space (or terrestrial)
equipment and components. The lack of deployable
solar panel ‘petals’ in their stowed configuration has
also removed their secondary function on the
incumbent landing platform of providing protective
barriers to shield the Rover against the energetic dust
environment caused by the landing event.

1.4 Key Constraints & Drivers

Due to the nature of the revised mission, from both the
continuity / similarity and the changes discussed above,
there are set of design, interface, environment and
operational constraints, some of which form drivers in
themselves. These are summarised below.

— Rover qualification: qualification is complete and
closed, and the flight hardware is waiting, with no
real opportunity to delta-qualify. Contracts with
previous subcontractors are all effectively closed,
and there is a lack of additional test models. The
qualification envelope is thus fixed; e.g. robustness
to shock and vibration, survival and operational
temperatures, egress performance and locomotion
envelope, operation of GNC / cameras, etc.

— Rover interfaces: volumes and clearances, interface
geometry and tribological properties, ramp
dimensions, stiffness and other items (e.g. gridded
ramp surface pattern to couple with wheel grousers),
optical properties, electrical conductivity, etc.

—  Parachute qualification: the EDL parachute has also
been previously qualified with no opportunity for
delta-qualification. The key impact is a strict
limitation on the total mass of the Landing Platform
and thus its structure, subsystems and equipment.

— Volume: limited allowable volume for stowed
configuration due to the Rover and Back Shell.

—  Thermal: harsh survival and operational temperature
ranges, coupled with limited available electrical
power for the thermal control system, means that
thermal design and interfaces are a key driver.

— Loads: high loads from launch mechanical
environment spectra, due to the change in launch
vehicle and uncertainty on final selection.
Additionally, the touchdown envelope at landing has
increased velocities and energies, leading to higher
mechanical loads seen during EDL.

— Dust: the mechanisms are all subject to a dust
environment, generally from the landing event but
also due to dust deposited by the surface winds. This
environment of particulate contaminants needs to be
careful mitigated to ensure correct and successful
deployment of the respective appendages.
Additionally, the Rover needs to be shielded against
the energetic dust during landing.

— Information: there is a significant lack of general or
detailed design & verification information from the
incumbent Kazachok landing platform and its
supplier Lavochkin. This has increased the difficulty
of designing and testing the new Landing Platform
and its equipment with the objective of similarity to
the previous mission.

— Compliance: with the revised mission fully under
ESA ownership, full compliance of design and
verification to ESA mission / TASI prime / ECSS



standards requirements is expected; it is reasonably
suspected that this was not the case for Lavochkin.
— Schedule: there is a protracted timeline for this
project, considering that it is a new and full
development of a complex spacecraft for a
demanding mission; Landing Platform FM delivery
only approximately 3 years from project kick-off.

2 EGRSS Design

EGRSS (the Egress Ramp Sub-System) is the case study
of this paper. This mechanism is designed and built by
Astronika in Poland. The function of EGRSS is to
provide two egress paths from the Landing Platform onto
the Martian surface, in the Rover’s forward a reverse
drive directions, respectively. The nominal deployed
angle of the ramps is 20° inclined below the Landing
Platform and Rover Pallet plane. The Rover is qualified
to egress at greater angles than this, versus the local
gravity vector.

Figure 4. Generic CAD view of EGRSS with four RRAs
(stowed) and pallet hardware as it would be assembled
on the Landing Platform (credit: Astronika)

Figure 5. Flight hardware of Kazachok and the Rover,
with incumbent RRAs visible in stowed configuration

(credit: ESA, TAS-1)

EGRESS is comprised of the following:

— Four (4) Ramp and Rail Assemblies (RRA), with a
left-hand and right-hand ramp pair per each egress
direction. The RRA are the mechanisms equipment
within the subsystem. Each RRA is comprised of:

— A bi-folded ramp structure,

— A ramp metallic friction grid,

e  Guiderails on the ramp outboard side,

e HDRMs to hold stowed & release the RRA,

e Deployment system (hinges with passive spring
actuators),

e A set of status sensors (bi-level monitors for
stowed & deployed status) and deployment
angle (potentiometers),

— Rover Pallet parts, comprising:

e Two (2) non-deployable guiderails on the
outboard side of the Pallet,

e  Friction grid surfaces,

— Four (4) Pallet-RRA transition assemblies.

3 Discussion topics

With the changed mission baseline (see chapter §1.3), the
development of EGRSS followed an untypical process of
designing a ramp for a fixed (and already qualified)
Rover. Whilst in some aspects, it simplified the task; e.g.
precisely known mass and inertia parameters lowered
uncertainty of loads and their distribution, in other
aspects it proved to be more challenging; e.g. an already-
qualified Rover meant no flexibility in interfaces.

The following chapter consists of four case studies of the
consequences of the mission evolution and how these
were resolved in the project, which is still ongoing as of
writing the paper (following EGRSS CDR and prior to
Landing Platform CDR).

3.1 Rover egress qualification

The dynamics of the Rover whilst making egress
(travelling off the pallet, down the ramps and onto the
surface) is a highly complex matter, dependant on any
vast number of large and small parameters; for example,
the direction of the gravity vector and Landing Platform
attitude, ramp angles (including the presence of rocks)
and separation, ramp and rails stiffness, specific contact
geometries and tribological coefficients of friction, terra-
mechanics effects, etc.

The Rover was previous qualified via an “Egress
Qualification Test Campaign” performed by TAS-I with
the support of ADS, using the incumbent Kazachok
landing platform and the Locomotion Verification Model
(LVM); this formed the qualification envelope. The
LVM hardware was no longer available at the
commencement of the revised RFM mission.
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Figure 6. General overview of EGRSS / RRA equipment in stowed configuration (credit: Astronika)
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Figure 7. General overview of EGRSS / RRA equipment in deployed configuration (credit: Astronika)



In the revised mission, due to the lack of LVM hardware
and other programmatic constraints, it is not possible to
repeat a full egress qualification test. Consequently, the
approach for RFM is to maintain qualification by
similarity — note that ‘similarity’ is treated very strictly.

Figure 8. Rover LVM during egress qualification testing
with Kazachok egress ramps (credit: Airbus, TAS-I)

The impact onto EGRSS is careful definition, monitoring
and control of the design & interfaces:

— Ramp and rail stay-in / stay-out volumes,

— Ramp deployment angle, length and step heights,

— Ramp and rail relative positions,

— Ramp and rail stiffness (against egress loads),

—  Contact surface detailed geometry and tribology,

—  ‘Friction grid’ pattern,

There are however reasons for changes to be introduced;
for starters, the LVM egress qualification test generated
a series of lessons learnt that didn’t have the opportunity
of incorporation into the flight design. Furthermore, in
order to manage other technical issues with the new RRA
design, the ways forward might affect the controlled
parameters.

Each potential deviation from the qualification baseline
has been put through a series of assessments by relevant
authorities and experts across the industrial and customer
chain (ADS, TAS-I & ESA). For each change the risks
are assessed versus the technical and programmatic
argumentation. This risk-driven approach, with excellent
co-operation at all levels has allowed for a pragmatic
development process for EGRSS and RFM.

3.2 Model philosophy and planning

As shown in Fig. 6 and 7, EGRSS consists of multiple
subsystems, which required detailed design tailored to
the design of the mission. Especially the synchronization
of the two ramps was developed by Astronika based on
designs used in JUICE mission [2], however was novel
enough that it was decided that there was a need for a de-
risking model.

Additionally, another EGRSS model was required for
early integration with the landing platform and vibration
tests. Thus, a structurally representative (though not
necessarily fully functional) version of the whole
equipment (4 ramps with guide rails, as indicated in
chapter §2) was foreseen.

Furthermore, a two-ramp EGRSS model had been
ordered by the customer to be used to validate egress
qualification similarity. This model required full
representativeness of at least the Rover interface
surfaces, which had to match those of Kazachok with
respect to intricate geometrical shape, coefficient of
friction, surface treatment and thermo-optical properties.

Table 1. EGRSS model philosophy

Model
(RRA Function & Representativeness
qty.)

DSDM | — Following functions shall be replicated:
(x1) e  Deployment function,
e  Sensing function — status,

— DM shall be a full scale, partially ALM-printed
model (in plastic), assuming functionality of
following subsystems:

e Deployment system
synchronisation system),
e  Sensors (microswitches only),

— Structural items shall be replaced with prototype
equivalents,

— Functional subsystems shall assume full set of
baseline design components,

— Functional subsystems shall assume target
materials, however, no additional treatments,

—EEE components in flight standard can be
replaced with engineering equivalents.

(hinges,

EM — Model includes Transition & Pallet elements
(x1) —Model includes RVDP considering RRA
SM quantity in terms of replicating either half or
(x4) pair of RVDP panels,
EQM | —Fully representative mechanically in terms of
(x2) phase CDR design baseline

— Target materials shall be applied,

— Key additional treatments and coatings applied —
manufacturing process simplification allowed
at that stage,

—Key target tolerances shall apply -
manufacturing process simplification allowed
at that stage,

—EEE components in flight standard can be
replaced with engineering equivalents.

QM — Model includes Transition & Pallet elements,
(x1) —Model includes RVDP considering RRA
FM quantity in terms of replicating either half or
(x4) pair of RVDP panels,
—Fully representative mechanically, electrically
and thermally,

— Representative of the CDR FEM and TMM,
— Design improved based on the EM test campaign
results dispositions.




At the same time, a regular engineering model (EM) was
developed as part of normal work in order to perform a
full test campaign and gain insight before building a
qualification model (QM). Such approach to verification
campaign resulted in broad model philosophy.

It is important to note that SM, EQM and EM are required
at virtually the same phase of the project, which yields in
a need to manufacture seven (7) ramps simultaneously
(differing in standard & quality), as indicated in Tab. 1.

This schedule required an approach of a staggered MRR
with parts approved for manufacturing as soon as they are
confirmed with positive margins of safety via FEM
analysis and subsequent reiterations of others. This
required  strict  coordination  between  project
management, customer supervision, mechanism design,
analysis, technical documentation preparation and
manufacturing management. Dedicated tools for part
status control have been developed by Astronika.

The development flow is presented below in Fig. 9.
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Figure 9. Development flow (simplified, only the triggering milestones are indicated) (credit: Astronika)

3.3 Rover Vehicle Dust Protection system

Fig. 5 provides an overview of Kazachok platform with
solar panels visible between the ramps. As discussed in
chapter §1.3, early baseline featured no solar panels, thus
leaving empty space between the ramps. However, there
was late customer agreement on implementation of the
Landing Platform requirement to provide Rover lateral
protection against the plume-soil generated environment.
Thus, a need for a Rover Vehicle Dust Protection
(RVDP) system was flown down to AST for EGRSS.

It was foreseen as a single set of Kevlar fabric panels
supported by lightweight frames to be permanently
fixated to the box structure of the RRA primary (inboard)
ramp. The span of the panels was half the width between
the RRA pair (i.e. the entire span is covered by two
panels, each attached to the left/right RRAs) and the
height is approximately the full length of the ramps.

Such design at this stage of the project (post SRR)
resulted in numerous challenges. These challenges,
together with their solutions were summarised in Tab. 2.

Table 2. Challenges related to adding RVDP to EGRSS

Challenge Solution
Additional mass Extra allowance in requirements
Extra flexibility of the | Separate stiffness ast
protruding panels eigenfrequency) requirements
for RRA and RVDP

Conflicting thermo- | Aluminized Kapton / Kevlar /
optical requirements for | Black Kapton sandwich
both sides of RVDP

Sealing between panels

Flexible symmetric draping
design with double seal
Unknown deployment | Order agnostic design of RVDP
order draping

Additional load on RRA | Redesigned supports

Risk of new design Separate de-risking model




Eventual design of RVDP is presented in Fig. 9 and 10.

Frame

Figure 10. Rover Vehicle Dust Protection system
together with an RRA (credit: Astronika).
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Figure 11. RVDP system draping (credit: Astronika).

4 Lessons Learnt

As discussed on a few examples in this paper,
compromises need to be made in order to best satisfy
multiple constraints and drivers. Reaching the
verification stage of the EGRSS project, numerous
lessons learnt have been identified.

1. With such a constrained (fixed Rover) and
schedule-driven  (infrequent Mars launch
opportunities) project, regular weekly co-
engineering sessions with AST, ADS, TAS-I
and ESA (mission responsible) proved fruitful.

2. It was crucial to recognize that, while the
EGRSS was required to meet all — and even
extend beyond — the functional capabilities of
the Kazachok ramps, directly reusing their
design was not feasible. This was primarily due
to the absence of documentation, the necessity
to apply ECSS-compliant safety margins, the
limited availability of specific materials, and the
design team's prior experience in developing
analogous mechanical systems.

3. Regular sharing of up-to-date CAD models with
the entire customer chain enabled the team to

identify potential collisions as early as possible.

4. Establishing early breadboard and de-risking
models allowed for familiarization with the
system behaviour even outside of expected load
cases, which proved fruitful as major changes
(such as addition of a new subsystem) arose.

5. Whilst challenging logistically for both
designing and manufacturing teams, a
“staggered MRR” approach (short, agile-like
cycles of manufacturing readiness verification
of each part via FEM and immediate release to
production even if remaining parts needed
additional reiteration) helped to save time via
partially parallelizing design and manufacturing
of different subsystems within the equipment.

6. The above approach in 5. also enabled early
kick-off of long lead item procurement.

7. Internal development of custom, project-
tailored IT tools simplified tracking of the above
processes and benefitted the overall schedule
compliance whilst mitigate cost increases.

8. The efficient development of manufacturing
documentation was significantly facilitated by
the customer’s strong trust in the contractor, the
structured internal review process involving the
design engineer, reviewer, PA engineer, and
manufacturing engineer, as well as the early
involvement of external sub-tier contractors
responsible for key components.

9. A similar cooperative approach is expected for
development of verification procedures.

5 Conclusions

RFM and in particular EGRSS have been non-standard
from the perspective of design, development and
verification for the reasons outlined within this paper.
However, this has presented excellent engineering and
management challenges, and these have been managed
by good working relationships and strong co-engineering
focus within the industrial and customer chain.
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