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Abstract

The increasing demand for large-scale space structures, such as modular
telescopes and solar power stations, requires efficient and reliable In-Orbit
Assembly (ISA) operations. Robotic systems play a central role in this process,
but their locomotion can induce significant disturbances to the hosting spacecraft
because of momentum conservation. These need to be actively compensated, at
the expense of scarce and valuable fuel resources. This thesis investigates
passive disturbance minimisation through optimised path planning for Cranfield’s
Multi-Arm Robot for In-Orbit Operations (MARIO).

A literature review identified key approaches to reaction-minimising motion
planning, including real-time control, trajectory optimisation, and sampling-based
planners. Based on this analysis, the Stochastic Trajectory Optimization for
Motion Planning (STOMP) algorithm was implemented within ROS2 and Movelt2,
with a custom cost function penalising joint torques as an indicator of disturbance.
The methodology was tested through high-fidelity Gazebo simulations of MARIO
performing crawling locomotion on modular structures designed for laboratory

experiments at Cranfield University’s ASTRA-Lab.

Results demonstrated that mass distribution strongly influences disturbance
magnitude, and that optimised trajectories can reduce disturbances by nearly
50% compared to linear baselines. However, issues such as inverse kinematics
solver variability, limited repeatability, and collision risks limited practical
applicability. The most promising results were obtained when combining
Cartesian initial trajectories with STOMP optimisation, although the custom

disturbance cost function proved less effective than anticipated.

The findings highlight both the potential and challenges of trajectory optimisation
for space robotics, offering insights into the coupling between manipulator motion
and spacecraft dynamics. Future work should refine disturbance modelling cost
functions, integrate hybrid planning approaches such as RRT* with STOMP, and
extend validation to physical experiments with MARIO in the ASTRA-Lab.



Overall, this research contributes to safer and more fuel-efficient in-orbit
assembly operations, supporting the development of sustainable space

infrastructure.
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1 Introduction

1.1 Background

Large-scale space structures are becoming increasingly important, with projects
that were once thought impossible now becoming a reality thanks to advances in
space technology. Although the payload capacity of modern launchers has
increased, it remains insufficient for deploying large structures in a single launch,
thus requiring them to be sent in multiple parts and assembled in orbit. This
process often requires the use of robotics, as it is a dangerous and complex task
to perform for astronauts in a low-gravity environment. Mobile robots, such as
walking manipulators or multi-arm robots, are thus essential for this approach as
their flexibility enables a wide range of applications. However, the robot’s
movement along the structure can cause the platform to undergo rotational
deviation due to the conservation of angular momentum in orbit. This can lead to
major problems, such as deviation from the intended trajectory or loss of
communication with Earth, which necessitate active counterbalance measures

that consume valuable fuel.

1.2 Aim

This project aims to implement a path planning algorithm for a multi-arm robotic
system that passively minimises the disturbance induced on the structure it is
moving on. By optimising the robot’s motion, the project seeks to enhance the
reliability, safety and efficiency of In-Orbit Assembly operations, reducing the risk
of unintended rotational deviations and the associated need for fuel-consuming

counterbalance measures.

1.3 Objectives

First, a comprehensive literature review will be performed, to understand the
locomotion challenges for In-Orbit Assembly. Algorithms proposed for the motion



planning of multi-arm robots in orbit will also be studied, to evaluate how they
address these challenges.

Then, a locomotion scenario will be defined and the best algorithm for it will be
implemented on the MARIO platform. Simulation will be performed using ROS2
and Gazebo, to validate the motion planning algorithm. In the future, a real-life
demonstration with the MARIO robotic platform at the ASTRA-Lab (Advanced
Space Technology for Robotics and Astronautics Laboratory) will be done to

demonstrate the effectiveness of the algorithm

1.4 Outline of the thesis

First, Section 2 provides a comprehensive literature review of the topic, covering
In-Orbit Assembly projects, the various types of robots employed for such tasks,
and the planning algorithms used to compute manipulator trajectories that

minimise disturbances.

Section 3 defines the problem and the scope of this work, first describing the
problem in the context of space conditions, then detailing the experimental setup
that replicates microgravity on Earth, and finally presenting the simulation that
models this setup. Additionally, the design of both the structure and the docking

interface developed for this experiment is explained in detail.

The Design methodology section outlines the design work carried out in this
study, with the primary goal of minimizing disturbances. It first describes MARIO’s
locomotion to characterize the types of movements the robot must perform. It
then presents the rationale for the chosen algorithm, followed by a detailed
explanation of the algorithm itself and the custom cost function developed for this
work. Finally, it explains how these components integrate into the overall software

architecture of the robot.

The Results and Discussion section describes the iterative experiments that were
performed and details their findings, supported by quantitative results, graphical



representations and comprehensive explanations. It provides a comprehensive

overview of all experiments and their outcomes.

Finally, the Conclusion & Future work section emphasizes the contributions and
key findings of this study, demonstrating how they address the objectives
established at the beginning of the work. It also outlines potential avenues for
future work, including possible enhancements to the proposed methodologies

and extensions of the experimental framework.



2 Literature review

2.1 In-Space Servicing, Assembly and Manufacturing

In-Space Servicing, Assembly and Manufacturing [1] (ISAM) is gathering a lot of
interest, by allowing flexible and sustainable operation while enabling further

exploration and research possibilities.

ISAM encompasses 3 different aspects:

- Servicing: consumable refuelling, component repair or de-orbiting

- Assembly: assembling large structures in space, as they can’t be sent in
a single piece [2]

- Manufacturing: manufacture elements for use in space (to reduce
reliance on Earth supply) or for Earth by taking advantage of micro-gravity
to manufacture products that can’t be produced there [3] such as bone

tissue [4] or exotic optic fibre [5]

This report focuses on In-Space Assembly (ISA) and In-Orbit Assembly of large
structures, with existing projects such as building large telescopes from modular
mirror tiles [6—9] or Space-based solar power (SBSP) [10,11]. These tasks are
often designed to be performed by robotic systems, as they are too complex and
dangerous for astronauts to perform them. Additionally, space manipulators are
much more efficient than astronauts for this kind of repetitive and structured

tasks.

2.2 Space robotic systems for assembly

Three different types of robotic systems are used for ISA tasks (Figure 1, [12]):

- On-board robots: attached to a satellite or module to perform tasks in its
direct neighbourhood

- Free-flying robots: that use propellant to navigate in micro-gravity and
perform assembly tasks

- Persistent assembly platforms: persistent structure in space with a

robotic arm that allows to attach any kind of module to the structure
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Figure 1: Classes of space robots for assembly [12]

While onboard robots share similarities with terrestrial systems, thus making them
more straightforward to implement, their fixed base severely limits their
workspace and flexibility. In contrast, free-flying assembly robots offer much
greater manoeuvrability and can perform complex tasks thanks to their mobility.
However, they present significant control challenges and rely on propellant for
movement, which either limits their operational lifespan or introduces the added

complexity and cost of in-orbit refuelling.

This project will focus on walking robots, moving on persistent assembly
platforms or similar structures. These robots are not fixed to a base but are rather
able to crawl on the structure using standard interconnects [13], such as
HOTDOCK [14] or SIROM [15], that provide a mechanical docking mechanism
as well as power and data. This allows these robots to move to any part of the
structure to perform assembly tasks, which makes them very flexible.
Additionally, they only require electricity to function, which can be easily supplied
by solar panels on the structure, thus making it a reliable and sustainable solution.
Often, those robots contain three arms, of which two are used for locomotion,
while the third one carries the modular tiles and/or any tool required for

assembling them.

Several projects already exist with such robots. First, the Multi-arm Installation
Robot for Readying ORUS and Reflectors (MIRROR), aims to build a space
telescope by assembling mirror tiles using walking robot manipulators. Two

different robots were developed as part of this project: the Multi-Arm Robot



(Figure 2, [16,17]) as well as the Multi Arm Relocatable Manipulator (Figure 3,
[18]).
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Figure 3: Multi Arm Relocatable Manipulator (MARM) robot performing assembly
tasks [18]

Another walking manipulator project for space assembly is the MOdular

Spacecraft Assembly and Reconfiguration (MOSAR) robot arm [19]. This robotic



arm (Figure 4) is able to perform a wide variety of tasks, such as reconfiguring

the spacecraft (Figure 5), performing docking and rendezvous operations.

Figure 4: MOSAR Walking Manipulator Concept [19]

Figure 5: MOSAR Demonstrator setup [19]

Cranfield University also developed its own space walking manipulator (Figure
6), the Multi-Arm Robot for In-orbit Operations (MARIO) as part of the ASTRA-
Lab [20]. MARIO is mounted on an air bearing platform, allowing it to move freely
in the horizontal plane without any friction, to simulate a micro-gravity

environment.



Figure 6: MARIO in the ASTRA-Lab

However, as these robots move on the structure, they can influence the platform’s
attitude and trajectory because of momentum conservation. This effect is
particularly significant when the mass of the structure is comparable to or less
than that of the robot, but it remains relevant even for large structures such as
the International Space Station (ISS) [21]. Therefore, it is essential to use path

planning algorithms that minimise those disturbances.

2.3 Planning architecture

Rodriguez et al. highlight a hybrid approach to path planning for performing
assembly tasks with robotic manipulators, composed of 2 layers (Figure 7) [22].
The logic layer is responsible for optimising the overall assembly, by choosing
the order of assembly that minimises the total disturbance. The physical layer on
the other hand is responsible for optimising the movement in a point-to-point

trajectory [22].
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Figure 7: Hybrid planning architecture composed of 2 layers [22]

This hybrid approach is particularly efficient in minimising disturbances, as it
allows a reduction of the attitude disturbance of the platform between 50% and

80% while the physical layer alone only achieves up to 45% [22].

However, the rest of this work will be focusing on the physical layer, to remain
scenario agnostic, as the logic layer will depend on the type of structure that is
assembled. Thus, this project will only try to minimise the force and torques

applied to the structure by the moving manipulator in a point-to-point trajectory.

2.4 Reaction minimising algorithms

The literature identifies three complementary layers for controlling a space
manipulator to minimize reaction during point-to-point motion:
1. Real-time control: The lowest layer, handling immediate adjustments to
counteract disturbances as the arm moves.
2. Path optimisation: The middle layer, shaping the trajectory in advance to
reduce reactions before execution.
3. Path planning: The highest layer, determining feasible paths and

waypoints that respect kinematic and environmental constraints.

Together, these layers work hierarchically: planning feasible paths, optimising
them to minimise disturbances, and actively compensating for residual reactions

during execution.



2.4.1 Real-time control

The first approach is to use a real-time control strategy on the motor joint
torques. The trajectory is performed in joint space, by interpolating between the
current and target joint configurations, in a way that minimises the attitude

disturbance.

Few examples of algorithms used are Reaction Null Control Strategy (RNCS) and
a combination of RNCS and Jacobian Transpose Control (RNS-JCT) [23].
Although these control approaches are computationally inexpensive, the
downsides are that they don’t consider obstacles that might be in the way, and

that some algorithms drastically reduce the number of reachable points.

Another approach is to use Model Predictive Control (MPC) to compute control
strategies over a certain time horizon, which minimise a given cost function [21]
that would factor in attitude disturbance. However, this approach only allows to
minimise the disturbance locally, in the given time horizon, but not of the overall
trajectory. Similarly, the Quadratic Programming (QP) formulation is an optimiser

which is often used for walking robots and space applications [21].

2.4.2 Path optimisation

The second level is the optimisation of a pre-computed trajectory. These
trajectories can be either very simple, such as cubic trajectories [22], or consider
the obstacles in the way. Those trajectories are then modified, to minimise a given

cost function, that in this work corresponds to the attitude disturbance.

An example optimiser used for space applications is the Stochastic Trajectory
Optimization for Motion Planning (STOMP) [22,24], which is an improved version
of the Covariant Hamiltonian Optimization for Motion Planning (CHOMP) [25].
One limitation of this algorithm is that it cannot guarantee an optimal solution
within finite time. Instead, it can only approximate the global optimum with a

certain probability.

10



2.4.3 Path planning

Finally, the last option is path-planning algorithms. Those algorithms don’t need
a pre-computed path, they just need a representation of their surrounding

environment and obstacles as well as a cost function for the path to optimise.

The sampling-based planners, such as PRM [26] or RRT [27,28], work by
randomly sampling the configuration space and selecting the samples that score
the best. These algorithms are very fast, as they don’t have to explore the entire
configuration space, and guarantee a solution, however this solution is sub-

optimal.

Search-based planners on the other hand solve that issue, by providing optimal
paths, but at the cost of additional computing requirements. Examples of such

planners are RRT* [29] or A* and its modified versions [30].

2.4.4 Others

Additionally, some approaches try to implement artificial intelligence, such as
Support Vector Machine (SVM), as part of the process, to learn from the
optimisation and provide a more accurate initial guess for the trajectory and thus

reduce the overall computation time [31].

Also, regardless of the selected approach, some algorithms are used offline
(before the robot starts moving) while some of them are run online (while the
robot is moving the path gets recomputed at each time step). For instance, in the
previous examples QP optimises the path at each time step [21] while STOMP
optimises it offline [22].

The main advantage of running the algorithms online is to enable dynamic
planning, for example in a constantly changing environment or with moving
obstacles. However, in space we can assume that there is no dynamic obstacle
that would need to be avoided by the arm. Indeed, the only moving objects would

be other potential robots, whose paths can be planned in advance to avoid

11



collisions, and space debris, which would be difficult for the robot to avoid due to

their high speed and the complexity of detecting them in time.

2.5 Approach trade-off

Although easier to implement, control strategies pose major issues such as a

drastically reduced work envelope and the absence of collision avoidance.

Then, while search-based planners ensure optimality, they are often
computationally expensive, especially for manipulators with high degrees of
freedom. Thus sample-based planners such as RRT and its variations are often
preferred. Although these planners allow to find solutions quickly, they are sub-

optimal.

On the other hand, optimisers allow to improve an existing solution, to get closer
to the optimal one. However, when given a solution far from the optimal one, they

might take some time to converge.

Finally, literature also highlights the combination of those approaches as a
complete planning pipeline. This allows to achieve the optimal combination of
characteristics from the individual approaches. For example, an LQR-RRT*
planner can be used to get a first sub-optimal solution, which is then optimised
and smoothed to be closer to the optimal one and finally followed using an MPC

controller [32].

12



3 Problem definition

3.1 Problem

The scenario that will be considered in this work is MARIO, a multi-arm robotic
system, crawling along a large structure (Figure 8) mounted on a spacecraft. As
it moves, the conservation of momentum causes the robot’'s motion to be

transferred to the structure, resulting in attitude disturbances of the entire system.

Figure 8: MARIO crawling on a structure [20]

These disturbances must be actively compensated by the spacecraft’'s attitude
control system, using either reaction wheels or propellant-based actuators, in
order to maintain the same orbit and communications line of sight with Earth. As
propellant is scarce and critical, it's imperative to minimise its use to the strictly
necessary manoeuvres. Thus, it is essential to passively reduce the disturbance

when planning MARIO’s motion.

It will be assumed that the structure will not be externally actuated while the robot
is moving, which means that the satellite won’t be using propellant or reaction
wheels while the robot performs locomotion. Additionally, only two arms will be
used for locomotion, while the third arm remains in its stowed position to reduce
MARIQ’s inertia. Finally, MARIO will start already attached to the structure, to

focus on locomotion rather than trying to grab the structure while free-floating.

13



3.2 Transcribing the problem in a lab demonstration

Recreating the conditions found in orbit (free-floating platform and robot in micro-

gravity) on Earth is very complex, expensive and resource intensive.

Some solutions such as NASA'’s Neutral Buoyancy Laboratory (Figure 9) use
pressurized suits and balloons in a pool to counteract the Earth’s gravitational
pull [33,34]. While it allows for a very accurate representation of micro-gravity, it
introduces other challenges such as waterproofing all the hardware and requiring

trained divers to handle the system.

4 % e S

Figure 9: NASA's Neutral Buoyancy Laboratory [35]

Other solutions use cables hanging from the ceiling to carry the robot’s weight.
This is for example done for the Multi-Arm Robot (MAR) demonstrator (Figure
10). However, this approach reduces the range of motion the robot can achieve,

which is an issue when trying to perform locomotion tasks.

14



Figure 10: Multi-Arm Robot hanging from a cable [36]

Finally, other solutions use robotic arms to simulate the target's movement based
on force and torque sensors [37]. While this solution is really good for testing
small subsystems such as a docking mechanism, it becomes unpractical for
larger systems. Indeed, this solution would require an arm to carry MARIO and
an arm to carry the structure, and as both are pretty heavy, this is not a valid
solution. Additionally, this solution also requires actively computing all the

necessary reactions to simulate the system.

Our lab demonstration will take place in Cranfield University’s ASTRA-Lab.
Similarly to ESA’s Orbital Robotics Lab, the lab’s floor is made to be extremely
flat (£ 1.5mm, Figure 11). By using air bearings, with a constant compressed air
supply directed towards the floor, a thin air layer is created, allowing any platform
with air bearings to slide on top with almost no friction and thus simulate micro-
gravity in 3 dimensions (2 horizontal translations and yaw rotation). Compared to
the previous solutions, the micro gravity is simulated passively (no computation
required), and it allows a much larger range of movement. A risk assessment for

the ASTRA-Lab demonstration can be found in Appendix B.
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Figure 11: ASTRA-Lab floor slope measurements

By putting MARIO on an air-bearing platform (Figure 12), we can simulate
microgravity in the horizontal plane, which is sufficient to highlight and measure

any attitude disturbance of the system in the dimensions indicated earlier.

Figure 12: MARIO's air bearing platform

3.3 Lab experimental setup

Since the goal is to demonstrate the robot’s ability to crawl on a structure, part of

this thesis focused on designing that structure specifically for the robot to

16



traverse. Multiple docking points will be attached on that structure to allow MARIO

to crawl onto it.

3.3.1 Structure design

A modular structure was designed for the experiment. It consists of 3 units made
from aluminium profiles, which provide both structural integrity and attach points

for the docking points.

Each unit (Figure 13) measures 1.2m (height) x 1.0m (width) x 0.8m (depth)
allowing to attach the docking points around 60cm above the floor (ideal height
for locomotion for MARIO), and later attaching elements at 1.2m to perform

assembly tasks with the third arm (top arm).

Figure 13: Crawling structure unit

Each unit will have counterweights at the back, to prevent the structure from
tipping when MARIO exerts a normal force on it. Calculations (Appendix A) show
that at least 12kg are needed to prevent the structure from tipping when the robot
exerts a force of 25kg (maximum that the tool’s electromagnet can hold).

These units will be able to attach to each other, either as a straight line (3 units

in a row, Figure 14), or as a 90° angle (L shape with 2 units on one side and one
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on the other, Figure 15). This modularity will allow the structure to be used for
demonstrating both linear and rotation movements, as well as any future
experiments in the lab (with the possibility to attach elements on top of the
structure for the third arm to perform operations on). Indeed, those aluminium

profiles can be moved to different heights or reconfigured in different shapes.

Figure 15: 3 Units in a L shape

3.3.2 Docking interface
The docking interface (Figure 16) is split into 3 main parts:

- The tool changer: attached to the robot arm, it allows to easily change
the tool mounted on the manipulator.
- The docking tool: attached as the end-effector of the locomotion

manipulators, it provides mechanical docking.

18



- The docking point: attached to the structure, for the docking tool to attach

to

Robot tool Robot docking Structure
fast changer end-effector docking point

¢ @ Electro-magnet

Figure 16: Docking interface

This interface allows mechanical docking in 2 ways:

- The electromagnet provides a strong bonding between the docking tool
and the docking point which contains magnet counterparts. This bonding
can withstand forces up to 25kg (as per the chosen magnet’s
specifications).

- The crenelated mechanical design allows for smoothly guiding the end-
effector into the docking point, as well as a strong resistance to lateral

forces that can be exerted when crawling on the structure.
The tool changer is fastened to the end of the robotic arm (Figure 17), while the

docking tool is secured through a sliding-and-rotation motion, followed by

tightening lateral screws (Figure 16).

19



Unit: mm

. @3150 HE,

@63.00 hé

M8 10

T _
\‘l. /\ \ ,"
OQjmy 2600 H? T5 "

4M6 TI10_{-

B5000

Figure 17: Tool changer (left) and UFactory 850 arm attach points (right)

Once securely attached to the arm, the tool’s magnet is wired into the arm’s
Input/Output system using the wiring diagram in Figure 18. When the tool’s Digital
Output 0 (Pin 7) is turned on, the control circuit is closed, thus triggering the relay
and turning the electro-magnet on. A protective diode is used as the UFactory
documentation suggests [38]. This split circuit is used to have a minimum current
draw from Pin 7 in the control circuit, as the max current allowed is 5mA [38]. This
wiring allows the electromagnet to be controlled directly from the arm’s controller,

without requiring an external device such as an Arduino or a Raspberry PI.
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Figure 18: Docking tool wiring diagram
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3.3.3 Final setup

The crawling structures were assembled from black aluminium profiles, and gym

counterweights are placed at the back (Figure 19).

Figure 19: Built structure

The docking interface was 3D printed with PLA and a 70% infill (for structural
integrity during MARIO’s movements) and assembled (Figure 20).

Figure 20: Docking interface (docking tool, docking point, full assembly)

Two possible experiments can be done with those elements:

- MARIO crawling on the static structure, and measuring disturbance
through force and torque sensors on the robotic end-effector
- Putting the structure on air bearings, and monitoring the structure’s

position and attitude through the lab’s motion capture system
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3.4 Simulation setup

A Gazebo simulation (Figure 21) was built to rapidly iterate, test and validate the
results, before doing any experiment on the real robot in the ASTRA-Lab.

To replicate MARIO’s air bearing system, both the structure and MARIO are
modelled as having almost no friction with the floor (u; = u, = 0.001) which

allows them to slide on the floor.

Figure 21: Gazebo simulation

The docking and undocking were simulated using the DetachableJoint Gazebo
plugin, which allows to attach an element to the end of a robot arm. In our case,
a docking point can be attached and detached from the docking tool, allowing the

structure to move along with the arm (Figure 22).
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Figure 22: Docking in simulation



4 Design methodology

4.1 Crawling motion

MARIO will be performing an inchworm style locomotion which mimics how an

inchworm moves. With a dual arm robotic system, this corresponds to:

1. Anchoring one arm: The arm is fixed in place, using its docking end-
effector

2. Extending the other arm: The other arm moves forward, reaching for the
next point

3. Anchoring the free arm: The newly advanced arm attaches to the structure

4. Pulling the rest forward: The previously docked arm releases and is pulled

toward the other one

Figure 23 illustrates this theoretical movement cycle for MARIO, attaching and

detaching from docking points on a structure.
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Figure 23: MARIO's crawling cycle

All the positions (docking points and intermediate locomotion positions) are
defined relative to MARIO’s base frame. That way, if MARIO is properly docked,
the crawling cycle can be run starting from any right step in the cycle, provided
that the distance between docking points is known.
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Figure 24: MARIO crawling on the structure

Figure 24 shows MARIO performing the crawling motion in simulation. Unlike
Figure 23, where both locomotion arms begin docked, here only one arm is
docked. This setup replicates the planned real-life demonstration in the ASTRA
Lab:

1. MARIO will first be setup far from the structure and extend both arms to
their desired starting position

2. Once arms are opened, someone will manually position MARIO close to
the structure and dock one of its arms into a docking point. Docking both
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arms initially could introduce alignment errors, that’s why only one arm is

docked at the beginning

4.2 Path planning implementation

The literature review highlighted 3 layers to path planning:

- Path planning algorithms
- Optimiser algorithms

- Control layer

As the UFactory 850 arms used by MARIO currently only provide PID control, we
cannot minimise disturbance by changing the control layer. Thus, disturbance

reduction must happen at the above layers.

Since STOMP has been proved to reduce disturbance of a manipulator on a
satellite [22], that's what we will try to implement on MARIO. This will enable to
initially validate the algorithm, while still allowing to later introduce a planning

algorithm to generate a better initial trajectory for STOMP to optimise.

4.2.1 The STOMP algorithm

The STOMP algorithm is an iterative algorithm that optimises a given trajectory.

It is split into 4 steps (Figure 25):

1. First, an initial trajectory (red) is received or generated by the algorithm

2. Neighbouring trajectories (black) are generated by adding noise in joint-
space to that trajectory

3. All those trajectories are scored using a cost function

4. The trajectory that scored the lowest is selected, and the algorithm iterates

by going back to step 2 until the maximum number of iterations is reached
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Figure 25: The STOMP algorithm process [39]

4.2.2 Custom cost function

Usually, the default cost function for STOMP only factors collisions with the
environment, as well as the robot constraints (joint limits, position and orientation

constraints):

Ctot(Q) = Ccollision(CI) + Cconstraints(q) (4-1)
with
N _ collision_penalty if collision (4-2)
Ceottision () { 0.0 if no collision
distance to constraints if violated
Cconstraints (Q) = { (4-3)

0.0 if validated constraints

That cost function is then summed for all the configurations in a given trajectory
to obtain the trajectory’s cost. That cost is the one used to select the best
trajectory before iterating on the next ones (step 4 of the algorithm, explained

above).

N

Ctraj = Z Ctot(Qi) (4-4)

i=1

To try to minimise the disturbance induced by the manipulator movement, an
additional term was introduced to the cost function:

Ctot(q) = Ccollision(Q) + Cconstraints(q) + Cdisturbance (q) (4-5)
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This additional cost factors in the sum of joint torques as an indicator of

disturbance that we want to minimise, as suggested by Rodriguez et al. [40]:

6
Cdisturbance = Z |Tj| (4-6)
j=1

4.2.3 Implementation as a Movelt2 planner

In the software, the Moveli2 library is used for planning and control of the arms.
Movelt2 provides an abstraction layer for planning, where all planners inherit from
the same base class, allowing them to be seamlessly interchanged. Leveraging
this framework, the STOMP algorithm is implemented as a Movelt planner plugin,
enabling its use without modifying higher-level software while providing robust
trajectory optimization. By default, STOMP defines the initial trajectory as the
linear trajectory in joint space, which serves as the baseline for further

optimization.

Since STOMP was introduced only in later versions of Movelt, the planner plugin
was backported from ROS 2 Iron to ROS 2 Humble as part of the work carried
out in this thesis. The cost functions were then modified to use the one described

in the above section, with an additional term corresponding to joint torques (4-5).

Specifically, that cost function term was modelled using the Kinematics and
Dynamics Library (KDL). The URDF of the robot is loaded by the library to create
the kinematics chain. Then, by giving the kinematics solver the positions,
velocities and accelerations applied on the joints, we can obtain the torques for
each of them.

The STOMP planner plugin was then modified to treat the disturbance cost as an
optimization criterion rather than as a factor rendering a trajectory invalid. Unlike
other costs (collision and constraints), which when non-zero were interpreted as

making a joint configuration infeasible, the disturbance cost was instead
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incorporated as a value to be minimized, reflecting its role in trajectory quality

rather than feasibility.

4.3 Software architecture

The whole architecture relies on ROS2 Humble for communicating between the
different software modules, and the Movelt2 library for planning and control of the
3 arms. All the code was written in C++, because of the limitations of the Movelt

Python library.

Crawling code

Sends goal poses in sequence and toggles the tool attachment

A
ROS2 Actions Goal pose, Feedback Success Toggle tool Tool status

MARIO CommandServer ( Gazebo Ignition Fortress
ion of the entire i

Abstraction layer to control all arms in a unified way

{ CartesianPath STOMP Planner }
! ! ! 5
[ Left arm controller ] { Top arm controller ] [ Right arm controller ]—l

' Trajectories

A4

[ DetachableJoints plugin J
¥
[ Simulated arms J
[ |
e /

Movelt2 library

£ 1 £

ros2_control ] [ ros2_control ] [ ros2_control

Figure 26: Complete software architecture in simulation

Figure 26 describes the whole planning architecture, which is organised into three
main components: MARIO CommandServer, Gazebo and the crawling code.
Although this work primarily focuses on the Crawling code, the CommandServer
and the STOMP planner, minor modifications were made to all other components

of the architecture.

4.3.1 MARIO CommandServer

The MARIO CommandServer is an abstraction layer that allows to control all the
arms in a unified way. It provides three main entry points, defined as ROS2 action

Servers:

- PoseCommand
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- JointCommand

- CartCommand

This work only makes use of the PoseCommand and JointCommand, thus the

CartCommand will not be explained here.

The PoseCommand enables the specification of a target pose (position and
orientation) in Cartesian space relative to a defined reference frame. The request
also includes motion constraints and the selected motion type. If there are
constraints, they are applied using Movelt's “setPathConstraints” method.
Then, based on this motion type, the server either generates a path using the
“computeCartesianPath” method, which produces a linear trajectory in
Cartesian space, or the “plan” method, which computes a trajectory through
the selected planner plugin (STOMP in this work). Figure 27 shows the flow

diagram of the process.
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Figure 27: PoseCommand flow diagram

The JointCommand on the other hand plans a trajectory in joint space between
the current position and the request’s target joint configuration using the selected

planner plugin (STOMP) through the “plan” method.

Finally, both commands receive the selected arm’s id as a parameter. Thus, once
a trajectory is planned, it is sent to the corresponding arm controller to be
executed. When the trajectory completes, the ROS2 action reports success,

notifying the requester that the task has been accomplished.

4.3.2 Gazebo simulation

We use Gazebo for simulating the whole system: MARIO on its air bearings, the
structure, and the plane on which they are gliding. Two major Gazebo plugins are

used in this work: DetachableJoint and IgnitionRos2Control.
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The DetachableJoint plugin is responsible for the docking and undocking of the
robot on the docking point. This plugin allows to dynamically add and remove a
link from the robot’s kinematic chain. In our experiment, the last link of an arm
can be connected and disconnected to any of the structure’s docking point
(Figure 28).
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Figure 28: Robot links and DetachableJoint

This approach allows to have a fixed connection, ensuring that the structure
follows the exact same trajectory as the end-effector, as though it were an integral
part of it. However, since this connection is fixed, the interaction forces and
torques between the end-effector and the docking point are not modelled and

thus cannot be studied.
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The IgnitionRos2Control plugin on the other hand is responsible for simulating
the hardware control layer. It can receive a trajectory, and send the right joint
commands to follow it, ensuring the actual joint positions match the desired
positions using a PID controller, and ensuring the motor constraints (maximum

angle, velocity and acceleration) are respected.

4.3.3 Crawling code

The “Crawling code” section corresponds to the custom-built ROS2 node that
defines the crawling motion sequence, by relying on the two other blocks for

execution.

A TaskScheduler class was built to handle the execution of these tasks in a
sequenced way. When started, the scheduler runs the first task in the queue, by
running the task’s “execute” method. Then, when a task is done, it can call the
"nextTask” method of the scheduler, to start the execution of the next task.
This is repeated until the queue is empty. Figure 29 illustrates the sequence of
tasks handled by the TaskScheduler.
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Figure 29: TaskScheduler sequence diagram

Two types of tasks are defined for the crawling motion, that both inherit from the

same base class:

- MoveTask
- ToolTask

The MoveTask is responsible for sending goals to individual arms. It sends a
ROS2 action request to the CommandServer, either through the PoseCommand
or the JointCommand interfaces (depending on its attributes). Once the arm
reaches its target position, a success status is received, which triggers the next

task in the queue.

The ToolTask on the other hand is responsible for toggling the docking end-
effector ON (attaching to the docking point) or OFF (detaching), by sending the
right commands to the Gazebo DetachableJoint plugin. Once the plugin responds

by sending the new tool state, the next task in the queue is triggered.
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5 Results and Discussion

The testing process was iterative, involving multiple experiments to achieve the
optimal results. Each of the following sections highlights an individual experiment,

its outcomes, and a discussion of the findings.

All the following experiments were done in the Gazebo simulation, as time didn’t
allow for a real-life demonstration in the ASTRA-Lab. During the experiments, the
positions, velocities and accelerations of the structure and robot are monitored,
as well as the joint values, velocities and accelerations. From this data, 5 main

criteria are computed:

- Yaw deviation: difference between initial and final yaw

- Position deviation: difference between the initial and final position

- Maximum linear acceleration throughout the whole trajectory

- Maximum angular acceleration throughout the whole trajectory

- Execution time: including docked movements, planning time, and free arm

movements

The aim is to minimise the absolute value of all those measurements (excluding
time, as it is not critical in space), with a particular emphasis on the attitude (yaw)
of the structure and angular acceleration. Indeed, the spacecraft’s attitude is
critical in space, as even small deviations can lead to a loss of communication
with Earth and reduced power generation due to misalignment of the solar panels
with the Sun.

In all experiments, three crawling cycles are performed, following a standard
control-test experimental strategy by comparing the measurements between two
trajectories:

- Linear trajectory (control): Generated using linear cartesian paths for all
motions, serving as the reference trajectory
- Optimized trajectory (test): Employing the STOMP algorithm, tailored for

each experiment
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In the next sections, the numerical values will appear in green if they have
improved compared to the linear reference, in black if they are similar and in

red if they have degraded.

5.1 STOMP constrained planning

5.1.1 Experimental setup

The goal in this experiment was to use STOMP on both locomotion arms, for all
motions. However, to do so, it is necessary to constrain both position and
orientation of the docked end-effector. The position constraint ensures the end-
effector remains in the horizontal plane during the whole trajectory, to prevent it
from trying to lift the structure (increase in z) or even drive it into the floor
(decrease in z). Similarly, the orientation constraint guarantees that the end-
effector only rotates in the yaw axis (relative to MARIO’s base frame), ensuring

the structure doesn’t collide with the floor.

Specifically, the position constraint is defined as a plane that contains both start
and end points, with dimensions 5m * 5m and a 5mm normal tolerance. The
orientation constraint is defined as allowing free rotation on the x axis, but almost

no rotation (tolerance of 0.05 radians) on the other axes.
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Figure 30: Constrained planning for the left arm when docked

The planar position constraints are illustrated in Figure 30, as the green plane in
which the end-effector must stay during the trajectory. The blue square
corresponds to the target pose (position and orientation) that the end-effector

must reach.

5.1.2 Findings

Two issues were encountered while doing this experiment. First, Movelt2 for
ROS2 Humble doesn’t support multiple constraints yet, as it was only
implemented in later versions. Thus, the position and orientation constraints

could not be enabled at the same time, as it was causing Movelt to crash.

Additionally, even when using only position constraints, neither OMPL (the
default planning library) nor STOMP were able to find a valid trajectory that
satisfied all constraints. Increasing the plane’s z-axis tolerance from 5mm to 2 cm
allowed the planners to find solutions, but only inconsistently—and 2 cm is far

beyond the desired tolerance (which would be below 1cm).
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One potential approach to overcome this limitation could be the design of a
compliant docking point, which relies on elastic deformation to passively absorb
variations along the z-axis. However, such a solution may introduce additional
challenges, including vibrations caused by the docking point’s flexibility,
increased mechanical complexity, and reduced docking precision, which makes

it impractical.
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Figure 31: Compliant docking system [41]

5.2 STOMP on the free arm

5.2.1 Experimental setup

As STOMP could not find a path when using planar constraints, it cannot be
applied to the docked arm for the moment. Thus, in the rest of the experiments
STOMP will be applied only on the free arm (Figure 32), while keeping the linear
cartesian path for the docked arm. Although STOMP is used only on the free arm,
the experiment evaluates the entire trajectory, capturing the combined effect of
the free arm’s STOMP-optimized motion and the docked arm’s linear motion.
With this experiment, the aim was to demonstrate the effectiveness of the
STOMP algorithm, while not having to consider end-effector constraints.

39



3 - Leftarm
docking

- Right arm

* o & =

Figure 32: Free arm motion (yellow circles)

S = ) a—)
Rz

5.2.2 Findings

Table 1 shows the results obtained in this experiment. The results indicate a slight
increase in yaw deviation and a small decrease in position deviation compared
to the linear reference trajectory. Although the maximum linear acceleration is

significantly reduced, this reduction does not translate to a decrease in deviation.

Table 1: STOMP Free arm - Structure results

Linear ca!'tesian Optimised trajectory
space trajectory
Yaw deviation -31.94° -35.42°
Position deviation 0.70m 0.67m
Max linear acceleration 143.56m/s? 44.80m/s?
Max angular acceleration 7.48rad/s? 11.16rad/s?
Execution time 375.61s 1306.02s

In this experiment, the free moving arm weighs 15kg and the rest (MARIO's body,
static arms and structure) weighs 230kg. As the arm’s weight is negligeable
compared to the rest of the system, its movement almost doesn’t impact the
trajectory, which was predictable. Indeed, most of the disturbance is induced by
the docked arm, while the movement of the free arm has absolutely no impact on

the structure’s yaw. This is illustrated in Figure 33, with the long plateaus (white
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intervals) that correspond to the planning and execution of the free arm trajectory.

This minimal impact of the free arm explains why the disturbance results in Table

1 are similar between linear and optimised trajectories.
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Figure 33: STOMP on free arm - Structure yaw over time

Additionally, with that weight distribution, part of the disturbance was absorbed

by the robot itself, causing it to deviate from its initial position (Figure 34). Thus,

a new experiment with all disturbance being applied on the structure could be

interesting.
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Figure 34: Robot and structure position trajectories in space
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5.3 STOMP on the free arm with modified weights

5.3.1 Experimental setup

In the previous experiment, the weight distribution prevented the observation of
the free arm’s impact on the structure. To address this, the component weights
were modified in the simulation for this experiment. Specifically, the end-effector
weight was increased from 300g to 20kg, while the structure weight was reduced
from 100kg to 1kg.

This adjustment results in a less imbalanced system, with the free moving arm
weighing 35 kg and the rest (MARIO's body, static arms and structure) weighing
150 kg, compared to the previous configuration of 15 kg and 230 kg respectively
(Figure 35). Although this setup does not reflect real-world conditions, it is

primarily designed to highlight the effect of the STOMP algorithm.

.
. }\ Before: 15kg (6%)
~\/  After: 35kg (19%)

Before: 230kg (94%)
After: 150kg (81%)

Figure 35: Weight distribution (Red: free arm moving, Blue: static elements)

5.3.2 Findings

With this new weight distribution, most of the disturbance is transferred to the
structure, while the robot itself exhibits minimal displacement (Figure 36), which

shows that weight distribution is a major disturbance factor.
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Figure 36: Robot and structure position trajectories in space

Table 3 shows the results obtained from this experiment. While both maximum
linear and angular accelerations are reduced, this almost doesn’t show in the
position and yaw deviations. Thus, even though the results are better than with

the default weight distribution, it is still not enough.

Table 2: STOMP on the heavy free arm - Structure results

Linear cartesian Optimised trajectory
space trajectory
Yaw deviation -20.84° -20.52°
Position deviation 1.34m 1.34m
Max linear acceleration 209.06m/s? 88.86m/s?
Max angular acceleration 28.60rad/s? 14.24rad/s?
Execution time 395.75s 1310.27s

A similar experiment was performed, but this time using a linear trajectory in joint
space (the initial trajectory that STOMP tries to optimise). This experiment
allowed to decrease yaw deviation, as well as the maximum linear and angular

accelerations, with a slight increase in position deviation (Table 3). As the
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spacecraft’s attitude is more important than its position, those results are

promising.

Table 3: Linear trajectory in cartesian space VS joint space — Structure results

Linear cartesian Linear joint-space
space trajectory trajectory
Yaw deviation -20.84° -10.78°
Position deviation 1.34m 1.52m
Max linear acceleration 209.06m/s? 118.72m/s?
Max angular acceleration 28.60rad/s? 17.75rad/s?
Execution time 395.75s 614.31s

While this approach resulted in the best disturbance reduction results, it is only a
positive side-effect. Indeed, those results were obtained without using STOMP
and its custom cost function that factors in joint torques. Thus, those results are
not guaranteed in any other scenario. However, this still allowed to demonstrate
the potential reduction that can be achieved. Because of these encouraging

results, this weight distribution is kept in the next experiments.

Finally, this approach also has other limitations. First, because of the high range
of the motors (2 full rotations for the shoulder, elbow and wrist joints), multiple
Inverse Kinematics (IK) solutions can be found for the same target pose.
However, the IK solver doesn’t always return the same joint configuration. Thus,
by running the same program twice, we can obtain very different trajectories and
results, which is something we want to avoid. These solved configurations are
also often far from the current configuration, requiring the arm to make extreme
rotations (Figure 37 and 38) compared to the linear trajectory. This needs to be

avoided, both to reduce the strain on the motors and to reduce collision risks.
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Figure 37: Right arm shoulder joint values over time
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Figure 38: Left arm joint values over time

Additionally, collisions with the floor and the structure were not considered in the
trajectory planning, thus sometimes the arm collides with the floor. Similarly, this

is not acceptable for a real-life demonstration.

5.4 STOMP on the free arm with joint targets
5.4.1 Experimental setup

Since the IK Solver doesn’t always return the same solution, instead of sending
target poses, this experiment consists in sending joint targets. These joint targets
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are extracted from the linear cartesian trajectory: each pose of the crawling cycle
is sent, a cartesian path is computed, and the final joint configuration for that pose

is saved in a file.

Thus, this experiment aims to only highlight the effect of the trajectory on the
disturbance, by keeping the same start and end joint configurations as the linear
trajectory, rather than relying on the IK solver's choice of solution. It also
increases the repeatability of the experiment, by having very similar trajectories
when running the algorithm multiple times (the only differences are caused by the
randomness of STOMP, but they are relatively insignificant compared to the

difference between IK solutions).

5.4.2 Findings

Table 4 shows the results obtained in this experiment. While the position
deviation is slightly reduced, all other key factors increased. Since position
deviation is the less important measurement (as attitude disturbance is more
important), this solution is not acceptable, despite producing more predictable

and safe trajectories.

Table 4: STOMP on the heavy arm with joint targets — Structure results

Linear ca!'tesian Optimised trajectory
space trajectory
Yaw deviation -20.84° -25.57°
Position deviation 1.34m 1.25m
Max linear acceleration 209.06m/s? 312.2m/s?
Max angular acceleration 28.60rad/s? 182.32rad/s?
Execution time 395.75s 1079.40s

A positive observed side-effect is also the reduction of collisions, due to simpler
trajectories without extreme rotations. As illustrated in Figure 39 all joints remain
within the %2 rad range—similar to the Cartesian path—whereas earlier

trajectories extended to +6 rad.
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Figure 39: Left arm joint values over time when using STOMP with joint targets

However, the linear trajectory in joint space again outperformed the STOMP
algorithm (Table 5), underscoring the limitations of the custom cost function in

modelling the disturbance, especially when restricted to the free arm.

Table 5: Linear trajectory in cartesian space VS joint space — Structure results

Linear cartesian Linear joint-space
space trajectory trajectory
Yaw deviation -20.84° -19.19°
Position deviation 1.34m 1.37Tm
Max linear acceleration 209.06m/s? 134.54m/s?
Max angular acceleration 28.60rad/s? 68.80rad/s?
Execution time 395.75s 279.28s

5.5 STOMP on the free arm with a cartesian initial trajectory
5.5.1 Experimental setup

Finally, to build on the previous experiment, instead of providing only the start
and end joint configurations to the STOMP algorithm—which then generates an

initial linear trajectory in joint space—we provide a full initial trajectory.
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In this experiment, the initial trajectory is generated by the “CartesianPath”
planner. As a result, STOMP starts with an initial trajectory that is linear in

Cartesian space and then optimises it.

5.5.2 Findings

Table 6 shows the results of these experiments. Again, most of the key
measurements show an increase (position deviation, maximum linear and
angular accelerations). However, the yaw deviation, which corresponds to the
structure’s attitude disturbance is reduced. As this is the main criterion, these
results are promising. Additionally, this experiment outperforms the linear joint-

space trajectory from the previous experiment in terms of yaw deviation.

Table 6: STOMP on the free arm with initial trajectory - Structure results

Linear trajectory Optimised trajectory
Yaw deviation -20.84° -16.87°
Position deviation 1.34m 1.40m
Max linear acceleration 209.06m/s? 627.30m/s?
Max angular acceleration 28.60rad/s? 248.73rad/s?
Execution time 395.75s 1098.68s
5.6 Summary

A series of simulation experiments were conducted to evaluate factors influencing
system disturbances. Results indicate that weight distribution significantly affects
disturbance levels. Moreover, trajectory modification of the manipulator
demonstrated substantial potential, achieving nearly a 50% reduction in

disturbances.
However, the introduction of a joint-space planner introduced multiple challenges

including IK solver reliability, limited trajectory repeatability and collision risks.
The best trade-off between repeatability and disturbance reduction was achieved
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by bypassing the IK solver and directly providing joint positions with a Cartesian
linear initial trajectory to the STOMP algorithm. Finally, the custom cost function
did not effectively minimize disturbances, as the best results were obtained
without using it. This outcome could either be attributed to the cost function’s
inadequate modelling of disturbances, or to its restricted application to only the

free arm. Further experiments could answer this question.

While simulations offer useful insights into trajectory planning and induced
disturbances, they cannot fully capture real-world complexities. Factors like
friction variations, actuator imperfections, sensor noise, and docking
misalignments can amplify disturbances in practice. Collision dynamics and
computational delays further limit the direct transfer of simulation results. Thus,
while simulations are valuable for development and initial testing, physical

experiments are essential to validate improvements in realistic conditions.

Given more time, additional experiments could have explored different cost
functions, integrated obstacles in Movelt's planning scene, and enabled
constrained planning to apply STOMP to the docked arm. These steps would

then have been followed by real-world validation to confirm the simulation results.
Therefore, the current work primarily demonstrates the promising potential of

trajectory modification for disturbance reduction, rather than providing a fully

practical, repeatable and reliable implementation.
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6 Conclusion & Future work

This thesis investigated the optimisation of multi-arm robotic motion to passively
minimize satellite disturbances during in-orbit assembly. Using the MARIO
platform as a representative system, the research addressed the challenge of

maintaining spacecraft attitude while enabling robotic locomotion.

A comprehensive literature review was conducted to understand the locomotion
challenges associated with in-orbit assembly and to evaluate motion-planning
algorithms proposed for multi-arm robots. Based on these findings, a locomotion
scenario was defined, and a custom trajectory optimiser was developed,
implemented, and tested on the MARIO platform. The proposed approach was
validated through simulation using ROS 2 and Gazebo, revealing both the
strengths and limitations of the selected algorithm and providing valuable insights

into their effectiveness in addressing the identified challenges.

Results showed that weight distribution strongly influences disturbance, making
mass balancing critical. Changing the trajectory proved to be a promising
approach, by reducing disturbances by up to 50%. However, optimised trajectory
planning introduced issues such as IK inconsistency, repeatability, and collisions.
Bypassing the IK solver with joint targets improved reliability, especially with
Cartesian linear initial trajectories in STOMP, but did not achieve as much

disturbance reduction as the basic linear trajectory in joint space.

The findings show the potential of integrating optimisation algorithms into the
motion planning pipeline for space robotics but also highlight the complexity of
defining a cost function characterising that disturbance. Future work should focus
on refining the cost function, potentially integrating sampling-based planners like
RRT* to provide a better initial trajectory, and enabling constrained planning to
fully exploit STOMP's capabilities on all crawling motions. Additionally, a
collaboration with the manipulator's manufacturers could be considered, allowing
lower-level access to the hardware controller to implement MPC. Finally, real-

world validation in the ASTRA-Lab and the exploration of cooperative strategies,
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such as using the additional top arm for actively compensating the remaining

disturbance, could further advance the state of the art.

Overall, this research contributes to the growing field of in-orbit assembly by
providing practical insights into the interaction between robotic motion planning
and spacecraft dynamics, offering a foundation for safer and more efficient space

operations.
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Appendices

Appendix A Structure counterweights calculation

The CAD design software defines the position (in m) of the centre of gravity

(Figure 40) of a single unit as
X 0
CG =|Ys)=1{0.30876
Zg 0.51975

3 different forces will be applied to the structure (Figure 40):

- The weight of the structure F,,.;4,; applied at the centre of gravity

- The maximum force F,,,,; that the robot can apply at the docking point
before the electromagnet disconnects

- The weight of the counterweights : F.,,n.:er applied at the back of the

structure

Frobot

FCO unter

Figure 40: Structure force diagram

The numerical values of the forces are:
Fyeight = 18.436 » 9.81 = 180.86N

Fropor = 25 % 9.81 = 245.25N
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And F,, nter depends on the unknown mass in Kg: Founter = Meounter * 9-81

To prevent the structure from tipping, the moment of the forces at the tipping point
(frame origin in our case) needs to be null. If we write MF/A = AF x F for the

moment of the force F at A, we get the following equation:

0
MFTobot/A + MFweight/A + MFcounter/A = <0> (6-1)
0

Each of these moments can be found using the following equations:

B 0 0 147.15
MFTobot/A = < O X —24525> = 0 )
0.6 0 0 (6-2)
_ 0 0 —55.8423336
Mk, pigne/a = | 030876 | X 0 = 0 (6-3)
0.51975 —180.86 0

N 0 0 —Mcounter * 7-848
MFcounter/A = 0'8 X O = O
0 —Mcounter * 9.81 0 (6 4)

By substituting equations (6-2), (6-3) and (6-4) in (6-1), we get:

147.15 — 55.8423336 — Mepynrer * 7.848 = 0 (6-5)
147.15 — 55.8423336 (6-6)
Meounter = 7 848 ~ 11. 64'kg

Thus, the counterweights needed for each structure need to be at least 11.64kg.
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Appendix B ASTRA-Lab demonstration - Risk assessment

Risk Assessment Number: ‘ IRP-THS-SYS-01 Task/Activity assessed: Crawling locomotion of MARIO

Name / job role of people

Lucas NAURY, Robotics Student Date of Assessment: 29/08/2025 | Review Date: 29/08/2025
consulted during assessment:

Acknowledgements, Sign off and Authorisation

Acknowledgement Name Signature Date
Risk Assessor: By signing this risk assessment | acknowledge my
responsibility as the Risk Assessor for conducting 29/08/202
Lucas NAURY Lucas NAURY
this risk assessment in accordance with CU-SHE- 5

PROC-3.01, Risk Assessment Procedure.

Checked by: (where | By signing this risk assessment acknowledge my
required) responsibility as the checker for this risk | Leonard Felicetti, Saurabh
assessment in accordance with CU-SHE-PROC- | Upadhyay, Gilbert Tang

3.01, Risk Assessment Procedure.

Authorising Person: | By signing the risk assessment, | acknowledge my

responsibility as the department management for o
Leonard Felicetti, Saurabh

reviewing and approving this risk assessment and )
Upadhyay, Gilbert Tang

communicating controls and any additional

controls to staff/students (as appropriate).




Tasks
Operational
steps / Sub
tasks / Events

Significant
hazards:

e What could
happen and

Who

how:

e Who might be hurt?
e How bad could it

is affected and

reasonably be?

What are your existing controls?
(Reference all Safe Systems Of Work
(SSOW), Standard Operating Procedures
(SOP) and Emergency Procedures)

Existing Risk
Rating
(Consequence x
Likelihood =
Total)

Are additional
controls
needed? Y/N
(If Yes, RAMP

required)

1 | Access to Physical hazards | Injury to third party such Wear suitable footwear
and Slip / trip — cuts as members of the public Look carefully where you are treading
broken bones on uneven ground
working 2 1 2 N
at Site
o Slips/trips Injury to third party such | e« Do not leave any equipment lying
as members of the public around where it may cause a trip
hazard
e Ensure that any gates/access points 2 1 2 N
are locked/closed to prevent members
of the public entering unsafe or non-
public areas
2 | Experime | ¢ Heavy lifting of Back injury of the person | e At least two people lifting the structure,
nt setup the structure lifting the structure reducing the amount of weight carried 2 1 5 N
by each
[ ]
e Cuts Sharp edges of the | ¢ Wear gloves when carrying the
structure can cut people structure 2 1 2 N
e Don’t move the structure around other
that are around it people




e Heavy falling Foot injury of anyone | ¢ Wearing safety shoes when carrying

; ; 2 1 2 N
counterweights there the weights

Emergency Planning Arrangements relating to operations / event

Minor cuts and stings — First Aid kit with visit leader

Minor/major accident - nearest A&E location known (see below) and call emergency services

Client Project manager details
Client Office Contact Name

including name and contact ]
and Details

number(if applicable)

Cranfield Project Manager Cranfield Office Contact

Fieldwork Leader (with mobile
Date of Site Visit

phone)

Fieldwork Attendee Fieldwork Attendee
Fieldwork Attendee Fieldwork Attendee
PPE Provided (e.g. life jacket, Time Logged in
hard hat, throw rope, first aid kit) Time Logged out




