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Resumee/Abstract

Kuupkulguri digikaksiku arendamine ja valideerimine Unreal Engine 5-ga

See 10put6d annab liihikese {ilevaate kaasaegsetest tehnoloogiatest, mis on seotud
kosmosetodstusega, keskendudes robootikale ja selle arengule fiilisiliste siisteemide koopiate
kasutamise kaudu simulatsioonitarkvaras ehk digitaalkaksikute abil. Edasi kirjeldatakse
kasutatud tarkvaravahendeid ja potentsiaalseid kandidaate mitmeotstarbeliseks kasutamiseks
tulevikus ning nende vastavaid plusse ja miinuseid.

Teine osa rddgib Lunar Roveri digitaalse kaksiku loomisest Unreal Engine 5-s. Késitletakse
kogu digitaalse kaksiku ehitamise, rakendamise ja kalibreerimise protsessi, et see vastaks
voimalikult tépselt fiilisilisele maismaasdidukile. Samuti vorrelda simuleeritud andurite
andmeid fiiiisiliste anduritega, et moista kasutatava tarkvara erinevusi ja piiranguid. See t60
annab aluse tépsele digitaalsele kaksikule, millele saab tulevikus tugineda ja rakendada veelgi
arenenumaid siisteeme.

CERCS: T120 Susteemitehnoloogia, arvutitehnoloogia; T125 Automatiseerimine, robootika, ~
control engineering;

Mairksonad: digikaksik, simulatsioonid, Unreal Engine 5, Kuu rover, arvutid, kontroll,
robootika

Development and Validation of a Lunar Rover Digital Twin Using Unreal
Engine 5

This thesis will provide a concise report on the modern technologies connected with the space
industry focusing on robotics and its development using copies of physical systems in
simulation software or digital twins. It will go on to describe the software tools used and
potential candidates for multipurpose use in the future and their respective pros and cons.

Second section will be about the creation of the Lunar rover’s digital twin in Unreal Engine 5.
It will discuss the whole process of building, implementing, and calibrating the digital twin to
be as accurate as possible to the physical rover. As well as compare simulated sensor data with
the physical sensors to understand the differences and limitations of the software used. This
work provides the basis for a precise digital twin on to whom future work can be built upon and
more advanced systems implemented.

CERCS: T120 Systems engineering, computer technology; T125 Automation, robotics, control
engineering.

Keywords: digital twin, simulations, Unreal Engine 5, lunar rover
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1 Introduction

Space exploration has been a uniting and a driving force for the humanity in the past century[1].
More and more missions are planned for surface rovers however their research and development
path still follow the old ways of building and testing everything on-site[2], [3]. One of the most
famous recent Mars rovers Perseverance has a copy of it on Earth named Optimism[4].
Everything that the Perseverance rover on Mars will do Optimism first tests it on ground.
Whether that would be adjustments in communication, image capture or path planning. Even
though this is an excellent way to ensure the success of a mission it is heavily limited by the
necessity to devote large groups of scientist who will work relentlessly to ensure proper
conditions and hazards that would resemble what Perseverance could be exposed to[5]. And
this type of a trend is noticeable throughout the space industry. However, with Industry 4.0
advancing more and more possibilities of virtual testing are available. DAS, SPICE, JEOD are
just a few software platforms that can be used for space mission simulations[6]. However, these
platforms are mostly meant for satellite missions and trajectory planning.

1.1 Problem Statement

Lunar exploration and the quest to explore other planets and objects are the next goals for the
space industry [7]. As more and more companies and countries plan their lunar missions they
all face a similar challenge — how to test their rovers for these harsh conditions [8]. Simulations
are one of the possible solutions for this problem. Creating an environment which mimics that
of an extraterrestrial body is financially costly, logistically difficult and even sometimes
impossible [9]. For example, to recreate the gravity for both lunar and space missions NASA
uses their created pulley system — Active Response Gravity Offload System (ARGOS) [10].
But not all space agencies and companies have these types of budgets to create such solutions

[11].

Simulations offer a viable option to recreate these conditions at a fraction of the cost[12].
Providing the option for a wider range of companies and countries to participate in such
missions. However, wide usage of simulations for full scale mission planning and testing is a
field that is yet to be explored thoroughly. And as technological capabilities develop at a pace
higher than full scale missions happen it is difficult to utilize the full potential of them [13].
Unreal engine 5 is a potential solution for creating cost-effective, flexible, and scalable testing
environments for lunar rover missions[11].

This thesis aims to prove the viability of Unreal Engine 5 as a simulations software for creating
a lunar environment and testing rovers’ capabilities. Creating a digital twin of an existing rover
(Kuupkulgur Lunar Rover), implementing onboard sensors and parameters of the real rover,
and testing its capabilities both in software and in real life [14]. Furthermore, by analysing the
discrepancies and the capabilities of the two rovers it will be possible to deduct whether Unreal
Engine 5 is a viable software for lunar mission planning and rover prototyping.



1.2 Objectives and Roadmap

Research Objectives

ROI1. Develop a high-fidelity Digital Twin of the Kuupkulgur Lunar Rover in Unreal Engine 5
using SolidWorks and Blender. Implement blueprint functionality for its driving and suspension
systems, calibrated based on real-world performance data.

RO2. Implement and validate the digital twin's measurement instruments (wheel encoder, IMU)
by comparing simulated and real-world sensor outputs under controlled conditions, focusing on
accuracy and response characteristics to better understand the differences between the digital
twin and the real rover.

RO3. Perform a mission with current rover specifications on the lunar surface. Evaluate the
rover’s system performance in a simulated extraterrestrial environment.

ROA4. Establish a validated framework for using Unreal Engine 5 in lunar rover prototyping and
mission simulation. Provide reusable digital assets, performance benchmarks, insights, and
recommendations to support future research in space robotics simulations and contribute to the
successful planning and execution of the Kuupkulgur Lunar Rover’s future mission.



2 State of the Art

This section will give an overview of digital twins for the purpose of prototyping and mission
planning, as well as Unreal Engine 5 as a potential system for simulation creating focusing on
its scientific aspects even though it has been mostly only used in the gaming industry.

Digital twins have revolutionised robotics development by representing physical assets either
components or system of systems facilitating real-time simulation, analysis and
optimization[15]. These advanced models integrate real-world data, predictive algorithms, and
computational modelling to predict and simulate robots performance in diverse
environments[16]. It acts as a live mirror of a physical robot, potentially evolving based on
feedback from operational data[17].

One of the key advantages of digital twins is their cost-effectiveness. Unlike traditional
prototyping methods requiring the production of physical components, their assembly and
testing can be conducted virtually, significantly reducing development time and material cost.
Furthermore their ability to support rapid iterations, real-time simulations, and scenario-based
testing allows for more efficient design optimization without the need for constant physical
modifications [18]. However, the development of high-fidelity digital twins can be a lengthy
process. Based on the systems complexity, data integration requirements, and computational
demands their implementation can take from months to even years [19]. On top of that,
acquiring specialized knowledge of model simulations, sensor integration, and data-driven
system optimization can be a hurdle for widespread adaptation as even obtained basic
knowledge and proficiency of Unreal Engine 5 can take anywhere between 3-6 months [20].

2.1 Digital Twins in Space Robotics

The necessity of digital twins in space robotics grows each day as more and more countries and
private organizations begin their journey on this path [21]. Due to the unique challenges of the
environment these machines must operate in — vacuum, radiation, microgravity — testing whole
systems and individual parts is a critical component for the success of the mission. And because
of the lengthy process and high costs of transporting equipment to lower earth orbit and further
failure of a mission can not only lead to significant losses but even bankruptcy for the private
sector[22].

National Aeronautics and Space Administration (NASA) made the initial proposal of digital
twin technology back in 2002 with the goal in mind to enhance the reliability and safety of
mission critical equipment and systems by performing virtual tests in specific environments
[23]. Till then most equipment testing took place either “on paper” by performing calculations
and making assumptions on equipment capabilities and specifics or by building the actual
systems and trying to recreate certain conditions to test the equipment longevity and
effectiveness[24]. For example, ensuring component functionality in vacuum environments
requires the usage of thermal vacuum chambers which simulate the temperature and pressure



of a space environment[25]. By applying principles such as “test as you fly” hardware is
exposed to these harsh conditions and repeatedly and thus ensured of its capabilities to complete
its missions. It is crucial to run such tests however they can also be very expensive and often
times require specialized equipment to be made[26].

One of the most notable space applications is the James Webb Space Telescope (JWST). Being
the largest and most powerful space telescope ever launched thorough and rigorous testing had
to take place to ensure mission success [27]. Its currently orbits the sun is approximately 1.5
million kilometres away from earth. Due to the distance servicing this system is very
complicated thus it had to undergo detailed pre-flight checks and testing to ensure all systems
would be functional and operate as intended. One such crucial simulation testing was used for
testing the heatshield on James Webb Space Telescopes[28]. Due to the delicate infrared
detectors it was important to ensure proper working temperatures for these sensors and thus it
was required to create a new type of heatshield which would unravel when at a specific moment
after launch[29], [30].

Another important section that required simulation was the mirror alignment. Ansys Zemax
OpticStudio was a software used to solve this issue due to its capabilities to evaluate mechanical
stress effects and visualize ray tracing as well as operative with different lens designs[31].
JWST has 18 hexagonal segments mounted to a backplane structure which reach a size of
approximately 6.6 m and each one of them has to be precisely aligned to achieve the best
possible quality for the sensors as they mimic a single mirror[32]. Zemax software provided
engineers the capabilities to design and test every step of the alignment process by starting with
initial segment search and performing the final Fine Phasing thus ensuring mirror alignment
would be optimal when the actual launch would happen [33].

Another interesting example to look at is Ingenuity Mars Helicopter. It was initially designed
to perform five test flights in 30 days to research and demonstrate powered flight in the thin
atmosphere of the Mars [34]. First successful mission was executed on April 19, 2021 and over
time more and missions were performed slowly shifting from “Technology demonstration” to
an “Operation Demonstration”[35]. Ingenuity Mars Helicopter prioritized safety and simplicity
of the mission [35]. As communication was available only at certain moments mission had to
be done autonomously and thus every sequence and flight plan had to be discussed, planned
and most importantly simulated with a digital twin to better understand the limitations and
mission success. Crucial factor about flight on Mars is the fact that its air density is only about
1% of what is on the surface of the Earth as well as one third of Earth’s gravity, even though
reduced gravity helps in terms of achieving flight the extremely thin atmosphere is a big hurdle
for helicopter typed drones as it is more difficult to achieve flight [34], [36]. Testing the drones
capabilities for these environments is very difficult and costly on earth and thus the best solution
for this problem is to use a digital twin in a simulated Mars environment and recording data that
can be later on analysed and used for improvements or design changes to achieve a successful
mission. One of the tools that was created specifically for this purpose is the Helicopter Control
Analysis Tool (HeliCAT) which uses the Darts/Dshell multibody simulation framework which
was created at JPL [37]. Most notable features of this simulation tool are: detailed modelling of
actuators and sensors as well as camera imaging, modelling of ground contact dynamics capable
of determining and functioning with varied terrain and surface properties, modelling of ground
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support equipment, for example gimbals and force-torque sensors that allow to validate system
identification, flight software integration and 3D visualization of the experiment. HeliCAT also
offers the possibility to execue end-to-end mission simulations with flight software in the loop
thus providing a full set of data about the digital twins performance and it’s limitations [38].
One of the limitations for this software is the fact that it models the components as rigid bodies
connected with hinges and thus there are limitations on the functionality of flexible bodies.
However, one way to counteract this is to use CAMRAD II, another widely used software used
in NASA, as it offers a higher-fidelity especially for flexible bodies [39]. This provided the
researchers with better understanding of certain properties related to thrust and power
performance and to fully understand the mission feasibility engineers had to simulate their
designs in both software’s.

Making a digital twin model requires to recreate the real system with certain specifications in
mind to ensure the results gotten are valid and coincide with what one could expect from a real
system in the specified conditions [40]. Examining more thoroughly how researchers at NASA
approached this design the model consisted of a fuselage, the mast, blades and landing gear,
and the connections of the blades were configurated with a sequence of hinges with different
properties [41]. Main part of these simulations is to test the aerodynamic forces on the blades
and this is achieved by dividing the blade into numerous individual sections each having their
own individual lift, drag and pitch moment as a function of angle-of-attack and Mach number
while the fuselage drag is modelled as a blunt-body drag model with no specific angle-of-attack
dependency because of the low drag density of Mars it has a very small impact on the flight
dynamics[42]. This type of an approach is one of the ways how digital twins can be simulated
and tested in virtual environments as testing individual component efficiency can bring light to
the overall efficiency of the system.

National Aeronautics and Space Administration being one of the top space exploration
organizations have conducted numerous missions and used digital twins for testing and
prototyping purposes and one such notable mission is the OSIRIS-REx and later OSIRIS-APEX
mission [43]. This mission’s goal was to collect a sample from an asteroid Bennu, deliver the
sample capsule back to Earth and then continue its mission to explore the asteroid Apophis.
One way digital twin simulation was used for this mission was to study the capsules entry to
earths atmosphere and the aerodynamic effects, sequencing and triggering logic events for
example parachute deployment [44]. Notable part of this was the collaboration of multiple
companies each with different tools that allowed the scientists to compare discrepancies
between each of the simulation data sets and understand fully the effects and mission readiness
status. Due to the complexity of this mission another simulation test was used to to determine
the trajectory the satellite would need to approach the asteroid and the place it would make
contact with it and when it would happen [45]. This was all needed to gain knowledge of the
place and angle the satellite would touch and when to arm the gas bottles which are responsible
for collecting the samples. Most widely used satellite simulation usually are path planning
which was also done for this mission. As OSIRIS-REx had completed it mains mission to the
asteroid Bennu and delivered the samples back to Earth, its secondary mission could beggin,
traveling and exploring the asteroid Apophis[46]. To achieve this scientists used a simulation
software called MIRAGE which is used for navigation[47]. MIRAGE uses gravitational models
of all solar system bodies which also includes solar, lunar and planetary masses thus providing
an accurate estimation of the objects paths.
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These and other examples showcase the capabilities and usefulness of digital twins and
simulation software. But often times companies and organizations create specialized simulation
software and digital twins to test certain capabilities and individual components of the systems
which limits their reusability and effectiveness over time.

2.2 Simulation software choice

Given the steep increase of computational power and simulation software capabilities it was
decided for this work to use a premade simulation software instead of creating something new
and specialized. Thus, research and comparison was made between the currently available
simulation software tools. Most notable ones are Unreal Engine 5, Gazebo, NVIDIA
Omniverse. Each one’s pros and cons will be discussed in next section as well as the ideology
behind making the decision.

2.2.1 Gazebo

Gazebo was initially started in 2002 and is a collection of open-source software libraries whose
goal is to simplify development of high-performance applications[48]. Main users of Gazebo
would be robot developers, designer and educators, however as time has gone on and more and
more libraries have been added it has been used in the professional industry aswell and can be
a suitable simulation software for prototyping and mission testing. Being apart of the Open
Source Robotics Foundation provides access to numerous tools and functionality as well as
support for the development[48]. The possibility to integrate Robot Operating System (ROS)
greatly enhances the development speed. The ease of use and wide support for this software has
also benefitted the digital twin industry for space robotics. One such example is the work
“Development of a High Fidelity Space Robot Gazebo-Based Simulator for Space Close-
Proximity Operations Experiments”’[49]. In this work researchers created a model of a system
containing air bearing, nozzles, compressed air cylinders, solenoids valves, pressure regulator
valves, electronic control board and most importantly a robotics arm, which was tasked to move
around in the environment and grasp the object. Another compelling argument for this software
would be its integration with OnOrbitROS and the development of Robonaut 2 which all focus
on the usage of Gazebo simulation tool with extra packages for the purpose of space robotics
[50], [51]. Even though certain steps are taken for research and further development these
solutions still heavily realy on the support of community and outside libraries/pakcages which
are often times specialized for a specific mission. Furthermore, a huge problem for this
simulation tool would be its default basic physics engine which is meant only for simple
simulation environments and systems[52]. Being library-based engine there have been certain
advancements in this field by providing specialized libraries that increase the realism and
precision of the physics engines, but this still relies on the community support. Gazebo has the
potential to run on low computationally powerful machines and even on machines with no
dedicated graphics cards if there are no environment obstacles[53]. But to achieve this Gazebo
has had to reduce the quality and realism of its simulation designs which works for research
purposes but might not be the most appealing look for the average person. As this tool is also
meant for education its usability and skill requirements are low [54].
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2.2.2NVIDIA Omniverse

NVIDIA Omniverse was launch around 2021 and it is a platform of APIs, SDKs and other
services that provide the tools for developers to integrate OpenUSD - Universal Scene
Description which is an ecosystem for 3D world designs - NVIDIA RTX rendering
technologies and generative physics Al with uses cases for industrial and robotic use cases [55].
NVIDIA Omniverse provides the support of additional plugins and app that provides certain
functionality and capabilities such as Python and command line scripting and even apps
providing Al integration[56]. Regarding physics engine NVIDIA Omniverse uses PhysX 5
which is an moderately advanced physics engine providing accurate data for industrial settings,
robotics, autonomous driving and support for deep reinforcement learning[57]. Given the
addition of NVIDIA Flow, NVIDIA Blast and NVIDIA Flex libraries this physics engine
provides possibilities to simulate soft body dynamics such as liquids and cloth and more
complex collisions. Given how new this simulation tool is there is a question on how accessible
it is an how easy it is to use this application, furthemore as NVIDIA’s focus is on professional
application this could mean that to efficiently use this application the user would need sufficient
background knowledge and previous experience[58]. NVIDIA promotes its realism and 3D
world visualization which is a benefit in terms of appeal for the user however this also leads to
heavy computational demands, as recommended graphics card for these is an NVIDIA RTX
4080 it would be difficult to efficiently use this simulation software on cheaper and more
constrained computers[59]. Noticeable companies that use NVIDIA Omniverse are BMW
Group, Amazon, Dyson[60]. However, research in the space industry sector has been scarce
based on the paper published on 2022 “Exploring NVIDIA Omniverse for Future Space
Resources Missions” by Xiao Li from the University of Luxembourg NVIDIA Omniverse was
used as a tool for photorealistic visual effects while having MATLAB/Simulink for testing
space system architectures[61]. This could be the result of NVIDIA’s choice to focus on
photorealism and visual effects for factories, product designs and virtual worlds on the cost of
experimentation, prototyping and usage of digital twins in non-typical Earth environments.

2.2.3 Unreal Engine

Unreal Engine software has been created by the company Epic Games with the first iteration of
this engine released around 1991 and was initially made for first person shooter games[62],
[63]. As time went on it grew in popularity which also meant more and more advancements for
the technology and more people working on. Unreal Engines newest version Unreal Engine 5
was launched in 2022 and marketed as the most advanced and open real-time 3D creation
Tool[11]. With the new features such as Nanite - rendering technology for geometry systems
enabling large scale visualisations of environments and objects - and Lumen - global
illumination and reflection system creating more realistic environment luminations[64], [65].
Thus, providing game developers and engineers with the tools to make realistic and visually
appealing environments and objects and their respective physical interactions. In terms of
computational requirements Unreal Engine requires any graphics card that supports DirectX 12
although recommended would be NVIDIA RTX 3080 which is the typical system Epic Games
engineers use[66]. Unreal Engine 5 uses Chaos physics engine which replaces PhysX engine
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on previous version[67], [68]. Based on 2024 data Unreal Engine 5 was used by 4838
companies on numerous projects including games, visualizations and VR experiences and that
number does not include all the independent projects or hobbies someone works on[69]. This
means that the community support and guides on how to use this application is vast especially
in the gaming industry because of its popularity. As the realism and efficiency of Unreal Engine
has grown so has the amount of industries Unreal Engine is used in besides gaming for example,
higher education, information and technology services, design, media, research[70].
Complexity of Unreal Engine heavily depends on the use of premade structures and interactions
but in general it is estimated that to become a beginner takes approximately 1 to 2 weeks,
however learning enough to be intermediate master of this software can take up to 4 months if
you are developing a game[71]. Due to its popularity and efficiency numerous scientific
research have been conducted on testing Unreal Engine as a tool for digital twin testing. For
example, Unreal Engine has been used to setup a two robotic arm collaboration for testing their
cooperation capabilities in a laboratory environment[72]. NASA is also one of the companies
that has started to implement Unreal Engine in its research for example by creating a Lunar
environment for making synthetic data to train image processing models which would be used
for cameras when building the Tall Lunar Tower Assembly[73]. There have been multiple
scientific studies on using Unreal Engines synthetic data creation to benefit the technology
advancements for both on Earth usage as well as for more extreme environments[74], [75].
More notable use cases for Unreal engine would be its usage to prepare astronauts for the ISS
station by creating a fully functional ISS station and immersing potential astronauts using VR
technology into this environment[76]. Unreal Engine is also used to prepare for the next Lunar
mission by creating a Lunar environment with detailed landscaping and using the Lumen
technology scientists are researching how to use shadows for navigation on the south pole
region[77]. It is also used to train airplane pilots and a project in collaboration with CAE using
Unreal Engine created an aviation simulation which received level D qualification which is the
highest one possible for full-flight simulators[78]. These and many more examples are proof of
the efficiency and capabilities of Unreal Engine and sets it on the track to become more than
just a game engine, but a tool for scientists to use and explore the capabilities of digital twins.

Efficiency, reduced costs and safety are all reasons for using robotics in the space industry and
to achieve this digital twin bring significant benefits by improving testing precision and
accuracy especially in hard to replicate environments while also reducing the costs that are
linked to research and development[79]. As we approach Fourth Industrial Revolution such
tools as mentioned above will become more widespread and even in some cases an industry
standard thus researching them is a vital part of understanding their capabilities and limits[80].
Furthermore, due to the complexity of the environment that a Lunar rover must operate in and
because of the limited funds and capabilities of the Tartu Observatory the best option to test
mission success and equipment readiness is to utilize the effectiveness of a digital twin. Based
on the studies described above it was concluded to choose Unreal Engine 5 as the simulation
software due to its balance between graphics, performance and current widespread use in other
fields and the efficiency of using nodes.
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3 Methodology

This section will cover the steps taken to create and implement proper functionality of a digital
twin in Unreal Engine 5. This will include — transforming file type, ensuring proper location of
components, creating joints for the components, implementing keyboard functionality,
simulating sensors and data collections. Computer specifications that were used for running the
simulations: NVIDIA RTX 3060, 11" Gen Intel® Core(TM) 17 3.30GHz, 16GB ram.

3.1 SolidWorks and Blender

SolidWorks is one of the leading computer software’s for 2D and 3D designing and CAD
(computer-aided design) model creating and is an industry standard[81]. It was also used for
this project to create the 3D models of components and their assembly. However, SolidWorks
files are saved with the sldprt file extension which is not compatible with Unreal Engine 5.
Thus, another application must be used to convert this file type into a usable one and in this
research, Blender was used. Blender is an open-source software used for 3D visualization and
animations, but it has also been growing in popularity for fields outside of animation[82]. For
this work Blender provided the option to convert SolidWorks sldprt files to fbx which could
then be imported into Unreal Engine 5.

Furthermore, Blender also has two other advantages — relocation, centring, assembly as well as
reducing triangle count which will be described later. Firstly, all the components were imported
into Blender (Figure 1).

D F
°

Figure 1. Lunar rover model disassembled in Blender
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Next step in the process was to align and assemble all the components. This process was
achieved by centring one part to another. In more detail for assembling the rear axel and main
body. For real axel’s mounting hole choose frontal face of said hole and centre the cursor in the
between all the chosen points. Then this step is repeated for the main body’s mounting section
where the face points are chosen, then the centre point is marked. When both component centre
points are marked, they can align by using the option of centring point to cursor thus achieving
proper assembly of components. These steps were repeated for each component till the rover
was fully assembled, for better separation of components they were also coloured (Figure 2).

o

4 User Perspective
%3 (1) Coliection | Cylinder

Figure 2. Assembled and coloured Lunar rover in Blender

A very important and useful feature of Blender is its capabilities to reduce point/triangle count
of components. This is achieved by utilizing the options of “Decimate Geometry” which
reduces the vertex/face count of meshes thus simplifying the structure[83]. Another option is to
use “Degenerate Dissolve” which collapses any two edges which are shorter than certain
length[84]. Third option for mesh simplification is “Limited Dissolve” which simplifies and
merges vertices and edges that separate flat regions which is often especially useful for larger
components as in this case for the main body if the Lunar rover[85]. The approach for this was
to simplifies the mesh without causing too many discrepancies between the original and altered
version. Thus, observing the frontal disc for the camera of the main body it is possible to notice
that the difference between the meshes are very mildly noticeable however the number of
points/triangles are reduced significantly (Figure 3).

By observing Table 1 it is possible to see the amount that the mesh has been simplified by.
Overall count of vertices reduced after the mesh editing is 23069, number of edges reduced
134968, number of faces reduced 111895, number of triangles reduced 53699, thus the overall
number of points reduced is 323631, which is a significant improvement. Main purpose of doing
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this action is to reduce the computational requirements and load because a simulation software
would have to calculate each component’s location and interaction thus by reducing the
complexity it is possible to improve the efficiency of simulations while not affecting the visual
aspect of the components too much.

Number of points for component

Component Pre-edit Post edit

Vertices | Edges | Faces Tris Verts | Edges | Faces | Triangles

Main body | 61673 | 186873 | 124876 | 132422 | 59556 | 106694 | 46818 | 120631

Fr"i{ctfi‘“e 3654 | 11034 | 7356 | 7356 | 1451 | 2068 | 593 | 2950

Frontaxle | 3654 | 11034 | 7356 | 7356 | 1451 | 2068 | 593 | 2950

right
Rear Axel 3258 9891 6600 6600 1418 1954 503 2916
Motorof | = 456 | 1362 | 908 | 908 | 280 | 441 | 163 556
rover (6x)
Wheels (6x) | 3761 6073 2300 7546 1486 | 2174 676 2996
Overall Vertices: Edges: Faces: Triangles:
reduction 23069 134968 111895 53699

Table 1. Comparison of pre-edit and post-edit of component mesh points

Last step of this process is to export the newly created assembly from Blender as a fbx file and
import it into Unreal Engine 5 and reduce its size as Blender uses metres as its default measuring
unit, while Unreal Engine 5 uses centimetres (Figure 4).

tput L B Cr JiTrace v @ W BB Derive

Figure 4. Lunar rover model imported into Unreal Engine 5 and resized to proper scale
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3.2 Joint construction of components

After the importing of the file next step is to set up the correct joint dynamics between
components otherwise the rover components will fall apart. Similarly to Gazebo, Unreal Engine
also has different joint types. However, in Unreal Engine 5 these are called “physical
constraints”. For components that require no movement between each other such as the motors
and axel locations for said motors physical constraints are set up in a way to lock the two
components together without any freedom of movement. Setting up a joint between two
components can be achieved in two ways either by having skeletal meshes or by choosing two
components. As this work doesn’t use skeletal meshes the setup is done by using “Constraint
Actor 1” which refers to the main part for example the rear axle, while “Constraint Actor 2”
refers to the component which will be joined to the main part for example the motor.

Furthermore, setup for moving components require additional steps, for the physical constraints
between the front axels and main body an additional feature was used by enabling rotation on
the X axis or in terms of Unreal Engine limited “Swing motion” of 15 degrees. The physical
rover has a mechanical stop at this angle however there is no need for this type of a system as
Unreal Engine supports a swing motion limit. Due to how the rear axle is positioned instead of
swing motion rear axle requires limited “Twist motion” which refers to the Z axis. Similarly to
front axels physical rovers also has mechanical stops for rear axle which were replaced by limits
on the twist motion which was set to 25 degrees. Additionally, to ensure proper movement of
axels an additional feature was used “Target Orientation Strength” for front axels for swing
motion and for the rear axel twist motion and the unit strength for this was set to 1000
centinewtons which corresponded to the physical rover’s springs in the axels.

Wheels also require modified physical constraints. Being set between the motors and the wheels
physical constraints need the option of free rotation around the Y axis. Additionally, another
option specific for wheels is used called “Angular Motor Target Velocity” for swing motion.
For this specific setup strength for target velocity was chosen as 5300 centinewtons and the
target velocity on y axis rotation was 0.18 revolutions per second. The choice for these specific
values will be described later in the work.
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3.3 Keyboard control

This section will cover the steps taken to implement keyboard control for Lunar rover digital
twin. Initial design of the controller consisted of two part — controller and main blueprint
section. By assigning each keyboard keys to specific outputs and specific wheel angular motors
(Figure 5).

Figure 5. Initial design of keyboard controller overview

This allowed for simple setup consisting of only two blueprint sections and very direct action
between keyboard button and the motor control (Figure 6).

Wheel PcRight Ref

ty Target

Wheel Pc Left Ref

Figure 6. Zoomed in version of initial design of keyboard control

However, to utilize the full capabilities of Unreal Engine 5 and their new system of Enhanced
Input Action the old design was completely reworked. Enhanced Input Action provides the
possibility to remap inputs during runtime and create more complex and priority driven inputs.
This also comes with its drawbacks such as overall complexity of input mapping and multiple
blueprints that must be implemented. First step of this process is to create a Data Asset blueprint
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which represents an abstract game action in which and important step for this work is to use the
available option of “Action Value” to be “Axis2D(Vector2D)” this provides the necessary
values that are used later (Figure 7).

Figure 7. Data Asset of an abstract game input

Next step is to create Data Asset Group which is a collection of Data Asset inputs that are
mapped to action. This section requires additional options to be selected. Data Asset group
assigns certain keyboard buttons to specific values and controls and in this case keyboard button
D has no modifiers and rest of the keyboard buttons are adjusted according to this button.
Meaning button “A” values is negative compared to the letter “D”, keyboard button “W” needs
the modifier of “Swizzle Input Axis Values” which means to switch the axis based against “D”,
lastly letter “S” has the modifier same as “W” with the addition of being negative compared to
D (Figure 8). These steps are required as a setup before implementing the Enhanced Input
Action into the main blueprint.
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Mappings

Figure 8. Data Asset group settings for individual keyboard inputs

To implement the Enhanced Input Action in the blueprints using nodes it needs to be connected
to “Add Movement Node” as it triggers each time from a button press. Using Pawn setup, the
values are generated each time as the chosen button is pressed and provides the direction in
which the Pawn should move or an action to happen (Figure 9). This offers a simpler design in
blueprints but requires more setup before.

Figure 9. Enhanced Input Action node setup in blueprint
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3.4 Additional Component setup

3.4.1 Camera implementation

Cameras are required to monitor the pawn during experiments, and the setup consists of two
cameras — one placed on a spring arm providing third person view while the other is located at
the front of the rover providing first person view (Figure 10). Spring arm provides the option
of moving the camera around using a computer mouse by placing a set of nodes in the blueprint
that provide relative rotation based on whether the mouse is moved on X or Y axis.
Additionally, for switching between the camera modes a node called “Flip Flop” was
implemented that switches between two options based on keyboard input.

= Perspective Lit S 2 M % @0 (A5 (2003125 ([x0.033

e |

Figure 10. Two camera setup for the rover in Unreal Engine 5

3.4.2 Data saving

Due to how Unreal Engine operates a plugin was needed to collect data and save them in a text
file. For this purpose, the plugin “FileSDK" was implemented. This provides the necessary
nodes to incorporate a data saving functionality. After installing and enabling this plugin for
the project the required node setup consists of creating nodes that are used for the naming of
the file, choosing the location where to save them, collecting the data in an array of strings and
using the “Write String to File” node (Figure 11).

Figure 11. Data saving file node setup in blueprint
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3.4.3 Simulating sensors

For the purpose of this work and the accuracy of a digital twin two sensors were implemented
in this simulation model — sensor resembling a wheel encoder and an IMU sensors.

Simulating a wheel encoder requires an implementation of an “Event Tick” node which
provides constant action at each tick which is connected to a “Get World Rotation” node that
has the pawn’s wheel connected to it, thus providing a rotational value at each tick. Last step
of this process is to save the value of rotation and implement a node functionality to subtract
the previous value from the new to get the rotational value change which is then saved to an
array of strings and later written to a file (Figure 12). Wheel encoders provide the wheel
rotational speed value in degrees per second[86].

Figure 12. Simulated wheel encoder in Unreal Engine blueprint

IMU or inertial measuring unit is the combination of an accelerometer and gyroscopic sensor
[87]. To implement a realistic IMU sensor a small rectangle was placed inside the main body
of the rover digital twin. Furthermore, to receive the gyroscopic data “Get World Rotation” was
used and similarly to wheel encoders setup previous value gets subtracted from the new value
(Figure 13). Data gets saved to an array of strings and then written into a file.

23



e
Last Imu Value

F Get World Rotation Add pin ®

Target Return Value X (Roll)
Return Value Y (Pitch)

Return Value Z (Yaw)

Add pin ®

J Append

Al ‘ Return Value

B Add pin ®

Figure 13. IMU gyroscope implementation in Unreal Engine 5

Accelerometer requires a slightly different use of nodes compared to gyroscope; it uses “Get
Physics Linear Velocity” which provides the linear value on a chosen axis. Rest of the setup is
similar to previous ones by subtracting the old data from the new, appending an array of strings
and writing the strings to a file (Figure 14).

Figure 14. Accelerometer implementation in Unreal Engine
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4 Experimental Results and model
modifications

This chapter will cover the experiments conducted and how the obtained data affected the model
and improvements made to achieve a more accurate digital twin model of a Lunar rover in
Unreal Engine 5 as well as the value choices described in the previous section.

4.1 Weight measurement

To achieve an accurate digital twin model one of the first steps required was to measure the
weight of the components of the physical rover. This required to disassemble the physical rover
and weigh each part separately so these values could be inserted into Unreal Engine. For
research purposes weight measurements were made in a more detailed manner and for each
individual component that could have been disassembled however the data connected with
Unreal Engine is visible in Table 2, as digital twin model had a simpler configuration and
required the weights for component assemblies.

WEIGHTS FOR UNREAL ENGINE PARTS

Component Weight in grams
Wheel 146
Wheel motor 298
Back suspension 754
Front Suspension 2x 710
Main Body 780

Overall weight: 4908

Table 2. Physical component weights used in Unreal Engine

After the measurements these values were used to adjust the component weights in Unreal
Engine by adjusting the component weight in the pawn settings.
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4.2 Dynamometer measurements

Dynamometer experiment was used to measure the pulling strength of the motors by tying one
end of the string to the wheel while the other part is connected to the dynamometer. This test
was conducted multiple times both in continuous pulling strength measurement setting and max

force pulling strength (Graph 1).

Force value throughout the whole experiment
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Graph 1. Pulling strength of rover experiment data

e Pylling force values, N
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pulling section

To calculate the average pulling strength from all the experiments it was decided to use the max
pulling strengths (peak force) measured as well as the pulling strengths of continues
measurements were pulling could be accurately observed which is visible in Graph X in the
section between red, dashed line. Overall average values from said experiments are visible in
the Table 3 and the average value between all of these experiments is 55.5103 N.

Experiment number (continues pulling - C, Force value, N
peak force — P)
1C 54.1917
2C 49.8108
3C 54.3869
4C 50.5826
1P 63.9000
2P 58.1000
3P 57.6000
Average pulling force value: 55.5103 N

Table 3. Dynamometer experiment pulling strength measurement average data
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4.3 Speed measuring experiment

Experiment for measuring the speed of the physical rover was conducted by marking a 4-meter
distance on a solid, non-slippery floor and using a stopwatch to measure how long will it take
for the rover to cross the distance. Rover was placed behind the line with enough distance for
it to achieve maximum speed thus ensuring that the whole distance is covered with a stable
speed and stopwatch was only started/stopped when the rover passed the line. Time in seconds
from the 3 experiments is as follows: 22.39, 22.47, 22.48. Average time for the rover to cross
the 4-meter distance was 22.45 seconds. Knowing the time it took for the rover to cross the
distance, and the size of the wheels it was possible to calculate the degrees per second the wheel
spins by calculating the circumference, then calculating the number of rotations the wheel does
over the distance, then getting the time taken for a rotation and finally converting it to degrees
per second which comes out to: 185.57 degrees per second.

This value was used to modify the digital twins speed by running numerous experiments in the
simulation to a point where the output printed from “Get World Rotation” matched that of the
calculations of the physical rover. When the correct value was found it was inserted into the
“Target Velocity” section on physics constraints visible in Figure 15.

Target Velocity 0.0

Drives Swing

Figure 15. Physics constraints target velocity for the digital twin in Unreal Engine
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5 Experimental result comparison between
physical rover and the digital twin

This section will cover the experimental results between the physical rover and its digital twin
in Unreal Engine 5 from a set of experiments design to test the rover similarities.

5.1 Wheel encoder experiments

To test the similarities between the physical rover and its digital twin two sets of experiments
were conducted. First one consisting of driving the robots in a square 1 meter by 1 meter turning
90 degrees. For the second experiment rovers were driven in a “lighting” shape which was 1
meter forward, turn 90 degrees right, 1 meter forward, turn 90 degrees left, and the last 1-meter
forward drive. Both experiments were conducted multiple times. Physical rover was driven in
the Tartu Observatories bunker which had specialized sand as the surface. Wheel encoder data
is visible in the graph 2, graph 3.

Wheel encoder data comparison of physical rover and its
digital twin, squarre pattern. Experiment 1

450
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300
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Time, s

Graph 2. Wheel encoder data comparison, square pattern, experiment 1
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Wheel encoder data comparison of physical rover and its
digital twin, squarre pattern. Experiment 2
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Graph 3. Wheel encoder data comparison, square pattern, experiment 2

Next set of data for the “lighting” pattern driving is visible in graph 4, graph 5.

Wheel encoder data comparison of physical rover and its
digital twin, lighting pattern. Experiment 1
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Graph 4. Wheel encoder data comparison, lighting pattern, experiment 1
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Wheel encoder data comparison of physical rover and its
digital twin, lighting pattern. Experiment 2
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Graph 5. Wheel encoder data comparison, lighting pattern, experiment 2

Data in these graphs show a lot of details about how the physical rover and its digital twin
operate. Firstly, the data has a significant difference in the amount of data points, physical rover
had approximately 50 data points while the digital twin had about 3000 data points. Both of the
model data is not perfectly stable and the reasons for this can be many. Focusing on the physical
rover data discrepancies could have been caused by slippage or getting stuck in sand. However,
the digital twin did not experience such problems as the surface in the simulations is perfect,
but the spikes in the data are either problems with the alignment of the components or
computational efficiency of the used system. Furthermore, there are noticeable sections in the
graphs similar to the one marked in graph X as “Unstable data section” which are caused by
two main reasons. First reason is how the rover turns, which happens by spinning the wheels in
opposite directions and thus turning either left or right, but such actions cause the rover to shake
in simulations and due to that the data becomes more unstable. Other reason is due to minor
misalignment between the components which causes small collisions, this can be slightly
lessened by enabling a setting called “Async physics tick enabled” which runs the physics
simulation on a separate thread and thus improving the stability of the simulations however as
this option is experimental it does not solve all the problems.

Most importantly a very interesting observation is made by examining all of the data. Physical
rovers’ data and its digital twins on average seems similar to one another with one distinct
difference. Degrees per second differ by approximately 20 points which has been caused by the
fact that the digital twin was calibrated based on data when the physical rover drove over solid
ground, but the experiments were conducted on special sand. While driving over the sand
rovers’ wheel slightly sunk and thus caused a higher resistance for the motors which did not
have the power to sustain the regular rotational speed of wheels. Unfortunately, creating such
an effect in simulations is not possible because one would need to create a multi-level floor
with different forces working against the wheels and this would be very computationally
difficult as well as Unreal Engine has not been designed to work is such a way. But thinking
about the application and the mission plan of the physical rover such a problem would not be
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present on the Moon due to its reduced gravity which would cause the rover not to sink in the
sand so much.

5.2 IMU experiment

To observe the difference between the physical rover and the digital twin in terms of IMU data
an experiment was conducted, where both rovers had to drive back and forth for a distance of
10 meters five times, in total covering the distance of 50 meters on a solid, non-slippery surface.
This was meant to show how the data differs between in a long-term experiment as the overall
driving time was approximately 10 minutes and collecting between 45000-60000 data points.
Data is visible in graph 6, graph 7.

IMU data comparison of physical rover and its digital
twin, acceleration
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Graph 6. IMU data comparison between the physical rover and the digital twin of
acceleration
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IMU data comparison of physical rover and its digital twin,
angular velocity
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Graph 7. IMU data comparison between the physical rover and the digital twin of angular
velocities

Looking at both of the graphs certain things can be noticed. Digital twins’ data is a lot more
unstable having high peaks at certain moments in the experiment. This was most likely caused
by previously discussed misalignments and overall instability of the system as well as
computational load. Another factor for this could have been the fact that Unreal Engine takes
into account the frequency of the monitor the images are displayed on, but by running a longer
experiment more data is accumulated in the system which could cause the a heavier
computational load and as the system tries to maintain a stable frequency of image outputs it
lacks the necessary computational power and starts to become unstable. This effect most likely
happened during the turning of the rover because as the rover is turning the background imagery
must be rendered causing a heavier load for the computer.

5.3 Lunar gravity experiment

This experiment was conducted to see how the reduced gravity would affect the rovers’ driving
capabilities. It was achieved by changing the world settings in Unreal Engine and setting the
value of gravity to -162 cm/s® . Most noticeable thing was the fact that one of the front wheels
would lift up in the air when starting to accelerate visible in figure 16. This could possibly be
solved either by reducing the rovers speed or increasing the spring strength for the frontal
suspension.
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7 @D

Figure 16. Digital twin’s front wheels lift from ground when accelerating in a lunar
environment

5.4 Discussion of the results

Looking over at the results certain aspects become apparent. Firstly, implementing real world
physical rover characteristics into a digital twin is a very time consuming and difficult process
as even the smallest misalignment can cause severe problems with the stability of the
simulation. However, Unreal Engine provides good tools to deal with most issues to a certain
degree.

Although dynamometer experiments were successful the data implementation in the digital twin
was unfortunately not possible due to the very limited data on how Unreal Engines Chaos
engine functions especially how it uses the physics constraints “Strength” and how to connect
this to the physical rover. Numerous experiments and setups were conducted to understand this
functionality, but no reasonable conclusions were made. On the other hand, rest of the properties
were implemented into the digital twin such as the speed of the rover, its overall build and the
mass of it.

Focusing on the wheel encoder data it is possible to assume that this experiment was successful
and helped to better understand the differences between both models and the possible
alternations that would have to be made for future experiments, especially in terms of motor
strength. Another aspect to increase fidelity would be to limit the rate at which Unreal Engine
measures, thus when performing the analysis data would be more similar. In the future adding
random jitters or noise would also be beneficial.

Going over to the IMU experiments. Unreal Engines synthetic data is very unstable for both
gyroscopic measurements as well as acceleration, even though filtering could be applied to
better see what the majority of the data looks like, understanding and solving the stability issues
is crucial to achieve a stable data output from which conclusions could be drawn. Furthermore,
because Unreal Engine provides raw data, but the physical sensors usually have a filter inside
is something to think about in the future as well. After achieving stability for the digital twin
noise would also have to be introduced to better simulate real world conditions.
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Lastly, conducting a simple driving experiment in the Lunar environment yielded results by
showing two possible problems: either the speed of the rover was too high, or the spring strength
would need to be increasing to ensure the front wheels of the digital twin do not lift of from the
ground when accelerating. As it is very difficult to replicate Lunar gravity on Earth such
experiments can give insights on the possible mission outcomes however this data can’t be
tested until the rover traverses the Moon.
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6 Conclusion

In conclusion, the initial research done on the space industry and current simulation tools used
as well as possible alternatives brought inside on the tools that could be used in practical
applications one such being Unreal Engine 5. As it showed balance both from the computational
requirement standpoint as well as its capabilities.

Implementing an accurate digital twin model requires significant testing and data to achieve as
close as possible digital twin to the physical rover. This was successfully achieved by
implementing most of the data and characteristics from the real rover, however limitations of
information accessibility and overall system prevented from fully incorporating the available
data. Furthermore, due to the novelty of this simulation software difficult problems have yet to
be discovered and answered in the forums which required a significant investment of time in
testing and prototyping which often yielded very little fruits. Achieving a truly multipurpose
simulation software is a very difficult task and thus mostly the industry standard is to use very
specialized programs build for specific systems and their requirements.

Overall, examining the results obtained from wheel encoder and IMU experiments it is possible
to conclude that the set-out tasks were completed and provided valuable insights on the future
problems and improvements that could be made, as this works main purpose which was to
create an initial model of the physical rover in Unreal Engine 5. Which could be later used as a
base for improvements and prototyping. Thus, the final experiment was conducted to see how
the rover would act in Lunar gravity which provided valuable insight and concluded this work.

Possible future paths for this digital twin would require a thorough understanding of how to

improve the stability of the whole system and by achieving that it would be ready to be used as
a prototyping base to test out new systems and instruments.
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