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Abstract

The gaming industry is soaring into new heights every year and continues
to develop rapidly. The military flight simulations industry, which is in
many ways closely related to the gaming industry, has fallen behind.
There are realistic and graphically advanced flight simulation games,
however, the problem is the lack of relatively cheap, compact and well-
designed motion platforms that can deliver high levels of immersion when
used together in conjunction with games. The company Meta Simula-
tions Immersive Synthetics (Meta) are now planning on designing and
building a motion platform as such. The company specialises in ad-
vanced and high fidelity physics models and visualizations of fighter jets
for flight simulations. The main goal of this project is to help Meta de-
velop a motion platform specifically designed to drastically increase the
immersion factor while playing Digital Combat Simulator with in virtual
reality. The main purpose of this motion platform is to give the user
sensations of acceleration similar to the sensations generated by flying a
real fighter jet.

During the second half of the spring term of 2020, literature studies and
physical experiments on a Stewart platform were carried out to gain
knowledge about the best placement of the centers of rotation, what
degrees of freedom that are necessary and how large motion spans are
needed and to what actuation speed. This research was then used to
generate some technical design concepts for the motion platform, that
were later evaluated. During the fall term of 2020, the best one of the
concepts was built into a fully functioning full scale prototype. The result
showed satisfactory results. The motion platform was able to give the
user the sensation of acceleration while playing Digital Combat Simulator
in virtual reality. However, there are various areas that can be further
developed and improved to increase the immersive feeling for the user.
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Chapter 1

Introduction

This chapter explains the background and the details of the project, relevant interviews and
requirements that were set.

1.1 Background

Military simulations have fallen behind on flight simulation technology and the solutions avail-
able today are built on legacy technology and non-scalable architectures. Comparing the emu-
lation fidelity as well as the immersion factor, the military simulation products are over 10 years
behind the gaming industry. This is due to the outdated graphics, poor user interfaces and the
slow development and scalability. This project aims to change these factors and make a flight
simulator that can maximize end user experience while still being affordable so that it can be
scaled to a larger number of pilots. This will be done by leveraging state-of-the-art consumer
gaming graphics in VR together with a motion platform.

1.2 Stakeholders

The stakeholders of this project is the company Meta Simulations Immersive Synthetics (Meta),
located in Stockholm, Sweden. The company is part of the Meta Aerospace Group. The
contact persons from the company involved in this project are Daniel Malmquist (CEO), Niclas
Colliander (Military Aviation Specialist and former fighter jet pilot) and Markus Sällman Almén
(Head of AI Development).

The company specialises in advanced and high fidelity physics models and visualizations of
fighter jets for flight simulations. Their main focus as of today is on military aviation training
simulations, but were previously involved in the gaming industry. The vision of the company is
to drastically improve and revitalise the professional military simulations market, since it has
not kept up with the recent development of the closely related gaming industry. Meta combines
expertise from artificial intelligence, gaming and aerospace striving towards their vision. The
ability to scale their work to reach many customers is very important.

One of the next step in the development of their products is a motion platform, for the purpose
of giving the user sensations of realistic accelerations that complements the VR experience of
flying a fighter jet. Although there already exists lots of motion platforms for gaming and
simulations, none of them suits the purpose of the desired motion platform for this project. The
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main flaws of existing motion platforms are generally the price which is too high as well as poor
design solutions and insufficient performance. Limited motion range and poor material choices
are also common problems.

1.3 Project Description

The goal of this project is to research and develop a flight simulator motion platform for use
in pilot training. The project is held in the courses MF2058/MF2059 Mechatronics, Advanced
Course at KTH, in conjunction with Meta Simulations Aerospace group, during the spring and
autumn terms of 2020.

The project is split into two parts. First research of the state-of-the-art motion platforms, flight
simulation, VR, actuation, and control. This part will also contain tests on an existing platform,
to gain an understanding of what the requirements of a new platform should be. Design concepts
for the fall term will also be generated during the spring. The second part will focus on delivering
a working prototype of a new motion platform, that will meet the requirements specified in the
first part.

1.3.1 Project Organisation

During the spring term the team was divided into smaller subgroups with three pairs and one
group of three. These groups were used in the beginning of the project when searching for
information was the most important task. The groups can be seen below, were group 1 was in
charge of writing about existing work, other implementation, control theory specifications and
simulations on the platform. Group 2 worked on what degrees of freedom are needed, motion
span, how to avoid ghost forces, actuation and faking the sensation of acceleration. Group 3
were digging into VR and VR sickness, how the center of rotation affects immersion and also
how important the location of the center of rotation is. Lastly, group 4 worked with middleware,
platform physics, cost investigation, off the shelf products and DCS specifications. For the spring
term, a GANTT chart was established early during the process. The work mainly followed this
plan, but due to various reasons, the ”Development of chosen concept” activity was not fulfilled.
The GANTT chart for the spring term can be seen in appendix A.1.

• Group 1 - Qizhen and Tianrui

• Group 2 - Justus and Jonas X

• Group 3 - Niklas and Filip

• Group 4 - Miko, Christopher and Jonas L

For the fall, the project was focused on development and construction. In order for this to
work smoothly and to make sure everyone knew their responsibilities, the team was divided into
three different subgroups. These groups had the responsibility for their own subject, with some
minor rotation happening between the groups during the project. The group allocations and
responsibilities can be seen below. The GANTT chart for the fall term can be seen in appendix
A.2.
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• Mechanics – Justus, Niklas and Jonas L

• Control – Tianrui, Qizhen and Jonas X

• Electronics & Software – Miko, Filip and Christopher

The project used an agile approach to project management, especially during the fall. The
reason for this was to focus on the highest priorities, finish important parts of the project in
time, making sure everyone understood what everyone was working on and easily getting help
from other team members when needed. To implement this management system, the team used
the applications Trello [1] and Slack [2] as project management tools. A Scrum inspired board
was created in Trello in order to organize the different tasks in a structured and agile way.
The board contained the columns to-do, to-do this week, doing, stuck and done. Based upon
stakeholder and technical requirements, tasks were placed on the board in the to-do column.
From this column the different subgroups could drag these cards in the other columns depending
on the priority of each task. During each weekly meeting, the group went through the items
placed in the stuck-column in order to solve the different problems together. The goal of this
was that no one or no group would at any point have too many tasks being worked on at the
same time and also involving everyone in the entire project. These methods therefore worked
similar to the Scrum sprints and daily scrums.

Slack was used as a project communication tool. Slack allowed communication in the different
subgroups via different channels in Slack which further allowed for the entire team to know
what was going on while not being overwhelmed by all of the different topics being discussed at
the same time. Due to the pandemic, these digital tools were extra important for the project
management system in order to have a successful project. The conference tool Zoom [3] was
also extensively used to have digital meetings with the team.

1.4 Scope

The motion platform is intended to create the feeling of maneuvering an airplane for flight
training. However, the simulation has limits. The intended motion platform has to be of a
certain size, therefore, only motion platforms using gravity to simulate acceleration will be
investigated, limiting the acceleration magnitude to 1G.

1.5 Interviews

During the research phase of the project, several interviews were held to gain insight in what sen-
sations of acceleration that are important during advanced maneuvers such as in-flight refueling
and formation flying.

1.5.1 Interview with pilot Niclas Colliander

In this section, the relevant insights from the interviews with Niclas Colliander are presented.

Colliander explained that the longitudinal acceleration is crucial to feel, since it is difficult for
a human to visually estimate speed and acceleration in the longitudinal direction. The speed
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matching with the other aircraft during formation flying or with a fuel hose during refueling
is easier if the pilot can feel the longitudinal acceleration. In real life flying, the longitudinal
acceleration is produced by the thrust of the engines.

The sensation of the introduction to a roll maneuver is important as well. Colliander explained
that you only feel the beginning, or introduction, to the movement, so this sensation should be
supported by the motion platform.

About gaining and losing altitude, the pilot is not dependent on sensations of acceleration to
accomplish these maneuvers. Thus, it is not necessary for the motion platform.

When driving a car and turning in corners, the lateral accelerations and forces are crucial
feedback for the driver, as they play an important role for making decisions about speed and
steering angles. However, this is not the case when flying. Ideally the pilot should not feel any
lateral forces at all. If the pilot feels these kind of forces, it would be an indication that the
flying is not optimal. Colliander therefore advised that it could be a valuable feature to include
in the motion platform.

Colliander also mentioned that some indications could be valuable features for the motion plat-
form. With indications he meant small sensations of forces that indicate a special event, such
as when the aircraft touches the ground during landing. This indication could for example be
made by shaking or vibrating the seat under the pilot.

1.5.2 Other interviews

Besides from the interviews with Colliander, two more interviews were held over telephone to gain
more diversified information and opinions. For these telephone interviews, a set of predefined
questions were used. The questions were as follows:

• When a fighter jet pilot is in training/flying school, what forces/accelerations do you think
are most important for her/him to feel?

• What forces/accelerations do you think are most important to feel when you are an expe-
rienced pilot?

• What forces/accelerations do you think are most important in maneuvers like mid-air
refueling or formation flying?

• Do you have any experiences with flight simulators? What worked well and what did not?

• How would you say that the perfect flying simulator would look like/function?

Jonas from Swesim

The first person to answer these questions was Jonas, with an unknown last name, from the
association called Swesim located in Årsta outside Stockholm. Swesim is an association driven
by volunteer work by its members. They build flying simulators that people can pay to use as
entertainment [4].

Jonas is not a professional pilot, but an enthusiastic hobbyist with some experience from building
and flying simulators. His opinion was that six degrees-of-freedom is important for helicopter
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simulators, though three degrees-of-freedom; pitch, roll and heave, would be enough for airplane
simulators. He stressed the importance of a rumbling seat, as flying in a simulator without it felt
flat and non-immersive in his experience. On the mechanical side, he emphasized that hydraulics
is not a good choice for a flight simulator since it would be too complex, too dangerous and
too expensive in comparison with strong electric motors. The important aspects for the motion
platform from the flying school’s point of view are that the simulators are cheap and fulfill the
requirements from the government as well as easy maintenance. Immersion would therefore not
be a priority according to Jonas. On the other hand, he was sure that a realistic and immersive
motion platform would sell well among enthusiasts and hobbyists.

Program leader from Swedish Airforce

The first interview with Jonas led to the second interview with the program leader of the first and
second division of the flying school in the Swedish Air force, whose name will not be mentioned
here due to secrecy. The program leader explained that the simulators they use in their school
does not have motion and that he did not know of any good fighter jet simulator with motion.
He was not sure if motion would add any value to their simulators. As Jonas mentioned, he said
that helicopter simulators often have full motion because it is crucial to feel the forces when
flying a helicopter. As Colliander mentioned, he believed that feeling the acceleration forwards
and backwards would be the most important ones to include in a motion platform. He thought
it would be valuable to simulate the G-forces as well, though it would be tricky to implement
in a motion platform.

1.6 Requirements

By close communication with the stakeholders, the background research and the answers from
the interviews, the following stakeholder requirements and technical requirements were derived.

1.6.1 Stakeholder requirements

• The motion platform (MP) shall contribute to an immersive and good training experience
for pilots in training.

• The MP should be small and compact, so that it should be possible to have several of
these in a room similar to a computer room in a school.

• The MP shall be safe to use.

• The MP shall give the user feelings of acceleration in different directions that are important
for maneuvering the aircraft.

• The MP shall be robust.

• The MP shall have a high quality design.

• The MP shall be able to be produced in large quantities.

• The MP shall be able to be shipped worldwide.

• The MP shall be compatible to use with several different aircraft models.
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• The MP shall be relatively low-cost in terms of production and thereby in purchase for
the customer.

• The MP should ensure that the risk of VR sickness is minimized ensuring that longer
periods of usage is possible.

• The MP shall be fast and easy to install and implement together with the software.

1.6.2 Technical requirements

Below are all the technical requirements for the motion platform listed. The technical require-
ments were made from the results of this report and linked to the stakeholder requirements.

Weight and dimensions

• The MP shall have the maximum dimensions of 180 × 180 × 180 cm.

• The MP should not weigh more than 150 kg.

Features and components

• The system shall provide a joystick, that does not prevent the user from accessing the seat.

• The system shall provide a throttle, that does not prevent the user from accessing the
seat.

• The system shall provide foot pedals.

• The system shall include a seat with adjustable back rest angle, from 90 degrees to 130
degrees.

• The seat assembly shall provide mounting for seat, joystick, pedals and throttle.

• The seat assembly shall have adjustable distance from the back rest to the pedals, from
60 cm to 90 cm.

• The seat shall be adjustable in height to fit a person that is between 160 cm to 195 cm
tall and to adjust the COR for the pitch motion accordingly.

• The visual feedback from the simulator shall be a VR headset.

Software, electronics and simulation

• The MP shall make use of a simulation of the forces and accelerations up to 1G a pilot
would be exposed to while flying.

• The system shall accept input in real-time from the exports of the video game Digital
Combat Simulator (DCS).

• The simulation shall be based upon the calculations of the real-time exports of DCS.
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• The actuators of the system shall be electronic.

• The MP shall have an embedded system to control the actuators.

Kinetic characteristics

• The MP shall at least provide a maximal velocity of 30 deg/s in the pitch direction.

• The MP shall at least provide a maximal velocity of 30 deg/s in the roll direction.

• The MP shall at least provide a maximal motion range of 45 deg in the pitch direction.

• The MP shall at least provide a maximal motion range of 15 deg in the roll direction.

Real-time, immersion and control characteristics

• The delay from user input to motion output shall not exceed 50 ms.

• The delay from user input to visual output shall not exceed 20 ms.

• The MP shall not do any movements that is not needed for the simulation within an error
span of 1 deg.

• The MP shall provide the same movements as the calculated reference values provide
within an error span of 1 deg.

Other characteristics

• The MP shall have at least one DOF, pitch.

• The COR of the pitch motion should be maximum 5 cm above/below the center of the
user’s ear.

• The COR of the roll motion should be minimum 5 cm under the seat.

• The MP shall be capable of supporting a user weighing under 100 kg in all possible working
positions.

• The system shall provide input to DCS for controlling the simulation.

• The system shall provide two emergency stop buttons; one for the user and one for the
technician, that stop the MP movement completely within 10 ms.

• The cost of the MP shall be no more than around 10,000 Euro.
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1.7 Reader’s Guide

The report is divided into 8 chapters and follows the pattern:

Chapter 2 describes the theory and includes a short literature study and state of the art on
selected subjects found relevant for the project.

Chapter 3 presents the methodology of the project and discusses why key decisions were made,
the methods, tools and techniques used to solve the problems in the project and how the design
concept was developed.

Chapter 4 describes how the project was implemented. The hardware construction as well as
the software and electronic implementation.

Chapter 5 displays the tests that were performed during the project in order to verify and
validate the desired functionality.

Chapter 6 examines the final results of the project and how well the requirements were met.

Chapter 7 reflects upon the results and contains a discussion on the projects results. The
achievements are highlighted and critically reviewed as to how well they match the requirements
and what we should have done differently in hindsight.

Chapter 8 presents possible future improvements on the project.

Last appear appendices with extra information for the very keen reader.
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Chapter 2

Literature Review and State Of The Art

This section is dedicated for the theory and state of the art flight simulators and motion plat-
forms.

2.1 Physiological systems

In this section, the biological systems that allow people to perceive acceleration will be presented.
This needs to be known in order to convince the person that they are experiencing accelerations,
when in reality they are seated in a simulator.

2.1.1 Acceleration sensing

Humans have an innate sense of balance. In order for the human bipedal design to be efficient,
the brain always needs to know if the body is about to fall over. This sense of balance is provided
by the vestibular system. This system is located in the ear, and is comprised by three semi-
circular, liquid filled, canals connected to two liquid filled sacs, called the saccule and utricle.
The saccule, utricle and canals contain nerve protrusions, small sensory hairs, that when moved
send a signal to the brain.

Figure 2.1: Diagram of the inner ear.[5]

When the human body is experiencing an angular acceleration, the liquid in the semicircular
canals moves, in turn moving the sensory hairs. The brain then interprets this signal as an
angular acceleration. Since the semicircular canals are at right angles to each other each of the
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3 degrees of rotation is accounted for, see figure 2.1. In a similar way, the saccule and utricle
can sense linear acceleration. In figure 2.1, the layout of the inner ear can be viewed.

The inner ear can primarily sense the direction of acceleration, not the magnitude [6]. Therefore
it is sufficient to tilt the head, or in most cases the whole body, to produce a sensation of a
moving acceleration vector.

2.1.2 Force sensing

Another important sense to detect acceleration, especially while seated, is the sense of touch.
The sense of touch is responsible for the sensation of force. According to Newton’s second law,
acceleration and force are related, since there must be a force for an acceleration to occur.

For example, a pilot is sitting on the runway in a fighter aircraft waiting to take off. While
stationary, the pilot is only experiencing the reaction force from the seat cushion, see figure
2.2a. When the pilot opens the throttle, the aircraft accelerates. This acceleration causes a
force from the chair to the pilots back. The force from the seat cushion is still present, and
the sum of forces is according to 2.2b. In accordance to Newton’s second law, the acceleration
vector has the same direction as the resulting force vector.

Σ = 0

(a) Forces on a stationary pilot.

Σ = F
F

(b) Forces on an accelerating pilot.

Figure 2.2: Comparison of forces acting on a pilot. Made in Affinity Designer, using assets from
Freepik.com. 03/2020

This result is not limited to only linear acceleration, but also angular acceleration. The accel-
eration vector direction is a sum of all forces acting on the body, including torquess. To trick a
person to believe that an acceleration is occurring, the force on their body has to be replicated.

This can be done in a number of ways, and is covered in section ??, and further in section ??.

2.1.3 Visual acceleration

When judging speed and acceleration, people heavily rely on their vision. When limited to the
two-dimensional plane, such as on a monitor, people can judge the size of objects from past
experience. The relative speed to the object can then be determined by evaluating the changes
in size of the object. [7] To then determine the acceleration relative to the object, the change in
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speed is used. However, when given no depth data, only relying on relationship between objects,
and past experiences, the brain can jump to incorrect conclusions, as seen in figure 2.3.

Figure 2.3: Illusion of a man standing on a bottle. [8]

In reality, people use binocular vision. Due to their distance apart, each eye sees a slightly
different view of the world. By using the angles of the eyes, and the difference in perspective,
the brain can determine the distance to an object. Figure 2.4 shows how this works.

Figure 2.4: Stereoscopic image of two Passiflora caerulea. The 3D effect can be seen by crossing
your eyes! [9]

Prolonged travel at a constant speed causes the neurons in the visual system to adapt. The
acclimatisation to a constant speed happens gradually, and the neurons in the visual system
reduce the frequency they fire. The sensitivity to relative speed and acceleration is however
preserved.[10]

2.1.4 VR sickness

Virtual Reality (VR) is most commonly referred to technology that allows a user to experience
some kind of simulated world with a visual sensation of being immersed into that world. There
are two primary methods within VR, namely: stereoscopic head-mounted displays (HMD) and
larger projection based systems. The first method use some kind of display that is physically
mounted on the head of the user, while the other method uses an external projection system that
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could be as large as a room. Head-mounted displays can be divided into three different ocularity
types: monocular, biocular and binocular. A stereoscopic view can be achieved using a binocular
system. Most fully immersive head-mounted displays are of the binocular configuration [11].

A big percentage of the users of virtual reality experience discomfort during the usage. When us-
ing a stereoscopic head-mounted display (HMD), around 80-95% of individuals experience some
combinations of symptoms such as nausea, eye strain, disorientation or similar. Around 5-50%
of these individuals experience these symptoms to be so severe that they end their participation
[11]. It is therefore clear that this needs to be considered when developing a VR system.

This is called VR sickness, or by some called visually induced motion sickness (VIMS). Other
names for the phenomenon is simulator sickness, cyber sickness and RGB yawn. Dizziness and
nausea are the most common symptoms but the user can also experience salivation, drowsiness,
disorientation, headaches, difficulty focusing, blurred vision and in some cases vomiting. The
symptoms can start within minutes of using the system and may also continue for some time
after the participation has ended [11].

The phenomenon occurs due to a combination of the precision and balance of the perceptual
system, technical shortcomings especially in the HMD and also age and gender. It is not fully
understood what causes this sickness but the most common theory is the sensory conflict theory.
This theory states that the physiological side effects are a result from conflicts between sensory
inputs. For example, VR sickness could occur if the visual system would see that the body
should move at the moment but this is not followed by an input from the vestibular system. Or
in other words, if one would drive a car in a VR simulation and see that the car moves, but does
not feel the acceleration, then the user would likely get some symptom of VR sickness. Also,
VR sickness according to this theory could occur if the sensory inputs are in conflict with that
one would expect from previous personal experience.

According to Steve Aukstakalnis in Practical Augmented Reality, the key technology factors in
VIMS are the following:

• Latency

• Incorrect interpupillary distance settings

• Display field of view

• Optical distortion of scene geometry

• Frame rate

• Persistence

Most of the above factors are mainly related to the technology within the actual VR system,
the HMD. A wider VR system, with a physical platform that interacts with the VR system,
could be effected by the latency. The latency is the lag between a movement of the user and
the resulting output from the VR system, i.e. the time from when the user make or experience
a movement to the corresponding visual movement is shown on the display. For modern VR
HMDs, the base latency between a user movement and the output on the display is around 18
ms [11]. A wider system might have to consider this in the implementation since the system
makes a movement that the user feels.

A study from 2019 showed that with an end-to-end latency of 63 ms, users reported significant
cybersickness symptoms [12]. This study also showed that in order to minimize the effects of

14



2.1. PHYSIOLOGICAL SYSTEMS

VR sickness, developers should ensure that the end-to-end latency is far below 58 ms. A latency
over 69 ms reduced the user performance and the sense of body ownership started to be reduced
at 101 ms.

In order to minimize the risk of VR sickness, a motion platform therefore should both consider
the end-to-end latency and also minimize sensory conflicts via a well working control of the
platform. The model of the simulation should also be as good as possible in order to give a high
feeling of immersion.

2.1.5 Center of rotation

When investigating the impact of the center of rotation (COR) for the motion platform, several
different COR needs to be kept in mind, as they play different roles especially for this application.
For any airplane, the COR will be at its center of gravity (COG). Figure 2.5 illustrates this in
the case of a plane making a pitch motion [13].

Figure 2.5: The pitch axis and therefore the COR goes through an airplane’s COG [13].

At the rear end of the fuselage of a fighter jet, there are stabilators. These control how much
force are applied at the rear end of the fuselage, which makes the pitch motion. See figure 2.6.
Here the COG/COR is located behind the pilot in a fighter jet [14].

Figure 2.6: COG/COR of a fighter jet making a pitch motion [14].
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Also, the roll motion of any airplane has its COR in the COG [15]. Thus, it is clear that for a
fighter jet, the COR is behind the pilot. However this does not mean that the COR should be
placed behind the user in the motion platform.

The idea of the motion platform is to tilt the user so that they experience the gravity force,
or gravity acceleration, in a specific direction on their body, corresponding to the acceleration
vector acting on the pilot in the airplane in the video game. In order to tilt the user to a desired
position, without getting unwanted forces on the way there, it is probably best to have the COR
as close to the user’s ears as possible, as seen in section 2.1.1. This is because the user’s sense
of acceleration is located in that area. For instance, if the user on the motion platform wants
to experience a force pulling them to the right, the motion platform has to tilt to the right so
that the gravity force pulls the user to their right. If the COR is located under the seat of the
user, they will experience a jerk of the head to the left, which is the opposite direction. This is
an unwanted, or parasitic force [16].

Another problem with having the COR under the user on a motion platform is that centrifugal
forces will act on the user’s head during a rotation around that COR. This is because the COG of
the head is located at a distance from the COR. However, if the COR is instead at the head, the
distance from COR to COG for the head is zero, which means that there will be no centrifugal
force acting on the head. Figure 2.7 illustrates these two scenarios.

(a) COR under the user. (b) COR at the head of the user.

Figure 2.7: COR under the user vs. COR at the head of the user.

However, one thing to be aware of, is that the largest centrifugal force is instead moved to the
COG of the feet, which are now the furthest away from the COR of the motion. Depending on
the desired feeling of the motion, the COR should be placed carefully with this in mind. Possibly,
a compromise with the COR at the user’s chest would be a reasonable compromise. By using
a chair with adjustable height, it is possible to make smaller adjustments of the location of the
COR, relative to the user. This in turn means that the height of the user will have a smaller
significance as if a chair with a fixed seat height.

2.1.6 Degrees of freedom

It is possible to move in six different degrees of freedom (DOF) in three dimensional space, and
an aircraft is able to move in all of these degrees of freedom. A motion platform can be made to
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produce a number of DOF, although not all six of them are necessary for flight simulation. The
paper ”Motion Simulation Capabilities of Three-Degree-of-Freedom Flight Simulators” written
by Nicolas A. Pouliot et al. investigated this topic [17]. it focused on comparing six-degrees-
of-freedom with two different three-degree-of-freedom platforms. Three rotational DOFs in
addition to heave, pitch and roll DOFs. Analysing the motion cues when simulating three
characteristic maneuvers (take-off, turn-entry and throttle-impulse maneuvers), revealed that a
three-degree-of-freedom simulator was capable of producing motion simulation quality compa-
rable to six-degree-of-freedom in most cases. The motion sensations, produced by a vestibular
model, showed nearly the same results. The rotational DOFs located at the center of gravity
(of the aircraft) performed the best in all three maneuvers [17].

Another research paper ”Design and Analysis for a Three-Rotational-DOF Flight Simulator of
Fighter-Aircraft” by Chang-Chun Zhou and Yue-Fa Fang also discussed this subject [18]. Here
it mentions that for flight simulators, the translational movements are nearly inoperative in six-
degrees-of-freedom motion platforms [18]. This raises the question of the importance of linear
DOFs, which is further investigated in Chapter 3 as well as different combinations of DOFs.

2.2 Platform simulations

To reproduce the acceleration felt by a pilot to the user in a motion platform, different solutions
have been made. In this section, some existing motion platforms and designs will be presented.

2.2.1 Cockpit scale simulation

A way of making the pilot believe that they are in a real aircraft, is to take the cockpit, straight
out of the aircraft, put it on a motion platform, and simulate the movement. The benefits of
such a setup is that the pilot gets very familiar with the actual cockpit of the aircraft in 3D
space. However, full-cockpit simulators usually use projectors to project the flying space in
front of the cockpit, leading to a 2D representation, possibly causing depth issues as in section
2.1.3. The mass of the simulator is also large, therefore powerful actuators are needed to achieve
satisfactory performance. Cockpit scale simulators are often extremely expensive. An example
of a simulator as such is shown in figure 2.8.

(a) Inside a cockpit scale flight simulator. (b) Outside a cockpit scale flight simulator.

Figure 2.8: Cockpit scale flight simulators, inside and outside views. [19]
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2.2.2 Virtual reality simulators

Since the advent of consumer virtual reality (VR) headsets for gaming, VR flight simulation have
become viable for consumers and small businesses. Instead of having a full cockpit with projected
display, the cockpit, and everything else around the aircraft is shown on a head mounted display.
Each eye is shown a separate image, as in section 2.1.3. The head mounted display is also tracked
in space, allowing the pilot to look around. Some VR systems incorporates hand tracking, for
further interactivity with the environment. The motion platform can be made light, since only
the pilot and the most necessary controls need to be attached. The rest is virtualised by a
computer, and sent to the VR system. A VR headset can be seen in 2.9.

Figure 2.9: HTC vive VR headset. [20]

2.3 Platform actuation

In this section, ways of moving a motion platform are introduced. Today there are many
platforms available on the market over a large price range. The platforms differ in functionality
and performance. Features that may vary are DOF and the way the platform is actuated. Most
commonly used are two, three or six DOF. In general, the more DOF the platform has, the
more expensive it is. Platforms can be bought complete, however there are also guides online
for building platforms on your own.

2.3.1 Industrial Robots

In some existing projects, industrial robots are used to actuate cockpit scale simulation plat-
forms, especially ones for helicopters. As shown in figure 2.10, the industrial robot imitates the
function of a human arm. It consists of a waist rotation axis perpendicular to the ground, a
shoulder rotation axis equivalent to the rotation of the arm, an elbow rotation axis that rotates
the arm, and a wrist at the front end of the arm. The motor arranged in each joint drives each
joint to rotate through a speed reducer, so that various postures in three-dimensional space can
be freely realized, thus various complex trajectories can be generated.

With additional linear movement implemented on the base, the six DOF system can achieve
high dexterity, larger motion envelopes, sustained centrifugal accelerations, and the possibility to
place pilots in extreme orientations. Most of the characteristics can be neglected when simulating
fixed wing aircraft. The size and cost are high.
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Figure 2.10: Industrial robot actuator [21].

2.3.2 Linear Actuators

Different solutions can be used to move the simulation platform. One way is to use electrical
linear motion actuators, see figure 2.11.

Figure 2.11: Platform utilizing linear actuators [22].

Linear actuators converts a rotary motion of a Direct Current (DC) or Alternating Current
(AC) motor into a linear motion. The key parts of a linear actuator can be seen in figure 2.12.
Depending on what direction the motor is rotating the shaft can either have a push or pull
movement [23]. The gear between the motor and the lead screw allows the actuator to output
higher torque, at the cost of speed.

Figure 2.12: Key parts of a linear actuator [24].
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Apart from electrical linear actuators there are also pneumatic actuators that utilize air pressure
and hydraulic actuators that use liquids. Pneumatic actuators usually use an air compressor to
force air through a hose connected to a cylinder that is controlled by valves. Air is by nature
compressible, so pneumatic actuators can withstand shock. Pneumatic actuators suffer from
air leakage which decreases efficiency and requires maintenance [25]. Hydraulic actuators works
in a similar fashion, but instead of using air and an air compressor, a incompressible liquid
and pump is used. Hydraulic actuators can produce very large forces and due to the liquid
being incompressible, hydraulic actuators hold their position well [23]. Hydraulic actuators also
suffer from leakage, but in the case of liquids it is possibly more costly as it may damage its
surroundings. Overall, electrical linear actuators require less maintenance, are generally easier
to control and are more quiet while running [26].

2.3.3 DC motor with rod

dAnother technique is that a DC motor rotates and changes the position and angle of a rod
connected to the motor and the platform, as shown in figure 2.13. This way of moving the
platform can be further improved by adding a wheel in the middle, see figure 2.14. This improves
the force and motion of range, but at the cost of speed and space.

Figure 2.13: Platform using DC motor and rods to move its position [27].

Figure 2.14: Improved version with a gear attached between the motor and the rod [28].
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2.3.4 Omni wheels

Pitch, roll and yaw can be accomplished by utilizing the friction of rotating omni wheels against
a half sphere. Omni wheels have small rollers around the wheel itself, see figure 2.15. Three
motors are used, one connected to each wheel. By controlling each wheel’s speed separately the
three rotational movements can be achieved. An example of how it works in a simulator can be
seen in figure 2.16.

Figure 2.15: Omni wheel and its possible movement [29].

Figure 2.16: The omni wheels rotate against a half sphere that contains the user [30].

2.4 Existing work

A full flight simulator consists of a force motion system as well as a visual system. The force
motion system needs to have either three or six DOF and the visual system needs to provide a
view out of the flight deck, to be classified as a full flight simulator [31]. Moreover, full flight
simulators are divided into four levels, between A and D. Level A and B include three axis of
motion where level B includes ground handling simulation. Level C and D consists of six axis
of motion where the highest level D consists of night, dusk and day visuals, dynamic control
loading and the highest fidelity [31].

The level A and B flight simulators are not common. There exists only around a dozen of each
level. Level C and D are much more common, with roughly 230 level C flight simulators being
used in the US today. Lastly, level D simulators are the most common with around 400 to 450
existing at the moment [32].

The flight simulators in level D are so realistic, that pilots can obtain their license with it,
without any real flight training. For high level flight simulators, Stewart motion platform are
often used. However, to achieve even greater accelerations centrifuge simulators are used [33].
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2.4.1 Commercially available motion platforms

When the DOF is limited to two, it is most common to use pitch and roll. Pitch and roll are
used for simulating turning and forward acceleration. In figure 2.17 below, two off the shelf
products with different price categories can be seen.

(a) Seat mover MS2 (2 Axis), $749. (b) Professional P2 (2 Axis), $1949.

Figure 2.17: Two DOF motion platforms [27].

Three DOF motion platforms offer a motion capability in vertical axis to simulate vertical
accelerations in addition to what two DOF motion platforms can do. These platforms are
mostly used in driving simulators. When three DOF are used there are different solutions on
which three degrees to use, e.g. pitch, roll and yaw. Another option is pitch, roll and heave.
Pitch and roll are generally used in all cases. In figure 2.18, two off the shelf examples using
pitch, roll and yaw can be seen.

(a) Consumer H3 (3 Axis), $1949 (b) Professional P3 (3 Axis), $2699

Figure 2.18: Three DOF motion platforms [27].

Furthermore, off the shelf simulators using pitch, roll and heave are also available. This is mostly
used for helicopter simulators, although figure 2.19 shows an airplane simulator.

Figure 2.19: Generic Airplane Simulator (pitch, roll and heave), $21 369 [34].
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Six DOF motion platforms, called Stewart platforms, are mostly used in professional simulators
like flight training simulators. Six DOF motion platforms are able to carry high payloads. In
figure 2.20, two off the shelf flight simulators can be seen.

(a) Consumer H6 (6 Axis), $3799. (b) Professional P6 (6 Axis), $5299.

Figure 2.20: Six DOF motion platforms [27].

2.5 Digital Combat Simulator

Digital Combat Simulator World (DCS World) is a free-to-play digital battlefield game that
supports VR. It consists of realistic simulation of military aircraft, tanks, ground vehicles, navy
ships, world war two vehicles, trains and ships. DSC have multiple planes available for the user,
including JF-17 Thunder, F-16C Viper, F-14 Tomcat and more [35]. The high level of realism
in the game, makes it an excellent base for a simulation, with realistic graphics, accurate details
in the cockpit as well as fully working and interactive buttons and instruments.

From the DCS base game it is possible to export a certain amount of parameters from the aircraft
simulation, however the possible outputs are limited. From the base game, only the linear
accelerations of the centre of mass of the aircraft can be exported. The simulation outputs data
through a LUA script after each frame has been rendered. [36] The simulated aircraft provided
by the stakeholders can be programmed to output more data, possibly enabling the motion
simulation to be of higher fidelity. To access this data, there are a number of approaches.

Log file: The variables specified can be continuously appended to a log file. The data can then
be read by another program or controller.

TCP output: TCP is a protocol for transferring data over a network. It uses sockets to
determine the destination of the data. This network can also be local to a single computer.
TCP has many features guaranteeing correct and error-free data transfer, making it robust [37].

UDP output: Similarly to TCP, UDP is a protocol for network transfer of data. However, it
ignores error-checking, hand shaking and other robustness features, making the overhead much
smaller, therefore making the UDP protocol superior in speed [38].
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Chapter 3

Methodology

This chapter goes through the development of the final concept design choice, and the design of
subsystems realising this concept.

3.1 Centre of rotation placement

During the development and research process, many design concepts were generated, discussed
and sketched. The most important aspect for the decision of the design was considered to be
the placement of the centre of rotation (COR).

Real plane Motion platform

(a) Aircraft sitting on the runway.

Real plane Motion platform

(b) Aircraft accelerating on the runway.

Figure 3.1: Using gravitational acceleration to simulate an acceleration on the vestibular system.

The most sensitive organ for determining the direction of acceleration is the vestibular system.
In order to simulate a linear acceleration, one can tilt the head, so that the constant gravitational
acceleration is in the same direction as the resulting acceleration vector from the simulator. For
an intuitive explanation, in figure 3.1 the resulting acceleration vector direction is the same for
both real and simulated cases, from the pilot’s point of view. This result was extended to include
other degrees of freedom (DOF). From chapter 2, a main design idea was developed and shared
between all concepts. This result however only allows the simulation of linear acceleration. Since
a pilot also exhibits angular acceleration, a proposal for having a different COR for simulating
angular acceleration was discussed. It is proposed that this COR would be close to the COR of
the real aircraft.
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3.2 Immersion test on Stewart platform

The immersion test on the Stewart platform with the pilot confirmed that it is sufficient for the
platform to only have two DOF. One for pitch and another for roll. However the placement of
COR matters as it affects the immersion.

As it was difficult to vary the COR on the Stewart platform it was not possible to conclude a
concrete placement of COR from just the tests. The main uncertainty is regarding the COR for
pitch as this affects the feeling of linear acceleration, which is essential for the immersion. But
from the test concluded, state of the art and feedback from the pilot, the following conclusions
have been reached:

• For roll it is sufficient to place the COR under the chair.

• For pitch the theoretical placement of COR should be in the head. But this might make
the user experience a swing like effect, especially in the feet when simulating smaller
accelerations, such as in precision flying scenario.

• A viable option is to have two separate COR for pitch. One at the head and the other
below the seat. In this case one COR would mainly handle linear acceleration and the
other would handle angular acceleration. The synergy between the COR would need to
be tested and tuned.

• Having an adjustable chair, where the height can be changed would enable the COR to
be placed at different heights. One compromise would be to have it between the seat and
the head, around the chest area.

Regarding the motion span and actuation speed it was concluded that the output from the
Stewart platform was satisfactory. With all this in mind the preference of the group is the
second design concept, that allows for separate COR for pitch and roll. The second design
concept is a collection of three different solutions. The following allocations of COR are possible
at the moment:

1. COR in head for both pitch and roll.

2. COR in head for pitch and below chair for roll.

3. COR in head & below chair for pitch and below the chair for roll.

4. COR in head & below chair for both pitch and roll.

Table 3.1 illustrates how the real movements of the airplane will be simulated by the motion
platform depending on the location of COR. The numbers represent different COR placement
alternatives in the list above.

3.3 Platform Design

To come to a final design for the MP an iterative approach was used. Concepts were developed,
compared and evaluated in stages. Concepts were eliminated during this process until one final
design was decided upon.
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Table 3.1: Impulse (step) response of pitch with varying mass.

Aircraft Motion platform 1 2 3 4

Longitudinal acceleration Pitch (gravity) Head Head Head Head

Pitch Pitch Head Head Below seat Below seat

Lateral acceleration Roll (gravity) Head Below seat Below seat Head

Roll initiation Roll jerk Head Below seat Below seat Below seat

3.3.1 Inital concepts

To begin the iterative process, a meeting was held with the stakeholders, where results from the
SOTA were presented. The group presented two fundamentally different ways of designing the
platform. One concept was similar to that of the Yaw-VR described in chapter 2.3.4, and the
other was an original design, based on having curved rails. After presenting these design ideas,
the stakeholders took some time to discuss what concept to move forward with.

Due to the originality and simplicity of the design, the stakeholders decided to move forward
with the curved rails concept idea. Furthermore, another argument for going with this design
was that it would add something new instead of building another version of the omni-wheel
concept which is already available to buy. An early sketch of this design is shown in figure 3.2.

Figure 3.2: Early sketch of the curved rails concept. Adjustments made with Affinity Designer.

In figure 3.2 the method for actuating the pitch motion is shown as a belt drive connected to
drive wheels. This was a suggestion at the time, and other methods of actuation were developed.

Another concept that was discussed early was a swing concept. The idea with this concept
was having the platform attached to a swing and the platform hanging in the air. Motors were
suppose to drive the swing at the joints. It has the ability to adjust the COR to be located at
the head as well. Although, this concept was neglected due to the risks of having the platform
hanging in the air, and also because the motors needed to handle extreme torque loads.

The swing idea sprung from the concept of making the curved rails smaller and smaller, and at
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the same time move them higher and higher to still maintain the same location of the COR.
This is due to the fact that the center point of the circle which the curved rails are a section of
makes up the COR for the pitch motion.

First, direct drive was discussed, meaning that an electrical motor drives the motion platform
by direct contact. At first a rubber friction wheel was discussed. Simply a tire, pushed up
against a curved platform moving the platform. Due to fears of slip, this idea was dismissed.
Instead, an idea resembling cog wheels was evaluated. The underside of the platform would be
part of a very large cog wheel, and the motor would drive this cog through gears. This idea
was also dismissed due to the complex production and possibly rough actuation. An illustration
depicting direct drive is shown in figure 3.3.

Drive
wheel

Motion platform

Figure 3.3: Direct drive. Made with Affinity Designer.

After these actuation methods were dismissed, a ”pulling” actuation was discussed. Having
a motor using a chain, belt or wire rope to pull the cart along the tracks. To compare these
suggestions, they were evaluated according to their performance regarding fault risk, smoothness
and maintenance. Using a chain was eliminated due to the fact that it is less smooth than a
belt or wire rope, and requires lubrication. Chains are also generally more noisy. A wire rope
has the risk of slipping on the rollers, or getting tangled. Therefore the belt was chosen as the
preferred actuation method.

To gain a better understanding of the scale of the MP, simple sketch-like 3D-CAD models were
developed. At first the sketch in figure 3.2 was modeled in 3D. The user sits on a cart on top of
the rails. This 3D model is shown in figure 3.4.

Figure 3.4: First CAD model. Made with Solid Edge 2020 and Affinity Designer.
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With the pitch COR located at the head of the user, and an upright seating position, this design
was obviously too large. From the beginning of the project, the stakeholders (SH) have stressed
the importance of compactness. One suggestion from the SH was a configuration where there is
a single rail between the user’s legs. The problem with having a single rail between the user’s
legs is that the design would still have to be relatively large, due to the fact that the person has
to be sitting on top of the rail. After discussing this concept more it became clear that some
structure on the outside of the person was needed to allow the person to be placed between
the rails, making the design more compact. Also, having the roll COR lower at the hips, for
example, is not possible with one rail without tilting the legs into the rail, and therefore this
concept was neglected. The single rail idea was also developed in 3D and is shown in figure 3.5.

Figure 3.5: CAD model showing the rails between the legs. Made with Solid Edge 2020 and
Affinity Designer.

To achieve the same rail radius as in figure 3.5 the rails could also be positioned on either side
of the user, as shown in figure 3.6.

Figure 3.6: CAD model showing the rails on either side of the legs. Made with Solid Edge 2020
and Affinity Designer.
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Since the user is between the rails, the radius can be made even smaller as mentioned earlier. The
radius was chosen to intersect with the user around the thighs, because that is approximately
the location of the COR of the roll motion. The roll axis was now approximately tangential
to the rails, minimising possible interference between the two axes. This iteration is shown in
figure 3.7.

Figure 3.7: CAD model showing the rails around the thighs. Made with Solid Edge 2020 and
Affinity Designer.

This design was presented to the SH, who offered some criticism. The main points from the
feedback are summarised below:

• No mechanism above the user because that gives an impression of a much larger platform.

• Strive for a more compact design.

• The centre of rotation can be compromised if it makes the MP more compact.

• A tall MP has the impression of being larger than a wide one.

• Pitch is much more important than roll. The rolling action of the MP can be neglected
if it proves difficult, time consuming or otherwise deducts from the performance of pitch
action.

Another realisation was that the tension of the belt depends on the position of the cart. This
is due to the fact that the geometry of the belt path changes depending on the position of the
cart. When the cart is at the bottom point the belt path is the longest, and when the cart is at
either one of the end positions the path is the shortest. In an effort to minimize this problem,
a curved belt guide was designed at the underside of the cart to make the belt follow a circular
path as much as possible. However, this could only be done to some extent, otherwise the belt
guide would be very long and stick out of the construction at the end positions of the cart.
Because of this tension problem, there needs to be belt tensioners in order to keep the belt tight
at all positions. This set in motion a redesign to meet these new requirements. The SH were
interested in a concept similar to the one shown in figure 3.6, but it needed to be much more
compact, and follow all the points listed above. A frame to support the MP was also designed.
A more detailed cart, and mounts for the driving wheels and tension wheels were implemented.
The user has been put in a seating position with more bend in the knees, making the radius
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of the rotating human smaller, further increasing compactness. This iteration of the concept is
shown in figure 3.8.

Figure 3.8: CAD model showing the more compacted design. Made with Solid Edge 2020 and
Affinity Designer.

As with the other concepts, this was presented to the SH, and they again stressed that the MP
was not compact enough. The only way to reach the compactness required was to move the
COR downwards from the user’s head. Instead of having the COR at the ear, it was moved to
around the chest. This has the effect of making the radius of the rails smaller, and making the
radius swept by the feet smaller, and possibly introducing some ghost forces according to the
logic presented in chapter 2.1.5. The effects of these ghost forces were determined by the SH
to be negligible. To support the smaller rails, the frame can also be shrunk. By advice from a
production specialist, the profiles of the frame were changed from round pipe to square profile,
facilitating production. A model of the floor, where the MP is to be mounted was also made,
and fasteners were made to connect the frame to the floor. Possibility to adjust the side wheels
were implemented, as well as a more detailed construction for the tension wheel suspension were
made. All these changes can be seen in figure 3.9.

Figure 3.9: CAD model showing the changed COR. Made with Solid Edge 2020 and Affinity
Designer.
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3.3.2 Main frame and curved rails

With the final radius of the curved rails in place, the design of the main frame and curved rails
could be finalised. The core of the design is the curved rails, and the frame just needs to support
them and provide stability. The frame was designed in multiple pieces, that would be joined
with screws during production. This is to facilitate construction, assembly, disassembly, as well
as moving. An illustration of the frame and rails is shown in figure 3.10.

Figure 3.10: CAD model showing the frame. Made with Solid Edge 2020 and Affinity Designer.

3.3.3 Drivetrain and pulley frame

Due to a miss-calculation it was believed that the motor torque alone was enough to drive the
MP. After some more detailed analysis, it was however clear that gearing would be necessary.
Since the gearboxes will need to withstand the loads of moving the MP they need to be quite
large. Details on how the gearbox was chosen can be read in chapter 3.7.2. The result of this
caused the motor-gearbox assembly to become large and cumbersome. In figure 3.9 the motors
are mounted next to the pulleys, and this was no longer possible. The powertrain was moved
down, to be mounted on the floor, and extra belts and pulleys were added to transmit the
torque up to the pulleys. While using belt drive, the belts need to be under tension to properly
transmit torque. There were a number of proposed designs to achieve tension. First, a design
was proposed that would move the entire powertrain vertically. This was however complex, and
may be difficult to set after assembly. A simpler solution was to mount an adjustable tension
wheel on the frame, always pushing the belt to maintain proper tension. The powertrain can be
seen in figure 3.11.

32



3.3. PLATFORM DESIGN

Motor

Axle

Torque
transmission belt

Tension wheel

Gearbox

Figure 3.11: A CAD model showing the powertrain. The rest of the frame has been hidden.
Made with Solid Edge 2020, and Affinity Designer.

In figure 3.12 there is a more detailed view of the mount where the motor and encoder are
mounted. The encoder is embedded into the mount, because it was too wide to be fitted on top
of the mount, interfering with the shaft key and keyway of the motor’s shaft. The encoder was
used to get a better resolution of the motor’s position.

Figure 3.12: The motor and encoder mount. Made with Solid Edge 2020 and Paint

Two powertrains are responsible for the pitch movement of the cart along the rails. One is
located on the floor at the front and one on the floor at the back of the main frame.

As there will be large radial forces acting on the pulley connected to the gearbox, the axle
holding the pulley is mounted in two bearing houses. In this way, the bearing houses, that are
attached to the floor via steel profiles, take up these radial forces instead of the output shaft
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of the gearbox. The output shaft of the gearbox is only rated for a certain amount of radial
force, why it is necessary to offset these forces to other components. A schematic view of the
components comprising the powertrain can be seen in figure 3.13. The mount these components
are attached to, is visible in figure 3.11.

Motor Gearbox
adapter

Prop
shaft

Axle

Encoder
Gearbox

Bearing

Bearing

Pulley

Figure 3.13: CAD model of the gearbox and motor assembly. Made with Solid Edge 2020, and
Affinity Designer.

The main belt tensioners also underwent some changes. It was clear that two tensioners were
unnecessary, therefore, one was replaced by a static wheel. The remaining tensioner was also
placed at an angle, normal to the belt, to be more effective. The changes in wheel tensioner
design are presented in figure 3.14.

Belt tensioner Static pulley

Belt loop

Figure 3.14: The belt tensioner. Made with Solid Edge 2020 and Affinity Designer.

The belt tensioner is mainly comprised of two concentric pipes, a belt pulley and two springs.
The inner pipe can move inside the outer pipe like a piston in a cylinder, and is under tension
by the two springs. The springs are easily accessible and easily changed to other springs with
different spring constants to fine-tune the force. Also, gravity helps to pull the pulley downwards
to keep the belt tensioned at all times. This feature was necessary because the geometry of the
belt loop is a function of the position of the cart. And in order for a belt to function correctly,
it has to be tense at all points.
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3.3.4 Cart

At this stage, the main parts of the frame and pulley system where designed and ready for
production, so focus was placed on the cart. The main design idea for the cart is having a
chassis supporting the wheel holders, and having a mount for the chair and footrests. Since
the chair shall support a rolling motion, it needs to be mounted on an axle. Having the feet
stationary while the upper body moves would create an unsatisfactory sensation, therefore the
foot rests should be mounted to the chair, and not the cart.

The cart is designed to allow parts of the user and chair to be positioned under the rails to allow
for a more compact design overall. The challenge with designing the cart was to make it take
up as little space as possible to allow for a compact design while still making it strong enough
to support the weight of the user. The cart should also be as lightweight as possible to lower
the mass that the motors have to pull.

The chassis for the cart is a simple design using square profile. Underneath there is a base plate
for mounting both the hinges for the chair roll mount. This plate also provides mounting holes
for attaching the belt and belt guide. This assembly is illustrated in figure 3.15.

Figure 3.15: CAD model showing the cart chassis, wheel holders and mounting plate. Made
with Solid Edge 2020 and Affinity Designer.

3.3.5 Wheel holder units

Each of the wheel holder units holds three wheels. The upper wheel prevents the cart from
falling down, the side wheel locks the cart sideways and the lower wheel prevents the cart from
lifting from the rails in case of the belt pulling the cart when it is at one of the end positions.
The design does not have any suspension except from the softness of the wheels and the padding
of the chair. In an ideal world, suspension should not be needed in this kind of design because it
is just a cart moving along a perfectly smooth rail. But in reality there will be some roughness
on the rail and other parts which makes some suspension desirable.
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Adjustment
screw

Figure 3.16: CAD model showing the wheel holder unit. Made with Solid Edge 2020 and Affinity
Designer.

All three wheels are manually adjustable using screws so that they will fit the rail tightly. A
possible problem with this design is if the rails do not have the same thickness along their length,
and/or if the two curved rails are not perfectly parallel to each other when mounted to the frame.
A solution to this would be to have moving wheels in the holder, and put them under tension
by the help of springs that push the wheels against the rails. However, this design would be
quite complex and was discarded due to the time limitations. The wheel holder is illustrated in
figure 3.16.

3.3.6 Chair mount and roll mechanism

A model of the chair was needed to design parts that interact with it. A 3D scan was made of
the chair using photogrammetry, a technique using multiple photographs taken from different
angles to automatically generate a 3D geometry. The program is called Autodesk Recap. This
was done to speed up the modeling of the chair, which would have been complex to do manually.
Form-critical parts of the chair, such as the mounts underneath, were measured and modeled by
hand, as they need to be exact to connect to other parts. The resulting chair is shown in figure
3.18.

Chair mouting
supports

Hinge

Figure 3.17: CAD model showing the hinges and chair support. Made with Solid Edge 2020
and Affinity Designer.
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To mount the chair on the cart, hinges were used. The hinges connect to the base plate on
the underside and to the chair supports above. The chair support structure was designed to
be as low-profile as possible, while still maintaining structural rigidity. This is to keep the user
low in the chair, having the head closer to the COR. The chair support structure was designed
using FEM analysis in order to ensure a robust result. A challenge with designing these was to
make them stiff enough to make the chair sit firmly on the axles without displacing too much
resulting in unwanted movements of the chair. Under the chair there is limited space, why the
beams could not be made too wide. The chair supports and hinges can be seen in figure 3.17. A
design that allows user adjustment in height was at this stage disregarded. It was not possible
to design a working solution within the time frame.

The feet should be securely held in place, since if they would slip off the foot rests, the legs
could collide with the frame. Due to time constraints, the foot rests were designed to be static.
The base of the foot rests were designed to use the same material as the cart chassis, and to
have a sheet metal top to hold the feet in place. Holes for Velcro foot straps were also designed
to implement secure holding of the feet.

To mitigate changes in geometry of the belt loop, as the cart travels, a belt guide was designed.
It comprises a circle sector, and has the same radius and center point as the circle as the COR
shown in figure 3.9. This design is an effort to make the geometry of the belt as constant as
possible during the movement of the cart, to make the belt tense during the whole movement
and also to make the control of the motion as simple and close to linear as possible. An image
of the foot rest and belt guide is illustrated in figure 3.18.

Belt guide
Foot rest

Figure 3.18: CAD model showing foot rests, and the semicircular belt guide. Made with Solid
Edge 2020 and Affinity Designer.

A requirement from the SH was that the joystick must not intrude on the user, or inhibit
the user from accessing the MP. The joystick mount was therefore designed to be as small as
possible. Different placements of the joystick were discussed. The SH expressed a desire to have
the joystick mounted to the side. Because of the compact size of the MP, the cart moves very
closely to the rails, there is therefore no space to mount a joystick there. The joystick could
be on the side, if mounted on the cart chassis. This is however undesirable, as the joystick
would be stationary while the user rolls. The joystick was therefore placed in the traditional
position, between the legs. A mount was designed with sheet metal in mind. It was designed to
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fit between the seat cushions, and mount with bolts to the underside of the chair. The joystick
mount is shown in figure 3.19.

Figure 3.19: CAD model showing the joystick mount. Made with Solid Edge 2020 and Affinity
Designer.

3.3.7 Belt mounting assembly

On the underside of the cart, the two belt ends meet and should be fastened tightly to the cart.
Figure 3.21 shows the belt mounting assembly design. The upper belt is connected to the cart
and loops around to the motors. The fixing belt is a piece of the same belt turned upside down.
When they are clamped together using screws they deform and join tightly.

Upper belt

Fixing belt

Clamping force

Figure 3.20: The belt mounting assembly.

There are large forces pulling on the belt that is fastened with the aforementioned mounting
assembly. Therefore it would not be durable to just drill holes in the belt and mount it with
bolts, as the bolts with time would rip the belt apart. In the design mentioned above, the pulling
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force is more evenly distributed over a larger surface and distance of the belt ends, making them
last longer. A 3D design of this concept is shown in figure 3.21.

Figure 3.21: CAD model of the belt mounting assembly.

3.4 Simulation Model

A model of the system was made in Simulink. This was done in order to study the overall
behavior of the MP. It also enabled the initial development of the controller without access to
the finished hardware.

3.4.1 Simplifications

Since the cart moves in a circular motion, the model is non-linear. But after discussion with an
expert within control theory it was determined that linear control should be sufficient enough
for the intended task.

There were some difficulties when it came to the modelling of the chosen concept. Most of these
difficulties were due to uncertainties regarding the belt that is used to actuate the cart. The
belt will deform as the cart moves along the rails. When the belt changes shape the contact area
between the belt and the pulley will also change. This change of contact might affect the torque
transfer from the motor to the cart. Since the belt system is complex and the deformation of
the belt is hard to anticipate it was simplified to be represented as a changing belt force vector.
The pulleys were also simplified to be represented by two points, neglecting the contact change
between the belt and the pulley. The simplified model can be seen in figure 3.22.
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Figure 3.22: The simplified model. θ is the angle of the user and β is the attachment angle
between the belt and the simplified motor. β is dependent on θ and changes as the user moves
on the platform.

The final concept uses two motors to actuate the platform but the simplified model only takes
one of the two motors into account, depending on the moving direction. If the cart moves
towards the right, see figure 3.22, the right motor pulls the belt and the cart, while the left
motor just assists with feeding the belt forward. The uncertainty regarding how the belt would
deform, made it unclear how much difference the supporting motor would actually do. As the
cart moves back and forth the geometry of the belt changes, resulting in the active length of the
belt changing, see figure 3.23. This change in active belt length results in varying tension for the
belt loop. It should also be noted that since the belt is only mounted in the middle of the belt
guide, see figure 3.21, the belt will start separating from the belt guide as θ increases, this is also
illustrated in figure 3.23. When this behaviour becomes evident, the system is more non-linear.
The model assumes the belt is in full contact with the belt guide at all times, meaning it is not
accurate when θ exceeds a certain value.

Figure 3.23: Illustration of how the active belt length (S1 and S2) can change depending on the
position of the cart. In reality the belt is attached to pulleys and creates a continues loop, see
figure 3.14. As θ increases the belt starts to separate from the belt guide.

As previously mentioned the mechanical design has taken this into account by adding a curved
belt guide and a belt tensioner. However it is unclear how effective the belt tensioner will be.
If the varying tension is still a problem even with the belt tensioner, then the other motor will
have to counteract it, by feeding the belt less. The uncertainty regarding the support motor will
first be answered when the hardware is finished. It was therefore considered to be acceptable to
just model the system with one motor.

Due to the drivetrain, see figure 3.11 and 3.14 there is a relationship between the motor angle
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θm and the cart angle θ. The relationship between the two is assumed to be linear according to:

θ =
θmrp
nr

(3.1)

Where n represents the gearing ratio of the gearbox, rp is the radius of the pulley and r is the
radius of the MP.

3.4.2 Model

The angle between the pulley and the belt attachment point, β, is dependent on angle of the
cart, θ, see figure 3.24.

Figure 3.24: Dimensions used to calculate the angle between the pulley and an arbitrary belt
attachment point (β). The black dimensions represents the distance between the motor and
COR. δ represents the starting angle when the cart is in the starting position (θ=0). The red
dimensions are needed in order to calculate the green dimensions and vary with θ . The green
dimensions are used to calculate β. z represents the active belt length on the pulling motor side.

β can be calculated as follows:

h = l · cos(δ + θ) (3.2)

b = l · sin(δ + θ) (3.3)

x = B − b (3.4)

y = h−H (3.5)

β(θ) = arctan(
y

x
) (3.6)
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Since Fh is dependent on θ and Fbelt is dependent on β, it is necessary to project Fh onto Fbelt
in figure 3.22, resulting in Fh belt. The final relation between the two force vectors can be seen
in figure 3.25. Depending on the the relationship between β and θ the resulting normal vector
will have different directions.

Figure 3.25: How the load, Fh, is projected onto the belt vector Fbelt. If β is larger than θ the
resulting normal force will contribute to the normal force of the load, Fv. If the opposite is true
the resulting normal force will counter the normal force of the load.

Fh belt can be calculated as follows, where the first factor is Fh in figure 3.22:

Fh belt = mgsin(θ) · cos(β − θ) (3.7)

Using Fh belt the dynamic equations of the cart can be calculated:

Fbelt − Fh belt + Fc = mrθ̈ (3.8)

(Tm − Jmθ̈m)n− Jp
θ̈m
n

= Fbelt · rp (3.9)

Fc represents the friction acting on the cart wheels, θ̈ is the angular acceleration of the cart, θ̈m
is the angular acceleration of the motor, Jm is the inertia of the motor, Jp is the inertia of the
pulley.

By combining equation 3.1, 3.7, 3.8 and 3.9 the following equation is derived:

θ̈ =
Tmn− rpmgsin(

θmrp
nr )cos(β − θ) + Fcrp

mr2p
n + Jmn+

Jp
n

(3.10)

The brushless DC motor is modelled in equation 3.16 and the torque of the motor is calculated
in equation 3.12.

di

dt
=

1

L
(Ui −Ri−Kemf θ̇m) (3.11)

Tm = Kti (3.12)
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Where Kt is the motor constant. Using equation 3.10, 3.11 and 3.12 the system was modelled
in Simulink together with the motor controller, see section 3.6.2. The final Simulink model can
be seen in figure 3.26.

Figure 3.26: Subsystems of the Simulink model. The motor controller (Odrive), see section
3.6.2, is modelled with a tuned PID-controller.

3.5 Electrical design

The electrical design was made based on the most important components, described in this
section.

3.5.1 DC motor and motor driver

A motor that satisfies the required torque to drive the weight of the cart and the user was the
main focus for choosing the electronic components. Since it was important that the motor was
electronic, a brushless DC motor (BLDC motor) was chosen. A BLDC motor is a synchronous
motor that behaves like a shunt DC motor. It is a high performance motor that provides large
torque, is powerful, reliable, smooth and efficient when controlling the speed and torque while
also being compact and cheap compared to motors that provides the same power. [39]

To choose a sufficient motor, some calculations had to be made considering the worst case
scenario. This would be where the motor had to pull the combined weight of a person together
with the cart straight upwards with a certain acceleration. The known parameters were the
radius of the pulley and the required angular acceleration. To convert angular acceleration to
linear acceleration with the equation 3.13

areq = aangularrrail (3.13)

where aangular is 200 deg/s2 and rrail is 0.6 m and thus the areq is calculated to be 2.44 m/s2.
The required force can then be calculated with the equation 3.14

Freq = m · areq +mg (3.14)

where m is the mass of the person together with the cart, assumed to be 150 kg and g is the
gravitational acceleration. The required force, Freq was calculated to 1839.52 N . The torque
needed from the motor Mreq can be calculated with the equation 3.15
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Mreq = Freqrpulley (3.15)

where rpulley is the radius of the pulley, 0.05 m. The required torque Mreq was calculated to
91.98 Nm. A motor with sufficient power could be chosen with the eqation 3.16

Preq = Mreq · πnrps (3.16)

where nrps is the revolutions per second of the pulley, set to be 1.36 to reach the maximum
position in 1 second, and Preq is the power needed, that was calculated to 786.59 W .

To accurately control the motor using a microcontroller, a motor driver is needed. Depending
upon the type of motor and type of control required, the type of motor drivers will also change.
A motor driver essentially controls the direction of the motor based on the commands it receives
from the controller and thus supplies the motor with the appropriate voltage. Contrarily, only
using a microcontroller without a motor driver will not be able to give enough power to drive a
motor as they are sensitive to high voltage.

It is crucial that the movements from the motor is precise, therefore it was necessary to use an
encoder that monitor the position of the motor. With the help of the encoder, the exact position
of the motor or the apparatus which is moved by motor is measured.

3.5.2 Linear actuator

A linear actuator is an electric motor that generates motion in a straight line, so that the motion
is linear rather than rotary. This motion is used to move the chair in a roll motion around the
roll axis. The linear motor was needed to be strong enough to move both the weight of the chair
and the user sitting on the chair. The basis of of a linear actuator can be seen in section 2.3.2.
Since the DC motor inside controls the movement of the actuator, the ratio between the strength
and speed of the actuator is fixed for a given motor. The translation between the rotational
movement and the linear is also reducing the linear speed. Therefore it is challenging to find a
linear actuator that is both fast and strong at the same time.

When making the design of the roll movement with the aid of a linear actuator, some mechanical
limitations had to be considered. The roll movement of the chair can only tilt with a relative
small angle since the chair hits the bottom of the cart plate at a certain degree.

Using the CAD model, this maximal angle was found to be 7°. This angle determines the torque
required to tilt the chair which in turn determines the force needed from the actuator. Linear
actuators has a smaller dynamical force capability, when loaded statically the structure of the
actuator holds the load at place with a higher maximal possible static force. The design of the
actuator therefore took the dynamical load into account. The basis of this calculation can be
seen in figure 3.27.
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Figure 3.27: The force involved in the roll actuation. Created with Adobe Illustrator.

From this it could be found that the force required to start a motion from one end position of
the roll is given by equation 3.17,

Freq =
sinαLmgmg

Lact
(3.17)

With α = 7, m = 100 and lengths given from the CAD model, the required force was calculated
to be 195N .

The technical requirement of a speed of 30 deg/s was used as basis for how fast the linear
actuator should be. The speed of linear actuators are specified in mm/s so a conversion between
these two gave that this correspond to around 200 mm/s, which is unreasonably high for normal
linear actuators. As a reference instead, the decision was made to follow a speed value of 7
deg/sec since this means it would reach the max position in 1 sec. This in turn corresponded to
around 50 mm/s.

3.5.3 Sensors and switches

Temperature sensors measure the temperature on the outside of the motor. When the motor
reaches a certain temperature, it will trigger the fans in order to cool down the motors. Limit
switches were placed on the rails to trigger an emergency stop if the cart reaches a position that
is too close to the end of the rails for safety reasons. Emergency stop buttons for both the user
and the operator was also considered a safety priority. To accurately measure the position of
the cart, an accelerometer and gyroscope were needed to feedback the cart’s position when it
moves.
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3.6 Control design

3.6.1 Communication protocol

The selection of the communication protocol mainly considered the latency. In the TCP protocol,
all network packets arrive in the exact order in which they were sent. If a packet is lost, the
latter packets will hold until the lost one is found, called and re-sent properly. Also, applications
using TCP can quickly perceive the existence of congestion and automatically slow down the
sending. However, in this project, the order of packets is of far less concern given the size of data
and the packet loss rate on Ethernet with wire connection is very low. Thus, UDP is chosen to
directly receive packets.

3.6.2 Motor Control

To control the BLDC motors, an ODrive was used. The ODrive consists of a cascading controller
and a BLDC three phase converter. The cascading controller, shown in figure 3.28, takes the
position as the reference input and controls the current that goes into the motor. The BLDC
three phase converter, includes a control circuit and three pairs of MOSFET, that converts the
one-phase DC current into three phase and therefore controls the whole motion platform. The
BLDC motor control circuit is shown in figure 3.29.

Figure 3.28: Cascade Control in ODrive[ODrive]

Figure 3.29: BLDC motor control circuit[39]
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3.6.3 Cart Control

The motor position reference to the ODrive can be generated using the feedback position of
the cart, using an Inertial Measurement Unit (IMU). A potential problem with the feedback
approach is the dependency on the IMU sensor working reliably and the communication between
the sensor and the personal computer (PC). It was therefore considered appropriate to use the
derived model in section 3.4.2, to check if it would be viable to just map the motor position
without using the sensor in the intended motion range. This was done by sending a ramp
reference to the Simulink model, and then studying how the active length of the belt on the
pulling motor side changed as θ changed, see z in figure 3.24, the result can be seen in figure
3.30.

Figure 3.30: Visualisation of how the active belt length changes as the cart position (θ) changes
according to the derived model in section 3.4.2. The data cursors in the figure are set to specific
positions of the cart, at 0, 0.3 and 0.6 rad. The starting length of the belt is 0.6017 m when
θ = 0 rad and 0.1680 m when θ = 0.6 rad.

The result in figure 3.30 shows that the relationship between the active belt length and the cart
position is fairly linear. Therefore the motor position should be able to be mapped from the cart
position reference, as in feedforward control. According to figure 3.30, the active belt length is
0.6017 m when θ = 0 rad and 0.1680 m when θ = 0.6 rad. Knowing this, it can be calculated
how much of the original active belt length is used in order to actuate the cart 0.6 rad:

∆z = 0.6017 − 0.1680 = 0.4337m (3.18)

The circumference of the pulley is 0.3676 m (Opulley), which can be used to calculate how many
turns the pulley needs to turn (npulley) for the cart to move 0.6 rad:

npulley =
∆z

Opulley
=

0.4337

0.3676
= 1.1798 (3.19)
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Finally the mapping constant (nmapping)from the cart position reference to the motor position
can be derived:

nmapping =
1.1798

0.6
2πn = 308.88 (3.20)

This means the motor needs to rotate 308.88 rad in order for the cart to move 1 rad.

3.7 Dimensioning

To realise the MP design, a number of parts were chosen, made and bought. This section is a
description of the reasoning behind the decisions of some key components.

3.7.1 Motor components

The motor used for the pitch motion were BLDC motors and was purchased comparing the price
with the power that satisfied the required power calculated in 3.5.1. The chosen motor, shown
in figure 3.31, had a maximum power of 3500 W and four 12V car batteries were connected in
series to provide the required 48 V for the motors.

Figure 3.31: Turnigy SK8 6372-139KV Sensored Brushless Motor (14P). [40]

However the torque was not enough to drive the whole construction. Thus, a gearbox was
required in order to increase the output torque of the motor.

The output torque needed to be at least 70Nm according to the model. The motor in turn had
a maximal speed of 6500 rpm and an output torque of around 5Nm. Therefore a gearing ratio
between 1:25-1:35 was considered. A difficulty was to find a gearbox that had the right gear
ratio as well as being able to handle the output torque and at the same time not breaking down
due to radial forces or high input speeds from the motor. In the end, a gearbox called GPLE80-
2S-25-F87 from the company Nanotech, with a ratio of 1:25 was chosen since it was able to
both handle a large output torque as well as high input speeds. The downsides of chosing this
gearbox was that it had to be supported radially with bearings to withstand the radial forces
as well as a gearing ratio of 1:25 would allow a much higher speed then required.

A motor driver for BLDC motors called ODrive V3.6 from the company ODrive Robotics was
chosen for this application. ODrive can control two motors at the same time and provide them
with the right voltage and current for the chosen motor in the project. The encoder feedback is
internal and maintains precise movements. For the microcontroller, an Arduino Uno was chosen
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to control the motor drive. The ODrive has a built in library for Arduino, which facilitated the
control.

The hall-effect sensors built in with the BLDC motors makes it possible for the controller to
know the angle of the motor and thus knows what coil to power, but has a very low resolution
so therefore does not provide and accurate positioning of the motor. To solve this problem,
separate encoders with much higher resolution were bought and replaced the hall-effect sensors
entirely. ODrive’s associated encoder, the CUI AMT102 capacitive encoder, was chosen as it
satisfied the specifications for the motor and provides the exact position of the motor required.
[ODrive˙spec]

The linear actuator, shown in figure 3.32 was chosen in regard to the calculated values of the
force and speed needed. The piston length was also considered in order to fit well mechanically
as well as the choice of feedback from the motor. A built in potentiometer was choosen here
since this was considered easy to use as a feedback for the actuation.

Figure 3.32: Linear motor, 12 VDC, 250 N and 2.4 A. [41]

This linear actuator, being able to carry out a dynamical load of 250 N, was able to fulfil the
requirement of at least 195 N. However it was not as fast as desired, with a speed of 23.5 mm/s
compared to the desired value of 50 mm/s. The alternative however would have been to get
a less strong actuator and the decision was to prioritize that the motor was able to carry the
dynamical load.

3.7.2 Other electronic components

For safety reasons, fuses were necessary to be connected before the motor driver and relay. As
the current varies, three different fuses, 50 A, 100 A and 200 A from the company Littelfuse
Inc. were used. After the fuses, a relay switch to turn on and off the relay was added to make it
user friendly and to be able to add an external emergency stop for increased safety. Appendix
B.1 shows the schematic of the relay controller that controls the relay switch. When the relay
switch is turned off, the relay becomes inactive and everything else is turned off. This leads to
the chair going back to it’s initial position.

To keep the motors, ODrive and relay cool, fans were placed around these components. Three
smaller fans (48 V, 16.8 W, airflow of 1.82 m3/min) for the two motors and one for the ODrive
and the relay. The schematic for the fan controller can be seen in appendix B.2.

To further increase the safety of the construction, another emergency stop function was desirable
to implement. This emergency stop function is activated if the chair is at a maximum position
before it hits the frame, if the user on the chair presses an emergency stop button or if a software
failure occurs. Limit switches are triggered when the chair is at it’s limit. The logic for this
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emergency stop function can be seen in the circuit diagram in appendix B.3. The emergency stop
button for the user and the software emergency stop is connected in the same schematic. The
circuit works as a latch, when one of these buttons is pressed, the signal is kept high instead of
going low when the button is released. Limit switches will send a high signal when it is pressed,
but as the chair moves past the limit switch, the switch is released and it is turned back to low.
Therefore, this circuit was invented as it was crucial to implement a logic to keep the signal at
high once one of the buttons were to be pressed. As long as the signal is high, the relay is turned
off. A reset button is connected to the limit switch controller that resets the signal to low.

Arduino has a sensor called Grove, which is a 6-axis accelerometer and gyroscope. This measures
the positions and accelerations accurately and was therefore chosen. [42]

3.7.3 VR set-up components

The most important thing for the VR set-up was to be able to easily implement VR motion
cancellation. VR motion cancellation means that certain movements in the virtual reality is
removed or cancelled. In this application, the motion that needed to be cancelled is the motion
from the motion platform, as it was desired to keep the user in the same position in the virtual
reality but not in the room.

This is achieved by a HTC Vive tracker in figure 3.33. HTC Vive tracker comes with 18 sensors
that senses the axis position for X, Y and Z-axis. It is used to bring physical objects into virtual
reality. When used on a motion rig it can be used for motion cancellation to keep the driver
stationary in their seat whilst still being able to look around in the virtual world.

Figure 3.33: HTC Vive tracker. [43]

Base stations are placed in the room and is used for tracing the exact position of the VR headset,
VR controllers and VR tracker. It was important that the VR set-up came with base stations
as these were crucial for the tracker to work. Hence, the best choice for the VR set-up was HTC
Vive Cosmos Elite, since it was required that the VR headset needed to be compatible with the
tracker and the VR headset needed to come with base stations. [43] Figure 3.34 shows the HTC
Vive Cosmos Elite VR headset, the base stations and the controllers.

Figure 3.34: HTC Vive Cosmos Elite. [44]
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3.7.4 Mechanical components

The frame holding the curved rails is essential for the stability and robustness of the MP. It
serves as the structure, and therefore needs to be rigid and strong. To maximise strength, and
facilitate welding, steel was chosen as the material. While the frame was being designed, it
was run through a number of FEM analyses. In simulation, the frame was subjected to 2000
N of force straight down, and fared well in terms of stress and displacement. With this result
as backup, 40x40 mm square steel profile with 2 mm wall thickness was chosen as the building
material for the frame. Parts of the structure, later welded together, can be seen in figure 3.35.

Figure 3.35: Square steel profile

One challenge with the pulley frame was that it needed to be very narrow, in order for it to fit
between the user’s legs while travelling along the rails. At the same time it needed to be strong
enough to support the pulleys when the belt is transmitting the pulling force from the motor to
pull the cart. To mitigate this problem, long beams were designed to be as close to parallel to
the pulling force as possible in order to prevent bending of the pulley frame. The pulley frame
is constructed out of 40x40 mm steel profiles with a wall thickness of 2 mm.

The cart has stringent requirements of size and weight. It needs to fit between the rails, and
cannot be too heavy to for the motors to lift. Both aluminium and steel were considered for the
cart. Again, using FEM analysis, two chassis proposals were made, and checked for stress and
displacement. If aluminium was to be used the profile needed to be thick, to reach the same
performance as the steel chassis. As a result, there was little space to fit the chair, wheel holders
and belt guide. The steel version was chosen as it is simpler to produce and is smaller in size.
The profile used for the construction of the cart chassis was 30x30 mm square profile, with 2
mm wall thickness.

The foot rest beams were designed to use the same material as the cart chassis. They were
tested using FEM to ensure their robustness, and performed well.
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Since the cart has no suspension, the wheels need to be soft in order to achieve a smooth
actuation. Large wheels also provide a smoother roll. The wheel also needs to be small enough to
fit around the curved rail. Some group members are skateboarders and therefore have experience
in dealing with skateboard wheels. Skateboard wheels come in a variety of sizes and hardness.
For this application longboard wheels were chosen as they are soft and small enough. The
wheels chosen were 70 mm longboard wheels which Jonas Xu had in stock at home. Longboard
wheels are designed to fit an 8 mm axle, and have a 22 mm inner diameter. The bearings were
8x22x7 mm to fit the longboard wheels, and bought from Kahalani and SKF. In figure 3.36 the
longboard wheels can be seen.

Figure 3.36: The longboard wheels

When choosing belt and pulleys, only one belt and four pulleys were needed at first. The
requirement at that moment, was that the belt needs to support forces up to 2000 N. Pulleys
and belts are categorised according to the size and number of teeth. A high AT number, a
larger tooth. After speaking to a sales representative at NK Technics, they suggested to buy one
AT20 belt with steel cords and with the width of 32 mm. Therefore they were ordered, together
with four AT20 pulleys. Later, there was a need for additional belt and pulleys. It was found
out that AT10 is enough, therefore, two AT10 belts with the length of 1900 mm and the width
of 32 mm were bought. Together with the belts, four AT10 pulleys were bought, all this from
Aratron who could provide fast delivery.

To withstand both the radial and twisting forces the axles in the powertrain need to be sturdy.
The gearbox has an output diameter shaft of 20 mm, so the axle connected the gearbox to the
driving pulley was chosen the same diameter. 20 mm was also chosen for the pulleys pulling the
cart. This axle is shown in figure 4.5. The pulleys pulling the cart did not come with bearings,
so bearings had to be found for them. Since the axle was 20 mm the bearings were chosen
according to this. The bearings chosen were 20x42x12 mm from Biltema. There was also a
need to transfer the torque from the gearbox to the axle, while adsorbing slight inaccuracies
in alignment. A prop shaft called Rotex st̊al, model 4012-8459, with inner diameter of 20 mm
was used together with a gear ring of model 3002-4401, both from the company Momentum
Industrial.

For the pulleys responsible for tensioning the cart belt loop, smaller axles and bearings were
chosen. When the motors pull the cart along, all the tension will be on the upper side of the
belt loop, therefore the stress on the lower pulleys will be small. For simplicity, the axles and
bearings were chosen to be same as the cart wheels. I.E 8 mm axle provided by KTH, and
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bearings from Kahalani and SKF.

3.7.5 Controller

To control the system, a control board was needed. An Arduino Uno and ODrive were chosen
to be used for the system, see figure 3.37 and 3.38. The Arduino Uno was chosen to deal with
the communication, including Ethernet and serial communication. Compared to other control
boards, the Arduino Uno is a lightweight real time control system that can also handle several
communications and lightweight computational tasks at the same time.

An ODrive was chosen to control the BLDC motors. It was chosen because it is able to control
the BLDC motors with a cascading controller, that is already built into it. Other BLDC motor
controllers mostly only include the 3-phase converter, shown in figure 3.29. Therefore ODrive
has a significant advantage compared to other BLDC control boards.

Figure 3.37: Arduino Uno [45] Figure 3.38: ODrive [46]

3.7.6 Control System

In this project, a lot of effort has been put into reducing the latency of the system, especially in
the Arduino controllers, for a more realistic response on the platform to avoid motion sickness.
To reduce the computational load on, two controllers are implemented. The first one is used to
control all the motors from the DCS output, while the second one is attached to the chair and
used to feedback the chair’s position. For the same reason, the data in DCS is transformed to
the cart reference position in the PC by Lua. This reference is then directly sent to the Arduino
through Ethernet.

Using data from the PC and the position of the the cart from the IMU sensor, the controller
sends the reference position of the motor to the ODrive. The ODrive controls the BLDC motors
through a cascaded controller. The system overview is shown in figure 3.39.
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Figure 3.39: Control System Overview

3.8 Budgeting

The supplies for this project were provided as a joint collaboration between Meta Simulations
Immersive Synthetics (Meta Aerospace Group) and KTH. The table below presents the items
and their respective acquirement costs for the project.

KTH keeps stock of commonly used construction materials, such as square steel profiles and sheet
metal as well as smaller electrical components. These are not included in the budget. Further,
the list of purchases has been divided in mechanical components and electrical components. The
mechanical components represents most of the total cost and this is also excluding mechanical
work from staff employed at KTH. The price for the pulleys and belt ordered from NK Technics
are estimated to around 10000 SEK. This is because the exact numbers for this order was
unknown due to lack of communication between the person who made the order and this project
group.

Lastly, all purchases can be seen in table 3.2 and 3.3 below. The total cost combined was roughly
53000 SEK.

Table 3.2: List of purchases for mechanical components.

List of purchases

Mechanical components Quantity Unit price Total cost

Sportchair 1 1709 1858
Curved rails 2 1934 4768
Bearings 8x22x7 mm 3 194 632
Seat belt 1 439 488
Belt AT10 2 1635 3270
Pulleys AT10 4 709 4836
Belt and pulleys AT20 1 10000 10000
Hinges 2 260 520
Bearings 20x42x12 mm 4 50 200
Velcro straps 1 60 60
Bolts M8x5 1 80 80
Shims 1 33 33
Bearing housings 4 275 275
Gearbox 2 3416 6832

Total cost 33852 SEK
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Table 3.3: List of purchases for electrical components.

List of purchases

Electrical components Quantity Unit price Total cost

Ethernet Shield 2 228 456
Grove 2 105 210
Arduino Uno 2 249 498
Odrive 1 1264 1264
Encoder 2 414 828
Brushless DC motor 2 923 1846
Temperature sensor 2 60 120
Fuse 200 A 2 135 270
Fuse 100 A 3 30 90
Fuse 50 A 3 30 90
Fan 48 V 3 124 372
Fan Orion 1 174 174
Banana adapter (red) 2 21 42
Banana adapter (black) 4 21 84
6 AWG cable (14 ft) 1 722 722
8 AWG cable (30 ft) 1 981 981
Battery SMF 12 V 105 Ah 4 1299 5196
Main Switch, 250 A 1 319 319
Round cable shoes 1 70 70
Terminal blocks 1 65 65
Ring cable shoes 1 25 25
Battery connector 4 43 172
Limit switch 4 31 124
Solidstate relay 1 1164 1164
Powerbank 1 149 149
USB hub 1 63 63
USB cable 2 27 54
Sensor cable 2 150 300
USB DC cable 1 29 29
USB serial adapter 1 39 39
Motor driver 1 129 129
Micro switch (roller) 2 19 38
Micro switch (long arm) 2 18 36
Fan 12 V 1 29 29
Red switch 1 89 89
Linear actuator 1 2555 2555
Installation cable 1 199 199

Total cost 18891 SEK
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Chapter 4

Implementation

This chapter goes through implementation and the construction of the MP.

4.1 Mechanical implementation

In this section an overview of the production, construction and implementation of the mechanical
part of the MP is presented.

4.1.1 Curved rails and the main frame

The curved rails constitute the core of the design concept and the construction. Their shape -
a half circle with a radius of 600 mm - make up the path at which the user moves in the MP to
simulate linear acceleration from the fighter jet in DCS. Figure 4.1 shows the curved rails.

Figure 4.1: The curved rails.

It was crucial that the curved rails would be able to withstand the mass and inertia from the cart
with the user in it without deforming or displacing. Another important aspect of the rails was
that they should be smooth enough to ensure a smooth ride for the wheels. First, a circular pipe
with 60 mm diameter was considered to ensure a great safety factor against displacement and
deformation. Unfortunately, the supplier of the bent pipe was not able to achieve good results
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when bending such a big pipe, after which the dimension was decreased to 48 mm in diameter,
which was the next largest diameter the supplier was able to bend with satisfying results.

The parts included in the main frame are highlighted in figure 4.2. The purpose of the main
frame is to support the curved rails and the pulley frame.

Figure 4.2: The parts that make up the main frame are encircled in red.

The parts were cut out to the correct lengths and with the designed angles at the ends. They
were welded together to ensure rigid and stiff characteristics of the frame. Ideally, the frame
should be infinitely stiff so that the curved rails do not move at all while the cart is in motion.

To mount the curved rails to the frame, several parts had to be manufactured and assembled.
First, small parts of a 40x40 mm steel profile were cut out and holes with the same diameter as
the curved rails were drilled in the pieces as shown to the left in figure 4.3. These parts were
then welded both to a water cut steel plate and to the curved rail. The plates were then fastened
with bolts and nuts to another plate that was attached to the frame. This can be seen to the
right in figure 4.3. In this way, the curved rails are detachable from the frame by unscrewing
the bolts and nuts holding the plates together. This fact also means that the front and rear
frame are detachable from each other because the curved rails are the only parts holding them
together.
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Figure 4.3: The mounts where the curved rails are attached to the frame.

4.1.2 Pulley frame and belt tensioner

The parts included in the pulley frame are highlighted in figure 4.4. The pulley frame is a sub
frame to the main frame and its main purpose is to hold and support the belt pulleys.

Figure 4.4: The parts that made up the pulley frame are encircled in red.

At the top of the pulley frame there are two pulleys connected on the same axle. In figure 4.5,
the left pulley is driven by one of the motors via a belt. This pulley is then firmly connected
to the other pulley, to the right in the figure, that in turn pulls the cart. The pulleys were
machined in the lathe to accept the bearings. They where also drilled and threaded in a mill,
and screws were used to bolt them together, in order for them to transfer torque between each
other.
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Figure 4.5: The two pulleys that are connected on the same axle.

4.1.3 Cart

Figure 4.6 shows the implementation of the cart. The cart is the unit which travels along the
rails and holds the chair which the user sits in. The pulling belt is attached to the underside of
the cart along the curved belt guide. The curved belt guide is welded together with the cart.

Figure 4.6: The cart mounted in the MP.

The cart was made by cutting out pieces of a steel square profile in the correct lengths, that
were then welded together to ensure a rigid and durable construction.

The cart holds the wheel holder units, the belt mounting assembly including the belt guide, the
chair and the roll mechanism. All of these will be described in a more detail below. Also, there
are plexiglass plates above the wheel holder units to prevent the user from getting their fingers
pinched between the wheels and the rail. Figure 4.7 shows these plates, that were manufactured
through a laser cutter machine.
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Figure 4.7: The plexiglass plates.

4.1.4 Wheel holder units

There are four wheel holder units in the design, two on each side of the cart. Figure 4.8 shows
one of these units mounted on the rail in the MP.

Figure 4.8: A wheel holder unit mounted on the cart on the rail.

The wheel holder units were constructed out of water cut aluminium profiles that are assembled
together with 2 mm thick steel plates that are screwed to the aluminium profiles. The alu-
minium profiles were chosen because of their lightweight characteristics, and the water cutting
manufacturing method was chosen for its large flexibility in designing the profile. The steel
plates serve as axle supports as well as the elements holding the aluminium profiles together.
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They were water cut and bent into shape. Adjustment screw holes were made from solid steel
square profile, with an M8 hole drilled and threaded to hold the adjustment bolt. They were
welded to the steel axle holders. Some adjustment was needed to the holes in the axle supports,
as the bending process is not exact. For the wheels to stay in the middle of the holder, spacers
were needed. They were cut from aluminum tubing. Due to the unique shape of each wheel
holder due to variances in manufacturing, the spacers were custom made to fit their wheel.

Because there were no exact dimensioning work done when designing the wheel holder units,
the manufacturing process started with just building one complete unit that went through some
simple stress tests. These tests were passed, and the three other units could then be built in the
same way and with the same dimensions. Figure 4.9 shows the simple stress tests performed on
the first wheel holder unit. One test was a person hanging on the wheel holder unit that were
hooked on to a table. The other test was a person putting all his weight on a metal bar resting
on top of the wheel holder unit.

Figure 4.9: The stress tests performed on the first wheel holder unit.

4.1.5 Belt guide and belt mounting assembly

The belt guide, that is a part of the belt mounting assembly, is simply a bent piece of sheet
metal. The sheet metal strip was cut out using an industrial scale metal sheet cutter and then
a manual sheet metal slip rolling machine was used to curve the metal strip into the desired
radius. The purpose is to give the belt a shape of a circle sector below the chair, and to keep
the belt from intersecting the cart or chair at large angles. In figure 4.10 the circle sector that
the belt guide follows is shown.
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Figure 4.10: The circle sector that the belt guide resembles.

In figure 4.11 the belt mounting assembly is visible at the center of the belt guide. One problem
with implementing the belt mounting assembly was the drilling of the holes in the belt. Since
the belt is made out of a quite elastic material, the holes contracted when the drill was removed
from the newly drilled hole. Because of this, the drill size had to be increased by approximately
25 % in order to get an acceptable hole size. Moreover, the belt was reinforced with steel wires
that also made the drilling process harder since the wires did not break, but instead twirled
around the drill. All of this resulted in difficulties, assembling the belt mount and getting the
bolts through the holes in the belt. Although, it was possible and worked as expected in the
end.

Figure 4.11: The belt guide and the belt mounting assembly.

4.1.6 Chair mount and roll mechanism

The chair is mounted on two concentric axles which enables the chair to do a small roll motion,
as can be seen in figure 4.12. The roll axles chosen are simple, they do not even have any
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bearings. Each axle consists of two screws that are tightened into the threads of the inner part
of the joint. The screw heads then work as axles on which the outer part of the joint rotates on.

Figure 4.12: The roll axles below the chair.

There are four steel profiles that connect the roll axles with the mounting rails on the chair,
as shown in figure 4.13. These profiles were manufactured using a water jet machine that cut
out the profiles from a thick steel plate. There were also smaller steel plates that were cut out
with a water jet machine that were used to connect the support beams to each other. These
smaller steel plates were welded to the support beams and then mounted with screws to the
chair mounts. The bolts that were used to fasten the steel plates can also be seen in figure 4.13.

Figure 4.13: The support beams that connect the chair to the roll axles.

On one side of the cart there is a linear actuator that pushes and pulls the chair from side to
side, around the aforementioned roll axles. The actuator is mounted on a bolt working as an
axle on the cart. Also, the end of the piston is mounted with an axle to the chair to enable the
actuator to move and adjust to the position while working. Figure 4.14 shows a close-up of the
roll actuator, near its two end positions.
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Figure 4.14: Close-up of the roll actuator, near its two end positions.

One problem that was discovered during the implementation of the roll actuator was that the
mounts were not as rigid as desired. The mount in the chair flexed due to the chair casing
flexing. Also, the mount on the cart flexed even more due to the sheet metal piece that was
holding the axle was bending. Because of this, an extra 90 degree angled support piece was
attached between the sheet metal part and the cart to prevent some of the bending in the sheet
metal.

4.1.7 Motor and gearbox assemblies

In essence, all of the parts in the power train support are manufactured using a water jet machine
on steel plates with various thickness. The parts are then welded together and mounted to the
mounting rails in the floor with M20 bolts. The adapter axle between the motor axle and the
gearbox input shaft was made using a lathe. Also, the axle that holds the pulley in the two
bearing housings was made with a lathe.

Figure 4.15: The final motor-gearbox-pulley assembly.

The power train support had a design flaw that prevented the gearbox from being fitted on the
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motor axle. The two upright supports were placed too close. Since they are so thick, and the
axle is securely mounted using the bearings, the front upright gearbox mount was cut off using
an angle grinder. The power train now fit, and when tested produce little to no flex. Figure
4.15 displays the final built motor-gearbox-pulley assembly.

Figure 4.16: One of two tension wheels on the frame.

No standard part that could be ordered quickly fitted the role of power train tension wheel.
Therefore they were designed to be custom made by the group members. Both tension wheels
were made using a lathe. Due to a shortage of material, one tension wheel was made from
aluminium, and the other made from steel. The same type of bearing used for the wheels were
pressed into the tension wheels using a hydraulic press. The support holding the tension wheel
was water cut steel, and bent to the proper shape. Adjustment screw holes where welded and
an M8 bolt was used as an axle. The completed tension wheel holder can be seen in figure 4.16.

4.1.8 Chair accessories

On the chair, there are some accessories fitted to enhance the feeling of flying a fighter jet. Two
footrests, a four-point belt and a joystick mount are attached to the chair. The four-point belt
was chosen for its capability of holding the user firmly in place during all possible movements
of the chair. Figure 4.17 gives an overview of the chair with its accessories.
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Figure 4.17: The chair with the accessories.

The foot rests seen in figure 4.17 were manufactured in different steps. First, the load carrying
foot beams were made by cutting pieces of a 40 x 40 mm steel profile. These were meant to be
robust and be able to hold the foot rest, and support both feet while a person is sitting in the
chair. The foot rest was cut out of 3 mm sheet metal, using a water cutter. These were then
bent manually into the right shape, in a bending tool. With this design, there was some flex in
the footrests when the user has his or her feet on them. Ideally, they should have been stiffer.

Figure 4.18: The joystick mount.

67



CHAPTER 4. IMPLEMENTATION

Figure 4.18 shows the joystick mount that is attached under the chair’s seat. The joystick mount
is one part made out of 2 mm sheet metal. This has also been water cut and then bent into the
right shape, manually, using a bending tool. Under the pad the user sits on, the joystick mount
is attached with two M8 bolt. Then the joystick is mounted using M6 screws.

4.2 Electronic Implementation

In this section, the implementation of the electronic design and the chosen components in 3.7.1
and 3.7.2 is described.

4.2.1 Electronics design implementation

The electronic design was divided into three parts: the electronic box, the frame and the cart.
These three parts, their components and how they are connected is shown in figure 4.19.

Figure 4.19: Overview of the electronics and the connections.
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The electronics on the cart (highlighted with the red box in figure 4.19) is placed on a plate
mounted on the backside of the seat and the main function is to feedback the cart’s position.
The electronics on the cart mounted on the chair is shown in figure 4.20. As aforementioned,
the cart’s position is measured using an accelerometor and gyroscope sensor connected to the
Arduino. The Arduino then sends this value to the computer through the USB hub. The USB
hub also works as a power supply to the Arduino and the tracker. The power bank placed on
the plate can be used as a power supply as well. The roll motor is a linear actuator that is
placed besides the seat, however it is controlled by the Arduino in the electronic box and not
by the Arduino on the cart.

Figure 4.20: The electronic plate mounted on the chair with all the components.

The electronics on the frame (highlighted with the yellow box in figure 4.19) are placed on the
floor, on either side of the cart besides the gearbox for the driving belt.

The electronic box (highlighted with the blue box in figure 4.19) is placed on the floor between
the motion platform, the batteries and the computer and is the core part of the electronic design.
The main power from the batteries goes through the electronic box that then supplies the motor
with power. Figure 4.21 shows the end product of the electronic box with the components inside.
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Figure 4.21: The electronic box with all the components inside.

The original idea of the electrical design is shown in this figure 4.19, however a few things were
changed from that idea to the implementation and the end product. The differences were that
the roll motor, the temperature sensors and the limit switches controller along with the limit
switches, emergency stop button and the reset button were not implemented, the reason being
mainly lack of time. The relay switch has the same function as the emergency stop button and
it was therefore not considered unsafe to remove it. This is further discussed in chapter 7.1.2.

4.2.2 MCU and logic PCB for switches

Figure 4.22: The main switch (right) and the relay switch (left).
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The smaller switch with the green LED in figure 4.22 is the relay switch. The main switch to
the right is turned off when the handle is pointing down and turned on when it is turned 90
degrees up. There is no current when the main switch is off, so when the main switch is turned
off everything will be turned off as well.

Figure 4.23 shows the Arduino, fan controller and relay controller in the electronic box. The fan
controller is a PCB that controls the three fans with the logic shown in the circuit diagram in
appendix B.2. The relay controller controls turns the relay on when the relay switch is turned
on, and turns the relay off when the relay switch is turned off. The logic is shown in the circuit
diagram in appendix B.1.

Figure 4.23: Arduino (upper right), fan controller (upper left) and relay controller (below).

4.2.3 Cables

Due to the high current the motors can draw during high loads (80A max), the cables for the
motors and from the batteries needed to be large enough to be able to deliver the current needed
without the risk of damaging. The cables chosen from the batteries were 6 American wire gauge
(AWG) and for the motors 8 AWG. Because the BLDC motors, as well as all other electronics
used produce noise, shielded sensor-cables were used for the encoders so they would perform as
reliably as possible.

4.2.4 Sensors and fans

The fans for the motors were placed under the motors and the temperature sensor above the
motor as seen in figure 4.24. The temperature sensor was placed on the opposite side of the fan so
that the fan would not interfere with the measured temperature by cooling the sensor. Although
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the temperature sensors were placed and connected to the motor, they were not implemented
and the fans were therefore on full power the whole time the MP was turned on.

Figure 4.24: Motor with temperature sensor and fan.

4.3 Control implementation

4.3.1 Control Loop

The control loop of the system includes four main parts. DCS generates the flight data and sends
it to a python server. The python server does the mapping by adding gains to both the pitch
and acceleration from the game and then adding them together. The signal passes a saturation
to make sure the cart does not exceed the motion limit, for safety reasons. A low pass filter
is also required to avoid extreme vibration which might damage the system. After the lowpass
filter, the signal is applied to a controller which turns the cart position reference into a motor
position reference. The python server sends the signal to the Arduino via UDP. The Arduino
calculates a differential position for the two motor. The differential is to ensure the belt stays
tight during actuation. After that, the Arduino sends the reference position of both the motors
to the ODrive and finally the ODrive controls both of the motors by an cascading feedback
control. The control loop is shown in figure 4.25.

Figure 4.25: The Control Loop

72



4.4. SOFTWARE

4.3.2 Position Controller

For the position controller on the python server, feedforward or feedback control are two ways
to implement it. The feedforward control is simple and stable but requires an accurate model.
The feedback control does not require as good of a physical model as the feedforward control
but it relies on the accuracy of the sensor. During the implementation, the IMU sensor proved
to not be very reliable, and therefore the feedforward control that was derived in section 3.6.3
was used instead as the position controller.

4.4 Software

The software consisted of implementing the control system into a code structure that made it
possible to move the platform. The software also included code for different sensors and exports
from DCS, which is described below. The final codes can be found in this project’s Github
repository [47].

4.4.1 Structure and latency

The heart of the software system is the acceleration values that are being received to the motion
platform via DCS. This is done via interfacing with the DCS application programming interface
(API) in a Lua script placed in a folder within the DCS system in order to extract the desired
values for the system. From the API of DCS, it is possible to get acceleration values for the
plane that the player is currently using, similarly to what an acceleorometer in a real plane
would produce. For each frame of the game, an acceleration value is exported from DCS via the
exports produced from the API. So if an assumption is made that it is constantly possible to
run DCS at 60 frames per second, the base latency for the exports is 16.6 ms.

4.4.2 Communication

An ethernet cable connected the PC with Arduino 1, in the electronic box. The PC sends the
data from DCS through UDP. Arduino 1 receives this information and forwards it through UART
communication to the motor driver which then actuates the motors. The fans are controlled by
PWM signals, though this was not integrated in the final product. Arduino 2 is located on the
moving platform and consists of a accelerometor and gyroscope sensor. This sensor sends data
through I2C to Arduino 2, which then sends this to the PC using an USB cable. The value
received is compared to the real actuation with the input from DCS.
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Chapter 5

Verification and Validation

To verify and validate the requirements from chapter 1.6, different tests were executed and
explained in this chapter.

5.1 Verification

This section focuses on the verification, by confirming through review and testing that each
component meets their specifications and fulfills their functions.

5.1.1 Actuation verification

Motor and ODrive

To verify that the motor, encoders and ODrive worked as expected together with an Arduino,
a smaller test setup was made. The test setup included a holder for the motor, a temporary
encoder mount, a bench power supply to power the Odrive and motors and the odrivetool
that was used form a PC. Even though only one motor was used for this test, it allowed for
confirmation on how to interact with the ODrive through the Arduino. The errors received
during the tests also proved useful, as it gave an understanding of how noisy BLDC motors can
be, and thus the need for shielded encoder-cables was discovered.

After the verification of the BLDC motor and the ODrive, it was integrated with the hardware
construction and tested again using the same procedure to verify the system.

Linear actuator and motor controller

To verify the functionality of the actuator, the actuator and the controller was connect together
with an Arduino. A test code was used to run the actuator and showed that it worked as
intended. However, there was not enough time to integrate the linear actuator, the motor
controller and the corresponding software with the hardware and therefore no further tests were
made to verify it’s functionality.
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5.1.2 Electronics verification

Fan function

To confirm that the circuit for the fan controller worked as intended, the circuit was connected
to an Arduino, a bench power supply and one fan. By sending a PWM signal from the Arduino
to the corresponding fan output pins, the output effect of the fan could be controlled. Hence, all
inputs and outputs of the circuit proved to be working correctly. It also verified the fans working
properly. This was however not implemented with the temperature sensor and did therefore not
need further testing.

Relay function

The relay controller was verified similar to the fan controller. It was connected to an Arduino,
a flip switch, a bench power supply and an oscilloscope on the output. The flip switch was used
to simulate an emergency stop button. When the circuit was powered on, if the flip switch was
turned on, the output signal shown on the oscilloscope was low and thus the relay was turned
off. The same applied to the Arduino, if a high signal was sent from the Arduino, the output
signal was low and the relay was off. When all input ports received a low signal, that is the
flip switch and the Arduino being low, the output signal was high and the relay was turned on.
This concluded that the circuit worked as intended.

After the circuit was proved to be functional, the relay needed to be verified. To confirm that the
relay worked together with the circuit, it was connected to the circuit as well as ground. When
the relay was supposed to be turned on, a multimeter was used to the verify the continuity of
the relays output. When the relay was supposed to be turned off, the same test was done with
the multimeter and as supposed to. Both tests verified the functionality of the relay.

The relay switch went through the same verification testing. The relay switch has the opposite
function as the flip switch. When the relay switch is turned on, the relay is turned on and
when the relay switch is turned off, the relay is turned off as well. The same procedure was
continuously tested during the integration phase to verify the relay working properly as it is one
of the most important components.

Temperature sensor

Despite the temperature sensor not being implemented in the final product, a smaller test was
made to verify it’s function. By reading the temperature sensors data-sheet [48], the connection
between the sensor and an Arduino was made as proposed. By reading the voltage output value
from sensor, mapping it to the corresponding temperature value found in the data-sheet table
[48] and printing it to Arduinos serial monitor, it was evident that the sensor worked accurately
for it’s purpose.

Acceleration and gyroscope sensor

From the data-sheet of the sensor [42], the wire-diagram between the sensor and an Arduino
can be found. By using a test code made specifically for use of the sensor with the Arduino, the
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output from the sensor is mapped to G-forces. As 1 G equals 9.82 m/s2 at earths surface, it
was easy to see that the sensor worked as intended. Tilting the sensor 90 degrees showed that
the axis of the sensor, that was parallel to the earth was 0 G, while the axis pointing towards
earth was 1 G.

Ethernet connection

To verify that the Ethernet connection worked between the PC and an Arduino, an Ethernet
shield was connected to the Arduino and then connected with an Ethernet cable to the Ethernet
port. Then a UDP server was setup in python, sending UDP packages to the IP-address assigned
to the Arduino. By printing the received packages in Arduinos serial monitor, it was possible
to see and compare the received packages with the ones that were sent.

5.1.3 Control verification

Belt separation

The belt starts to separate from the belt guide at roughly 25° and at 35° the separation is
obvious. This means the model and the feedfowrad controller derived in section 3.4.2 and 3.6.3
is the most valid until 25°, and then the accuracy decays as θ of the cart increases.

Belt tension

The belt tension is somewhat maintained with the help of the belt tensioner in figure 3.14. The
belt tightening is further improved with the help of the belt tightening differential mentioned
in section 4.3.1. But even with these two tensioning features the belt still loses tension as θ
of the cart increases. This means the actuation performance is worse when θ increases, since
the pulling motor first has to overcome the slack part of the belt before the actual actuation
can happen. This problem could probably be solved with a more optimized belt tightening
differential, this is further elaborated in section ??.

Model simulation

The feedforward control that was derived in section 3.6.3 was verified by inputting the game
reference to the model derived in section 3.4.2. And then comparing the model response to the
reference, see figure 5.1. It should be noted that the model in section 3.4.2 is not very accurate
above 25° as mentioned previously. The model also did not include any filters or limiters except
for the voltage saturation. The real performance of the feedforward control can be seen in figure
6.1 in the result chapter. The same game reference is used in both cases for easier comparison.
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Figure 5.1: Simulation of the feedforward control in mid flight, using the model that was derived
in section 3.4.2.

5.2 Validation

Test cases were performed corresponding to the requirements, both stakeholder and technical
ones. More information about how the tests performed and the results of requirements fulfilled
can be seen in C.1 and C.2 in appendix C. As can be derived, the MP was proven to fulfill most
requirements, though there is room for improvements.
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Chapter 6

Results

The test results and factual findings are presented in this chapter.

6.1 Mechanical design

Overall, the mechanical design and build was robust. The main frame together with the curved
rails were stiff and stable. The curved rails was also smooth and provided a smooth path for
the cart to travel on. When using the MP, there were no feelings of the frame being too weak
or feelings of the frame moving or deforming. This was true for the pulley frame as well. The
structure was stiff enough to support the pulleys and the forces they had to transfer through
the frame. Moreover, the cart did also show satisfying characteristics when in use. It was also
stiff and did not deform noticeable. It was well dimensioned to support the weight of the chair
and user.

However, there were some minor deformation and unwanted movements in the chair during
use, coming from the chair mount and the roll axles. Also, the flexibility in the chair itself
contributed to these problems. The roll axles had too much play in them, and the supporting
beams connecting the roll axles to the chair were too weak. Another factor that impacted the
unwanted movements of the chair was the roll actuator. The roll actuator was the only element
holding the chair upright in regards to the roll angle, which in itself was not a problem since the
actuator was strong enough to hold the chair in place, even with no voltage supplied to it. The
problem was the mounts of the actuator. Both the mount on the chair and on the cart holding
the actuator flexed, making the chair move from side to side when used by a person sitting in
the chair. It was also noticeable that the heavier the person in the chair, the more unwanted
movements were present. Another part related to the chair was the footrests that flexed too
much when loaded.

The wheel holder design worked satisfactorily. in the end the adjustment features of all the
wheels were invaluable for the design. One advantage of this feature was that the wheels could
be perfectly adjusted to the actual size of the curved rails. The wheel adjustments could also
rise and lower the cart, which could help to increase the clearance to other parts that otherwise
could collide with the wheel holder units. This was also true for adjusting the cart sideways.
For example, if the driving belt was not perfectly centered in the belt guide mounted under the
chair, some adjustments to the side wheels could help center the belt. The wheel holder units
felt very stiff, but maybe they could have been made with bigger dimensions for a greater safety
factor against failure.
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All the tension wheel designs for the belt drives also worked satisfactorily. There were two types
of tension wheels in the design, a spring loaded one mounted to the floor and two wheels that
were adjustable with screws mounted on the main frame. They did what they were expected
to do. The spring loaded tension wheel needed quite stiff springs to work properly though.
This was because the belt itself was stiff and therefore needed bigger force than expected to be
tensioned.

The drive train construction also worked out fine. All mounts were robust and stable, and the
adapters and axles too. There were no noticeable play in any sections of the drive train.

The design proposed in this report has one big disadvantage though: the weight. As it is
constructed mainly from steel, the weight is high. Some sections of the frame are welded together
and the bent pipes can not be disassembled into smaller parts which makes the construction
bulky to store or to transport. Generally, the frame is probably over-dimensioned for the loads
it is built for.

Another general disadvantage of the mechanical design is the need to mount it to the floor. The
frame could maybe stand on its own weight, but the drive train as it was designed has to be
mounted to the floor to function correctly.

6.2 Actuation

There were two actuation systems in this project; the roll actuation and the pitch actuation on
the MP. The roll actuation was never implemented in software and control due to lack of time
and can therefore not be completely evaluated here. It was however implemented physically, in
terms of being mounted on the cart and chair. Hence, making it possible to try the actuator
itself by supplying it with power from a battery. The actuation was adequate, being able to
push and pull the chair to its left and right end positions with a person seated in the chair.

The only problem detected by doing this was the speed of the actuation, which was rather
slow. It was calculated that 7 deg/s for roll would be enough, however linear actuators cannot
output high torque and actuate fast at the same time. Evidently, a stronger actuator was more
important than speed, as it was considered more crucial that it was able to withstand the torque
from the weight of both the chair and the user sitting on the chair. This slowed down the desired
7 deg/s to roughly 3.68 deg/s.

The other actuation, the pitch actuation along the curved rails, worked as intended. The motors
in combination with the gearboxes was well suited for the task of pulling the cart along the rails.
The actuation was smooth and yet distinct. As expected, the belt drive was quite non-elastic
and was well-suited for the application.

However, one problem that sometimes were present with the belt drive was that one of the sides
lost tension and contact with the upper pulley on the pulley frame. It was crucial that the
motors worked together in a synchronised way. For instance, if the cart is being pulled forward
by the motor at the front, the motor at the back has to keep the belt tense at the back of the
chair. Otherwise the belt becomes loose at the pulley at the top of the pulley frame behind the
chair, resulting in the belt skipping cogs on the pulley and making the cart and chair rumble
in an undesirable way. Later, when everything was better tuned in the software, this issue was
solved.
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6.3 Control

The control part of the project mainly focused on the pitch motion of the platform. Based on
the simulation model in Simulink, the controller was developed considering the overall behavior
of the MP.

The control implementation prioritized the reduction of latency. This was achieved through
both system design and selection of communications protocol. The platform was fully capable to
respond to the real-time data from DCS with relatively low latency, which significantly reduced
the motion sickness for a more realistic experience.

The performance of the control can be seen in seen in figure 6.1 and 6.2 below, where the reference
angle from the game is compared with the actual position of the user. Figure 6.1 shows scenario
when the plane is already up in the sky, while figure 6.2 illustrates when the plane is taking off
from the runway. It should be noted that the sensor signal has been smoothed out in Matlab
for easier reading. The result is better is better during mid flight as compared to take off. This
is because the low pass filter has a bigger effect on the motor position reference during take off.
The low pass filter is also the reason why the MP ignores the large peaks in figure 6.1.

Figure 6.1: The MP tracking the reference generated after the mapping from the game, during
midflight. The sensor data has been smoothed out in Matlab using the smoothdata command,
for easier reading. The large peaks form the game reference are ignored due to the low pass
filter.
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Figure 6.2: The MP tracking the reference generated after the mapping from the game, during
take off. The sensor data has been smoothed out in Matlab using the smoothdata command,
for easier reading.

6.4 Virtual Reality and immersion

The MP worked well together with VR. The motion cancellation that was paramount for the
whole concept to work did work well. The motion of the MP did not transfer in the VR headset,
indicating that the VR motion cancellation was successful. The placement of the center of
rotation also helped with cancelling the motion of the platform. Since the VR headset was
placed close to the centre of rotation, it did not require much of the system in order to cancel
the motion.

The immersion factor was also good. One thing that the MP did well was to give the sensation
of flying the plane towards the ground or straight up in the sky. The user could feel the
gravitational force, in real life, acting on the body in the right direction depending on where
you were heading.

However, the main idea of the motion platform was to give the user sensations of longitudinal
acceleration of the aircraft when thrusting with the jet engines of the aircraft. This feeling
was good, but could have been better. The MP acted as expected; when the user thrusted the
engines, the MP tilted the chair backwards and gave the user a feeling of force acting on their
body. The main problem with this was that the user could also feel their head being tilted,
because of the head not being at the COR. Of course, the height of the user has an influence
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over this phenomenon. A taller user will have their head further away from the COR making
the sensation of the head tilting even worse. A shorter person will have their head closer to the
COR and will not feel these unwanted forces in the same way.

Moreover, it is worth noting that different people have different perceptions of feelings such as
acceleration, resulting in that some people felt the sensation of acceleration to be more real than
others.

6.5 Electronics

With a person sitting in the cart, the higest current measured was around 21 A during motion
from initial position to the MP’s highest position, and about 10 A when static at its highest
position. This is by far the highest current draw of all the electronics, where the second highest
are from the fans with a current draw of 0.3 A each, drawing a total of 0.9 A for all fans. This
means that with the current battery setup of 105 AH, and a maximum current draw of about
22 A, the batteries would last for 4.7 hours. In reality this would never be the case unless the
the cart is going back and forth continuously, which rarely is the case.
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Chapter 7

Discussion and conclusions

In this chapter, reflection upon the results are discussed and concluded.

7.1 Discussion

7.1.1 Mechanical design

The design concept itself demands a stable and rigid frame to hold the curved rails steady in
place at a certain distance from the floor, therefore the weight problem is hard to solve or work
around. One way to make the design smaller and lighter is to move the COR further down
below the user’s chest area. Then, a smaller radius can be used on the curved rails and a more
compact design can be achieved. The drawback from this approach though is that there may be
larger unwanted ghost forces acting on the user which will decrease the immersion factor of the
use of the MP. Maybe, a completely different design concept has to be used to solve the weight
problem.

Another problem was that the frame and powertrains had to be mounted to the floor. This
could be solved by letting the powertrains be connected to the frame, and the frame be held in
place by its own weight.

7.1.2 Electrical design

The power supply that was supposed to be used in this project was defective and could not
be repaired. Car batteries were therefore used instead. The main disadvantages of using car
batteries instead of a power supply were the need to recharge, the recharge time and the limited
power range. However, there were no better alternatives that were cheap and easily accessible
as car batteries.

The motors worked 20-30% of their maximum power during the tests and only two of the four
batteries were used in the end, supplying the motors with 24 V instead of 48 V. The motors
were never over-heated because of this. All of this implies that the motors that were chosen
were excessive to this application. Though, this is not necessarily bad as it increases the safety
factor. On the contrary, having a motor that was too weak could easily over-heat and causing
fire hazard or other safety issues.
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The reason for not using all four batteries was because of the relay. For some unidentified reason,
the relay could not handle voltages above around 30 V although according to the data sheet [49],
it should be able to handle up to 100 V. This issue could not be solved as the main source of
the problem was unknown and there were nothing that could be done if it was a manufacturing
fault.

Due to the time constraints and other external factors, some functions were not implemented.
This includes the whole limit switch function, the linear actuation for the roll motion and the
temperature sensors.

The reason for not implementing the limit switch function was not only time related. In the
testing of the MP, it was clear that the motors would not be able to handle the torque if the chair
was in the maximum position for long enough to become a safety issue and the motors would
then shut down. When the motor shuts down, the MP will evidently go back to it’s initial
position which is the function that the limit switch would provide making the limit switch
function redundant. Another issue was the placement of the limit switches and the cables that
would most likely get entangled with the cart moving, causing more issues.

The linear motion was proven to work as intended but due to lack of time, was not able to
implement. However, as both the motor and the driver was working during testing, the imple-
mentation from here is reasonably straightforward.

The fans were kept on full speed during the whole time when the MP was active, instead of
controlling the fans with the temperature sensor. This worked well as the motors were kept
cool all the time. Nonetheless, implementing the temperature sensors would have saved power
from the batteries, although the amount of power saved would most likely be negligible in this
project.

Since only the pitch movement was implemented, the tracker was not necessary. As the testing
showed, the VR headset did not move as long as the COR was kept close to the head. Never-
theless, if time allowed and the roll movement was implemented, it would have been needed.

The cables lying around the platform were a safety risk and could have been avoided if wireless
communication was implemented between the microcontroller and the computer.

In the end, there were functions considered in this project that were not implemented or neces-
sary in the end product.

7.1.3 Control design

The derived model in section 3.4.2 is accurate enough for a feedforward controller to be im-
plemented to give the sensation of flying an airplane on the MP. The belts starts to separate
from the belt guide at roughly θ =25°. It is not enough with just mechanical belt tensioners to
maintain the tension of the belt during actuation. To maintain the tension the motors need to
rotate differently, only then can the belt stay tensioned during actuation. The current MP can
not handle high frequency signals since the system starts to vibrate.

The mapping of the MP is crucial for a realistic immersion. In this project, the reference position
of the MP is calculated through combining longitudinal acceleration with the angle of the plane.
These two sensations are scaled in mapping to adapt the limitations of actual motion span.
From the result, the mapping was proven to be feasible for an indication and effective in giving
the user the sensation of flight.
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On the other hand, the proper combination of sensations is of similar importance to the immer-
sion, that a better balance between two sensations would bring more realistic feelings. Given
the limited time and the inconvenience of the current pandemic, it was not feasible to carry out
massive tests of different users. Since it was not really a mechatronic’s issue, more professional
input is also required. However, the approach to apply this improvement is to change parameters
for mapping, thus can be achieved without any technical difficulties.

7.1.4 Ethical considerations

Due to the nature of this project, there are no need for any extensive ethics discussions. The
main purpose of the MP designed in this project is to educate pilots and to be used when playing
computer games as a leisure activity. It is hard to argue for that this design could be used in an
unethical manner. However, if the MP is used for educating fighter jet pilots that will ultimately
join a war, you could maybe argue for that the MP makes it easier and cheaper to educate people
that will contribute to war actions. This argument is a bit far-fetched though as there already
exist many ways to educate fighter jet pilots, including other MPs and simulators.

Moreover, if a proper safety system to prevent the MP from harming users by getting squeezed
and pinched is not implemented, the design is quite dangerous and could therefore be seen as
unethical in that sense.

7.1.5 Sustainability

As with many topics, there are different views depending on who you ask. Two people that
are asked the same question can give you two completely different answers depending on their
values and views on the question. In the case of sustainability for this kind of project, there is
no exception.

You could easily argue for that a project like this is unnecessary and will just consume energy,
material and other resources that will eventually end up in a dump, like most physical products
do. Why produce such a machine just for the sake of increasing the immersion factor while
playing a computer game? These resources could have been used in a more meaningful way.

The polar opposite view of this, is that this kind of project, if done well, could actually save
natural resources and energy in the long run. Imagine that a well designed MP together with
VR would result in a really realistic flying experience, so real that it could substitute real life
flying in real aircrafts. Ideally, aspiring fighter jet pilots could make their whole careers in a
setup like that, except for real war situations. That would save a lot of energy and resources
from not flying the real aircrafts as often.

Also, to increase the sustainability of the MP designed in this project, other materials could be
used to minimize the environmental footprint.
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Future work

This chapter suggests potential areas in the project that can be further developed.

8.1 Overall design

In future work with this project, it would be needed to spend time to investigate feasible material
options instead of steel for the frame and cart. Early in this project, different types of plastic
were considered to build the frame. However, because of the tensile strength being lower than
steel, plastic was rejected as a viable material choice to ensure the structure would have a high
safety factor against failure. If another material with lower density than steel would be a viable
option, a lower overall weight could have been easily achieved.

Also, the chair mount is not as rigid as preferred. When a person is moving in the chair, the
chair also moves along. Future work for the chair mount could either be to manufacture more
rigid parts, or to redesign the mount into a more robust structure. Also, the chair itself could be
a part of the chair mount assembly not being rigid. The chair mount design would also be better
if the seat height was adjustable. In that case, it would better fit persons of various heights and
also the COR would be at least variable.

The wheel holders units were one of the first parts manufactured and during the project ideas
about improving the wheel holders occurred. First, the dimensions of the wheel holders could
be weak. No FEM has been done on them, the material is aluminium and the structure is thin.
Both looking into how robust the wheel holders are, if the structure needs to be improved to
increase their life cycle, or if the design needs to be improved, is relevant for further work. Also,
the dimensions around the wheel holders, travelling on the curved rails could be improved. At
the moment, the clearance to the frame, both under and over the wheel holders are less then
half a centimeter. The clearance on the inside is also small towards the frame.

One big problem with this design is also the COR placement. A COR at the user’s head gives
a better immersion but at the same time a larger design and increased weight as it is now.
In future work with this project, this issue should be given a good amount of consideration.
Maybe, a totally different design, such as a swing, could turn out to be a better option to
increase immersion and decrease the weight of the MP.

At the last meeting with the stakeholders, an interesting topic was brought up; the level of
immersion is not only dependant on the mechanical design and factors such as the COR place-
ment. Immersion and sensations of acceleration depends on many factors and is a neuroscientific
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topic. Also, people’s past experiences with flying and exposure to accelerations in vehicles could
maybe also play a part here. Therefore, in future work, there should be some research on how
you could increase the immersion and sensations of acceleration in other ways than described in
this report.

8.2 Power supply

Another problem with the design is the motors large demand for current. Either an expensive
power supply or car batteries that were connected in series were therefore needed. Both alter-
natives are big and heavy and not flexible. In future work, it would be beneficial to look at
alternative options and how to work around this problem to get a cheaper, smaller and more
flexible design.

8.3 Electronics

As some of the components and functions were not implemented due to lack of time, the first
improvement would be to implement these. Mainly, the roll motion using the linear actuator, as
well as the temperature sensors and the limit switches as well as the emergency stop button for
the user. Additionally, making the communication wireless would immensely improve the over
all electrical design.

Furthermore, the motor for the pitch motion was never used with it’s full capacity due to the
power limit that was caused by the relay and the software limit. This could be a development
for future work. Fine tuning and finding the optimal preference for the best experience for the
user, while considering all the different factors, such as voltage, current and capacity.

8.4 Control

The belt tightening differential can be further improved, by making it more aggressive without
disturbing the overall motion of the MP. With the finished hardware available, different belt
tightening strategies can be experimented with.

Currently the high frequency signals are filtered out with a low pass filter since the overall system
can not handle it and thus not simulated. One way to simulate the high frequency signals would
be to implement a rumble seat, that would vibrate the user.

By deriving a more accurate model, especially for the belt behavior a more accurate controller
could be developed. It has been concluded that the MP is fairly linear for the first 25° of the
pitch. After that the belt starts to really separate from the belt guide. To compensate for that
a controller better suited for non-linear behaviour could be developed, which would allow for a
larger and more accurate motion range.
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8.5 Software improvements

In future work, some improvement in the over all software structure can be considered. By
changing the Arduino code to pure C code would make the program run faster resulting in a
faster system. By implementing the controller directly in Lua, instead of python, the need for a
python script to read the data from Lua first, to do the control calculations, could be skipped.
Thus, resulting in fewer steps and less delay.
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A.2. GANTT CHART FOR FALL TERM

A.2 GANTT chart for fall term
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Appendix B

Circuit diagrams

B.1 Relay controller

B.2 Fan controller
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APPENDIX B. CIRCUIT DIAGRAMS

B.3 Limit switch controller
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Appendix C

Test cases and results

Table C.1: Test for stakeholder requirements.

Requirements Descriptions Test Steps Expected Results Test Results

Immersive and good
experience

Immersive and good train-
ing experience for pilots in
training

Let different user’s test the MP
and rate their experience playing
DCS

Good rating from users Good rates for regular people (not
pilots)

Small and Compact MP is small and compact so
it is possible to have several
in a room

Make decision based on the fin-
ished MP

MP is small enough relately small (big compared to
yaw VR for example)

Safe MP is safe to use Look at possible safety issues, in
mechanical, electrical and control
design e.g. risk of getting stuck in
the MP, test emergency/fan func-
tions, test motor movements.

No risk of getting
crushed. Emergency
stop, fans and motors
works as it should.

Some safety issues, risk of getting
crushed and one part that broke,
emergency stop works

Feeling of acceleration Feelings of acceleration in
different directions that are
important for maneuvering
the aircraft

Test MP while running DCS User feels acceleration Regular user’s felt acceleration

Robust MP is robust Make decision based on the fin-
ished MP

MP is robust enough Reasonably robust, but some
screws needs maintenance and the
foot rests are not robust, electron-
ics are not robust (cables lying
around)

High Quality MP is of high quality design Make decision based on the fin-
ished MP

MP is high quality Good quality, if there are issues it
would be because of the design not
the quality of the construction

Reproducible MP is able to be produced
in large quantities

Make decision based on time and
cost

MP is reproducible Most things are reproducible
(CAD drawings and electronic
design are documented)

Shipping MP is able to be shipped
worldwide

Make decision based on the fin-
ished MP

MP is shippable Not easily shippable

Compatible with dif-
ferent aircrafts

MP is compatible to use
with several different air-
craft models

Test different aircrafts Works as it should Yes

Low cost MP is low-cost in terms of
production and thereby in
purchase for the customer

Make decision based on the cost MP is relatively low-
cost

Lower than 100,000SEK so low-
cost in comparison

VR sickness Risk of VR sickness is min-
imized ensuring that longer
priods of usage is possible

Test flying in multiple time inter-
vals (5 min, 10 min, 15 min etc)

No VR sickness VR sickness due to person using
VR, not due to any system design
fault

Easy to install MP is fast and easy to
install and implement to-
gether with the software

Look at installation steps Few and easy steps Construction is not easily installed
(if all hardware is in place, then
electronics are easy to install)
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APPENDIX C. TEST CASES AND RESULTS

Table C.2: Tests for technical requirements.

Requirements Descriptions Test Steps Expected Results Test Results

Dimensions MP have maximum dimen-
sions of 180x180x180

Measure MP 180 x 180 x 180 m 200 x 125 x 145

Weight MP does not weigh more
than 150 kg

Weight MP 150 kg Not feasible to test

Joystick features The joystick does not pre-
vent the user from accessing
the seat and is mounted on
the seat

Make decision based on different
user’s experience of getting in and
out of the seat

Joystick is stable and
user can easily get in
and out

Joystick is stable and is not in the
way for the user (getting inside is
harder than getting out)

Throttle features The throttle does not pre-
vent the user from accessing
the seat and is mounted on
the seat

Make decision based on different
user’s experience of getting in and
out of the seat

Throttle is stable and
user can easily get in
and out

Throttle is stable and not in the
way of the user

Foot pedals Foot pedals are mounted on
the seat

Make decision based on the fin-
ished MP

Foot pedals are stable Foot pedals not implemented, foot
rest are not very stable

Seat features (back rest
angle)

The seat has adjustabe
back rest angle from 90 °to
130 °

1. Adjust back rest 2. Measure
min angle 3. Measure max angle

min 90 °, max 130 ° Not implemented

Seat features (back rest
to pedals)

The seat has adjustable dis-
tance from the back rest to
the pedals, from 60 cm to
90 cm

1. Adjust distance on backrest to
pedals 2. Measure min distance 3.
Measure max distance

min 60 cm, max 90 cm Not implemented

Seat features (height) The seat has adjustable
height to fit a person that
is between 160 cm to 195
cm, COR for pitch adjusts
accordingly

1. Adjust height 2. Measure min
height 3. Measure max height

min 160 cm, max 195
cm

Not adjustable but works for dif-
ferent heights

Visual feedback Visual feedback from the
simulator is a VR headset

Make decsion based on the finished
MP

Visual feedback is VR Yes

Force simulation Forces and accelerations up
to 1G can be simulated

1. Simulate 1G in DCS 2. Check
output from acc/gyro

1G Approximately 0.76 G (sin(50°))

Input from DCS Accepts input in real-time
from the exports of DCS for
controlling the simulation

1. Open DCS game 2. Position
output are read real-time

No delay Negligible delay

DCS simulation The simulation is based
upon the calculations of the
real-time exports of DCS

1. Position output from DCS 2.
MP position input calculated from
output

No delay No delay

Actuators The actuators of the system
are electronic

Make decision based on finished
MP

Actuators are elec-
tronic

Yes

Control actuators Embedded system to con-
trol the actuators

Make decision based on finished
MP

Motors are controlled
by an embedded sys-
tem

Yes

Max pitch velocity 30 deg/s 1. Measure angle from A to B 2.
Take timer from A to B 3. Calcu-
late angular velocity

30 deg/s 40 deg/s, it can handle more de-
pending on the how much capacity
of the motor is used (this was mea-
sured with 30%)

Max roll velocity 30 deg/s 1. Measure angle from A to B 2.
Take timer from A to B 3. Calcu-
late angular velocity

30 deg/s 2.3 cm /s, approximately 3.68
deg/s

Max pitch motion
range

45 ° Measure angle at maximum posi-
tion

45 ° 50 °

Max roll motion range 15 ° Measure angle at maximum posi-
tion

15 ° 8 °

Motion delay The delay from user input
to motion output shall not
exceed 50 ms

Time delay <50 ms The communication delay of the
system is less than 10 ms. For the
end-to-end delay, it is hard to mea-
sure.

Visual delay The delay from user input
to visual output shall not
exceed 20 ms

Time delay <20 ms 11 ms (90 Hz refresh rate)

Unessecary movements MP does not do any mo-
evemnts that is not needed
for the simulation within an
error span of 1 °

Measure unnecessary movements <1 ° Relatively ok, but hard to measure

Calculated movements MP provides the same
movements as the cal-
culated reference values
provide within an error
span of 1 °

1. Get calculated position 2. Com-
pare to real position

<1 ° It is fulfilled in most cases. See Fig
6.1 and Fig 6.2

DOF MP has 2 DOF Make decision based on finished
MP

MP has 2 DOP Roll not implemented, but has the
possibility

COR pitch COR for pitch is maximum
5 cm above/below the cen-
ter of the user’s ear

Measure COR for pitch <5 cm Approximately 15 cm

COR roll COR for roll is maximum 5
cm under the seat

Measure COR for roll <5 cm 9 cm

User weight MP can support a user
weighing under 100 kg in all
possible working positions

Test with 100kg user works as it should 100 kg ok

Emergency stop Two emergency stop but-
tons, one for the user and
one for the technician that
stops the MP movement
completely within 10 ms

1. Test emergency stop 2. Take
timer to measure delay

<10 ms Yes, it is purely electrical

MP cost MP costs no more than 10
000 EUR

Calculate total cost <10 000 EUR Yes
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