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Abstract

This dissertation details the design, development, and evaluation of the Gimbalscope: a wireless, un-
grounded, three-degrees-of-freedom directional haptic feedback device.

The Gimbalscope utilises a scissored-pair Dual Control Moment Gyroscope with actuated gimbals to
produce directional torque cues isolated to a single axis. The Gimbalscope is designed and manufactured
using low-cost, open-standard components and software. Through doing this, I aim to make the produc-
tion of gyroscopic haptic devices more accessible to researchers. I hypothesise that participants are able
to correctly perceive the Gimbalscope’s haptic torque cues and use the device as an orientation aid to
correctly locate and identify target orientations.

0.1 Achievements

I created a scissored-pair Dual Control Moment Gyroscope and used it to produce moments isolated
to a single axis.

I used the gyroscope to produce a remotely operated self-contained handheld haptic device.

I evaluated the ability of users to perceive haptic cues about the roll, pitch, and yaw axes.

I replicated the experimental findings of J M Walker’s haptic DCMG device paper [34].

I evaluated the ability of users to use the Gimbalscope to identify targets on the horizontal plane.
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Supporting Technologies

A pair of standard 1806 2300Kv brushless motors were used to power the flywheels.

A pair of 12V Micro Metal Geared Motors with Quadrature Encoders at 100:1 reduction
were used to actuate the outer gimbals.

A Bluebird BMS-620MG Metal Gear Analogue Servo was used for actuating the central
gimbal.

A pair of Adafruit RFM69HCW 900MHz Radio Transceivers and the RHRF69 radio
driver library were used to wirelessly communicate with the Gimbalscope.

A pair of Arduino Mega 2560 Rev3s were used to provide a platform for controlling the
Gimbalscope and the PC communication dongle.

An Arduino Micro was used as the Gimbalscope’s dedicated radio transceiver operator.

An Adafruit L3GD20H Triple-Axis Gyro Breakout Board was used with the Unified
L3GD20 driver library for tracking the Gimbalscope’s orientation.

An MPU-6050 breakout board was used to provide a platform for vibration and gyro-
scopic force measurements.

Microsoft 3D builder and Autodesk Fusion 360 were used to design the 3D printed parts
used in creating the Gimbalscope.

An Ultimaker 2 Extended+ 3D printer was used to fabricate structural components of
the Gimbalscope.

The Unity Real-Time Development Platform with the Ardity Arduino Serial Package
was used to create bespoke Gimbalscope control software.

The NumPy and matplotlib Python libraries were used to compute and plot results from
user trials, as well as vibration and gyroscopic force data.
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Notation and Acronyms

CMG : Control Moment Gyroscope

DCMG : Dual Control Moment Gyroscope

LED :  Light Emitting Diode

RPM :  Revolutions-Per-Minute

Kv : Estimation of RPM-per-Volt of a brushless motor in a no-load condition.
ESC : Electronic Speed Controller. Governs speed of a motor.

BEC :  Battery Eliminator Circuit. Regulates voltage to connected circuit.
PWM : Pulse Width Modulation. Digital square wave with duty cycle.

PLA . Polylactic acid, a commonly used bioplastic 3D printer filament.

PID :  Proportional-integral-derivative controller; a control loop mechanism.
IMU . Inertial Measurement Unit.

ISR : Interrupt Service Routine.

SDA : Serial Data.

SCL . Serial Clock.

12C :  Inter-Integrated Circuit. A synchronous multi-controller/multi-peripheral communication bus protocol
UART : Universal Asynchronous Receiver / Transmitter

LiPo :  Lithium Polymer Battery

CAD : Computer Aided Design

DC : Direct Current

EMF :  Electromotive Force

MEMS . Microelectromechanical system

DOF . Degrees of Freedom

MOSFET : Metal-Oxide-Semiconductor Field-Effect Transistor




Chapter 1

Introduction

Haptic force feedback devices are designed to provide users with physical sensations in response to their
interactions with a virtual environment. The main goals of haptic force feedback devices include enhancing
the user’s sense of immersion and realism, improving the user’s performance and accuracy in tasks that
require fine motor control, and affording a natural and intuitive user interface.

A key problem with current force feedback devices is balancing the three-way trade-off between form
factor, workspace of interaction, and force fidelity. Designing a device with two of these tenets is difficult
without sacrificing the third. In the hands of a user, the quality of a device can be evaluated as a
function of all three. Conventional high-fidelity haptic feedback devices rely on transmitting ground-based
reaction forces to the user via a series of rigid joints and links, restricting their portability. Contrastingly,
ungrounded haptic feedback devices offer users kinesthetic or tactile feedback over a larger workspace.
Many approaches to portable haptic feedback are designed to stimulate the skin through means such as
vibration [21], skin deformation [29], or shape alteration [27] [28] [35]. These devices have many benefits
such as their small size and light weight. According to Haptipdeia[24] - a database of haptic devices
— there are few ungrounded handheld devices capable of directional force generation, and even fewer
capable of inducing force in three degrees of freedom.

A solution is to use DCMGs (Dual Control Moment Gyroscopes). DCMGs are a form of gyroscope
most commonly used in spacecraft attitude control systems [22]. They use a pair of counter-rotating
flywheels to induce a torque about an axis. The majority of research carried out to produce haptic
gyroscopic devices use expensive components, equipment, and bespoke machined parts, meaning that
many of these devices are not reproducible.

This dissertation presents a prototype handheld DCMG-based haptic device named ‘the Gimbalscope’.
Truly ungrounded, remotely operated, and battery-powered, the Gimbalscope seeks to make a novel
contribution to the field of ungrounded haptics and increase the accessibility of performing such research
with its low-cost, open-standard components and open-source implementation. The Gimbalscope is
evaluated in a variety of experiments designed to quantify the ability of humans to perceive torque
generated from an ungrounded DCMG haptic feedback device. The device is shown in Figure 1.1.

1.1 Aims and Objectives

In the broadest sense, the aims and objectives of this dissertation are to:

1. Create a scissored-pair Dual Control Moment Gyroscope and use it to generate unambiguous
torques.

Power the device from an internal power supply.
Wirelessly control the device from a computer.
Evaluate the ability of users to perceive a range of torques about different axes.

Evaluate the ability of users to use the Gimbalscope in real-world target identification scenarios.

A T

Ensure open-source software and open-access components are used during development to make a
contribution to the accessibility of research.




1.1. AIMS AND OBJECTIVES

Figure 1.1: The final prototype of the Gimbalscope: an ungrounded and untethered DCMG-based direc-
tional haptic feedback device.




1.2. GIMBALSCOPE USES

1.2 Gimbalscope Uses

An ungrounded DCMG-based haptic device has the potential to provide feedback for object interactions
and guidance within virtual environments. Such a device could help with pointing or aiming adjustments
in alignment tasks with a controlled torque. This could have a potential military application in investi-
gating the effect of haptic cues on weapon aim, or have a place in sports science studying racquet sports.
Furthermore, it could enable portable guidance through large environments. This could prove useful in
disability studies investigating pedestrian navigation, providing a different sensory modality from sight
and sound.

1.3 Report Structure

The content of this report is divided into six chapters. Related work in ungrounded haptic feedback is de-
scribed in Chapter 2, providing an introduction to gyroscopic systems, as well as a relevant mathematical
background.

Project execution is split across two chapters. Chapter 3 contains a technical breakdown and covers
design decisions during development. Chapter 4 describes the motivations and experimental design of
user testing.

A critical evaluation is given in Chapter 5 and is divided into three sections. It details technical and
user-based evaluations of the Gimbalscope before evaluating important miscellaneous features.

A conclusion and ideas for further work are given in Chapter 6.




Chapter 2

Background

2.1 Related Work

2.1.1 Classifying Haptic Force Feedback Devices

For a human to experience mechanical influence from a haptic device it must impart a force or torque
on the user. Newton’s 3rd law states that forces always occur in equal and opposite pairs. Keeping this
in mind, one may classify haptic interfaces into three categories based on their mechanical grounding
configuration [8].

A classically grounded device rests on a table, floor, or another static object that can be used as
leverage. They are made of mechanical linkages with rotational and translational joints. These devices
employ actuators or brakes to create forces and torques between the user and the grounding element
and are capable of producing high-fidelity feedback. An example is the statically mounted variant of
Mantis [11]. Grounded devices are well represented in the commercial market, with particular prevalence
in teleoperation with medical robotics and in nuclear fuel handling [26] [14]. However, grounded haptic
devices suffer from finite workspace constraints and are costly solutions for large operational areas [31].

Body-grounded systems account for the second major category of haptic devices. Such devices are
mounted to the user directly and use their fixture as a point of leverage for applying mechanical forces
to parts of the wearer’s body. Precise positioning and distribution of mounts and grounding forces can
induce the perception of directed forces, despite each reaction being a zero-sum Newton pair [16]. Force
fidelity and resolution are likely to be reduced in wearable systems compared to static mounts [16] [15].
Accessibility concerns pose design challenges in optimising device weight, strength, and ergonomics.

The haptic devices in the third category are not mechanically grounded and utilise linear or angular
momentum to create sensations of force. They are not required to be mounted to a table or a person’s
body to produce the desired interaction forces, thus making them highly portable. Researchers have
explored novel techniques for generating ungrounded directed force feedback, such as using jets of air
[12] or utilising asymmetric oscillation [5] [23]. These methods are relatively energy inefficient as they
either move a large amount of air or constantly add energy to a degrading mechanical system. As such,
these are typically tethered to a static power supply to avoid the size and weight of onboard batteries.
However, the idea of using gyroscopes to generate torque in ungrounded haptic feedback devices remains
relatively unexplored [24].

2.1.2 Introduction to Mechanical Gyroscopes

Before critically evaluating related work, it is important to briefly introduce relevant gyroscopic mech-
anisms. An extended technical background is given in 2.2.

This dissertation concerns mechanical gyroscopes, i.e. those that consist of a spinning rotor mounted
on a set of gimbals. The rotor maintains its axis of rotation due to the principle of angular momentum;
‘a rotating object will maintain its axis of rotation in the absence of an external torque’. Turning a
rotor about an axis separate from that of its rotation results in an orthogonal torque. This is known as
torque-induced precession.

Mechanical gyroscopes are commonly used in spacecraft attitude control - the process of controlling
the orientation of a body with respect to an inertial frame of reference [22]. Attitude control can be
achieved using various methods, including external thrusters, solar sails, and magnetic torquers - but
most pertinently to this project, reaction wheels and Control Moment Gyroscopes (CMGs).

4



2.1. RELATED WORK

Figure 2.1: A Dual Control-Moment-Gyroscope used to orientate the International Space Station [13]

Reaction wheels

Reaction wheels consist of a motorised flywheel spinning on an axis. In the context of a stabilisation
system, when turned about this axis, the flywheel experiences torque-induced precession. This causes
the system to generate an equal and opposite moment perpendicular to the flywheel’s axis of spin. The
magnitude of the moment is proportional to the flywheel’s angular deceleration. This keeps the gyroscope
on a steady heading relative to an axis.

It is possible to generate a torque about the axis of rotation by spinning the flywheel up or down.
This is how reaction wheels function. Reaction wheels are generally simpler in their design and operation
than CMGs, so tend to be more reliable. [32].

Reaction wheels possess several drawbacks. When the speed of the flywheel fully saturates, it is no
longer possible to induce a torque about at least one of the roll, pitch, and yaw axes. Reaction wheels
must be mounted along three orthogonal axes to achieve three degrees of freedom of torque generation.
They require large accelerations, heavy flywheels, and powerful motor brakes to produce substantial
torque.

Control Moment Gyroscopes

In contrast to reaction wheels, Control Moment Gyroscopes consist of a spinning rotor and one or
more motorised gimbals. The difference between reaction wheels and CMGs is that while the former
applies torque through changes in its angular momentum, the latter alters the axis of the rotor’s angular
momentum without changing its speed.

When a gimbal motor changes the axis of the rotor’s rotation, the induced torque is due to a constraint.
As a result, the rotor itself does no mechanical work. Consequently, CMGs are more power efficient for
exerting torque than reaction wheels. Mounting a flywheel on two perpendicular gimbals allows it to
rotate through multiple axes, thus allowing for torque to be generated in any direction.

Despite these advantages, CMGs and reaction wheels share some common problems. One of the
requirements of an ungrounded haptic feedback device is its ability to demonstrate transparency, which
refers to generating minimal unwanted forces and torques as the user moves the device through free space.

Due to the effect of gravity, without spatial orientation resolution (keeping the axis of spin consistent
with respect to the world), the rotor experiences a range of torques as it is moved and rotated. This
results in a loss of transparency and is not ideal in a haptic feedback device. As a result, CMGs must be
oriented relative to the ground to steer the rotor in opposing directions to counteract extraneous torques
[17].

Dual Control Moment Gyroscopes

A solution to the problem of extraneous torque in CMG systems is to add a second rotor on its own
set of gimbals, thus creating a Dual Control Moment Gyroscope (DCMG). With two rotors of equal
angular momentum moving in parallel, it is possible to cancel the components of a moment about all
but a single axis [33]. When the gimbals are stationary, a DCMG has zero resultant angular momentum,
removing the problem of unwanted torque and the need for ground orientation tracking as seen in single
CMG systems, producing a transparent device [33] [34].

The International Space Station uses a large DCMG array to maintain its orientation relative to Earth

[13].




2.1. RELATED WORK

Figure 2.2: GyroCube Figure 2.3: TorqueScreen Figure 2.4: iTorqU 1.0

Figure.2.5: TorqueScreen Ball Figure 2.6: iTorqU 2.0
Balancing Exercise

2.1.3 Existing Handheld Gyroscopic Haptic Devices

This dissertation explores the potential of using a DCMG as the basis for a directional haptic feedback
device. I have reviewed a set of existing devices to understand the advantages of such a setup. Each
example described below encompasses the moment-generating capabilities of the previously described
device.

The Gyrocube

Figure 2.2 shows the Gyrocube: an example of a three fixed-axis reaction wheel setup [32]. Tt features
orthogonal flywheels in three axes that can be positively or negatively accelerated to generate torques with
three degrees of freedom. The authors found that users encountered difficulties discerning the direction
of produced torques due to unintended gyroscopic effects. Since all three wheels were spinning, when the
angular momentum of one was changed, the other two acted as steered momentum wheels. This created
unintended moments interfering with the intended resultant torque.

The TorqueScreen

The device shown in Figure 2.3 is the TorqueScreen [20]. The TorqueScreen consists of a single-axis
CMG attached to the rear of a tablet. Its design expands on the prior work of the reaction wheel based
GyroTab [7]. By using a CMG, unlike GyroCube and Gyrotab, TorqueScreen can provide consistent
active torque-feedback, i.e., a haptic effect that can be dynamically controlled by the interactive system
on demand.

The TorqueScreen aims to create external representations of digital interactions in accordance with
embodied cognition [30], capitalising on human skills gained from prior experiences with objects in the
real world. This is evident in Figure 2.5 with the TorqueScreen’s ball balancing exercise.

Despite its vital contributions in demonstrating Jelle van Dijk et al.’s concept of ‘sensorimotor cou-
pling’ [30], the TorqueScreen possesses several mechanical shortcomings in its design. Limiting the design
to a single flywheel and axis restricts the torque feedback to a single degree of freedom and imposes un-
wanted reactive torque as the tablet is rotated (as described in section 2.1.2).

The iTorqU 1.0

The iTorqU 1.0 shown in Figure 2.4 shares the same mechanical basis as the TorqueScreen and is designed
to embody a two-handed steering wheel. Although a mechanical success, users reported that the unit
was relatively heavy relative to its discernable output torque.

6



2.1. RELATED WORK

@
Left CMG

Right CMG
L

Figure 2.7: JM Walker’s three-axis Haptic Scissored DCMG Device. [34]

The iTorqU 1.0’s gimbal design restricted the rotor diameter, resulting in an unfavourable mass-to-
moment-of-inertia ratio. Furthermore, the bandwidth of the gimbal actuator was insufficient to generate
the desired range of output torques, restricting the device’s range of motion. The actuator had a high
level of friction, making self-stabilisation and transparency challenging to achieve. It was designed with
a hobby-grade brushless motor to power the flywheel. While this meant it was capable of high-speed
operation, the motor produced noticeable high-frequency vibrations when loaded with a heavy rotor.
This was found to be a common issue amongst brushless hobby motors [17].

The iTorqU 2.0 and 2.1

Figure 2.6 shows the iTorqU 2.0; a two-axis, Three-Degrees-Of-Freedom CMG haptic device [17]. The
device features a steel rotor CMG mounted atop a tennis racquet handle, affording familiar ergonomics.
Its single-handed configuration was chosen to make torques more noticeable to the user. A separate
MEMS gyroscope was used to inform the CMG’s orientation to help achieve transparency. Torque is
generated by quickly rotating the flywheel about an axis and slowly resetting it, resulting in apparent
‘pulses’ in a direction. The rate and size of these pulses were limited in the iTorqU 2.0 due to insufficiently
powerful gimbal motors. This was rectified in version 2.1 [18].

J M Walker’s DCMG Device

Figure 2.7 shows an example of a haptic scissored-pair DCMG device. A scissored-pair setup describes
how the two flywheel gimbals rotate at equal and opposite angular velocities, crossing a common axis at
the midpoints of their movements to create an isolated torque. Similarly to the iTorqU 2.0, this device
delivers short moment pulses to invoke directional torque. However, adding a second contra-rotating
flywheel eliminates undesired torques as the device moves through space. The rotation range of each
gimbal is limited only by the wires supplying power to the flywheels’ motors.

Walker’s findings show that humans can unambiguously perceive 50Nmm moment cues generated by
her DCMG device directions with a 99.3% success rate [34]. This improves upon the 70% identification
rate of the 50 to 70 Nmm cues generated by the reaction-wheel-based GyroCube [32] as well as the 80%
rate of 60Nmm cues generated by a single-CMG device [0].

2.1.4 Research Opportunity

The advantages of DCMG-based haptic devices should be evident after reviewing the previous sections
2.1.2 and 2.1.3. Unambiguous torques, self-stabilisation, low power consumption, and 3-DOF all con-
tribute to a robust and transparent device. As such, the Gimbalscope builds upon the design of J M
Walker’s device (Figure 2.7) and feature a Dual-Control-Moment-Gyroscope.

Despite being ungrounded, none of the devices described in the section 2.1.3 are untethered. Each
device is externally powered and relies on being physically connected to a computer for its control signals.
As such, there is a novel contribution to be made in designing and evaluating a wireless, battery-powered,
haptic DCMG device.

The cost of producing the Gimbalscope must be low, and the parts should be readily available. It is
not accessible to produce the devices reviewed in the previous section without a substantial budget and
facilities. For example, Walker’s device utilises three Faulhaber Flat DC Micromotors with integrated
encoders for its gimbal actuators which currently retail for approximately £100 each[2].




2.2. TECHNICAL BACKGROUND

Furthermore, the performance characteristics of the Gimbalscope should be assessed using low-cost,
readily available components. For an example of this necessity, the iTorqU 2.0’s calibration tests were
performed using an AMTI HE6X6-10-5 6-DOF grounded force/torque plate, a device unavailable to the
public.

To further increase the accessibility of reproduction, the body of the Gimbalscope shall be 3D printed
using PLA and assembled using standard metric nuts and bolts. The CAD files, circuit diagrams, and
source code shall be freely available.

2.2 Technical Background

2.2.1 Mathematical Background

To quantify the torque generated by the Gimbalscope, it is necessary to provide a brief mathematical
background on Control Moment Gyroscopes. It is crucial to show how it is possible to isolate a moment
to a single axis. The following section shows how we derive the torque of a scissored-pair DCMG with
a fixed central gimbal. This is demonstrated by working towards the general expression for a two-axis
DCMG, before simplifying the expression to describe the fixed-gimbal-during-motion setup used by the
Gimbalscope.

Using scalar notation, the angular momentum of a uniformly dense spinning flywheel F' of mass mp,
radius 7, and rotational frequency f may be given by:

L =7mmpfr? (1)

However, we are working with vectors with respect to a Newtonian reference frame N. As such,
angular velocity w of a spinning flywheel F' may be defined using rotational frequency if the direction of
spin is known:

NGF = onf, (2)
N[LF/O tq represent the existence of refer-
Feom

Angular momentum L may more accurately be notated as

ence frame N and an origin O. This requires defining the dyadic product of the flywheel’s inertia IF/
where F,,, is the centre of mass of flywheel F.

NJF/O _ [F/Feom N 3F _ [, (3)

Altering the direction or magnitude of flywheel F yields a torque Y T/©_ If the central point of the
torque remains stationary throughout the motion, the resultant torque is given by the rate of change of
angular momentum:

NFF/0 _N 7F/0 4

T =" L o (4)
If we spin flywheel F' and rotate its gimbal by an angle 6 across any two orthogonal axes, a resultant
torque is summoned in the third. Describing this requires considering the possibility of the flywheel centre
of mass F,,, moving through the space of N. This involves redefining angular momentum ~ LF/0 as well
as introducing the flywheel’s potential translational velocity N#Feem as a factor. Angular momentum is

given in equation 5, and resultant torque is given in equation 6 in its differentiated form.
NJF/O _ I:"F/me N

&+ mp Niheom (5)

= = = ~F
NFF/O _ [F/Feom . NgF 4N 5F (I"F/Fcom.Nw ) N

+mp r xV @leom (6)

Where V@f is the angular acceleration experienced by the flywheel in N from the perspective of a
projection in a single axis, whereas N@feem is the flywheel’s translational acceleration in N. To simplify
this expression, we shall assume that the flywheel has a constant scalar rotational frequency f and the
gimbals have negligible inertia. Disabling one of the gimbals and locking its rotation allows us to look at
a case where the orientation of the flywheel only changes in a single axis. As suclg, we may assume the

flywheel’s z and y orientation to be constant. This lets us remove the dyadic term TF/Feom and re-express
NTF/O a5 the sum of the radial and axial moments of inertia I, and I, respectively.
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X — X
—y —y
—z — z

Torque In Axis

]

Time Time

(a) Single CMG (b) Scissored-pair DCMG

Figure 2.8: Sketches of the moments generated by a CMG and DCMG rotating forward and slowly
backwards on a single gimbal through angles —6 to 6.

NTF = Lo & — I.dwcos(8) y — I éwsin(f) 2 (7)

Where ¢ denotes the angular velocity of the active gimbal and Z describes the current z component
of the flywheel’s orientation.

Given that the gimbal rotates the flywheel about the = axis through —6 to 6, the resultant net torque
would only be about the y axis. However, it is worth noting that this is the resultant torque, and applies
only when each instantaneous torque component is integrated over the course of the movement.

Equation 7 contains terms for a z component of a moment. When evaluating the torque vector at
almost any time throughout the motion, the unwanted z component is evident. As shown by the sketch
in Subfigure 2.8a, the component oscillates in its direction as the gimbal moves and is the cause of
transparency-reducing unwanted torques inherent in CMGs as discussed in Section 2.1.2.

It is possible to eliminate the effect of undesired torque components by introducing a second gyroscope
and creating a DCMG. A second flywheel is spun in the opposite direction and rotated through a reverse
trajectory of the first flywheel. This causes each CMG to create a positive torque in the y direction,
while the second CMG generates torque components around the x and z axes equal and opposite to
those produced by the first CMG. When both flywheels have identical moments of inertia, the orthogonal
components will cancel out completely. This can be seen in Subfigure 2.8b. As such, assuming constant
flywheel speeds w, we may define the instantaneous torque vector of a DCMG as:

NTFIO — 21, ¢ wcos(f) (8)

The absence of unwanted components enables a scissored-pair DCMG to attain greater angles of
rotation and higher speeds, resulting in powerful moments around a single axis. Moreover, since the two
flywheels are rotating in opposite directions, the overall angular momentum of the system is zero when
the gimbals are stationary. As a result, the device does not oppose external rotations of the entire system,
unlike reaction wheels and single CMGs. This would afford a haptic device full transparency.

2.2.2 PID Controllers

Proportional-Integral-Derivative (PID) systems are a widely used control mechanism in engineering. A
PID controller is designed to continuously adjust the output of a system based on feedback from its
inputs, ensuring that the system remains stable and responsive to changes in its environment.

The Proportional component of the PID controller provides a direct response to the difference between
the target and the current value of a process variable. For example, the target versus current angular
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velocity of a gimbal motor. This response is proportional to the magnitude of an error signal, resulting
in a greater correction for greater errors.

The Integral component of the controller accumulates an error signal over time and adjusts the output
accordingly. This helps to eliminate any steady-state error that may exist in the system.

The Derivative component of the controller predicts the system’s future behaviour by analysing the
rate of change of an error signal.

Often, controllers are designed using only two components of a PID system, referred to as either PI
or PD controllers, including either integral or differential control components, respectively.

Compared to other control methods, PID systems are simple, robust, and versatile. They can be
implemented using analogue and digital technology. However, the design of a PID system requires
careful tuning of the controller parameters to ensure optimal performance. This involves adjusting the
proportional, integral, and derivative gains to achieve the desired response characteristics.

2.2.3 Quadrature Encoders

Quadrature encoders are devices fitted to the shafts of motors which, when used in conjunction with a
microcontroller, allow for real-time reading of the motor’s orientation. Quadrature encoders function by
generating two digital signals, A and B, which are 90 degrees out of phase as the motor shaft rotates.
Knowing the state of A and B makes it possible to logically deduce the direction the motor shaft is
spinning. It is usually necessary for these state updates to trigger an interrupt on the microcontroller.

2.2.4 Brushless motors and ESCs

Brushless motors require dedicated motor controllers because they operate differently from traditional
DC motors. In a traditional DC motor, a commutator and brushes alternate a current to rotor coils,
which generate a magnetic field that produces torque. However, brushless motors require three-phase
power, which demands a polyphase alternating current. Brushless ESCs (electronic speed controllers)
manage this process [25].

Brushless motors have a higher power-to-size ratio than brushed motors, making them more suitable
for driving flywheels in a CMG device. Furthermore, brushless motors are generally more efficient than
brushed motors due to their use of electronic commutation instead of mechanical commutation. As
a result, they generate less heat and friction, which improves overall efficiency. This is important for
battery-powered devices.

2.2.5 Lithium Polymer (LiPo) Batteries

Lithium Polymer batteries are a type of rechargeable battery known for their high energy density and
high discharge characteristics. This makes them an ideal candidate for powering the Gimbalscope.

Despite their advantages, LiPo batteries are potentially dangerous if not handled properly. They can
catch fire or explode if overcharged, punctured, or damaged. In such a situation, the smoke released
is toxic and carcinogenic [19]. Less dangerously, LiPo batteries experience voltage drop as they are
discharged and as such, deliver less power to a circuit as their charge depletes. This drop is proportional
to the number of cells there are in the battery.
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Chapter 3

Gimbalscope Design and
Implementation

This chapter encompasses the design and workings of the Gimbalscope, as well as exploring the design
decisions I made during the development process.

To summarise what has been learned in Chapter 2, the Gimbalscope is to fulfil the following require-
ments:

1.
2.

9.
10.

The device must be able to be held in a single hand, regardless of the user’s handedness.

The device must be untethered, requiring no external physical connections between itself and a
controller or power supply.

The device must be controllable in real-time.

The device must produce unambiguous torque output with no undesired components outside its
intended torque axis.

The device must be transparent to the user, generating no undesired torques as it is moved and
rotated through space.

The device must be developed and evaluated with free-to-use, open-source software.

The device must be constructed using readily available, open-standard and open-source compo-
nents.

The device must have its schematics freely accessible to allow for its reproduction.
The device must be safe to operate.

The device should resemble an object familiar to most users, affording intuitive use.

The above points are referenced when a requirement is fulfilled throughout this chapter, indicated
using angle brackets: e.g. (req 1).

11
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Figure 3.1: The Final Prototype of the Gimbalscope.

Figure 3.2: USB Radio Transceiver Dongle.

The Gimbalscope is shown in Figure 3.1. It features a scissored-pair DCMG atop the handle. Each
flywheel is mounted to a gimbal motor, which itself is mounted to a structure attached to the central
gimbal servo. Batteries are stored in the central column, which also serves as the device’s handle. A
momentary switch and push button are input methods, placed at the user’s index finger and thumb
positions. The thumb push button controls a front-facing laser pointer. The bottom section houses the
majority of electronics required to operate the device. The Gimbalscope makes use of multiple Arduino
microcontrollers and peripherals. The Gimbalscope is remotely operated from a PC using a digital radio
communication protocol. This is facilitated with the USB transceiver dongle seen in Figure 3.2. the
Gimbalscope’s upper gimbals and flywheel motors operate at a nominal 12V, while the electronics and
central gimbal servo operate at 5V. A complete circuit diagram is given in Figure 3.3.

3.1 Onboard Arduinos

The Gimbalscope uses an onboard Arduino Mega 2560 and an Arduino Micro as programmable micro-
controllers, connected via the serial UART pins. The Arduino Micro is a dedicated radio operator. The
Arduino Mega is the primary microcontroller, governing gimbal rotation, flywheel speed, user input, and
orientation tracking. I programmed the Arduinos using C and uploaded the code to the boards using the
Arduino IDE.

12
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ONBOARD ARDUINOS
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Figure 3.3: Gimbalscope Onboard Circuit Diagram (req 8)
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Arduino Mega 2560

An Arduino Mega 2560 runs the primary control loop of the Gimbalscope. It controls all other onboard
components except for the RDM69IHCW radio transceiver. I chose the Arduino Mega as the primary
microcontroller for this project because of its number of interrupt pins, serial ports, and compatibility
with standard shields. The control loop runs at a ‘best effort’ rate to control attached components as
precisely as possible. The Arduino Mega features six interrupt pins, two of which are used for the SDA
and SCL I2C pins. This is sufficient for the four pins required to receive interrupts from the upper gimbal
motors’ quadrature encoders. This would not be possible with other common boards such as the UNO
and Leonardo. Software serial was not appropriate due to the performance requirements of this real-time
control system. The open-source design and ubiquity of Arduino boards guarantee their accessibility (req
7).

Arduino Micro

An Arduino Micro serves as a dedicated controller for the onboard RDM69HCW radio transceiver. I
found that the Micro’s small form factor and low weight make it ideal for this purpose. There are two
reasons for the existence of this controller. Firstly, the radio requires an interrupt pin, and the Arduino
Mega does not have sufficient pins while operating the two quadrature encoders and 12C bus. Secondly,
the Micro frees up processing time for the Arduino Mega. Sending and receiving radio commands is a
relatively time-expensive process. By delegating this task, the control loop is able to run at a greater
frequency, granting improved gimbal control.

Motorshield

An Adafruit Motorshield V2 is mounted to the Arduino Mega via its SDA and SCL pins, utilising the 12C
communication bus. The Motorshield is capable of taking an input voltage of between 6V and 12V. The
Motorshield is used as a motor controller to actuate the upper gimbals, composed of two 12V brushed
micro metal gear motors with a 100:1 reduction ratio.

I trialled two alternative motor controllers during development. These were the SparkFun Dual
TB6612FNG Motor Driver (3.2A peak) and the BBB Beetleweight Brushed ESC v3 (13.0A peak). Both
controllers could handle 12V, but issues arose which made them unsuitable gimbal motor drivers.

Despite its advertised peak current, the SparkFun driver did not perform well when commanded to
suddenly stop or reverse an attached motor’s direction. The back-EMF frequently overloaded its H-bridge
MOSFET, releasing smoke in the process. Not only did this make for an unreliable gimbal driver, but it
was dangerous to users.

To attempt to rectify this issue, I tested the heavier-duty BBB ESC. Designed for use in combat
robotics, this ESC had no such reliability issues. Despite this, the ESC’s firmware did not allow for
sudden changes in motor direction, most likely for safety reasons in its intended use case. Changing
motor direction required sweeping the input PWM duty cycle from 45% to 55% at a minimum rate of
1% per 2ms. This was not conducive to fine motor control. Furthermore, this ESC is not of standardised
design nor readily available outside the United Kingdom. As such, if I were to use it, it would hinder the
project’s goal of using accessible components.

The Motorshield struck a balance between these other controllers. Instead of using an Arduino’s PWM
pins, the shield has a dedicated PWM driver chip, handling all motor speed controls over 12C. Despite its
H-bridges being rated for 3A peak current, the shield’s internal kickback protection diodes proved to be
reliable, allowing for high-resolution motor control and sudden halts. The Motorshield supports centre
braking, and its open-source design guarantees its accessibility (req 7), (req 9).

3.1.1 Power

The Gimbalscope uses a pair of Tattu 3s 450mAh LiPo batteries in parallel as its onboard power supply
(total 900mAh capacity) (req 2). A battery is shown in Figure 3.4. The LiPos deliver a nominal 12V and
power the upper gimbal motors via the Motorshield and the flywheel motors through a pair of brushless
ESCs. Per their specifications, the microcontrollers and central gimbal servo run at 5V. This is supplied
using a BEC (Battery Elimination Circuit); a DC-DC voltage regulation component.

Section 2.2.5 describes the safety issues of LiPo batteries. To insulate against lithium fires, I packed
the batteries in multiple layers of fire-retardant woven fibreglass, shown in 3.5. This had the added benefit
of protecting the batteries against puncturing inside the Gimbalscope. Furthermore, I fitted a ‘removable
link’ with inbuilt fuse to the Gimbalscope, made using a section of 15A car fuse and xt-30 connector,
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Figure 3.4: Tattu 3s 450 mAh LiPo with xt-30 Figure 3.5: Pair of Tattu 3s 450 mAh LiPos packed
connector. in woven fibreglass.

Figure 3.6: Removable xt-30 15A fuse link.

shown in Figure 3.6. Plugging the link into the device completes its power circuit. The fuse provides
over-current protection and safeguards against short circuits. LiPos can become unstable if discharged
too low. To prevent this, I wired a mini digital voltmeter with an LED display across the terminals of
the power supply and mounted to it the rear of the Gimbalscope. This let me know when the batteries
should be replaced (req 9).

3.2 Flywheel Design and Operation

Each flywheel is 3D printed and composed of uniformly solid PLA, with a diameter of 50mm, height of
15mm, weight of 30g, and a concave press-fit inset to house a brushless motor in the centre (Figure 3.7).
Each 1806 2300KV brushless motor weighs 18g and is controlled by an open-standard 30A BLHeli-S 2-4S
Oneshot ESC. Assuming the density of the brushless motor’s rotor is similar to PLA, each flywheel has
a moment of inertia of 9.4 x 10 ~6 kgm? in its axis of spin, and has approximate maximum speed and
angular momentum of 27,000 RPM and 1.6 kgm?s~! respectively.

As a result, given that the gimbal motors have an angular velocity of 400° s ' and move through
180°, the Gimbalscope is able to produce a parabolic torque with an approximate peak of 22.3Nm over
the course of 450ms. Without the PLA flywheels, under the same conditions, the Gimbalscope would
produce an approximate peak torque of 0.150Nm. This maximum torque is greater than what is possible
with the GyroCube, iTorqU, and J M Walker’s device [17][18][34].

It should be noted that a greater torque magnitude is needed due to the Gimbalscope’s mass. The
Gimbalscope is larger and weighs more than Walker’s device, at 912g to 198g [34]. I calculated the
approximate moments of inertia about the x, y, and z axes to be 1.8 x 1072, 1.9 x 1072, and 1.8 x 1072
kgm? respectively, using a process described in section 3.4. This is an order of magnitude greater than
the moments of inertia of J M Walker’s device at 1.2 x 1073, 6.5 x 1073, and 4.6 x 1072 kgm? for the
X, y, and z axes respectively. As such, larger torques are required to overcome the Gimbalscope’s inertia.
Note that inertial measurements will change when the gimbals are in motion. Furthermore, since the
Gimbalscope is designed to be held with a full-hand grip instead of with a pinch, haptic cue torque must
be large enough to influence a user’s kinetic chain up to the wrist.
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Figure 3.7: PLA flywheel with a press-fit brushless motor.
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The flywheels went through multiple design iterations before their final form. J M Walker’s devices
did not use flywheels, instead relying on the inertia of the rotors of the brushless motors [33] [34].
However, these devices were comparatively light relative to the Gimbalscope due to their lack of onboard
components. If the Gimbalscope did not use its printed flywheels, due to the inertia of the device, the
angular impulse imparted on its body would be insufficient to be perceived by all users. Figure 3.8 shows
a sample of flywheel designs trialled during development. It should be noted that the present gimbal
motor mount was a limiting factor for flywheel designs during development. As such, I designed mounts
and flywheels in parallel. All mounts are 3D printed.

(a) Test mass designed to initially investigate motor (b) M12 metric nut mounted to threaded Ninjaflex
behaviour. filament flywheel.

(c) M14 metric nut mounted to threaded flywheel
attached with motor manufacturer’s prop shaft and (d) M28 metric nut mounted to threaded flywheel
bolt. press-fit over the brushless motor.

Figure 3.8: Sample of flywheels trialled during the Gimbalscope’s development.

To accommodate the increasing size of flywheels, I designed several iterations of the flywheel gimbal
motor mounts. The iterations can be seen in Figure 3.9. The final flywheel design is stable across the
full range of motor saturation and, as such, can safely produce the greatest range of torques.

Subfigure 3.8a was the first mass designed to sit atop one of the brushless flywheel motors. I created
it with the purpose of understanding how the vibration and acoustic characteristics of the motor change
with an object mounted to it. The mass was not designed to be press fit, instead featuring a concave
section and holes to secure it to the top of the motor with M2 metric bolts. Despite the test mass
increasing the perceptible torque of the Gimbalscope, spinning the motor at even 20% saturation would
cause loud noise and vibrations throughout the system. This was not desirable.

Two factors were subsequently investigated to attempt to reduce vibration, material hardness and
motor speed; on the basis that a less rigid material would produce a dampening effect. A greater and
more radially distributed mass would grant the flywheel a more advantageous moment of inertia for
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Figure 3.9: Gimbal flywheel mount design iterations.

generating torque. The result is Subfigure 3.8b, a 3D printed Ninjaflex TPU threaded mount with an
attached M12 steel metric nut. This flywheel performed better than the previous design as it produced
greater output torque. However, the Ninjaflex material had a negligible vibration-dampening effect and,
even at lower speeds, the device was still uncomfortable to use. A third iteration, (depicted in Subfigure
3.8¢) was tested with similar motivations. This mass was mounted to the motor using the prop adapter
machined by the manufacturer, with the goal of eliminating an imperfect mount as a causal factor for
vibration. However, there were no noticeable performance improvements.

I created a device named the mechanical analysis module to characterise the Gimbalscope’s vibrations
(described in Section 3.19). With the aid of this module, I discovered that vibrations were more prevalent
when the centre of mass of the flywheel was greater than the height of the motor. As such, the current
flywheel and that depicted in Figure 3.8d were created to keep the setup’s centre of mass as low as
possible.

The fourth flywheel in Subfigure 3.8d weighed 120g and could create substantial torque at just 10%
saturation. However, at speeds greater than this, the device became uncontrollable and unsafe to use.
Furthermore, because of the flywheel’s mass, the gimbal motors did not have enough torque to remain
stationary during centre-braking and required the PID system (discussed in 3.3) to continuously adjust
motor power, overheating the gimbal motors. Due to its lower mass and greater width, the final flywheel
design has a more optimal moment of inertia than this flywheel. The gimbal motors are stable in their
operation and at rest. The current flywheel’s balanced and press-fit design results in lower systemic
vibrations, lower noise, and greater safety (req 9).

3.3 Gimbal Design and Operation

The Gimbalscope features a pair of standard 12V micro metal geared motors with quadrature encoders
at 100:1 reduction ratio to actuate the flywheel gimbals. A Bluebird BMS-620MG Metal Gear Analogue
Servo is used to actuate the central gimbal. This arrangement is highlighted in Figure 3.10 (req 7).

As stated in section 3.1, each quadrature encoder is connected to a pair of interrupt pins on the
Arduino Mega. Hall-effect sensors provide 12 counts per revolution of the motor shaft. Each count
triggers an ISR (interrupt service routine), which increments or decrements a volatile counter depending
on the direction of rotation. Every update loop, this counter is used to calculate the current orientation
of the gimbal motors. A PI (proportional integral) controller sets the gimbals’ target orientation and
angular velocity. Contrastingly, the orientation of the central gimbal servo is specified using a PWM
signal from a digital pin on the Arduino Mega. Unlike the flywheel gimbals, it has no closed-loop control.

The PI system defines gimbal motor angular velocity as RPM. To estimate a gimbal’s RPM, a rolling
average of the last 100 polls is calculated every cycle of the main update loop. This informs the Adafruit
Motorshield, adjusting supplied motor power by a specified gain factor.

During development, I encountered several issues with gimbal control methods. The Gimbalscope’s
DCMG is arranged in a scissored-pair setup. This requires the flywheel gimbals, at any one time, to be
of opposing orientation and equal and opposite angular velocity. If this is not the case, the generated
torque may not be isolated to a single axis as demonstrated in Figure 2.8b.
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Upper / Flywheel Gimbal Motors

. Lower / Central Gimbal Motor

(a) D-Shaft coupler CAD model (b) D-Shaft coupler after prolonged use.

Figure 3.11: Upper Gimbal D-Shaft Coupler

Gimbal synchronisation problems occur when the Arduino Mega cannot service encoder interrupts on
demand, resulting in ambiguous torques. To rectify this, I wrote the ISRs to be as efficient as possible,
avoiding any reference to complex datatypes. Additionally, I used the PI controller to limit gimbal
motor RPM to that of an experimentally-determined reliable maximum speed - one in which the tracked
orientation during actuation does not drift or falter over time. Furthermore, I designed the system such
that serial read/write operations between the Arduino Mega and Arduino Micro radio operator are not
performed while the gimbals are in motion. This is because the serial UART uses interrupts, which take
priority over encoder ISRs. Instead, I implemented a spooler to manage radio commands between the
Arduino Micro and Arduino Mega (req 4).

Mechanical factors also caused synchronisation issues. As described in Section 3.7, the flywheels are
connected to the gimbal motors using 3D-printed PLA shaft couplers. Slipping on these shaft couplers
causes the orientation of the flywheels to differ from that of the motor shaft. As such, I designed shaft
couplers to press fit the 3mm diameter D-shaft of an n20 gear motor and feature threaded metric M3
heat inserts to secure the connection with grub screws. The shaft coupler is shown in Figure 3.11 (req 4).
However, over prolonged use, the PLA D-shaft socket did not retain its original shape due to deformation,
requiring frequent replacements, evident in Subfigure 3.11b).

The central gimbal servo is connected to a 5V BEC. It receives a PWM signal from one of the Arduino
Mega’s digital pins, as seen in the circuit diagram Figure 3.3. Due to the lack of closed-loop control and
low resolution offered by the BMS 620MG, I found it to be unsuitable for precise movements, unlike the
flywheel gimbals. T chose to use a servo as the central gimbal actuator due to having no free interrupt
pins to support a third closed-loop motor and encoder when the Adafruit Motorshield is used. An early
prototype of the Gimbalscope utilised a central motor and encoder as shown in Figure 3.12. It should be
noted that this version did not use the Motorshield and was instead using BBB Brushed ESCs connected
to digital PWM pins.

I made the decision to not use the Motorshield’s dedicated 5V servo pins. This is because power is
supplied via the Arduino’s onboard voltage regulator, and the current drawn by the servo exceeds the
safety rating. I found the gimbal servo to ‘twitch’ while powered, causing unintended haptic sensations.
This was due to a damaged potentiometer. The twitch was mitigated by only sending a signal to the
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Figure 3.12: Early Gimbalscope Prototype with motor and encoder pair for central gimbal control.

servo when it had to be to be rotated, centred, or braced (powered but stationary) (req 5). Bracing is
needed as large horizontal torques can overcome the resistance of the servo gearbox.

The process of generating a torque is composed of three states; Load, Fire, and Reload. Progression
to the next state is locked until both flywheel gimbals have completed their movements. The Load state
instructs the flywheel gimbals to move to their defined start orientations at a slow speed (i.e § and —6
for a lateral torque orthogonal to the device’s vertical axis) and sets the central gimbal’s orientation for
all three states. The Fire state instructs the flywheel gimbals to rotate to a pair of target orientations
(i.e —0 and 0) at a given angular velocity, generating a perceptible torque. The Reload state instructs
the flywheel gimbals to slowly move back to their start orientations.

3.4 Calculating Moments of Inertia

Calculating the moments of inertia of certain objects is relatively simple given some assumptions. For
instance, the radial inertia I, of a uniformly dense flywheel with mass mp and radius » may be given
by:

1
I, = imF r? (1)
However, it is much more complicated to calculate the inertia of irregular 3D volumes with uneven
weight distribution. Solutions exist within CAD packages [3] [4], but the software is often proprietary

and requires a specially designed model. As such, I wrote a script in Python to numerically estimate the
X, ¥, and z moments of inertia of an object.

An object may be treated as a 3D arrangement of point masses. The moments of inertia in the roll,
pitch, and yaw axes may be calculated by summing over every point relative to the object’s centre of
mass, as described below:

I, = ka(yi + ZI%) (2)
k

Iy, = ka(l’i + zi) (3)
k

L. = ka(x% + yl%) (4)
k

To perform these calculations in Python, I first had to create a volume of point masses. I accomplished
this by using the Drububu Online Voxelizer to convert an OBJ model of the Gimbalscope to a list of
voxel coordinates [1]. Knowing the height of the Gimbalscope, I perform a scale factor operation on the
voxel coordinates, converting the points to SI units. The ~15K point masses are displayed in Figure 3.13.

Once imported, to improve the accuracy of the approximation, I marked the bottom, middle, and top
sections to have masses of 412g, 150g, and 350g respectively - values close to the actual mass of each
section. I defined point masses in each section to have mass m,,, given by the equation:

m
mp = WS (5)
where my is the mass of the section and NV is the number of points in a section. These volumes are
coloured and shown in Figure 3.14.
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3.4. CALCULATING MOMENTS OF INERTIA
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Figure 3.13: Gimbalscope point masses displayed in matplotlib 3D scatter plot.
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Figure 3.14: Gimbalscope point masses displayed in matplotlib 3d scatter plot, colour coded by part.

I calculated the approximate moments of inertia about the x, y, and z axes to be 1.8 x 1072, 1.9 x
1072, and 1.8 x 10~2 kg m? respectively.
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3.5. WIRELESS COMMUNICATION

3.5 Wireless Communication

The Gimbalscope sends and receives information via 900MHz radio facilitated by a pair of Adafruit
RFM69HCW transceiver modules (req 2). The USB radio dongle (Figure 3.2) has a circuit diagram
shown in Figure 3.15. Commands and telemetry are transmitted to and from the Gimbalscope. Wireless
communication is handled using a request / acknowledge paradigm. The dongle receives commands from
a Unity environment running on the controller PC with the aid of the Ardity package, written in C#.

Arduino parses characters in the 8-bit ASCII format, whereas C# and .NET parse characters in
the 16-bit UTF-16 format. To avoid miscommunication, commands are described as a string with each
character explicitly cast to 8-bit representation. Each command is composed of a fixed length of bytes
specifying the command function and a variable length of trailing bytes specifying parameters. The
resultant stream of bits is transmitted via radio utilising Manchester encoding. The command is received
and decoded by the Arduino Micro’s radio transceiver and spooled via UART to the Arduino Mega
where it is parsed. This allows the Unity environment to communicate with the Arduino. This process
is reversed to send telemetry, requests, and acknowledgements back to the controller. It is necessary to
allow a delay of ~2ms between read operations to give time for the serial buffer to populate.

The Gimbalscope features a wireless emergency stop, activated by the red safety button in Figure
3.2 and represented by the switch in Figure 3.15 (req 9). Pressing this button sends a command to the
Arduino Micro, setting a digital pin connecting to the Arduino Mega to high. This pin is polled by the
Arduino Mega every update loop. If it detects a high input, a flag is raised to halt all gimbal motors
and activate the flywheel brakes. Regular operation is resumed by resetting the switch button. The
emergency stop procedure is handled this way to avoid waiting for the command to be spooled in a queue
with non-emergency commands. The complete circuit diagram 3.3 shows the serial UART and emergency
pin connections.

Arduino UNO REV3
— PINO SCL f—
— PIN2 SDA |-
PIN4 AREF =
GND =
SCK RDMB9HCW 900MHz Radio Transceiver
12/MISO
— RESET 11/MOSI Vin Gl =
-3V 10 p= GND G2 =
bl 5V 9= — EN G3 =
GND 8= GO0 G4 =
GND I SCK G5 =
Vin 6 = MISO
= iF &S
10 kQ a0 3
— A3 2=
— A4 1/ TX =
— A5 0/RX |~
oo

Remote Emergency Stop Button

Figure 3.15: Radio Transceiver Dongle Circuit Diagram (req 8).

During development, I trialled utilising a wireless LAN using the ESP8266 WiFi breakout board and
TP-Link TL-WR710N pocket router to facilitate wireless communication. I found this to be less reliable
than digital radio. The router did not provide the plug-and-play capability offered by my radio dongle,
nor did it provide the range.

3.5.1 Orientation Tracking

Gimbalscope spatial orientation tracking uses an Adafruit L3GD20 three-axis Gyro connected to the
Arduino Mega via 12C. The three-axis gyro is located centrally in the Gimbalscope’s electronics bay and
measures instantaneous angular velocity. An orientation estimation is given by numerically integrating
the measurement on each update loop of the Mega. Drift in the gyro’s readings is mitigated through a
calibration process in which the device is held stationary, and a sample of 1000 measurements is taken
over a known time. The mean drift of angular velocity per second is calculated and used to augment
future measurements.
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3.6. USER INPUT

I initially planned to use the MPU 6050 9-DOF IMU, however, the boards I trialled were electrostatically-
sensitive and would often cease functioning inside the Gimbalscope. This caused orientation tracking to
fail frequently and IMUs had to be regularly replaced. However, I found a use for the MPU 6050 in
creating the Mechanical Analysis Module (section 3.9).

3.6 User Input

The Gimbalscope features a trigger and thumb button for user input, located at the index finger and
right-hand thumb positions. A green LED is lit when its buttons may be pressed. The following inputs
are available:

e Cue Request: A haptic cue may be requested by quickly pulling and releasing the trigger akin to
a mouse click.

e Target Selection: In the target identification experiment, a target may be selected by holding the
trigger for at least one second.

e Laser Pointer: The onboard class 1M laser pointer may be activated by holding the thumb button.

e Gyro Calibration: The onboard three-axis gyro may be re-calibrated by holding the trigger and
thumb button for at least one second. This also activates the laser pointer.

The Gimbalscope uses a class 1M laser pointer because its point is safe for viewing with the naked
eye (req 9). Despite this, the laser should not be magnified or aimed at other people.

3.7 Chassis Fabrication

The Gimbalscope is designed to resemble an object familiar to most users to afford its intuitive use. As
such, I designed it to mimic the shape and balance of a power drill and provide feedback similar to that
of a joystick (req 10). I designed the Gimbalscope to be light enough to be comfortably handheld and
for easy maintenance (req 1). Figure 3.16 shows the design influences.

Figure 3.16: Gimbalscope form factor influences. Joystick (left), Gimbalscope (centre), and a power drill
(right).

I designed the Gimbalscope as per the Canadian hand tool ergonomics guidelines [10]. It weighs less
than a typical hand drill at 912g and is balanced along its vertical axis, requiring minimal effort in the
wrist and forearm to hold in a usable position. The straight handle allows for safe applications of force
perpendicular to the wrist (req 9).

All structural components of the Gimbalscope are 3D printed and feature self-tapping metric ma-
chine screw holes for M2, M3, and M4 bolts. The device can be non-destructively disassembled and
re-assembled. I found this to be a significant benefit during development, as new components could be

22



3.8. COMMAND AND CONTROL ENVIRONMENT

fabricated and installed with relative ease. All components are designed to be printed without requiring
supports. An assembled CAD can be seen in Figure 3.17, where protruding cylinders indicate screw holes
to be subtracted.

I designed components using Microsoft 3D Builder and Autodesk Fusion 360. 3D Builder is a low-
fidelity CAD package that allowed me to rapidly prototype components. Successful parts were remodelled
and collated in Fusion 360, which enforces consistent design standards. This helped ensure that printed
components could be tightly slotted together during assembly, increasing structural integrity. Despite
the fact that Fusion 360 is a proprietary piece of software, educational licenses are available and the vast
majority of design was carried out with 3D Builder. Note that .stl files can be exported with the free
version of Fusion 360.

.
o SO o

Figure 3.17: CAD of the final iteration of the Gimbalscope, shown in 3D builder. Protruding cylinders
indicate machine screw holes.

3.8 Command and Control Environment

Command and control of the Gimbalscope is dictated through a Unity environment running on a computer
with an attached radio dongle. The environment provides a GUI for users to set parameters and send
commands, such as setting gimbal angular velocity or ordering the device to enter its Fire state. The
GUI is shown in Figure 3.18. Commands may be sent to the Gimbalscope through the environment’s
GUI or requested by the device’s user (req 3).
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3.9. MECHANICAL ANALYSIS MODULE
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Figure 3.18: Unity command and control environment during the threshold of discrimination experiment.

I used Unity because of its 3D environment and comprehensive API, granting a pre-existing context
in which to perform orientation resolution calculations with respect to target position vectors. This was
crucial for facilitating the target identification experiment described in section 4.3. In the environment,
the present orientation of the Gimbalscope tracked by its three-axis gyro is displayed with a graphical 3D
representation. This allowed me to check for discrepancies between the estimated and actual orientation
of the device in real-time, and re-calibrate the three-axis gyro if needed.

Orientation telemetry is received as Euler angles. However, Euler angles are susceptible to gimbal
lock - a situation in which axes of two angular rotation components are aligned, resulting in no unique
solutions to a given orientation. Unity provides a robust utility to convert Euler angles to quaternions.
Quaternion rotations can be composed and interpolated without the risk of encountering gimbal lock,
making them a more robust and reliable method for representing orientation in 3D space. As such,
orientation resolution calculations are performed using quaternions. Using the radio transceiver, the
Gimbalscope’s Arduino Mega can offload orientation resolution calculations to the Unity environment,
freeing up resources and keeping its control loop as fast as possible.

The existence of the command and control environment makes the Gimbalscope task-agnostic. It is
not necessary to upload new code to the onboard Arduinos to perform a new task or experiment. The
Gimbalscope is a general-purpose input/output device. As such, user experiments can be written entirely
within the Unity environment, significantly reducing the time taken to design experiments and improving
technical consistency across experiments.

Using Unity reduced development time compared to using a less comprehensive environment such as
Processing. Furthermore, the accessibility of the Unity platform makes it easier for people who seek to
reproduce the Gimbalscope to download, run, and make changes to the control software (req 6).

3.9 Mechanical Analysis Module

I designed the Mechanical Analysis Module to quantify the torque and vibration characteristics of the
Gimbalscope. It is a component external to the Gimbalscope, consisting of an Arduino UNO and MPU
6050 IMU. The module connects to a computer via USB through a COM port. Telemetry is sent via the
COM port at a baud rate of 28,800 and logged to a file by a Python script. Logged telemetry is analysed
and plotted using the matplotlib Python package. Figures 3.19 and 3.20 show the module and its circuit
diagram.

I designed the Mechanical Analysis Module as a low-cost and accessible alternative to the profiling
equipment used to evaluate J M Walker’s DCMG device [34] and the iTorqU 2.0 [17], described in section
2.1.4 (req 6) (req 7). The module aims to approximate the behaviour of a multi-axis force/torque sensor
as well as a vibrometer.
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Figure 3.19: Mechanical Analysis Module Figure 3.20: Mechanical Analysis Module Circuit
Diagram

The MPU 6050 is a 6-DOF device featuring an accelerometer and MEMS gyroscope. As part of the
analysis module, the accelerometer is used to record vibration telemetry, and the gyroscope is used to
measure angular velocity as an analogue to torque. To ensure accurate telemetry, the module is bolted
to the Gimbalscope’s handle using a concave 3D printed mount, ensuring it is secure during operation.
The mount ensures placement of the module on the Gimbalscope is consistent between trials.

The reliability issues I encountered with my MPU 6050 boards were inconsequential when used inside
the Gimbalscope for orientation tracking. Since the module is external, if a board malfunctioned, I could
quickly and easily replace it.

I found the Mechanical Analysis module to have two significant limitations. Firstly, the module can
only measure the effect of a torque pulse on the Gimbalscope’s orientation, not the moment itself. A
reading can only be ascertained when the Gimbalscope is gripped lightly. As such, approximate torque
must be mathematically calculated with the equations given in section 2.2.1. Secondly, paired with the
Arduino Uno, I found that the module has a maximum accelerometer sample rate of 300 Hz. This limits
the fidelity of readings when profiling high-frequency vibrations. However, this rate does not apply to the
MPU’s three-axis gyro, which could be sampled at 1KHz. These sample rates are below the advertised
specification (1IKHz and 8KHz for the accelerometer and gyroscope respectively). However, it is possible
that the serial connection used to log data is a limiting factor.
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Chapter 4

Experiment Design

Experiments designed to evaluate the Gimbalscope in a human context aim to investigate the following
objectives:

1. Experiments aim to determine if the direction of the device’s torques is perceptible to participants.

2. Experiments aim to reproduce the results of J M Walker’s haptic DCMG perception study [34].

3. Experiments aim to determine the discrimination threshold for correctly perceiving directional
torques.

4. Experiments aim to explore how participants use the device to identify and aim at a set of targets.

The above points are referenced when an experiment addresses an aim throughout this chapter,
indicated using angle brackets: e.g. (aim 1).

I designed three experiments to quantitatively assess the Gimbalscope’s performance in the hands
of a human. The three experiments were performed sequentially, informing the design of the following
study after evaluating the results of the previous. Each experiment was designed and ran using the Unity
command and control environment. In all experiments, participants were asked to wear a full-face welding
mask, both as a safety and control measure, ensuring that participants could not deduce the direction of
the Gimbalscope by looking at the orientation of its gimbals. Participants could pause the experiment
and remove the mask at any time.

Independent, dependent, and control variables are listed in each experiment’s section.

4.1 User Study I: Torque Perception Test

The torque perception test was the first experiment I ran. Its primary aim was to investigate if the
direction of the torque produced by the Gimbalscope is perceptible to participants when the device is held
(aim 1). The secondary objective of the experiment is to attempt to reproduce the results of J M Walker’s
DCMG direction identification experiment [34] using the Gimbalscope (aim 2). Non-quantitatively, the
study also aims to explore the language used by participants to describe the motions of the Gimbalscope.

4.1.1 Method

8 participants were tasked with identifying the direction of a range of torques induced by the Gimbalscope
with varying directions and magnitude. Torque magnitude is a function of flywheel RPM. Isolated torques
were induced clockwise and counter-clockwise about the pitch, yaw, and roll axes. Participants were asked
to describe one of six possible directions in each trial.

Each participant was subject to 36 trials, with 2 trials for each of the 6 directions, for flywheel satu-
rations of 20%, 30%, and 40% (generating 4.46 Nmm, 6.69 Nmm, and 8.92 Nmm of torque respectively).
The order of trials was shuffled such that no identical haptic cues would be adjacent in sequence. A total
of 288 trials were performed.
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4.1. USER STUDY I: TORQUE PERCEPTION TEST

Figure 4.1: Torque perception test participant setup.

Participants performed the experiment seated and were asked to hold the Gimbalscope with their
dominant hand. Participants rested their elbow on their knee or a stool depending on the most comfort-
able position (see Figure 4.1). Haptic cues are requested by pulling the momentary switch trigger on the
device. Participants could request any number of haptic cues.

Before trials commenced, all 6 unique haptic cues were given at 30% flywheel saturation to familiarise
participants with the Gimbalscope’s torque pulses. Participants could request as many haptic cues as
required to identify the torque direction.

Results of the torque perception test are presented and discussed in section 5.2.1.

Control Variables:

e Participants must wear the full-face welding mask to mitigate visual clues from gimbal orientation.

e Flywheel gimbal motor fire angular velocity is maintained at 400° s to keep torque magnitude
and duration consistent between trials.

e Central gimbal servo orientation is fixed during the fire sequence to prevent changes in torque
direction.

e Gimbals return to an upwards-facing orientation between trials to prevent participants from deduc-
ing changes in gimbal orientation.

e Onboard LiPo batteries are fully charged before each experiment to prevent changes in flywheel
RPM due to voltage drop.

Independent Variables:
e Magnitude of torque induced by the Gimbalscope.

e Direction of torque induced by the Gimbalscope.

Dependent Variables:

e Success or failure of the participant to identify direction of haptic cue.
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4.2 User Study II: Threshold of Discrimination Test

The results of the torque perception test demonstrate that participants have the ability to reliably distin-
guish the direction of haptic cues given by the Gimbalscope (see section 5.2.1). Following this success, the
threshold of discrimination experiment was designed. The experiment aims to investigate the saturation
at which humans can no longer reliably identify the direction of a haptic cue (aim 3). The experiment’s
design is similar to the torque perception test, but over a larger set of trials conducted with smaller
torque magnitudes. The experiment records the number of haptic cues requested by the participant as a
measure of uncertainty.

Maximum flywheel saturation in this experiment was informed by the results of the torque perception
test and the vibration profile sampled by the mechanical analysis module, described in section 5.2.1 and
5.1.2.

Based on participant feedback from the previous experiment, the threshold of discrimination test
features unique audio cues to indicate when the Gimbalscope is prepared to deliver a haptic cue, as well
as when the experiment is progressing to the subsequent trial. This is facilitated by the Gimbalscope
sending a request to the Unity environment to play a sound through the PC’s speakers. Furthermore,
instead of describing the direction of torque, participants were asked to gesture the direction of the haptic
cue with the Gimbalscope in hand. This is because participants used varying terminology to describe
movements, requiring much clarification on behalf of the participant to ensure the correct result was
recorded.

Results of the threshold of discrimination test are presented and discussed in section 5.2.2.

4.2.1 Method

13 participants were tasked with identifying the direction of a range of torques generated by the Gim-
balscope, with torques generated in both directions about the pitch, yaw, and roll axes.

Each participant was subject to 48 trials, with 2 trials for each of the 6 directions, for flywheel
saturations of 5%, 10%, 15%, and 20% (generating 1.12 Nm, 2.23 Nm, 3.35 Nm, and 4.46 Nm of torque
respectively). The order of trials was shuffled such that no identical haptic cues would be adjacent in
sequence. A total of 624 trials were performed. Participants were seated as in the previous experiment
(see Figure 4.1). Using the trigger, participants could request as many haptic cues as necessary but were
advised to request as few as possible before being certain of their answer. The number of cues requested
in each trial was recorded. An audio cue indicated when a haptic cue became available to request.
Control Variables:

e Participants must wear the full-face welding mask to mitigate visual clues from gimbal orientation.

e Flywheel gimbal motor fire angular velocity is maintained at 400° s to keep torque magnitude
and duration consistent between trials.

e Central gimbal servo orientation is fixed during the fire sequence to prevent changes in torque
direction.

e Gimbals return to an upward-facing orientation between trials to prevent participants from deducing
changes in gimbal orientation.

e Onboard LiPo batteries are fully charged before each experiment to prevent changes in flywheel
RPM due to voltage drop.

Independent Variables:
e Magnitude of torque induced by the Gimbalscope.

e Direction of torque induced by the Gimbalscope.

Dependent Variables:

e Success or failure of the participant to identify direction of haptic cue.

e Number of haptic cues required for the participant to identify torque direction.
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4.3 User Study III: Target Identification Test

The results of the previous threshold of discrimination test demonstrate the clarity and robustness of the
Gimbalscope’s torque pulses perceived by a human. In order to test the device in a use-case environment
as a navigation aid, I designed the target identification test.

The target identification test aims to quantitatively explore if and how participants are able to use
directional torque pulses to identify a target bearing in their frame of reference (aim 4). Participants are
required to orient themselves towards this target bearing. Target bearings are represented in the real
world with printed sheets of paper. The Unity command and control environment records the path the
participant takes to identify a bearing. This is shown in Figure 4.2. Participants should feel a ‘pull’
torque directly towards the target bearing.

The results of the target identification test are plotted and visualised inside a 3D sphere. Results are
displayed and discussed in section 5.2.3.

(a) Real World Gimbalscope Orientation. (b) Unity Environment Orientation Representation.

Figure 4.2: Participant performing target the identification experiment. Gimbalscope orientation is
tracked and transmitted to the Unity command and control environment.

4.3.1 Method

6 participants were tasked with using the Gimbalscope as a navigation aid to orientate themselves towards
a set of 7 target bearings, located at 045°, 090°, 135°, 180°, 215°, 270°, and 315° from the participant’s
start orientation. Each bearing was to be identified exactly once by each participant, with 7 trials per
participant, totalling 42 trials across the whole experiment. The order of trials was randomised for each
participant.

Target bearings are located on the horizontal plane. To help the participant understand the objective
of the experiment, targets were printed and pinned to the walls of the testing room. Cues generate a
torque pointing to the target bearing. Participants may request any number of haptic cues using the
Gimbalscope’s trigger. When a participant requests a haptic cue, a unique audio cue is played as the
device enters its Load state, before playing a separate cue as the device subsequently enters its Fire
state.

Cue torque is constant throughout the experiment, with 400° s gimbal motor angular velocity and
flywheel saturation fixed to 53% (11.81 Nm). I found 53% flywheel saturation to be a local minimum point
in the Gimbalscope’s vibration profile, determined using the mechanical analysis module and discussed in
section 5.1.2. I chose this relatively high saturation because participants would be standing while holding
the device, and as such, hold the device with a stiffer wrist. This can reduce the perception of torque.

The orientation of the Gimbalscope is streamed to the Unity control environment at a rate of 5Hz.
Additionally, orientation keyframes are sent to the control environment upon each cue request. This data
is logged.

Before each trial, the participant is required to calibrate the Gimbalscope’s three-axis gyro. This is
accomplished by activating the laser pointer and aiming the device at a target placed at bearing 000°
while holding the trigger.

Throughout the experiment, participants wear the welding mask. This is because participants may
deduce the target bearing by the orientation of the central gimbal. The mask also hides any discrepancies
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that arise between the actual target’s bearing and the Gimbalscope’s estimated target’s bearing due to
gyro drift, potentially confusing the participant.

Control Variables:
e Participants must wear the full-face welding mask to mitigate visual clues from gimbal orientation.

e Flywheel gimbal motor fire angular velocity is maintained at 400° s to keep torque magnitude
and duration consistent between trials.

e Flywheel saturation is maintained at 53% throughout the experiment to maintain torque magnitude.
Changing flywheel speed during trials could lead the participant to attempt to deduce proximity
to the target bearing using sound and vibration.

e Central gimbal servo orientation is fixed during the fire sequence to prevent changes in torque
direction.

Independent Variables:

e Choice of the target bearing.

Dependent Variables:
e Orientation path taken by the participant to orientate towards the target bearing.
e Time taken by the participant to orientate towards the target bearing.
e Number of haptic cues required by the participant to orientate towards the target bearing.

e Orientation of the Gimbalscope when a haptic cue is requested by the participant.
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Chapter 5

Critical Evaluation

The critical evaluation chapter is split into three sections. Firstly, a mechanical evaluation is given,
describing the behaviour of haptic cues and discussing the Gimbalscope’s vibration profile. Secondly, a
user evaluation is given, discussing the results of experiments described previously in Chapter 4. Thirdly,
an evaluation of miscellaneous aspects of the device is presented at the end of the chapter.

5.1 Mechanical Evaluation

5.1.1 Angular Velocity Investigation

Since I did not have the equipment to directly measure the torque produced by the Gimbalscope, I instead
used the mechanical analysis module to gather orientation data of the device during haptic cues. When
the Gimbalscope is held freely about its centre of mass, its instantaneous angular velocity is proportional
to the instantaneous torque of the haptic cue. The motivation for this investigation is to experimentally
demonstrate that haptic cues can be isolated to a single torque axis, as described by the mathematical
derivation in section 2.2.1.

To perform the investigation, I held the Gimbalscope lightly between my thumb and forefinger, al-
lowing it to move relatively freely in my hand. The flywheels were spun to 20% saturation and gimbal
motors were set to an angular velocity of 400° S_l, providing a nominal torque of 4.46 Nm. Torques
were generated in both directions about the roll, pitch, and yaw axes (see Figure 5.1). Results of the
investigation are shown in Figure 5.2.

Roll Axis

Pitch Axis

Figure 5.1: Roll, pitch, and yaw axes.
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Left Tilt About Roll Axis

Right Tilt About Roll Axis
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(c) Yaw axis

Figure 5.2: Angular velocity of the Gimbalscope during haptic cues about the roll, pitch, and yaw axes
over 1400ms.
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5.1. MECHANICAL EVALUATION

Considering angular velocity as an analogue to torque, it is evident that the Gimbalscope succeeds in
its ability to isolate moments to a single axis. The peaks and troughs of the graphs in Figure 5.2 show this
clearly, with all six haptic cues about the three axes producing the expected initial direction of rotation.
The peak magnitude of each cue’s rotational velocity is broadly similar to all others, ranging between 0.6
rads  and 0.8 rads . A level of background noise is evident about each axis during haptic cues. This
is because the Gimbalscope was held by hand since no appropriate three-axis rig was available.

I discovered a large reactionary torque that occurs after each cue. The torque was felt by participants
during experiments, but its existence is verified by the graphs in Figure 5.2. After each initial peak/trough
of angular velocity (the intended cue direction), there appears to be an approximately equal and opposite
rotation. This is not accounted for in the equations of section 2.2.1. The reactionary torque is due to the
gimbal motors’ sudden stop as they approach their target orientation at the end of each cue. This causes
the Gimbalscope to spring back to its initial orientation. My experiments have not determined whether
this reactionary torque is undesirable to users. Even with the existence of this force, my experiments have
shown that participants can reliably interpret the direction of cues and use them to successfully navigate
towards target bearings (see section 5.2). Despite this, it would be possible to minimise the magnitude of
the reaction. The PI controller responsible for governing flywheel gimbal behaviour could be adjusted to
reduce the target angular velocity as gimbals approach their target orientation. Another solution would
be to instead implement a PD controller with the objective of minimising negative angular jerk.

It can be seen in Figure 5.2c that torque induced about the yaw axis is not smooth - evident due
to fluctuations in the x measurement. Torque magnitude does not appear to progress monotonically
before and after reaching its peak value. In the hands of a user, this results in a subtle but noticeable
jitter throughout yaw-isolated haptic cues. Moments about the yaw axis rotate in the same plane as
the central gimbal servo. The fluctuations in the x-axis are caused by the gimbal servo being activated
and braced. The servo attempts to remain stationary and resists torque about its axis of rotation. In
doing so, it generates a greater opposing torque. Due to the resolution of the servo’s potentiometer, this
opposing torque is only induced after the servo’s shaft has been rotated beyond a threshold, causing servo
behaviour similar to that exhibited by a bang-bang controller. This cannot be avoided without replacing
the servo, as the servo must be braced to keep the cue isolated to a single axis during the movement,

5.1.2 Vibration Profile Investigation

I found controlling vibrations induced by the Gimbalscope’s flywheels to be a bigger factor in this project
than first anticipated. Large, high-frequency vibrations are unpleasant for the user. The mechanical
integrity of the Gimbalscope can be compromised when the device vibrates too much, occasionally causing
the gimbals’ shaft couplers to detach and grub screws to become undone. Furthermore, it is discussed
in section 5.2.1 how large vibrations cause participants to grip the Gimbalscope more tightly, limiting
the clarity of haptic cues. As such, I used the Mechanical Analysis Module to profile the vibration
characteristics of the Gimbalscope over the full range of flywheel saturation, with the aim of using the
data gathered to minimise vibration.

I performed two investigations. The first investigation aimed to describe the vibration characteristics
of the Gimbalscope over a single spin-up from 0% to 100% flywheel saturation, plotting results in the
time and frequency domains. The second investigation aimed to describe vibration characteristics over
an aggregated set of readings, plotting results as a function of saturation. The methods and results of
the two investigations are described in the subsequent subsections, followed by a discussion of the results.

Single Spin-up Vibration Characteristics

I secured the mechanical analysis module to the Gimbalscope and placed it on a flat tabletop. I calibrated
the module while the flywheels were stationary. Once calibrated, I sent a command to the Gimbalscope
to uniformly increase flywheel saturation from 0% to 100% over the course of 60 seconds. Timestamped
three-axis acceleration data was sent to a PC via serial at 28800 bauds and logged using a Python script.
It should be noted that acceleration data pertains to linear acceleration, not angular acceleration.

I used matplotlib to produce three plots, displayed in Figure 5.3. Subfigure 5.3a depicts the raw
logged vibration data. Subfigure 5.3b illustrates the absolute derivative of the previous plot, depicting
the magnitude of the rate of change of vibration acceleration. I performed a Fourier transform on the
logged data, producing a plot of normalised acceleration in the frequency domain, displayed in Subfigure
5.3c.
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Acceleration as a Measure of Vibration Experienced over Rotor spin-up From Stationary to Full Saturation
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(a) Instantaneous Vibration Acceleration over Time.
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(c) Fourier Transform of Spin-up Vibration Profile.

Figure 5.3: Vibration profiles of the Gimbalscope sampled over flywheel spin-up from 0% to 100% satu-
ration over 60 seconds.
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Aggregated Saturation Vibration Characteristics

The graphs produced by the single spin-up investigation are not created from a large enough dataset to
confidently isolate nodes of low vibration as a function of flywheel saturation. As a result, I conducted
an aggregated vibration investigation to plot data at known saturation values.

I used the mechanical analysis module to gather 50 samples of 5 seconds duration, taken in discrete
2% increments from 0% to 100% saturation. Timestamped data was sent to a PC via serial at 28800
bauds and logged using Python. Samples were gathered in groups of 10. Before sampling each group, I
calibrated the module at 0% flywheel saturation and then brought the motor to the appropriate speed
before logging data. Exactly 5 seconds of data is logged before the module ceases recording and flywheel
saturation is increased by 2%.

I used matplotlib to produce two plots, displayed in Figure 5.4. Subfigure 5.4a is composed of
the waveform of 50 sample vibrations, ordered by saturation. Subfigure 5.4b shows the distribution of
vibrations over saturation increments. The distribution of readings is displayed using a median line graph
with shaded inter-quartile ranges.

Acceleration as a Measure of Vibration Sampled Discretely over Full Motor Saturation Range
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(a) Instantaneous vibration acceleration as a function of flywheel saturation.
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(b) Median and Inter-Quartile Vibration Distribution as a Function of Flywheel Saturation.

Figure 5.4: Aggregated vibration profile of the Gimbalscope over 50 independent trials, ranging from 0%
to 100% flywheel saturation.
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Discussion of Vibration Profiles

It is evident in both the single spin-up and aggregated sample profiles depicted in Figures 5.3 and 5.4 that
vibrations in the lateral y-axis appear to be more prevalent than forward and vertical vibrations. Both
figures show large vibrations at ~ 30% flywheel saturation/~ 27s through spin-up. This could indicate
the existence of a resonant frequency. This is supported by the Fourier transform plot in Subfigure
5.3¢, which indicates a substantial increase in vibration acceleration magnitude at ~ 45Hz. Subfigure
5.3b depicts a high average jerk magnitude surrounding this point, showing that the Gimbalscope is
almost always experiencing a direction change in its vibration about this saturation. The existence of
this potential resonant frequency is supported by the qualitative results of the torque perception test
described in section 5.2.1. Participants described cues at 30% saturation as uncomfortable and tended
to hold the device with a tighter grip.

Compared to the rest of the profile, vibrations below 20% flywheel saturation appear universally small.
This can be felt while holding the Gimbalscope. This informed the saturation range for the threshold
of discrimination experiment. Furthermore, there exists a relative node of vibration at 53% saturation,
evident by its low amplitude in Subfigure 5.4a and low interquartile deviation in Subfigure 5.4b. This
flywheel saturation provides an advantageous balance of torque and vibration. As such, this node was
used to generate large haptic cue torques in the target identification experiment while keeping vibration
comparatively low.

The prevalence of lateral vibrations in the y-axis may have been caused by an experimental bias.
When each vibration sample was taken, the central gimbal servo was at its default position. As a result,
the DCMG was positioned laterally in all trials, with its flywheels being located on the left and right of
the Gimbalscope. As a result, there may be an over-representation of lateral vibration in the vibration
profiles. To verify whether this is the case, it would be possible to take multiple vibration samples
at perpendicular gimbal servo orientations and collate the resulting data. A statistical t-test could be
performed between the readings of the most significant axis for each orthogonal DCMG orientation to
determine if there exists a statistically significant difference in vibrations.

A critical limitation of the mechanical analysis module is its 300Hz maximum sample rate. It is
possible that, for the purposes of describing the vibrations of the Gimbalscope, the module’s Nyquist
rate is too low and thus causes signal aliasing due to undersampling. In such a situation, the module
misidentifies the vibration frequency, producing an inaccurate waveform. The ability of the mechanical
analysis module to operate at high frequencies should be verified by an appropriate known device, such
as a laser Doppler vibrometer.

5.2 User Evaluation

I performed three user experiments. Quantitative data was logged by the Unity control environment.
Logged data was saved in JSON format. This enabled me to perform a large number of experiments and
process the results at a later date. The large quantity of numerical data allowed me to perform statistical
tests on the results. Data analysis was performed in Python using numPy and SciPy.

5.2.1 User Study I: Torque Perception Experiment

The torque perception experiment described in section 4.1 was the first experiment I performed. It
measured torque direction identification rates across multiple flywheel saturations and torque directions
from a set of 8 participants, totalling 288 trials. The results of the experiment are shown in Tables 5.1
and 5.2.

Flywheel Saturation / Torque Magnitude
20% / 4.46 Nm | 30% / 6.69 Nm | 40% / 8.92 Nm

0.962 0.988 0.987

Identification
Rate

Table 5.1: Torque perception test Identification Rates by Torque Magnitude.
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Cue Direction

Forward | Backward | Left | Right | Left | Right
Tilt Tilt Tilt | Tilt | Twist | Twist
Tdentificati
denti Captlc;n 1.000 1.000 | 1.000 | 0.944 | 0.928 | 1.000
ate

Table 5.2: Torque perception test Identification Rates by Cue Direction

The mean identification rate in the study was 97.9%. Participants made few mistakes in identifying
distinct orthogonal cues. Incorrect answers were given in only six of the 288 trials, with some participants
incorrectly identifying right tilts (clockwise roll) and left twists (counter-clockwise yaw).

Since the measured outcome data is binary (success or failure to identify), I organised the results into
contingency tables. A pair of chi-squared tests yielded no statistically significant difference in results over
flywheel saturations and cue directions, yielding chi-squared and p-value pairs of (F = 1.72, p = 0.423)
and (F = 10.97, p = 0.052) respectively.

Quantitivate Discussion

The results of the torque perception experiment confer with the results of JM Walker’s similar identifi-
cation study, which achieved a success rate of 99.3% (compared to 97.9%). This similarity can be said
with near statistical certainty. With the Gimbalscope, users were able to distinguish the six directions in
this study almost perfectly.

The lack of a statistically significant relationship between flywheel saturation and identification rate
suggests that increasing peak cue torque beyond 4.46 Nm has no bearing on user identification. Further-
more, the lack of significant difference between cue directions suggests participants are equally able to
identify cue orientations. The similarity between identification rates per flywheel saturation motivated
further investigation, leading me to design the threshold of discrimination experiment.

Qualitative Discussion

I maintained a dialogue with participants throughout the experiment to understand the language humans
use to describe the motion of the Gimbalscope. most participants were not natively familiar to the terms
roll, pitch, and yaw to describe axes of rotation. As such, these participants employed an inconsistent
range of terms to describe rotations. This prompted me to ask participants for clarification on their
answers by asking them to gesture the cue direction, increasing the time taken to process each participant.
Eventually, these participants tended to settle on their own consistent terms to describe cues. Terms
included ‘to me’ and ‘away’, as well as ‘to that side’ while pointing in a direction.

Participants familiar with joysticks were able to natively understand roll, pitch, and yaw. Analogies
were made to flight simulators, with participants describing ‘pitch-up’, ‘pitch-down’, ‘roll-clockwise’, and
‘roll-counter-clockwise’ to correctly identify torque directions.

Participants reported gripping the device tighter at high motor saturation due to the vibration of the
device. A tighter grip makes the device rotate less during haptic cues, reducing the apparent strength of
cues.

5.2.2 User Study II: Threshold of Discrimination Experiment

The threshold of discrimination test described in section 4.2 was the second experiment I performed. It
measured torque identification rates and the number of haptic cues required to identify a given torque,
across multiple flywheel saturations and torque directions. 13 participants took part in the study, totalling
624 trials. The results are shown in Tables 5.3 and 5.4. I removed the results of two anonymous
participants from the study after they disclosed a diagnosis of dyspraxia to me after the experiment, the
implications of which are discussed later.
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Results
Flywheel Saturation / Torque Magnitude
5% /112 Nm | 10% / 2.23 Nm | 15% / 3.35 Nm | 20% / 4.46 Nm
Identification Rate 0.574 0.904 0.972 0.974
Mean Cues Requested 3.010 1.748 1.524 1.293

Table 5.3: Threshold of discrimination test identification rates and mean cues requested by torque mag-
nitude.

Cue Direction

Forward | Backward | Left | Right | Left | Right

Tilt Tilt Tilt Tilt | Twist | Twist

Identification Rate 0.866 0.838 0.842 | 0.844 | 0.888 | 0.859
Mean Cues Requested 1.890 1.898 1.895 | 1.893 | 1.889 | 1.899

Table 5.4: Threshold of discrimination test identification rates by cue direction.

The mean identification rate in the study was 85.6%. In Table 5.3, a monotonic relationship exists
between flywheel saturation and identification rate, as well as the average number of haptic cues requested.
Participants gave the most incorrect answers at 5% saturation, however, the 57% success rate is still far
above the random expected value of 16%.

I organised identification rates and flywheel saturations into contingency tables. Over all saturations,
a chi-squared independence test yielded a statistically significant result (F = 130.05, p = 5.29 x 1072%).
Since p is far less than 0.05, the test strongly indicates that at least one set of results deviated from the
others due to cue magnitude. To investigate this further, I removed the most different set of results (5%
saturation) from the contingency table and calculated the chi-squared values for 10%, 15%, and 20%
saturation to test for independence. These results also indicated the existence of one or more statistically
independent sets of results (F = 9.51, p = 8.60 x 10~3). Since the previous chi-squared values resulted
in statistical significance, I removed the set of results pertaining to 10% saturation from the contingency
table and calculated the values for 15% and 20% saturation (F = 0.108, p = 0.742). These values
indicate statistical similarity between the two sets of results.

To investigate the statistical significance of the correlation between flywheel saturation and the mean
cues requested by participants, I performed a Kruskal-Wallis test (F = 172.26, p = 4.13 x 10 —37), the
results of which heavily imply this correlation is not to chance. The correlation and distribution of cues
are presented as a violin plot in Figure 5.5.

I performed a chi-squared test over cue directions and identification rates (F = 1.42, p = 0.92), the
results of which strongly indicated no relationship between the two variables.

The success rate of participants identifying haptic cues at 20% saturation confers with that of the
torque perception experiment (97.4% compared to 96.2%), grounding the results of the threshold of
discrimination test in the context of the previous study.
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Figure 5.5: Violin plot of the number of cues requested by participants over motor saturations.

Quantitative Discussion

We can infer from the results of the threshold of discrimination test that there exists a saturation value
between 10% and 15%, below which starts to cause a statistically significant drop in cue identification
rates, as demonstrated by the chi-squared tests in the previous subsection. The most significant drop
in cue perception occurs between 10% and 5% flywheel saturation. We can also state that there is
no significant difference in identification rates between 15% and 20% saturation. However, on average,
participants required more haptic cues to be certain of their answer when presented with cues of 15%
saturation compared to 20%. This relationship holds across the experiment, with a negative correlation
between flywheel saturation and the number of haptic cues required.

Some participants required significantly more attempts to identify cues. This is most evident at
lower flywheel saturations, seen in Figure 5.5. All the distributions are positively skewed, with mean
results greater than median results. This suggests that there exists a proportion of participants who are
either less haptically perceptive than others, or seek to be more certain of their answers. The decreasing
distribution of results for each flywheel saturation implies participants were more certain of their answer
with a greater haptic cue torque magnitude. This information was not captured in the previous study.

The study was unable to find the threshold at which participants were unable to perceive cue direction
- i.e no statistically significant dissimilarity between results and a random sample of answers. This
threshold could be explored by designing a further study in which motor saturation is slowly decreased
per trial, with participants required to identify cues of ever-decreasing magnitude.

Qualitative Discussion

There exists a potential systemic bias in the design of the study. I asked participants to sit in the most
optimal position to feel the effect of haptic cues (as in Figure 4.1), i.e with a loose kinematic chain to
allow their wrist to move more freely. As such, identification rates may be lower if I asked participants
to sit or stand in different positions.

I had to remove the results of two participants who disclosed a diagnosis of dyspraxia due to not having
the ethical clearance to gather data on vulnerable groups (including populations with a disability). This
probes additional questions about the composition of cohorts in this study and other haptic studies. I
do not know whether other participants in my cohort have similar diagnoses, since both participants
voluntarily self-disclosed their condition unprompted. There may be many other factors that influence
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a participant’s ability to perceive haptic cues that were not previously considered, such as arthritis or
blood pressure. This stresses a point about accessibility considerations of haptic device research and how
we should consider designing for an inclusive audience.

Overall, the Gimbalscope performed strongly in this study, motivating further investigation with a
use-case in the target identification experiment.

5.2.3 User Study III: Target Identification Experiment

The target identification experiment described in section 4.3 was the third and final experiment I per-
formed. It aimed to quantitatively explore how participants use the Gimbalscope as a navigation aid in a
two-degrees-of-freedom environment. 6 participants were tasked with locating a set of 7 target bearings,
located at 045°, 090°, 135°, 180°, 215°, 270°, and 315° to the participant’s start orientation, totalling 42
trials.

For each trial, the Gimbalscope’s onboard three-axis gyro tracked the participant’s orientation over
time, plotting its path inside a 3D sphere (see Figure 5.6). Paths are drawn by two representations:
stream and keyframe. Stream representations (displayed on the left of Figure 5.6) take the 5Hz contin-
uous orientation telemetry of the Gimbalscope, spherically interpolate between each point, and plot a
smooth path trace on the inner surface of the sphere. Keyframe representations (displayed on the right
of Figure 5.6) use orientation telemetry at points at which participants request haptic cues. Straight
lines are plotted within the interior of the sphere between points on its surface, visualising the path of
participants as a series of jumps. Final path destinations are marked with a coloured pin. Note that
there exists a discrepancy in pin positions between stream and keyframe visualisations. This is because
stream visualisation draws the orientation path up until the participant confirms their target, whereas
the keyframe visualisation only draws up until the last haptic cue, which is before target confirmation.

Results are summarised in Table 5.5.

Results

(a) Paths taken by participants to orientate towards bearing 045°.

Figure 5.6: Continuous (left) and keyframe (right) paths taken by participants to orientate towards a
target bearing during the target identification test.
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(d) Paths taken by participants to orientate towards bearing 180°.

Figure 5.6: Continuous (left) and keyframe (right) paths taken by participants to orientate towards a
target bearing during the target identification test (cont.).
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(g) Paths taken by participants to orientate towards bearing 315°.

Figure 5.6: Continuous (left) and keyframe (right) paths taken by participants to orientate towards a
target bearing during the target identification test (cont.).
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Target Bearing
045 | 090 | 135 | 180 | 225 | 270 | 315

Identification

Rate
Time Taken [s] | 23.4 | 28.7 | 32.2 | 36.3 | 37.6 | 23.3 | 34.6
Cues Requested | 2.83 | 4.00 | 5.33 | 4.17 | 5.00 | 3.67 | 3.83

1.00 | 1.00 | 0.86 | 1.00 | 1.00 | 1.00 | 1.00

Table 5.5: Mean target identification test results averaged over participants.

Discussion

The identification rate for all bearings, aside from 135°, is 100%, giving an overall identification rate of
97.62%. This indicates that almost all participants were able to successfully orient themselves towards
and identify target bearings with the aid of the Gimbalscope. On average, participants took 30.1 seconds
and 4 haptic cues to identify each target (rounded to the nearest integer). Bearings opposite to the
participant’s starting orientation required more haptic cues and took longer to identify. However, the
dataset is not large enough to make any statistical claim.

Participants tended to orientate towards the target orientation taking the path of the shortest angle,
except for one outlying case at 225° (see Subfigure 5.6e). Participants could reliably use directional
cues to make large changes in their orientation, evidenced by large jumps from the start orientation
in the keyframe plots. The majority of haptic cues were requested within 90° of the target bearing as
participants honed in on their selection with small adjustments.

Participants experienced difficulty correctly responding to small orientation adjustments. This re-
sulted in a participant misidentifying a target at 135° (see Subfigure 5.6¢). There exist multiple factors
which may be contributing to this difficulty. Firstly, experimental research suggests that the threshold
angle at which a human is able to differentiate forces is approximately 15° [9]. Secondly, some partici-
pants had a tendency to tilt the device about the roll axis. Since this experiment did not track the roll
axis, haptic cues could become distorted. Further factors may be due to the technical limitations of the
Gimbalscope, discussed in the next subsection.

Discussion of Technical Limitations

The target identification experiment was more of a real-world use case for the Gimbalscope compared
to the two previous studies. The experiment utilised more of the Gimbalscope’s technical capabilities.
As such, the device was tested more comprehensively than in previous studies as all components were
required to function seamlessly. As a result, to create the target identification test, I had to make a set
of design choices to mitigate some of Gimbalscope’s technical limitations.

Firstly, participants were given an extended familiarisation period before performing the experiment.
This was to learn how to correctly use the Gimbalscope in the context of the experiment’s prodecures.
I had to remind some participants to remain stationary mid-cue. This is because the DCMG must take
time to arrange itself to a resolved orientation before delivering a cue. Torque orientation is resolved
upon a cue request, rather than as a floating resolution estimation. Moving the device while the DCMG
is arranging itself results in an incorrect torque vector.

Secondly, the target bearings to which participants were directed were not anchored to the physical
world. Bearing were independent of targets in the testing room, aside from being used to reset and
calibrate orientation. I designed the experiment so that this did not impact participants, who wear a
sight-blocking welding mask during all trials. I designed the physical targets to prime participants as to the
nature of the experiment using a familiar affordance. The targets also helped demonstrate to participants
the relationship between the actual vs the estimated orientation seen in the Unity environment (as seen in
Figure 4.2b). This design decision mitigated the drift inherent in the device’s three-axis gyro. Combined
with the participants’ inability to visually anchor themselves, the independence of target bearings to
any real-world orientation allowed the experiment to be performed within the Gimbalscope’s estimated
(potentially inaccurate) frame of reference. As such, it was impossible for the DCMG to deliver an
incorrect cue direction as a result of gyro drift.

Thirdly, due to the manufacturer, the servo used as the Gimbalscope’s central gimbal has a maximum
traversal of 135°. I did not realise this until I designed the target identification experiment. As a result,
there exist two blind spots of 45° in the horizontal plane in which the Gimbalscope is unable to direct
a torque (see Figure 5.7). These blind spots added to the difficulty participants experienced in making
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minor orientation adjustments. I hypothesise that this was the reason one participant failed to identify
bearing 135°.

To compensate for the blind spots, if a haptic cue direction lies within either of Figure 5.7’s unshaded
areas, the direction is rounded to the nearest valid angle. This substantially reduces both precision and
accuracy, but does allow for some form of haptic cue to be summoned. Rounding torque direction towards
the forward vector can indicate a false positive cue, causing participants to misidentify a target bearing.

Figure 5.7: Gimbalscope torque direction blind spots in 2-DOF.

It was necessary to limit the pitch axis of the Gimbalscope’s orientation estimation to £+ 25° due
to a disproportionate drift in the 3GD20H three-axis gyro’s readings. The pitch axis of the gyroscope
appeared to be especially susceptible to non-linear vertical drift while moving through space. As such,
I was unable to calibrate against this effect. To mitigate the drift and allow for more comprehensive
orientation tracking, the three-axis gyro could be replaced by a well-manufactured 9-DOF IMU, combining
gyroscope, accelerometer, and magnetometer readings to produce a more accurate pose estimation.

5.3 Miscellaneous Evaluation

5.3.1 Evaluation of Gimbal Control

I found that my upper gimbal control system occasionally malfunctioned. These malfunctions would cause
the gimbals to become out of sync (and thus produce ambiguous torques) or make multiple revolutions.
This was an issue as it often required me to use the emergency stop button to prevent wires from tangling.
While reducing non-interruptable tasks on the Arduino, such as serial read/write, has helped to mitigate
this issue to some extent, it didn’t completely solve the problem. A potential solution could be to
implement a dedicated motor control board or use a more powerful Arduino to address this problem.
Despite my efforts, I have not been able to fully diagnose the issue, however, I hypothesise the cause may
be due to unreliable quadrature encoders.
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5.3.2 Evaluation of Microcontrollers

The Gimbalscope’s control loop could operate at a higher rate by using a more powerful board than the
Arduino Mega, such as the Arduino Due with its 32-bit ARM core microcontroller. This would improve
the Gimbalscope while still allowing the use of the same source code. The Due’s additional interrupt pins
would allow for closed-loop control of the central gimbal, allowing for the replacement of the servo with a
motor and encoder. Alternatively, the onboard electronics could be simplified and completely overhauled
by using an alternative board, such as a Raspberry Pi Pico. This is pertinent because the Gimbalscope’s
electronics are relatively heavy and bulky. Despite the increased power consumption, using a Pico would
negate the need for a dedicated radio operator board. Furthermore, refactoring the electronics into a
PCB could further improve the form factor of the project, making it even more compact and efficient.

5.3.3 Evaluation of Chassis

Based on my observations during experiments, I noticed that the handle of the Gimbalscope was too
large for some participants’ hands. While some participants were able to hold the trigger and momentary
button simultaneously, others struggled to do so. This is due to a design bias on my part, as I have
built the Gimbalscope to fit my own hand. As a result, some participants reported feeling uncomfortable
holding the Gimbalscope, as if they were at risk of dropping it. Additionally, a few participants found
it challenging to pull the trigger, which required me to manually send fire commands from the unity
environment.

The Gimbalscope is balanced, with its centre of mass located in the middle of the handle and similar
moments of inertia about the roll, pitch, and yaw axes. This means the rotation experienced by the device
due to torques generated about the yaw axis is approximately equal in magnitude to that of the pitch
and roll axes. This is reflected by Figure 5.1 in the mechanical analysis. This most likely contributed to
the equal identification rates given by participants for each cue direction.

5.3.4 Evaluation of Inertia Calculation Software

The purpose of the inertia calculation software I produced using Python was to produce a low-precision
estimate of the Gimbalscope’s x, y, and z moments of inertia. The method I used assumes each of the
three marked sections (see Figure 3.14) is of uniform density. The internal components are not modelled.
Currently, the mass of sections is defined by sorting all points by their height (z) coordinate, then defining
the required mass to which all points should sum between pairs of z values. This method does not allow
for defining the density of volumes radial to the centre. To improve the accuracy of the inertial estimate,
it should be made possible to place and define the density of individual components anywhere within the
3D volume. Despite this, the software helped ensure the creation of a balanced device, as well as justify
flywheel specifications.
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Chapter 6

Conclusion

6.1 Contributions and Achievements

This project has created a new proof-of-concept 3-DOF ungrounded haptic device for inducing directional
force feedback using asymmetric pulses from a DCMG. According to Haptipedia [24], the Gimbalscope
is the first untethered handheld device of its kind capable of 3-DOF.

I have investigated the performance of the Gimbalscope through three user experiments. In the torque
perception experiment, I successfully reproduced the results of J M Walker’s Direction Identification
study with her tethered DCMG device [34]. Participants were able to distinguish the direction of haptic
cues about the roll, pitch, and yaw axes in almost every trial with a mean 97.9% identification rate.
I conducted the experiment over 20%, 30%, and 40% flywheel saturation and found no statistically
significant difference in identification rate.

In the threshold of discrimination test, I established the existence of a statistically significant threshold
of flywheel saturation between 10% and 15%, at which the ability of users to correctly perceive haptic cues
begins to diminish. I measured the number of haptic cues participants required to identify the direction
of a haptic cue, uncovering a statistically significant negative correlation between flywheel saturation
and the number of cues required. 1 conducted the experiment over 5%, 10%, 15%, and 20% flywheel
saturation.

In the target identification test I demonstrated that, in conjunction with orientation resolution, users
can use the Gimbalscope’s haptic cues in 2-DOF as a navigation aid to locate and identify target bearings
in the horizontal plane with a near 100% success rate.

I have built a physical testing framework for the Gimbalscope with accessible components and software.
I created low-cost alternative implementations of equipment where applicable, such as the Mechanical
Analysis Module to stand in for a force/torque plate and vibrometer, as well as a finite element method
implementation to estimate the angular inertia of 3D models. I used the Mechanical Analysis Module
to prove that the Gimbalscope is able to isolate the torque of its haptic cues to a single axis, as well as
profile the device’s vibration while its flywheels are in motion.

6.2 Project Status

All of the aims listed in section 1.1 have been fulfilled. The completion of each aim is summarised and
referenced using angle brackets: e.g. (aim 1).

I successfully created a scissored-pair Dual Control Moment Gyroscope and verified that it can isolate
a torque to a single axis (aim 1). This is demonstrated both empirically with the Mechanical Analysis
Module (see section 5.1.1) and in a human context with the Torque perception test (see section 5.2.1).
The DCMG setup ensures the Gimbalscope is transparent in the hands of users.

The Gimbalscope uses a pair of 450mAh 3s LiPo batteries in parallel to provide power, removing
the need for an external power supply (aim 2). This was safely achieved with fire-retardant insulation,
overcurrent protection, voltage monitoring, and a 15A removable fuse (see section 3.1.1).

The Gimbalscope is controlled remotely using 900MHz digital radio, facilitated by a pair of Adafruit
RFM69HCW Transceivers, as described in section 3.5 (aim 3). This was a functionally successful de-
sign choice, enabling duplex communication between the Gimbalscope and Unity control environment.
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6.3. FUTURE WORK

However, due to the rate at which the Arduino Micro radio operator can spool commands, there exists a
noticeable delay of ~500ms between command and actuation.

The Torque Perception and threshold of discrimination tests (sections 5.2.1 and 5.2.2) demonstrate
that participants are able to reliably identify haptic cues in 3-DOF isolated about the roll, pitch, and yaw
axes (aim 4) when flywheel saturation is above 15%.

Participants are able to use the Gimbalscope in a limited capacity as an orientation aid (aim 5), as
demonstrated by the target identification test in 5.2.3. However, I do not believe that this capability has
been comprehensively tested. Due to the pitch-drift issues of the 3GD20H three-axis gyro, I was only
able to resolve orientations in 2-DOF in the horizontal plane. As such, I did not get the opportunity
to evaluate the ability of participants to perceive 3-DOF torque vectors outside of isolation to the three
primary axes.

With the exception of using Autodesk Fusion 360 to verify my CAD designs, the project exclusively
used non-proprietary software and open-source components to contribute to the accessibility of research
(aim 6). Arduino and Adafruit components are open-source and readily available off the shelf. The
gimbal and flywheel motors are of standard specification and are mass-produced. Gimbal motors use
standard 20D hall-effect magnetic encoders and brushless flywheel motors are controlled by open-source
BLHeli_S ESCs.

6.3 Future Work

Gimbalscope Improvements

Future devices building upon the designs of Gimbalscope should seek to reduce vibration. I found this
to be the biggest detraction from user experience. Structural 3D printed PLA components could be
replaced with machined parts with finer tolerances, using a light metal such as aluminium. Flywheel
axial wobble could be reduced by adding a support bearing to the top of the flywheel axis. Furthermore,
form-factor optimisations could be made by replacing the PLA flywheels with smaller, denser, more
radially distributed metal discs. Furthermore, a future model should include a central gimbal actuator
capable of rotating through at least 180° to avoid torque blind spots.

As mentioned in section 5.3.2, form factor and performance improvements could be made by either
replacing the Arduino Mega and Arduino Micro with the newer Arduino Due, or overhauling the device
and utilising a Raspberry Pi Pico with inbuilt wireless network capabilities.

Future Research

Future research could expand upon the threshold of discrimination test by performing a just-noticeable-
difference study, seeking to determine the minimum change in cue torque magnitude perceptible to
humans. Furthermore, it could be worthwhile aiming to reproduce T. Endo’s haptic angle perception
research [9], which suggests the angle difference at which a human is able to differentiate forces is ap-
proximately 15°, using the Gimbalscope. Since T. Endo’s study evaluates linear forces, not rotational
torques, this could provide a basis for novel research.

If the onboard three-axis gyro’s pitch drift issue is rectified, the target identification experiment could
be expanded upon to include targets deviating from the horizontal plane, testing the Gimbalscope more
comprehensively.

Onboard orientation tracking could be replaced with external 6-DOF pose estimation to accurately
track both position and orientation. This could be used to evaluate participants in more detailed navi-
gation experiments, such as mazes or environments including obstacles.

Finally, to reiterate section 1.2, a device similar to the Gimbalscope has the potential to provide
feedback for object interactions and guidance within virtual environments. Such a device could help
with pointing or aiming adjustments in alignment tasks with a controlled torque. This could have a
potential military application in investigating the effect of haptic cues on weapon aim, or have a place
in sports science studying racquet sports. Furthermore, it could enable portable guidance through large
environments. This could prove useful in disability studies investigating pedestrian navigation, providing
a different sensory modality from sight and sound.
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