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GLOSSARY

ADC Analogue-to-Digital Converter, a device or module that digit-
ises signals for interpretation by a computer.

EMI Electro-Magnetic Interference, noise radiated by electronic de-
vices onto other circuitry.

FEM The Finite Element Method

Gr10 General-Purpose Input/Output, a pin on a microcontroller that
can be used to assert or read voltage levels.

IMU Inertial Measurement Unit, a device containing sensors such as
a compass, magnetometer, and accelerometers; used to deter-
mine orientation and movement in three-dimensional space.

rsu Power Supply Unit

RARL The Robotics and Agents Research Laboratory, University of
Cape Town.

sp1 Serial Peripheral Interface, a serial protocol for exchanging data
between devices.

ucT The University of Cape Town
uGv Unmanned Ground Vehicle

UsAR Urban Search and Rescue
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INTRODUCTION

1.1 BACKGROUND

It is desired, for reasons t!  are made clear in the following sections,
to design a small, rugged, robotic system equipped with basic sensors
suitable for carrying out a range of inspection tasks in environments
that are too confined or too dangerous for humans to enter.

The range o _ plications of such a system, if developed, would be
massive and diverse, and it would be impossible to define a single op-
erating environment. However, the field of Urban Search and Rescue
(USAR) presents a range of challenges which are arguably among the
most diverse and technically challenging of any robotics application,
and an existing body of research, test standards and international col-
laboration is established in the field. As such, this project focuses on
USAR as an application area as a robot capable of meeting this high
s d would be easily extended into any other field.

mber of robotic systems designed specifically for USAR work
are available, ranging from simple inspection-class systems to more
complex platforms equipped with powerful arms, tools, and special-
ised sensors. One such example, the RaTEL, developed by the UCT
Robotics and Agents Research Lab (RARL), is shown in Figure

Many of these are also frequently used in military and tactical oper-
ations as those environments see robots faced with similar challenges.
Although these systems are, on the whole, powerful and successful,
they are criticised for their lack of mobility, their complexity, their
lengthy deployment times, and their cost.

Cost is a particularly significant factor as it influences both the ac-
quisition and operation of robotic systems in real disaster scenarios.
While the research in this project argues that, clearly, every police sta-
tic o1 redepartment should have small, general-purpose robots on
hand to assist rescue operations should disaster strike, the reality is
that the cost of these systems — even the most basic offerings — has

% asignificant barrier to their implementation. Secondly, those in-
stitutions that can afford to purchase a robot frequently under-utilise
it, as the financial risk associated with its loss or damage in a dis-
aster environment is too high. As such it is desired that a new system
should be cheap enough that the operator’s decisions are not con-
strained by the risk of losing or damaging the robot.

To establish historical context, there is a brief review of the func-
{ robotic sys” s and the e of the field to date, ding
towards the ~ relopment of inspection robots for use in hostile en-

USAR as the
‘ultimate’ challenge
of mobile robotics






1.3 URBAN SEARCH AND RESCUE
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cleaner (tedious work) and an industrial robot arm in a foundry (te-
dious, fficult and dangerous work).

1.3 URBAN SEARCH AND RESCUE

”...the strategy, tactics, and
operations for locating,
providing medical treatment,
and extrication of entrapped
victims.”

- FEMA 9356.1-PR, 2000

The nature of the high-risk environments in which rescuers work has
been a challenge as long as there have been disasters from which to
rescue victims. During the Mexico City earthquake in 1985, 135 res-
cuers died — 65 of these due to flooding in collapsed structures

For many years, rescue workers and fire-fiy ‘ers h: used trained
dogs to locate victims trapped in collapsed, burning or unsafe struc-
tures — these dogs then lead the rescue workers to the victims’ loc-
ation. Although this strategy is still used today, it has several draw-
backs. In the event of a building collapse, uncontrollable fire or gas
leak, dogs may die, and although the loss of a dog is considered less
devastating than the loss of a human worker, it is nevertheless un-
desirable. Furthermore, dogs can only lead a worker to the victim —
no other information is available on the condition of the victim or
their surroundings.

Another common method is to use cameras on poles to look into
voids and around corners; however the length and inflexibility of the
pole severely limits the depth to which these inspections can be take.

It is thus clear that the risks and challenges presented in these en-
vironments make them ideally suited to the use of robots to minim-
ise risk to human workers. Robots are able to go into places where
humans cannot: environments with low oxygen, extreme heat, high
toxicity, or with small entrances are all better suited to robots than hu-
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1.3 URBAN SEARCH AND RESCUE

mans. As early as 1996, John Blitch id tified U! R a focus area
for robotic research:

. . .][USAR work] is a very dangerous job for human res-
cuers, poses an almost infinitely difficult ectrum of chal-
lenges, and yet provides an opportunity tor robots to play
a pivotal support role in helping to save lives. ;]

The first documented use of robots in a USAR operation was in
September 2001 in the aftermath of the g/ 11 terrorist attacks  |. At
Ground Zero in New York, several teams with a variety of different
robots were dispatched to assist in the inspection and clean-up phases
of operations . Some of these are detailed in Sectior

In their landmark paper Human-Robot Interactions During the Robot-
Assisted USAR Response at the WTC, Casper and Murphy ~ morbidly
noted that:

The remains of 10+ victims were found; 5+ during the res-
cue phase and 5+ during the inspection phase (the nature
of the remains makes it impossible to adequately count)

Although the efforts of the robotic USAR deployments in New York
failed to retrieve any living victims, this became a strong starting
point for USAR robotics as a serious, practical, and relevant research
field. Subse u robot-assisted rescue missions in the aftermath
of Hurricane Katrina in 2005 and the nuclear disaster at Fukushima
Daiichi power station in Japan in 2011 have proved the value of robots
as members of USAR teams

However, this has not been without challenges. As G Anthes states,

Real disasters are infrequent, and every one is different.
The robots never get used exactly the way you think they
will, and they keep uncovering new bottlenecks and prob-
lems. So it’s an emerging technology. ]

It is this ever changing and challenging environment that creates a
significant challenge for rescue robot designers.

RoboCup Rescue and AAAI Urban Search and Rescue competi-
tions have also provided an invaluable resource to robot developers
(primarily teams from academic institutions) in the form of compet-
itions which pit robots against each other in a series of challenge
arenas that simulate disaster zones. These are based on the DHS-
NIST-ASTM Standard Test Methods for Response Robots ~ which provide
a system of benchmarking the = rformance of rot  designed for
thc  applications. UCT competed in the RoboCup Rescue league in
Mexico in 2012, and the knowledge and experience gained there was
invaluable. Much of the inspiration for this project comes from Rob-
oCup 2012, and the subsequent IEEE/RAS conference held in Turkey
the same year.






1.5 PLAN OF DEVELOPMENT

This research informs the creation of a list of goals that a new ro-
botic system should succeed in, and Chapter 3 quantifies these into
specifications against which the performance of the designed proto-
type cam be measured. Chapters 4 and 5 describe the mechanical and
electrical design and manufactu * g resp ively. Chapter 6 then de-
scribes a test-driven method for developing shock-absorbing wheels
to protect the robot from damage as it traverses challenging terrain,
and in so doing, these wheels are developed for use on the prototype
robot.

The assembled robot is tested against its specifications: this is de-
tailed in Chapter 7. From these test results, Chapter 8 draws conclu-
sions and, most importantly in a project culminating in the design of
a prototype, makes recommendations for future work.
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BACKGROUND RESEARCH

2.1 INTRODUCTION

This section sets out to explore the available technologies and existing
research relevant to the goals introduced in the previous chapter.

As discussed in Chapter  the applications of inspection-class ro-
botic technology are naturally very diverse but USAR is chosen as a
development area as it poses some of the greatest challenges but is
supported by a large body of existing work and standards. Following
the previous chapter, where the relevance of robotic technologies in
USAR was established, this chapter begins with a survey of the literat-
ure describing previous disasters. The challenges presented by these
environments are thus assessed and particular areas for development
highlighted.

--1e chapter then goes on to detail, compare, and critically analyse
a range of existing systems which perform similar functions or have
similar specifications to the aim of this dissertation. This prior work
is mostly industrial (rather than academic), and serves as a body of
examples from which important lessons can be learned and design
inspiration can be drawn. In the latter two sections, specific attention
is drawn to challenges presented in using robots for USAR work, and
the ways in which existing technologies succeeded or failed in meet-
ing the demands of the environment. esew ultimately define the
goals and specifications for this project, which are elaborated in the
following chapter.

Note: A significant portion of this cha; r was published in the Pro-
ceedings of the 2014 PRASA, RobMech and AfLaT International Joint
Symposium as The Case for a General Purpose, First Response Rescue
Robot

2.2 USE OF ROBOTS IN DISASTER SITES

Although  any disasters can shed light on the topic of rescue robot-
ics, some of the most illuminating insights come from the aftermath
of the World Trade Centre collapse in 2001. Planes flown by terrorists
into the buildings caused a massive collap: leaving a landscape of
rubble and twisted n  al in which the bodies of survivors and victims
were trapped. The scale of the destruction is captured in Figure

a photograph by photojournalist Jim MacMillan from the morning of
September 12th.






























2.5 CONCLUDING REMARKS

have less challenging terrain than those found in USAR scenarios, and
would require additional sensors to render them truly USAR-capable.

2.5 CONCLUDING REMARKS

This section began with a history of robotics and an outline of the
development of USAR with specific emphasis on the ways robots
have been used, both successfully and unsuccessfully. Some key ro-
bots were highlighted for their feature offering, and from this review
of the scenarios and robots a trend towards smaller general-purpose
robots emerges. This is clarified in the final section which shows the
shortcomings of the current offering. From these criticisms, the next
chapter will develop some design goals, and ultimately a list of spe-
cifications towards which to design.
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SPECIFICATIONS

3.1 INTRODUCTION

Drawing on the observations and criticisms made in the previous
chapter, this chapter establishes the goals for which a new, small, in-
spection " ss robot could aim. These qualitative goals are then dis-
tilled into a list of quantitative specifications, and where test stand-
ards already exist for these specifications, they are noted. This chapter
concludes with a table summarising the desired specifications for an
initial prototype whose design process is detailed in the following
chapters.

3.2 GOALS

It is clear from the preceding chapter that there is a clear, immediate
need for smaller, general-purpose rescue robots. The challenges noted
in the disaster sites and the shortcomings of existing robots reviewed
serve to define this new category. The features that were particularly
useful in  or notably absent from  specific robots and disasters
are detailed below. The robot must be:

¢ low enough in cost that the operator’s decisions must not be
constrained by the risk of losing it

* low enough in cost that every local fire depar 'nt, police sta-
tion, or rescue service can own one

e carried in a backpack by a single rescuer

* easy to operate by sleep-deprived or stressed rescuers

* able to be deployed "instantaneously”, i.e. little to no set-up time
¢ able to survive deployment by throwing or dropping

¢ rugged, and dust and waterproof

¢ able to navigate challenging terrain such as rubble

¢ abletoo; 1 inall orientatio. orright If iably

* equ _ ed with sufficient sensors to determine the existence of
nearby human life, and possibly automatically identify these
and highlight to operators

21






3.3 DETAILED SPECIFICATIONS

In order for it to be carried easily on the operator’s back it should
not protrude significantly from the operator’s own body. Again, a spe-
cification is arrived at by estimating that the robot should not exceed
the size of a large backpack at around © ' x 250 X 500 mm (measure-
ments from author’s own survey). The robot should also be designed
so as to be compatible with the carrying system designed by W.K.
Fong in his concurrent M.Sc (Eng) project.

3.3.3 Operation and Control

As the controller and human interface are not part of this project, the
specifications here merely pertain to the communication between the
robot and the sensor payload and/or control station. As the wireless
communications are managed by the sensor payload, one communic-
ation protocol between the motor control circuitry and the sensor pay-
load must be specified such that the platform can be controlled. The
communication protocol should have access to all of, and in no way
restrict, the platform’s physical abilities. This protocol will be some
pre-agreed packet data structure transmitted via a simple serial data
protocol. The motor control circuitry will receive speed and direction
instructions for each motor, execute them and return local informa-
tion such as motor temperatures and current consumption. This con-
nection must be stable and in the event of a loss of communication,
should self-repair.

The robot must move forward and backward without listing or veer-
ing off course, and perform sweeping turns evenly and in a controlled
fashion when requested. It should also be able to turn upon its own
axis to facilitate manoeuvring through tight spaces. As this project is
partly an investigation into what can be achieved with the most min-
imal technology, these specifications are not set in advance, but will
be considered as goals to maximise during the design process. There-
after, they will be evaluated as a means of comparing the developed
platform to other existing solutions.

3.3.4 Other Ergonomic Considerations

The robot must be designed so as to be deployed easily with an abso-
lute minimum set-up time. Mechanisms must be provided such that
the robot can be carried securely into the field, quickly removed from
its case or container, and deployed without requiring any systems
to be configured or checked. The robot should thus be gripped in
one hand, and provided with mechanisms or structures to assist in
its deployment (which could include throwing). Provision must also
be made for charging the battery without having to disassemble or
reconfigure the platform.

23






3.4 SUMMARY TABLE

3.3.8 Speed

As the robot is intended to explore small and confined spaces, it need
not move very fast. A modest walking speed of 0.75 m/s is deemed
a sufficient maximum. It is imperative, however, that there is smoc
control at lower speeds to enable the robot to “creep” evenly toward
an object for inspection, or to assess a hazard more closely without
endangering itself needlessly.

3.3.9 Sensor Payload

As the sensor payload does not fall under the scope of this disser-
tation, the sole aim of this section of work is to provide a “bay” or
opening where sensor payloads, following some specification agreed
upon with their designer, can be connected. This must ensure that
payloads are afforded the same protection from harsh environmental
factors as the platform’s own internal works, and that they are se-
curely fastened to the platform. The sensors that could be included
in these payloads form the basis of the ruggedness and drop surviv-
ability specifications; the FLIR Quark thermal camera is taken here
as an example of a sensitive component and design must ensure that
its absolute maximum safe impact and vibration loadings are not ex-
ceeded.

3.3.10 Power

As the battery and power electronics are not a part of this project, the
only assessment that can be made here is that the mechanical design
¢ ‘he platform allows for a battery as specified by the designer of the
battery sub-system. However, as the motors and motor control are
within the scope of this project, these must be designed with appro-
priate limitations in mind. Accordingly, the motor control circuitry
must accept a DC voltage within the range of common battery tech-
nologies and its current consumption must be within the bounds of
what a small rechargeable battery is reasonably expected to supply.
As such these are benchmarked at 12 V-20 V with a maximum (peak)
current of 10 A.

3.4 SUMMARY TABLE

The table below summarises the specifications listed above, and links
each specification to a test which will be carried out in Chapte ~ Spe-
cifications on a sub-system level such as the c nication _ cket
structure and some ergonomic considerations are mentioned above
but not listed here; these will be evaluated as design goals in the
respective chapters.
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MECHANICAL AND INDUSTRIAL DESIGN

4.1 INTRODUCTION

This section describes the design and manufacture of the mechanical
sub-systems and components in this project. It focuses particularly
on the components whose development entailed simple applications
of existing design and manufacturing techniques, or did not require
new research and development work. These include the outer shell
and chassis of the robot, the tail, seals, fasteners, and so forth. The
energy absorbing wheels, whose development incurred significant ex-
perimental work, are mentioned here briefly but covered later in full
detail in Chapter

After an overview of the decisions leading to the proposed form
factor of the platform, and an over-arching description of the design,
each subsection covers a particular component, focussing on the design
and mentioning manufacturing processes where relevant, as well as
making observations on the quality of the manufactured parts. After
each sub-system is treated, an overview of the assembly process is
given, followed by concluding remarks on the design process. Recom-
mendations for future work are made in a later section along with the
recommendations relating to the rest of the project.

Note: Portions of the work described in this and the next two chapters
have previously been published as “The Design of a Rugged, Low-
Cost, Man-Packable Urban Search and Rescue Robotic System” in the
Proceedings of the 2014 PRASA, RobMech and AfLaT Int itional
Joint Syr _ Hsium

4.2 CONCEPT DEVELOPMENT

4.2.1  Form factor

The form factor of the robot — simply, the general layout and struc-
ture of therobot  is dictated by the specifications laid out in Chapter

'd an analysis of the similar existing products surveyed in Section

In order to protect the sensors no matter what combination of
sensors was installed, it was necessary for the body of the robot to
to’ 7 rencomp  the sensor payload. Se rthus “rded the
same protection as the rest of the internal workings of the robot, and
this restriction ensures all future sensors are afforded the same pro-
tection. If sensors are attached externally (such as with the iRobot
FirstLook) they are exposed to environmental damage, especially if

27






























4.5 SEALS

These mounts secured the motors adequately for testing the plat-
form and integrations with other systems, but were nonetheless not
ideal. Further development work in this area is recommended should
the project be taken further.

4.5 SEALS
4.5.1 Design

To protect the internal components of the robot from damage by
water or dust ingress, rubber gasket seals were designed. They are
shown in Figure in light blue, sitting inside the lip and groove at-
tachment feature between the two halves of the case. They are clamped
in place and compressed there by the bolts holding the case together.

4.5.2 Manufacturing

The seals were manufactured by laser cutting from 1.0 mm and o.5
mm silicone sheets (depending on their intended location). This had
remarkably good results as the thin sheet could be laser cut with a vir-
tually zero-thickness kerf and the resulting seals were very accurate
and seated well. Figure shows a heatsink with its fitted gasket.

4.6 WHEELS

Although the design of the energy-absorbing foam wheels is covered
in detail in Chapter  they are given a brief treatment here, focus-
ing particularly on their manufacturing considerations which are not
covered elsewhere.

37

Figure 4.12

0.5 mm silicone
seal in position
on the heatsink
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Fiy 4.8
Assembly
of the con-

trol PCB and
its heatsink

MECHANICAL AND INDUSTRIAL DESIGN

G Knox's final power m: 1gement system was not ready for integra-
tion into the robot.
The motors in their foam mounts were i1 rted into their slots and

their {  er cables solc d on. As noted in Section the mo-
tor mounts were somewhat fragile so they were temporarily secured
with tape. This stage of assembly is shown in Figure As the mo-

tor housings were not manufactured to the correct specitication, the
temperature sensors could not be attached to the motors.

The battery, with its protection PCB attached, was then placed on
its mounts and the i  fitted snugly behind it (depicted in Figure

anc respectively).

As noted in Section the screw holes in the two halves of the
shell were poorly aligned and the HDPE was not strong enough to
support a thread. In order to expedite the testing process, the shell
was fastened shut using tape which, although not aesthetically pleas-
ing, was sufficiently struc’ 1lly sound to support the robot during
testing.

The final assembled platform is shown in Figure












ELECTRICAL, ELECTRONIC AND SOFTWARE
SYSTEMS

5.1 INTRODUCTION

This section details the design of the electrical, electronic and software
sub-systems contained in the robotic platform. These are limited to
only what is required to receive commands from an external “master”
controller or base station, interpret these and transform them into ap-
propriate control signals that power the motors. Additionally, data on
the state of the system — the motor drivers’ current consumption and
motor temperatures — is captured and returned to the base station by
the same communication protocol. Figure shows the components
used and their interconnections in one halt ot this simple sub-system
— the other half, controlling a second motor, simply adds a second
motor driver and feedback system, connected to the microcontroller
in the same way as the first.

5.2 MOTORS
5.2.1 Motor Specification

A pair of motors with built-in reduction gearboxes was selected using
the following criteria: torque, speed, input voltage, current consump-
tion 1d, most importantly, price. These are elaborated on below.

5.2.1.1  Torque

A torque specification was achieved by considering the worst-case
scenario; the robot must, using one motor only, lift its entire mass up a
vertical ledge (assuming perfect traction). The highest ledge on which
a wheeled robot can possibly find traction would be equal to the
radius of the wheel, shown in Figure The torque T experienced
by the motors can be expressed as:

T = mgr

wl m is the 1ss of the robot, r is the wheel lius and g =

31m/s2, the gravitational acceleration. As the final dimensions of the
robot could not have been known before the design was complete,
the torque specification is based on the specified mass and dimen-
sions from Chapter  Substituting m = 3kg and r = 125mm into the
formula above yields a maximum torque of 3.68 Nm per motor.
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5.2 MOTORS

5.2.1.2 Speed

The maximum speed for the robot, as specified in Chapter is 0.75
m/s. The rotational velocity w (in radian/second) of a wheel ot radius
r whose edge is travelling at v (m/s) is given by the formula:

[4
w= -

Expressing this in terms of rotational speed s (in revolutions per
minute) introduces a conversion factor:

,_ 600
T 2mr

Substituting in v = 0.757/s and r = 125mm (as above) yields a
maximum motor speed of 57.3 rpm.

5.2.1.3 Electrical Power and Control

As specified in Chapter  the platform is to be powered by a re-
chargeable battery. The power management sub-system as designed
by G Knox in his M.Sc contains a 3000 mAh four-cell Li-Ion battery
and ara1 ' of voltage regulators to provide power to different com-
ponents. The motors, however, must be connected directly to the bat-
tery as the inefficiency of vol s at high currents would
waste significant power. s ¢ irs need to operate safely
on a voltage between 16.8 V and 12 V: the battery voltage will de-
crease slowly during operation of the robot before being recharged.
The current consumption of the motors and the current capacity of
the battery were select  in« Jeration of each other: the final spe-
cification was that each motor’s peak current draw should not exceed
5 A. This restriction on electrical power in turn restricts the mechan-
ical power of the motors; consequently there was found to be no need
to specify a maximum size for the motors as nearly all motors of this
specification are sufficient sm: r integration into a small inspec-
tion robot.

Due to the goal of design simplicity and cost reduction, it was de-
cided to use a brushed DC motor rather than a more sophisticated
brushless motor. Despite their better performance per size and in-
creased efficiency, these motors are significantly more expensive and
require more expensive and complex control circuitry and as such are
not ap] , iate in a robot des  :d to be “disposably” cheap. Their
increased reliability was also deemed unnecessary as the robot is not
expected to be heavily or continuously used: during its entire lifetime
the ratio of operating time to standby time is expected to be low.
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5.6 SOFTWARE

5.3 ADC and Data Transfer Controller

The Analogue-to-Digital-Converter is configured to scan four chan-
nels (temperature and current draw for each motor) continuously,
capturing the voltage on each of the four pins successively during the
operation of the robot. To avoid using CPU time to store this data, the
automatic Data Transfer Controller is configured to store the data at
a specified memory address every time a ADC conversion completes.
As the ADC scans successive channels, so the DTC stores the data
in successive memory addresses until all channels are converted and
the process repeats from the first channel and memory address again.
The main loop accesses these memory addresses as it runs through
its routine and the data  processed for return to the master. Thus
the two processes can execute simultaneously and independently of
each other.

5.6.4 Timers

Two timer modules are used in this software. The first creates a pulse-
width-modulated square wave by raising and lowering the voltage
on a pin at fixed intervals. The PWM frequency is set by writing to
a register at the beginning of the code, and the duty cycle (switching
intervals) is controlled by the value in the “Capture and Compare”
register which is written to by the main loop. Control of individual
mot.  is achieved using two separate channels of this module, each
with their own Capture and Compare register.

The second timer channel is used to create a fixed-length delay
which is used in the fault recovery described in the next section. This
is activated by calling a function which sets the relevant timer control
registers. The timer then runs until an interrupt is triggered, and in
this interrupt the timer is disabled again. This allows the software to
perform some task a known time after a previous task without using
the CPU to mark the time. ...e CPU can thus continue to process data
in the background until the timer period elapses.

5.6.5 Fault detection and recovery

In the event of a short-circuit, the MC33926 pulls the voltage on a
Status Fault line to zero. This line remains low in its “fault condition”
until the MC33926 is reset, whereupon the motor driver continues
to operate, assuming the cause of the short circuit is removed. If the
short circuit not remov ~ another ¢ wus fault is triggered. ...is
status fault line is attached to a GPIO input on the MSP430 and this
GPIO pin is configured to generate a software interrupt should the
line go low. This interrupt immediately writes data to the “transmit”
array, noting which of the motors is indicating a fault: this can ac-
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MECHANICAL DESIGN AND TESTING: WHEELS

6.1 INTRODUCTION
6.1.1  Background

A significant challenge in this project was the design of some struc-
ture or mechanism to absorb the impact incurred as the robot tumbles
or fallsdu ;  operation, thereby protecting the cl ssis and delic-
ate sensors within. When the robot collides with an object — or the
ground below, in the case of a fall — it will rapidly decelerate to a
halt over some distance determined by the structi  and material of
the contact surface. Ideally, as much of the energy associated with
this deceleration should be absorbed in as short a time as possible.
Furthermore it is desired that the motion be well damped; that is,
that the kinetic energy is not rapidly returned, setting up oscillations
(quite simply, bouncing of the robot) that could cause further damage.
It is clear from these requirements that the design of some sort of sus-
pension is required and this section sets out to explore the design
opti  ; available to mitigate the effects of a collision.

In the interest of reducing part count, manufacturing cost and com-
plexity, it was decided that this suspension should be incorporated
into the structure of the robot’s wheels. Preliminary investigations
into the impact physics revealed that FEM and other numerical mod-
elling would be laborious and out of the scope of this project, as a
detailed material characterisation of the material would be required.
In the interest of rapidly producing a testable prototype platform,
a test-driven iterative rapid prototyping design approach was em-
ployed to develop impact-absorbing wheels suitable for this;  »ose.
These provide traction and mobility as well as cushioning the relat-
ively delicate internal components and sensors from otherwise dam-
aging forces incurred when the robot falls or tumbles.

This section of work differs from the previous design chapters in
that it relies on new research and testing as opposed to specification-
driven design using well-understood components and existing meth-
ods. Accordingly, it can be treated as a sub-project within the main
dissertation, and is presented with its own goals, background re-

«ch, tes results a clusions, wh™ ~ ultima vy back
into the final design in order to meet the over-arching design goals
outlined in Chapte:
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6.4 EXPERIMENTAL DESIGN

.

6.4.4 Accelerometer

The mass-pieces were fitted with a Measurement Specialities 834M1-
2000 tri-a . Piezo accelerometer is was chosen for its high

bandwidth (2-6000 Hz) and high acceleration amplitude (up to +2000G).

A severely limiting factor in the selection of a suitable accelerometer
was price. Most others in this range of sensitivities were quoted in the
order of thousands of USD, and hence entirely unaffordable, whereas
this sensor is modestly priced at just over US $100. As the range of
accelerations to be measured was not well-known before the exper-
iments began, it was necessary to set the specifications so high; fu-
ture work could re-consider this. A tri-axial accelerometer was also
chosen as it allowed for the possibility of doing unconstrained real-
world drop tests where the robot could tumble through space freely;
the resultant total acceleration could then be found by combining the
acceleration vectors from each axes.

The accelerometer is connected to power and the data capture hard-
ware via a custom PCB (shown in Figure and it is permanently
bonded by its metal case to the metal mass-pieces using strain gauge
cement. The wires that connect to the PCB are bound in a grounded
braided-shield cable so as to limit the effect of electro-magnetic noise
on the low-amplitude signals.

6.4.5 Accelerometer Power and Data Capture

The 834M1 requires an excitation voltage of 3.3 V. Its outputs are
biased at half of the supply voltage; that is to say that when one of
the axes is reading zero acceleration, its output is 1.65 V. The output
then swings above or below this bias voltage as it reads positive or
negative accelerations along that axis. As the output sensitivity of the
accelerometer is only 0.62 mV/g, it was necessary to ensure that the
voltage supplied to the accelerometer was as consistent and noise-free
as possible. This was achieved by placing a 3.3 V LM4o4o voltage ref-
erence  cuiton t’ lerometer’s supply; " is refe  ce was tl

fed with 4 V from the most noise-immune bench power supply avail-
able to e » that the ¢ lerometer received a consistent voltage.
This behaviour is shown in Figure an oscilloscope trace cap-
tured during testing, which shows the LM4o40 being fed with a 400

Figure 6.13
The 834-M1
accelerometer,
mounted to
PCB. (R1 coin
shown for
scale).
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TESTING AND RESULTS

7.1 INTRODUCTION

This chapter details the testing of the complete prototype platform
and quantifies its successes or areas for improvement in a number of
categories.

Some tests required the platform to be powered and have commu-
nications with the of ator. As the power and communication sub-
systems designed by G. Knox in the course of his M.Sc were not
fully complete at the time of publication, these tests were achieved
either by partially integrating the work-in-progress systems or build-
ing a temporary sub-system that would provide the same function.
As these sub-systems do not fall within the scope of this project, they
are discussed only where their use could conceivably have had an
impact (beneficial or limiting) on the performance of the platform.

Where tests describe a “human operator”, this was, in all cases,
the author. Development of a natural user interface, and analysis of
the Human-Machine Interaction with a wider sample group is highly
recommended, but not within the scope of this project.

Only after some tests had been completed was it observed that the
motor gearboxes, which were known to be sub-standard, were show-
ing signs of slipping. This failure is documented in detail in Section

but is mentioned here as it significantly impaired the robot’s
pertormance. New motors with a higher torque rating could not be
purchased within the time and budgetary constraints of the project,
as integrating these motors would have required a re-design of the en-
tire housing; this is recommended as the first priority of future work.
As such, some proposed tests were not completed, and the results of
some s were compr:  sed. This is noted wl re ant.

7.2 COST
7.2.1 Description

This specification was evaluated by keeping a record of the costs in-
curred in manufacturing the first prototype. Although significantly
more money was spent in development work leading up to the pro-
totype, this budget reflects only the stand-alone cost of a single pro-
totype as manufactured. Should the design go to production, it is ex-
pected that some costs, such as plastics manufacture, may increase.
Equally, some components could be bought for reduced prices at
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7.4 WEIGHT

7.4 WEIGHT
7.4.1 Description

The platform was weighed using a digital scale. To obtain the most
realistic indication of final weight, this included the aluminiumse r
payload far  battery and power management system, prototype com-
munication hardware and the testing controller developed by G Knox.

7.4.2  Results

The mass of the robot was found to be 2.4 kg by weighing the as-
sembled platform on a digital scale.

7.5 CONTROL AND COMMUNICATION
7.5.1 Description

In order to test that the controller board was able to receive com-
mands from an external master device and control the motors, a work-
in-progress prototype of G Knox’s sensor payload central controller
and wireless hardware was adapted to receive communications from
a computer and pass them to the motor control PCB. A simple GUI
was written in LabVIEW to interface with a Logitech Xbox-style con-
troller, convert joystick positions to motor commands, and send these
to the wireless transmitter. Figure the testing interface, shows
the joystick input, converting these inputs into motor power and dir-
ection indicators, and the serial string tran:  tted to the robot. Ad-
ditionally, the data received from the robot is displayed and, where
relevant, displayed as indicators.

The returned data string is analysed and, if the format and layout
is correct, this is reported on the GUI During all other tests, this
status was logged to a file once a second. From this, it was possible
to determine the reliability of the communications link. This logging
feature was left on during all testing so as to gain an understand-
ing of the robot’s behaviour during “normal” operation. It must be
noted that all results  :asured below were unavoidably affected by
the testing systems; any less-than-ideal performance of GUI software,
wireless link, or Xbox controller may be reducing the measured per-
formance.

7.5.2 Results

It was possible to control the movement of the robot with an Xbox
controller. If the joystick was pushed forward and abruptly released,
the robot displayed a tendency to flip forward as the motors decel-
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7.6 STRAIt ' LINE

erated - shown in Figure This is, in part, due to the centre of
gravity being too far forward. However, if the control was released
gently, and the robot allowed to come to a gentle halt, it could do
so without flipping over. This suggested that control software could
be implemented that would ramp down the deceleration gradually;
howe'  this was not attempted. Beside being out of the scope of the
project, the most urgent futu  work is a re-design of the robot shell,
which would change the centre of gravity and could make this control
code redundant.

The longest pr  »d measured with no break in communication was
22 minutes before the robot was turned off. If we define a “self heal-
ing” connection as able to restore communication within 5 minutes

without assistance or reset, the longest period measured was 35 minutes

and 19 seconds long, during which communication integrity was lost
and successfully regained 45 times.

7.6 STRAIGHT LINE
7.6.1  Description

Although no goal of “straightness” was specified, it was nevertheless
desired to establish the performance of the platform and determine if

er motor control should be re  1mended. The tests were carried
out by setting both motors forward at 100% and 50% power and pla-
cing the robot on a level floor, on which a 250 mm grid was marked.
The tests were filmed from directly overhead and the video footage
analysed (by overlaying straight lines and counting grid markers) to
dete  ne the straigl ss of the robot’s path. Ideally this test would
have been carried out over specified d inces and the deviation re-
f edin llimetres away from target over a certain distance, as well
as noting any angular deviation; however t = could not be completed
as the motor failure made the robot’s performance totally unreliable.

7.6.2  Results

During these tests it was noted that the robot had a tendency to veer
suddenly to the right as it was accelerating up to speed, but then re-
main on a relatively straight trajectory thereafter. A typical attempt is
shown in Figure a composite image made by overlaying success-
ive frames of video. The robot immediately veered off course by 40°,
but then held a line that appears straight to the eye. The straightness
of this line however cannot be measured with the current tools as it is
not possible to determine the position where the curved path ended
and the straight section began.
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7.10 SELF-RIGHTING

could lower the peak accelerations and decrease wheel deflection
when dropped from the: e height.

Secondly, the experimental apparatus only allowed for controlled
falling onto both wheels, whereas a real-world drop could load one
wheel more than the other. This could decrease the maximum height
from which the robot can safely be dropped, but extent of the effect
this might have is not known and further testing is required.

Thirdly, as noted previously, the motors in the prototype were not
at the desired specification and accordingly their shafts were more
susceptible to damage. The tumbling test in Sectior showed that
even a modest drop of 400 mm was sufficient to cause damage to
tt e shafts if the robot landed on the outer face of the wheel.

7.10 SELF-RIGHTING
7.10.1 Description

In an attempt to ensure that the robot landed evenly on both wheels,
its tail was shaped to provide some aerodynamic effect, like that of
a dart. This was evaluated by dropping the robot from the specified
height of 3 m and filming its descent using the “slo-mo” video setting
on an iPhone 6. This allows the effect of the tail, if any, to be evalu-
ated by examining the position of the robot as it rotates in successive
frames of video. Two directions of rotation were tested: pitching (nose
over tail rotation) and yaw (one wheel over the other) which necessit-
ated drops from two different starting positions. To prevent potential
« ma the robotlanded on a large cushion.

Upon landing, it is desired that the robot can operate in any ori-
entation to which it might fall. In order for the controls to adapt to
operation in either direction, additional sensors (in G Knox’s sensor
payload) were required; the testing here is merely to show that, mech-
anically, the robot is capable of operating in either direction.

7.10.2 Results

The results of the pitching and yawing drop tests are presented in Fig-
ures anc respectively as overlaid composite images showing
the robot's trajectory and orientation in successive video frames.

The attempt to aerodynamically create pitching motion is markedly
more successful than the yawing motion. Due to the design of the tail,
in the pitching scenario, more of the tail’s surface area is presented
to the oncoming air mass, increasing the drag forces necessary to
right the robot. Additionally, the yaw direction of rotation = re * ‘ed
by a greater moment of inertia, as the mass of the motors and other
internal components are now rotating perpendicular to the axis of
rotation.
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7.14 TUMBLING

7.13.2 Results

Tests not run due to failure of motors.

7.14 TUMBLING
7.14.1 Description

The tumbling and self-righting capabilities of the robot were tested
by using the GUI controller to drive off a ledge at an angle so that
one wheel fell before the other. The robot then fell to another surface
approximately 300 mm lower, was driven off that ledge to the ground
(approx 400 mm) and an attempt was then made to continue driving
the robot along the ground. This test was devised to be repeated with
“fe tar and sj and a: ond test was devised whereby
the robot would travel on a straight surface littered with a variety of
rand:  y-sized and -shaped obstacles. However, as this took place
after significant damage had already 1 n done to the gearbox, and
in itself caused more damage, only one ledge drop was attempted.

7.14.2 Results

robot fell at an angle over the first ledge, righted itself and was

an ¢ r the edge to the ground, where it fell flat onto the face of

one wheel. In so doing, the output shaft of the corresponding gearbox

was bent, hampering the robot’s abilities even further. This series of

events is shown in Figure

During this test the robot landed on the outer face of on of the

wheels (the second-last position in the sequence shown in Figure

e robot then fell back, applying a significant bending torque

to the motor shaft. The extent of this damage, shown externally in Fig-

ure is described in more detail in Section but is mentioned

here as it can be considered a serious limitation ot the robot’s ability
to perform tumbling tasks safely with the current motors.

7.15 FORWARD SPEED
7.15.1 Description

The robot was placed on the grid-marked floor with both motors
set to full power. A camera perpendicularly above the floor filmed
the robot crossing the g1 sa Oy analysing the video frame-by-
frame, the number of fi (at 25 per second) to cross each grid-
line will infer the robot’s speed. If the robot did not travel directly
along the gridlines, the deviation across the whole image was meas-
ured, and trigonometric ratios were used to correct the distance. The
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7.18 POWER 107

not att  >ted and the protot  :is deemed to have failed in this
cification.

7.17.2  Results

Test not run due to sub-optimal manufacturing of plastic parts.

7.18 POWER
7.18.1 Description

To determine the safety of the designed motor control board, the mo-
tors would be stalled at full power and the current draw of the motor
control sub-system recorded. Due to the slipping of the gearboxes it
was however not possible to produce this result. Additionally a test
to deduce the effectiveness of the heatsinks was stipulated, but this
test was also not possible.

7.18.2 Results

This test was not run due to motor failure. Informally, the highest
current observed on the feedback GUI (returned by the battery man-
agement system which was calibrated against a bench multimeter)
was around 2.5 A during a previous stall. This benchmarks the cur-
rent draw safely below the maximum 10 A that can be supplied by the
battery and well below the 5 A that can be supplied per motor driver,
but this specification does not by any means stand up to scrutiny or
due rigour.

7.19 MOTOR FAILURE

During testing it was observed that the motors, despite drawing power
and making the expected sound, were not rotating the wheels if
obstacles or slopes (see Sections and were placed in the
robot’s path. This, as well as the robot’s irregular right-turn whilst
gaining traction in the straight line tests (see Section led to the
hypothesis that a gear inside the gearboxes was slipping on its shaft.
Further damage was caused during the tumbling tests (Sectior

when the robot landed on the outer face of the wheel and visibly bent
the output shaft of one of the motors.






7.20 CONCLUDING REMARKS 109

Figure 7.19
Bent output
shaft

better experimental planning and risk assessment of each test, such
that more low-risk tests could have been conducted before the plat-
form'’s performance was permanently impaired.

The next section draws conclusions from this testing data and upon
these conclusions, recommendations for future work are made.






CONCLUSIONS AND RECOMMENDATIONS

8.1 INTRODUCTION

The previous chapters detailed the design and development work
that took place, as well as the testing thereof. The successes and fail-
ures of these tests, as well as critical analyses of the designs, allow for
conclusions to be drawn. These, along with the experiences and obser-
vations of the author during the design and development stages, form
the basis of recommendations for future work. These are detailed be-
low, categorised by the section of development work that they apply
to.

8.2 MECHANICAL DESIGN

A number of issues were present in the mechanical sub-systems. Some
can be attributed to sub-standard manufacture, but otl s are flaws
in the design that were only revealed during development and testing.
These are described below.

8.2.1 Platform Centre of Gravity

As demonstrated in the control tests (Sectior , the centre of grav-
ity of the platform was too far forward and this contributed to the in-
stability of the platform when it was driven. This could be improved
by redesigning the housing such that the motors are behind the axle
rather than ahead of it. This would distribute weight more to the rear
of the robot and assist in holding the tail down during manoeuvring
the platform. An added benefit of this would be increased suspension
clearance in front of the robot: without the motors ahead of the axle,
the front face could move closer to the axle. If new motors are selec-
ted, it could be advantageous to avoid those with off-centre shafts
such as the existing selection.

8.2.2  Suspension Clearance

The development of prototype wheels for this platform described in
Section revealed that it was not possible to ¢  gn a wheel that
would meet the drop height specification using the chosen materials
and specified dimensions. The solid (and therefore hardest possible)
200 mm wheels were unable to safely absorb the impact of the ro-
bot within the 30 mm clearance designed between the front of the
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8.2 MECHANICAL DESIGN

I toroll 't ble back onto two wheels. This* ild, ho 21,
significantly increase the width of the robot and affect the integra-
tion with WK. Fong'’s transportation harness. Further work in this
area combining industrial design conceptualisation and prototyping,
along with more detailed testing, is strongly advised.

8.2.5 IP rating

No degree of water- or dust-proofing was obtained due to issues in
manufacturing of the plastic shell. Furthermore, if these had been cor-
rected, the charging connector specified by G Knox and W.K. Fong
would still have presented problems as it was not waterproofed. Fu-
ture work must either develop a plug or cover to seal the charging
connector while the robot is in operation, or specify an existing wa-
terproof connector.

As noted in Sectior the width of the sealing faces was not suf-
ficient to safely locate the seal during assembly. It is recommended
that these features be re-designed in accordance with some standards
or guidelines for successful seal design.

8.2.6 Motors

Due to supplier issues, incorrect motors were used, which lacked suf-
ficient torque to lift the robot over obstacles and challenging terrain

(as noted in Sections and . During testing the gearboxes
failed completely as a result of pushing them beyond their rated cap-
ability. Tumbling tests (Section also revealed the susceptibility

of the motor shafts to bending.

However, these motors did serve well to demonstrate the function-
ing of other sub-systems, and the tests that were attempted, although
not yet conclusive, suggest a robot such as this could be successfully
operated using simple brushed DC motors without odometry and
complex control systems.

It is recommended that future work replace the motors with a
higher-torque alternative, and that their shafts be suitably suppor-
ted to resist bending damage. One such alternative motor is the MFA
Como Dirills 940D, shown with an epicyclic reduction gearbox in Fig-
ure 8]. Integration of this motor would necessitate a re-design of
the entire shell as it is significantly longer and of a different layout
and mounting type.

8.2.7 Housing

Although the CNC-machined HDPE housing was successful in provid-
ing a platform for testing the integration of various sub-systems, it
had significant drawbacks. The UCT workshop was unable to manu-
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8.4 WHEEL DESIGN AND DEVELOPMENT

tl * integration test lts for more details in this re; 1 as they
may highlight issues with work done under the scope of this project.

8.3.1  Motor Drivers

Although the performance and ease of use of the Freescale MC33926
motor drivers could not be faulted in this application, they do rep-
1 nta gnificant portion of the cost of the electronic sub-system.
Future work could look into alternative ICs that provide the same
functionality at a reduced cost. A significant cost saving could be
achieved by lowering the specification when1 7 motors are  2cted;
it is unlikely that a 5 A continuous current supply will be necessary.

8.3.2 Control

Given the correct components and some simple software, the robot’s
movement would easily be controlled. However, issues with the sta-
bility of the platform during deceleration are noted in Section
Although much could be achieved by re-locating the centre of gravity,
it is recommended that future work investigate the integration of a
small, affordable IMU onto the controller board in order to correct
the motor power and maintain stability. Additionally, this could be
used to maintain correct heading, as advertised on the Recon Scout
robots[5], ¢ cting the robot’s direction of travel in case of wheel
slippage or motor inconsistencies. This may require upgrading of the
microcontroller to allow communication with the IMU — the ST Mi-
croelectronics STM32Fo range provide specifications comparable to
(or improved upon) the MSP430 range at similarly affordable prices.

If this is not possible, an open-loop controller could be implemen-
ted in the existing microcontroller software to provide a gentle “ramp-
down” even when the control joystick is suddenly released to zero.

A natural, intuitive user interface with video and sensor feedback
would be required to control the robot in real-world scenarios: this
is within the scope of WK. Fong’s concurrent M.Sc and is currently
under development.

8.4 WHEEL DESIGN AND DEVELOPMENT

A method for designing and testing impact-absorbing wheels has

been demonstrated in the preceding sections. Its results were ad-
e the « _ of a wheel t - .t

from deployment by throwing or falls incurred during its operation,

although issues were present that limited its application. Specific is-

sues for future consideration, as well as further research into wheel

designs, are highlighted below.
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85 FINAL SUMMARY AND OVERVIEW

larly in emerging economies. As such, there is a demonstrable need
for low-cost, rugged robotic systems.

In this dissertation, the development of the Scarab, a rugged, low-
cost inspection-class robotic platfi  , is described. Designed to with-
stand deployment into Urban Search and Rescue environments, its
potential applications also include security and  tical work, build-
ing inspection, nuclear leak surveillance, or any inspection task where
it is too dangerous or confined to send human workers.

Its applications are further extended by its ability to accept a range
of different sensor payl 1 configurations. This also serves to de-
crease the risk associated with losing or damaging the robot in chal-
lenging terrain; if a scenario is particularly dangerous the platform
can be fitted with the bare minimum of sensors for the task and con-
sequently incur a minimized risk.

To protect the robot from damage incurred during falls or deploy-
ment by throwing, large, energy-absorbing foam wheels were de-
signed. To aid this, an iterative design-and-test method was developed,
including significant experimental work and data analysis.

To control the movement of the platform, geared motors are con-
trolled using a custom electronics PCB including a microcontroller
which runs control software and manages communication with the
base station. Although the two concurrent M.Sc projects were not at a
sufficiently advanced state to integrate into the combined system, the
progress thus far predicts success in that regard.

As this project is a first prototype, significant weight is carried by
the recommendations for future work. These are based on testing of
the platform and sub-systems within it and will form the basis of the
next step in the development of this project.
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HOPKINSON BAR CHARACTERISATION

The experimental apparatus known today as the Hopkinson Bar was
proposed by Bertram Hopkinson in a 1914 paper published by the
Royal Society [ . Originally devised as a method for measuring
tt p  1re induced during ¢ onations or projectile impact, it has
found use in a variety of other applications. In the following ap-
pendix, it is set up to validate and, if necessary, calibrate the readings
from a piezo accelerometer. In order to achieve this, thel ' must be
calibrated, which requires an understanding of the physics involved.
This is covered after a description of the apparatus, and followed by
documentation of the procedure undertaken to calibrate it.

A.1 APPARATUS AND METHOD

The apparatus used in the experiment is shown in Figure A

single “incident’ bar, supported at intervals along its length, is equipped

with a pair of diametrically opposed strain gauges half-way down
its length. These are oriented axially on the bar and connected in
a Wheatstone bridge so as to correct for bending effects. The sig-
nal from the Wheatstone bridge is passed through an INA110 strain
gauge amplifier circuit with 1000x gain.

The bar is struck at one end with a second, smaller ’"striker” bar,
which is fired from a gas - tn. This striker bar passes through a light
gate that measures the speed at which it impacts the incident bar. At
tl her end of the bar, @ pi¢ ) accelerometer is directly affixed
using strain gauge cement. The readings from the light gate, strain
gauge, and accelerometer are recorded using data capture hardware
and the signals fed into a computer for processing and analysis.

The stress history recorded by the strain gauge is mathematically
manipulated into a velocity history, the first derivative of which is
compared to the acceleration history captured by the accelerometer.

A.2 LOADING OF UNIFORM BARS

Consider a long bar of cross-sectional area A, length [, and density
p. If a sudden compressive stress ¢ is applied to one end, it causes a
stress wave to run down the length of the bar at the speed of sound
in the bar material, c. At some time ¢, the length of the compressed
section is ct and the velocity v of any particle in this section is the
longitudinal deformation ¢ divided by ¢.
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A.2 LOADING OF UNIFORM BARS

e Yo g'sm ts of the bar can be fc  d by equating particle
velocities from Equatior anc and re-arranging:
E=pc (A3)

If this impact loading is caused by the bar being struck axially by
another bar of the same material, the resultant stress in each bar can
be found. If the bars are of different diameters, it is assumed that the
contact is made over the entire face area of the smaller bar. Addition-
ally, the bars must remain in contact during the entire impact event -
therefore their velocities are equal. In addition, because the incident
bar is initially at rest, its velocity v, is equal to the change in velocity
Avy. Given this, the particle velocity vs in the striker must be equal
to the original striker speed vy less the change in speed Av; incurred
during the impact with the incident bar.

vs = vy = Av, = vg — Avs (A.g)

The impact produces compression waves in both bars, running in
opposite directions away from the contact face. From Equation
the change in particle velocities in each bar are

Avs = I
cp

to the left and
Op

Avy, = —

Uy Cp

to the right.
bstituting these into Equatior ind re-arranging to be in terms
of 0p:

oy + 0.
vy = *’—Cp— (A.5)

The two faces must also be in force equ™" rium, therefore:

o'sAs — ‘TbAb

As such, by writing Equatior with o, as a function of o, and the
ratio of bar areas, the following can be derived:

A.
Op = — c A6
b= A 4 oa, £ (A.6)
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order to simplify
the calculations.
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A.4 CALIBRATION

where the rebound velocity can be found by considering relative
areas thus:

A A.
Urebound (1 + Z‘i) =70 (Ab - 1)

Total impulse I is equal to the applied constant force F multiplied by
the time t for which the force is applied, so for every infinitesimal
time period df we can. culate the change in impulse dI:

dl = Fdt = Ayodt

Therefore, by integrating both sides:

T
1:/ Ay (1) dt
0

and substituting Equatior we yield:

T
I= / ApKV,pnadt
0

Simplifying and using Equatior

T
ms(UO - Urebound) = AbK/O Vreaddt

Which, solving for the calibration factor, gives the “momentum bal-
ance” calibration factor Kj as:

Ky, = s (V0 — Vrebound ) (A.10)

T
Ay fo Vreaddt

The integral fOT Vieaqdt is computed numerically using the time-
discrete voltage data points captured during the experiment, where
t = 0 is the beginning of the experiment and ¢ = T is the time taken
for the initial compressive pulse to pass the strain gauge.

A.4.3 Maximum Stress/Maximum Signal Ratio

The calibration factor of the ap;  itus can also be calculated by com-
paring the maximum voltage output V7** from the Wheatstone bridge
to the maximum stress in the bar. Equatior zives us the stress in
the bar as a function of its density and the particle velocity of the
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Figure A.4
Example of
Raw Voltages
from data cap-
ture during an
experiment

Figure A5
¢ s history
in the incid-
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three differ-
cal
factors
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