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II. PLATFORM DESIGN 

The platform was developed from the point-of-view of the 
payload to be transported. The range of proposed payloads was 
developed using Group Technology [3]. GT was used to 
produce a family of parts and products that fit within ranges of 
certain characteristics based on functional, behavioural, and 
structural considerations [4]. Here, only structural 
characteristics were taken into account including material, 
weight, basic geometry, and dimension. Upper limits were set 
on the quantitative characteristics while sets were identified for 
the qualitative characteristics.  

The Mechatronic Engineering principle of system 
integration was critical to the main objectives in the design 
process.  Design parameters identified, involved the mobility of 
the platform, the capability to transform from statically stable 
to dynamically stable, interfacing with the environment, 
onboard intelligence, and navigational capabilities. When 
referring to dynamic stability, one refers to the platform 
actively maintaining its stability in an upright orientation. 
Safety and energy efficiency considerations were also 
addressed in the design specifications. The following 
subsections describe the three subsystems of the mechatronic 
system. 

A. Mechanical Architecture 

The mechanical architecture can be described in terms of 
the three main functional subassemblies that constitute the 
complete mechanical subsystem. These are the drive system 
and static stability system, the space frame support structure, 
and the payload interface and manipulation system. Figure 1 
shows the final assembly of the materials handling platform, 
with the subsystems indicated on the right. 

 

Figure 1. Final assembly of self-balancing materials handling platform. 

The self-balancing characteristic of the platform 
necessitates the implementation of a differential drive system 
to achieve mobility. A differential drive robot is commonly 
supported by one or more additional supports, which render it 
statically stable. During the transportation phases of operation, 
the platform will only make contact with the floor surface 
through the two driven wheels; however the platform is 
required to be statically stable for loading and unloading of the 
payload. 

 
Retractable stabilisers have been implemented to achieve 

static stability in these phases. Figure 1 shows the drive system 
configuration. The retractable stabilisers are fitted with ball 
transfer units at the point of contact with the floor. A ball 
transfer unit is visible in Figure 1, at the bottom of the static 
stability unit. Each static stability unit is actuated by a small 
Direct Current (DC) motor driving a lead screw that moves a 
galvanised steel tube up and down inside a larger concentric 
tube. 

 
The drive system and static stability system are mounted to 

the base assembly which is part of the space frame support 
structure. The space frame support structure consists of 
aluminium extrusion profiles that connect and support the 
functional systems of the platform such as the drive system, 
static stability system, and payload interface and manipulation 
system. The space frame support structure also supports all 
electronics and the batteries onboard the platform. 

 
The payload interface and manipulation system consist of 

two rows of parallel rollers that are driven independently. 
These rollers are conical with the smaller diameter at the 
centreline of the platform. These rollers are configured in this 
way to be able to manipulate the payload by driving the two 
rows in relative directions and speeds. Strain gauge load cells 
were integrated into the structure of the payload interface 
system. Their outputs are used to determine the position of the 
payload on the rollers. There is one load cell mounted at each 
of the four corners of the payload interface system. 

 
Aluminium extrusion profiles were used throughout the 

structure of the platform for their favourable strength and 

weight characteristics. The heaviest subassembly is the 

payload interface which is mounted at the top of the platform. 

The batteries also contribute substantially to the weight of the 

platform. The batteries have been mounted as high as possible 

in order to place the centre of gravity of the body of the 

platform as high as possible. This placement improves the 

dynamics of the platform for controllability purposes [5]. 

B. Electronic System 

The electronic hardware onboard an autonomous mobile 
robotic platform, is used to gather data from the environment, 
process these data and command actuators in response to the 
changes in the environment. This section describes the various 
components that make up the electronic system onboard the 
platform, in terms of data gathering, data processing and 
computational capability, communication, actuation, and power 
management. 
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An array of eight ultrasonic rangefinders is used to gather 
information from the environment regarding the position of the 
platform. These sensors can be seen in Figure 1, mounted on 
the base assembly, four on the front and four on the rear of the 
platform. Rotary encoders have been mounted on the shafts of 
the drive motors for odometry purposes. This is also for 
keeping track of the position of the platform, however the 
odometry information is also used to measure the state of the 
platform in terms of linear displacement and velocity. 

 
Two inertial sensors, a dual axis accelerometer and a rate 

gyroscope, are used to measure angular displacement and 
velocity of the platform. This information along with the 
odometry information is used by the control system for 
maintaining the dynamic stability of the platform. Both the 
inertial sensors are mounted to the bottom of the base plate, as 
close as possible to the axis that the axles of the drive wheels 
form, in order to minimise unwanted inertial effects. These 
inertial sensors are solid state sensors based on Micro-Electro-
Mechanical Systems (MEMS) technology. 

 
Three identical microcontrollers are implemented onboard 

the platform for low level data processing. The microcontroller 
is based on the Atmega32 8-bit RISC microprocessor produced 
by Atmel®. The boards have serial and Inter-Integrated Circuit 
(I2C) communication capability. One microcontroller is 
implemented to control each of the three sets of DC motors; 
these are the drive motors, the static stability system motors, 
and the payload interface roller motors. These microcontrollers 
also control all sensors implemented onboard the platform. 

 
An IEI EPIC NANO-GX466 CPU Single Board Computer 

(SBC) was selected to be employed onboard the platform. The 

EPIC motherboard form factor is designed for harsh 

environments, as found in industrial applications. An 80 GB 

SATA Hard Disk Drive is used for housing the operating 

system and accompanying software. A 256 MB SO-DIMM 

RAM module is installed on the onboard SBC. The enclosure 

housing the onboard computer is indicated in Figure 1. The 

SBC communicates with the three microcontrollers via serial 

connections. Communication between the SBC and a remote 

manufacturing management server is achieved via a wireless 

communication link based using the IEEE 802.11g protocol 

also known as WiFi [6]. 

C. Software Architecture 

The final major component that makes up the complete 
mechatronic system is the software system. This section 
documents the various software components that make up the 
software system. The sequence of discussion is illustrated in 
Figure 2. The discussion follows the flow diagram. 

 
With reference to Figure 2, the coloured blocks represent 

computational processes. Blue blocks represent processes 
performed by the Player device management software, 
installed on the onboard SBC. The operating system running on 
the SBC is a lean Fedora 7 distribution. The Player device 
management software is open source software developed for 
abstracting mobile robotic hardware to be able to command 
mobile robots from a remote location using a standardised 
framework [7]. Orange blocks represent algorithms performed 
by the microcontrollers which have been programmed in the C-
programming language. 

 
From the top left hand side of Figure 2 Player uses 

measurements from the ultrasonic rangefinders and 

Figure 2. Software and control system flow diagram. 
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IV. FAILURE MODE, EFFECTS, AND CRITICALITY ANALYSIS 

RESULTS 

A Failure Mode, Effects, and Criticality Analysis 
(FMECA) was carried out on each of the mechatronic 
components of the platform [8]. The results were collated for 
evaluation of the platform as a complete system. Collation of 
the results is possible due to the high degree of system 
integration. The primary objective of an FMECA is to 
determine what actions are required in order to avoid injury or 
damage to the health of persons working in close proximity to 
the subject under examination. It can also be used to determine 
whether the subject can be made safe at all. 

 
A Risk Priority Number (RPN) was calculated for the 

failure modes of each subsystem and compared to each other to 
determine the most critical failure modes and their effects. The 
RPN is based on the probability of detection of the failure 
mode, the frequency at which the failure may occur, and the 
severity of the failure. Each of these was given a number 
between one and ten, for each failure mode, and the RPN was 
calculated using Equation 1. 

RPN = (Severity)(Frequency)(Probability)         (1) 

The main components analysed were the mechanical 
architecture, electronic system, and software architecture. 
These have all been described in Section II. 

 
Failure modes for the main drive subsystem, static stability 

subsystem, payload interface subsystem, and support structure 
subsystem. The calculated RPNs of the failure of the drive 
system or the static stability system, either through mechanical 
failure or loss of power, were the highest out of all failure 
modes. Although these failure modes had relatively low 
probability they had the most severe effects, which were loss of 
ability to maintain dynamic stability, and loss of ability to load 
and unload payloads, respectively. Failure modes of the other 
subsystems did not involve such severe effects, and were less 
probable than the failure modes of the other subsystems. 

 
From the electronic system, failure modes for the circuits 

built around each of the three microcontrollers were analysed. 
These were the drive controller circuit, ultrasonic rangefinder 
and static stability system circuit, and load cell and payload 
interface circuit. Here, the most critical failure modes were the 
loss of control of the main drive subsystem and the loss of data 
from the inertial sensors. Both of these failure modes would 
result in loss of the payload and possible catastrophic failure of 
the platform. 

 
Loss of control of the static stability system was the second 

most critical failure mode by a small margin. Although this 
was not the most critical failure mode it is considered critical as 
the occurrence of this failure mode would result in the inability 
of the platform to gain static stability. This, in turn, would 
make it impossible for the platform to load or unload payloads, 
or dock at all. 

 
Safety functions could be incorporated into the software 

system for failures of the non-essential systems and 
mechanisms, such as the payload interface and manipulation 

system, and the obstacle detection sensors. In the case of partial 
loss of power to some electronic components, safety functions 
built into the software system could ensure that the platform 
returns to the dispatch area for inspection, in a safe manner. 
This could be done by extending the static stability units 
immediately and routing the platform back to the dispatch area. 
Safety functions for the drive system and static stability system 
failure modes were not feasible due to the fact that these are 
systems essential to operation. This fact caused any failure 
mode of the drive system and static stability system to receive 
highest criticality. 

 
The main concern was that a self-balancing platform is 

inherently unstable and even the most consistent control 
strategy cannot account for unforeseen disturbances of the 
drive system. These include oil spillage and low level, 
unsighted obstacles in the path of the platform, which would 
cause error in tracking. The failure modes that have 
catastrophic effects at the overall system level were of critical 
importance, due to the fact that catastrophic failure may have 
caused injury to persons working in the vicinity of the 
platform. Catastrophic failure would also have negative effects 
on production rates. From an operational safety point of view a 
two-wheeled, self-balancing materials handling platform posed 
more consequential disadvantages than advantages. This 
conclusion was determined from the FMECA carried out on 
the overall system 

V. CONCLUSION 

An autonomous self-balancing robotic materials handling 
platform has been developed. The platform was designed from 
the point of view of the payload to be transported, for 
application in a flexible materials handling system servicing an 
RMS. Integration of the subsystems that make up a 
mechatronic engineering system was one of the primary 
objectives in the development process. 

 
The principle of the inverted pendulum has proven itself as 

a useful tool in control engineering as a benchmark test for 
various control theories. Its implementation in mobile robotics 
also produces interesting results. Testing and performance 
analysis, along with a thorough FMECA, have shown that it 
did not produce an optimal solution for implementation in 
mobile robotics for materials handling. This conclusion should 
not detract from the effectivity of the design philosophy 
followed by developing a Mechatronic system. 

VI. CURRENT WORK 

The platform is currently being modified to operate in a 

permanently statically stable mode, at an undergraduate level. 

Emphasis in this continuation project was on robust and 

reliable statically stable operation, and development of a self-

loading mechanism. 

The design that has been selected for the self-loading 

mechanism involves removal of the roller-based payload 

interface, and replacing this with two horizontal grippers with 

three translational degrees of freedom, in the three main 

orthogonal planes of the platform. This was done in order to 
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