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ABSTRACT

Reconfigurable control of flexible manufacturing systems can allow for the efficient and
responsive production of customised product instances. This can aid in providing make-to-
order business models for various small- to medium-sized enterprises in South Africa, and
provide competitive advantage in a dynamic global marketplace. Reconfigurable control
application requires an understanding of the modes of production variability in mass
customisation manufacturing. Temporally uncorrelated workflow routings are considered as
one of these production variability modes. In this light, this paper addresses the flexible
material payload routing problem, and presents a mobile robot platform that has been
developed to research and design reconfigurable routing systems.

OPSOMMING

Verstelbare beheer van aanpasbare vervaardigingstelsels kan die doeltreffende en
reaktiewe produksie van doelgemaakte produkeksemplare toelaat. Hierdie beheer kan
assisteer in die voorsiening van vervaardig-na-bestellingbesigheidsmodelle aan ’n aantal
klein- tot medium-grootte ondernemings in Suid-Afrika, en aan hulle 'n kompeterende
voorsprong bied in ’n dinamiese globale mark. Die instelling van verstelbare beheer vereis
dat die modi van produkveranderlikheid in massa verbruikersaanpassingsvervaardiging
verstaan word. Hierdie artikel spreek die probleem van aanpasbare roetebepaling van
materiaalvragte in massa verbruikersaanpassingsvervaardiging aan. ’n Mobiele robot-
platform, ontwikkel vir navorsing in verstelbare roetebepalingstelsels, word ook voorgelé.
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1. INTRODUCTION

In order to facilitate production variability in mass customisation manufacturing (MCM),
manufacturing control and execution systems must be able to adapt to ever-changing
production plans, each of which is associated with a custom product instance. The
adaptation in manufacturing control can be enabled through reconfiguring flexible
production infrastructures so as to create required workflow through the production plant.

From a control perspective, fundamental decomposition of product variability in MCM
provides two separate production variations. The first constitutes processing variations, in
which reconfiguration of process control parameters and assembly procedures allows for
slight modification in the manufacture and assembly of a part or parts. Considering that
control of elementary processes performed by machine tool infrastructure remains
somewhat constant through time [1], this variability generator is of limited interest. This is
mainly due to the difficulty in implementing truly reconfigurable machine tools [2]. The
second constitutes the ‘on the fly’ generation of unique product routes. This domain is less
physically constrained, and requires only real-time point-to-point material payload transfer.
By considering this property, the dynamic reconfiguration required by high product
variability in MCM is mostly limited by the generation of flexible product routings [3].

The ability to implement sustained scheduling of unique routing plans would greatly benefit
the realisation of batch-of-one production operations, and therefore MCM. This paper
identifies and addresses the flexible routing control and execution problem in establishing
flexible workflow for MCM. Section 2 characterises and defines the material payload routing
environment of MCM. Section 3 presents a payload routing implementation architecture (1A)
for flexible routing control and execution. Section 4 presents a physical instance of the IA in
the form of a differential drive mobile robot, equipped with the materials handling
infrastructure to carry out routing operations. Section 5 presents motion control and task
execution results from a variety of motion control tasks carried out using the mobile
platform. A discussion regarding this research is presented in Section 6, and Section 7 offers
a conclusion and directions for future research.

2. UNDERSTANDING PRODUCT ROUTING IN MCM PRODUCTION STRUCTURES

In order to implement production structures capable of MCM, all product attributes that
affect or influence the magnitude or frequency of customer-induced production rate
variations must be collected and concurrently analysed. Concurrent analysis, and
concurrent engineering for that matter, can provide insight into methods of quantifying and
achieving production stability. Production stability is very important in implementing MCM,
and even more so when avoiding manufacturing dead-locks during the reconfiguration of
flexible production infrastructures.

There will always be a miscommunication of concepts across engineering disciplines. For
this reason, the concepts of MCM production structures have been encapsulated in a control
theoretic construct. A two degree-of-freedom Single Input Single Output (SISO) control loop
model of MCM production operations highlights the required active control efforts (Figure
1).

Figure 1, moving from left to right in the direction of ‘signal flow’, highlights critical
control points in MCM production. This characterises the materials handling and routing
environment required for efficient and effective production of customised product
instances. First, the pre-filter represents one of the main contributors to establishing
effective and efficient MCM, i.e. Design for Mass Customisation (DFMC). As mentioned
previously, the control loop has two degrees-of-freedom, one in the forward loop and
another in the feedback loop. DFMC is of utmost importance in MCM as it ultimately affects
the required active control efforts and production dynamics. Enabling modularity in custom
product design creates better utilisation of manufacturing resources [4], and allows for
well-defined product variability mappings.
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years of production resear:h [8], although all solutions assume steady or static product
mixes and deterministic production plans. This makes these s»lutions less applicible to the
implementation of MCM. Active me asures are required to maitain production rate stability
under customer-induced variations in standar | process integration operations. This active
measure relies on commissioning 10bile payl)ad routing platforms with the capability of
executing a payload transfer operation betwe n a1y two distributed orocessing cells in the
production plant. This can be regar led as an e abling technol gy for ACM imple ientation.

Flexible material payload r>uting operations are those that fall outside and supzrsede the
capabilities of standard fixed conv wyor and gaitry systems, in terms >f spatial distribution.
Of all material payload transfer inf -astructure, conveyor systems hav : the largest capacity,
as they are able to accommodate 1wultiple payloa | instances ilong their path distributions.
However, they lack the flexibility of mobile AGV s 'stems in executing non-standard payload
routings operations. For ease of r :ference, a fle<ible material payload routing operation
will be defined below. The definition account; fo- all aspect; of tas< execution, including
task allocation, handling, and status reporting. A Flexible Matzrial Ro uting Primitive (FMRP)
is an active instance of distributed process inte jyration, ani represents a subset of the
‘abstract actuator’ (Figure 2).

Figure 2: Disjoi 1t Motion Cont -ol Regions of a FMRP
The Region of Convergence has been incorporated into the definition to account for mutual
exclusivity in accessing producti n cell input/output (I )) ports.

All physical point-to-point routing operations can be deco nposed into three phases: a
material loading phase, a transportation ph se, and a ma:erial off-loading phase. ‘he
material loading and off-loading piases can e considered together as a singl + materials
handling phase. The trans)jortation phase is so 1ewhat different i1 contributing to the
routing task, in that absol ite positioning of the payload is of limited interest. For this
reason, a FMRP is composed of :wo disjoint motion control regiins. Material payload
transportation is handled through the motion outputs of local and global navigation
functions. The objective o° these motions is to provide re juired ayload traisportation
between distributed manuf icturing infrastructure subsets, w iile avoiding possibly dynamic
obstacles.

Materials handling is handlzd via posture stabilisation on t: a knownn goal configuration
using full state feedback cintrol. 2osture stabilisation of differential drive mobile robots
requires non-linear control laws, due to the differ2ntial constraints i nposed by the ‘rolling
without slipping” condition exhibit:d by the riv: wheels. Tais control implemantatio 1 is
covered in Section 4.
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The Region of Convergence (RoC) has been conceptualized and included in the definition to
serve two functions. First, a RoC acts as a restricted region, in which only one mobile
payload routing platform may occupy a particular time instant. This ensures that higher
level manufacturing management services can uphold mutually exclusive access to 10 port
infrastructures at processing cells. Second, the border of a region of convergence
represents a transition zone for the type of motion control implementation. The full
definition of a FMRP follows (Figure 3).

Figure 3: A Flexible Material Routing Primitive
Motion control when exiting a RoC is in the form of local and global navigation, as shown.

The definition of a FMRP is based on the encapsulation of two payload handling operations.
In the definition, a payload routing platform’s pose is considered as the combination of its
global Cartesian position [x,y]" and its local orientation 6. A Material Payload Handling
Operation (MPHO) consists of the following (see Figure 3):

1. Posture stabilisation from a pose on the boundary of a RoC, [x,V,,68. 1", on to a goal
pose [xp , yp,ep]T, in a predetermined vicinity of an input/output port.

2. An absolute alignment of the materials handling infrastructure with the input/output
port, using degrees-of-freedom above those of the underlying transportation device.
3. A material payload transfer operation, either loading or off-loading.

A Material Payload Transportation Operation (MPTO) consists of a global navigation
operation from a location [xl,yl]T to a second location [x,, yz]T, while avoiding obstacles

in real time.

A FMRP consists of the following eight operations:
1. A materials handling and routing task assignment from higher-level manufacturing
management services to a mobile materials handling and routing platform.

2. A MPTO (NULL)®, with [x,y,1" = [x,,y. 1" and [x,,y,]1" = [X,;, ¥;1]", a boundary point

of a RoC.

3. A request to a higher-level manufacturing management service for access to an
input/output port, followed by an outcome acknowledgement.

4. A MPHO (Loading).

> NULL specifies that no material payload is present.
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5. AMPTO to the destination RoC, with [ X, Y, 1" = [Xpl-ypl]T' and [X,, Y,1" = [ X5, Y,»1"-

6. A request to a higher-level manufacturing management service for access to an
input/output port, followed by an outcome acknowledgement.
7. A MPHO (Off-loading).

8. AMPTO, (NULL), with [ X;, ¥, 1= [ X2, Yp2 1" and [x,, y,1" = [ Xy, Yo 17

Creating a full task specification via a FMRP definition allows for structured and axiomatic
design principles to be applied in the design of flexible process integration systems for
MCM. An Implementation Architecture (IA) has been developed to align with fundamental
requirements of FMRP task execution in MCM production environments (Section 3).

3. A FMRP IMPLEMENTATION ARCHITECTURE

A physical materials handling and routing robot platform requires certain basic core
capabilities in order to execute a FMRP task instance. In a functional sense, hardware is
required to facilitate materials handling as well as provide low-level motion primitives in
order to transport a material payload between manufacturing infrastructure subsets. Active
sensory infrastructures are required to provide the mobile robot platform with
environmental perception and information about its local working environment. This allows
the platform to sense both static and dynamic obstacles in order to perform local
navigation and obstacle avoidance during material payload transportation. Due to the
possibly heterogeneous* materials handling and routing platforms that execute FMRPs in a
MCM production plant, a software system is required to provide a Hardware Abstraction
Layer (HAL) in order to provide scalability in control and management structures.
Implementing such a software system allows generic communication standards with
homogeneous semantics to be developed. A communication sub-system is required to allow
for the passing of messages, such as FMRP task allocations, from higher-level manufacturing
management services to the materials handling and routing robot platforms. At the highest
level of abstraction, a materials handling and routing agent architecture is required to
provide problem-solving and machine learning capabilities, to maintain optimal production
rates.

Over many years of system development, engineering architectures have been developed to
encapsulate concepts and specifications required to implement internationally recognized
and scalable systems. In this section, an IA is developed that encapsulates the core
capabilities for FMRP task execution, referred to as the Autonomous Material Transportation
Specification (AMTS) (Figure 4).

The A consists of four main layers, and provides specification from hardware levels through
to task allocation and management. The Hardware Implementation Layer (HIL) is a
specification on the physical configuration of the mobile payload routing platform. The HIL
consists of three sub-systems, each of which enables a core capability required to
implement a FMRP. The Mobility Hardware sub-system is a specification on the hardware
configuration that provides required motions to transport a material payload between
distributed manufacturing infrastructure subsets. The Mobility Hardware specification is
based on providing the material payload with at least planar motions, i.e.

0S:G=[xy,0]" € R*xS0*
where OS represents the output specification, and states that the mobile payload routing
platform must be able to achieve configurations on planar two-space and the special

orthogonal. The Special Orthogonal SO'is the mathematical manifold that represents all
planar rotations of a rigid body between [0, 27) radians.

*In terms of hardware implementation.
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Figure 4: The Autonomous Ma erial Transportation Specification.
The Application S ecifics >lock is ass icia ‘ed with th > produ :tion requirements of each
plant, such as ficility layout c nfiguration.

The Sensory Infrastricture sub-system spe:ifies activ: perce jtion capabilities nd sensor
configuration. In thz2 highly dynamic en ironment f MCM production opera:ions, the
geometrical sensor configur tion is very im)ortant, as jerception must be of equ il potency
in all directions in order to orovide required responsiveness in local navi jation operations.
The Sensory Infrastr icture iub-system spe :ifies that he mobile material paylo id routing
platform must be able at least to perceive its environment, in terms »>f spatial
identification, on a planar disk on its periphery. This ensures that :he mo»ile robot
platform does not exhibit performance neasures that are directionally biased.

The materials handlig hard vare sub-syitem is specifiel in ter ns of the n imber of degrees-
of-freedom allocate | to the material payl )ad above those provided by the transportation
hardware. The output specification allo vs for the material payload to be iligned absolutely
with 10 port infrastr ictures, via relativ : tr cking control between the ori:ntation of the 10
port and materials handliag hardware, using abso ute sensor feedback. Tie output
specification states that th2 material payload must have at least one extra Jlegree-of-
freedom after both the transportation and materials handling hardware are :onsidered
together. This allo /s the transportation and materials handling hardware to provide
independent payload mobility.

The Device Abstrac:ion La‘er has been included to providz a HAL, such thit control
applications can op rate o ' generic structures using homog :neous messaging .emantics.
This HAL is beneficial in bot scalability an | code re-use. The Task Execution Lay2r (TEL) is
an encapsulation of a particular control architecture used in high accuracy orientation
tracking devices, such as satellites. Ref rri 1g back to the definition of a FMRP in Section 2,
it may seem arbitra'y to create two s2pa-ate and disjoint 1otion control environments.
However, these notins of a RoC and associated motion contr I primitives are analogous to
the control archite :tures implemented on satellite attitude control systems. In such
systems, the control infrastructure is distrijuted and ierform; a different contr | function
based on its accurac/, repe tability, and p >wer consumption. For example, in the attitude
adjustment of a satellite’s .ommunications equipment with a receiver on earth, relatively
powerful thrusters re use | for large attitude adjus:ments, and smaller more accurate
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magnetic torque generators for fin I alignmen : of the communications equipment. In m ich
the same manner, the TEL :ncapsulates this ¢ intr>l architecture, whare the traisportation
phase provides material payloads with larg: initial displacements. Th:se initial
displacements are only specified fo- maintaining r :al-time obstacle avoidance, independ 2nt
of absolute accuracy or rep 2atabiliy, as long as such motions terminite on the jorder fa
RoC. On the other hand, tne mat rials handling phase is used to ichieve final accurate
alignment of the material jayload with an IO port, to ensure robus: and reliable payload
transfer.

The Task Allocation Layer (TAL) is still under davelopment, although research plans to
incorporate agent communication protocols, a; well as data representation, status
reporting, and error recovery sche 1es into the TA . have been completed.

4. A PHYSICAL INSTANCE OF THE | APLEMENT \TION ARCHITECTURE

A mobile payload routing r bot platform has been developed, based on a subset of the IA,
for researching flexible process iitegration for MCM. The platform is fundanentally a
differential drive mobile rosot, an i runs on an e 1bedded PC consisting of a Mii-ITX f rm
factor single board computar running Linux. Com nunication with th2> mobile robot occurs
over a WIFI link using TCP/1° (Figure 5).

Figure 5: lobile payload routing pla form

4.1 Hardware implementation lay :r
4.1.1 Mobility hardware

The mobility hardware sub-syste is in the forn of a dif erential drive platform ‘ith
embedded control and oJometric capabilities. Embedded control is provided by a
PIC18C252-based two-channel mot r controller, which implements a PID loop a ound e ich
drive wheel via quadrature encoder feedback and H-bridge motor drivers (Figure 6). Layers
in the implementation architecture without shading have, to date, not been implemented
and are under development.

180






Figure 7: Sonar array sensor
The ultrasonic tr insduce s operate t 4)KHz over n lIC bus interface.

4.1.3 Materials handling h rdware
Material payload manipulation is p -ovided by 1 rotary conve or, which provides two extra

degrees-of-freedom to a 1aterial payload: i translational and a rotational degree-of-
freedom (Figure 8).

Figu ‘e 8: M terials handling rotary coveyor
Rotary support housing provides an angula- degree-of-fre xdom, while the conveyor
provides a ranslational degree-of-freedom.

The conveyor is driven via a DC motor, and an embedded microcontroller handles the
alignment of the conveyor.

4.2 Device abstraction layer

To provide HAL functionality, the ‘Player’ robot device intarface was used. Player is a
C/C++ based software implementation analogbus to the HAL in an )perating s 'stem, nd
forms part of the Player/Stage/G zebo project 10]. Player defines a set of interfaces,
each specifying how user-b sed sof :.ware appli :ati »ns can interact wi th a particular clas : of
robotic device. Player has been designed ani d :veloped to run on an OS based on the
POSIX® specification, such as Linux - both PC and embedded versions, 3olaris and FreeBSD.

Player’s most popular run-time implementation is in the form »f a netw rk scoed
client/server model. Client applications communicate with the server, housed on the
embedded PC on the mobil : robot, over a TCP so :ket on an IP netw rk. Client jroxies are
used to send and receive nessages from the server, thus allowing client applications to
control the mobile robot platfor . This allons -ontrol code to b: written i1 terms of
generic device abstractions, thus increasing co le r2-use and scalability (Figure 9).

> Portable operating system based in Unix.
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Figure 9: The run-time i 1plementation of the ‘Pla rer’ robot device iiterfac 2 in the
form of a client/server nodel over a TCP/I? network

4.3 Task execution layer

Task execution is split according to RoC o:cupancy. Outside a RoC, motion is due to the
outputs of global and local navigation finc :ions. Currently, th2 mobile robot pla form uses
the Vector Field Histogram+ (VFH+) eal-time obstacle avoidance alg)rithm [11]. This
provides the platfor n with local navigitioa capabilitizs, and forms part of Pla rer’s code
repository.

Inside a RoC, motion is in t 1e form of )osture stabilis ition. Posture stabilisation describes
the full state feedb «ck con rol of a dyjamic system, from an initial state to a goal state
[13]. This can be regarded as regulating . state error via full state fe :dback zontrol. A

differential drive platform is under-a:tuated, havin| a stae [X,y,d] € R? SO, but

having only two control inputs, [v,»]" = R*. This makes diff :rential dri/es non1olonomic

and differentially constrain :d due to the ‘rolling without sli ping’ condition exhibited by
the active drive whzels. It is a know | fa:t that, in order for a stabilise a ¢ ntrollable
system via smooth time inv riant full s ate feedback control, the closed oop vector fields
of the resulting fully qualifi2d system 1ust be continuous around the goal state [12]. This
restricts control application to nonlinear, time-varyiig, or )jecewise cantinuo s control
laws.

The current mobile robot pl «tform utili :es 1 nonlinear control law that pravides iolynomial
convergence of state errors. The control lan is based jn a polar coordinate tran formation
from Cartesian coordinates. The contro la v provides repeatable posture stabilisation from
al initial conditions, and ca | be tuned nline with ease [13] (Fgure 10).
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Figure 10: Polar coordinate tran;formation used in nonlinear con rol implementation

The coordinate transformation is set up as foll ws:

o=y

XZ y2
y= tan’l[lj— O+
X
o=y+0

Using this new coordinate s 'stem, the kinematic model for a lifferential drive mobile rosot
has smooth vector fields wi *h a singularity at the rigin. In prictical implementation of this
control law, care must be taken 0 avoid instability as the state onverges on the goal
point. This can be handled by |)cking the control inputs upon :ntering a prescrijed
insignificantly small region around the goal poi it. The ne v syste n is chara terised as
follows:

p==-Cy)V
7:S|n(7/)v ‘w
L
5=3 (7)/
J

The control law is impleme ited as ollows:
v =k 0 0(y)

0=k, r+k SNNOT) () 4y
%

where K, K,,Kj, are the tuning p arameters.

4.4 Task allocation layer

The task allocation layer ( ‘AL) is urrently under development and is not described here.
Management of flexible payload ro iting syste 1si 1 MCM is a omplex subject, aid requires
research in all operational aspects f MCM.

5. MOTION CONTROL PERF JRMANCE AND CH RACTERISTICS

Multiple tests were carriel out to characterise and evaluate the performance of the

nonlinear posture stabilisation con roller. The controller performed well and shawed good
repeatability characteristics. Test: were set up by marking out point locations on the
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laboratory floor at known absolute dis)lacements fron a go | point. The mobile payload
routing platform wa : placed at these |)cations in a known configuration, and t sked with
travelling to the goal location via full state feedbick control. The endpoint of each
convergence traject ry was marked, and tie orientation of the platform was m 2asured in
order to quantify the steady state and r :pe itability performan :e of the controller.

Online tuning of the control law allowed f r optimised conve gence. This was a hieved by
tuning the controller to inp it maximum cotrol input values on all locatins on the border
of a hypothetical RoC. Th: tuning p wra ieters wer first set at the followig values:

k, =0.4, k, =0.3, and k; =0.7, and provided a response to an initial con lition of [-
3.00 -1.50 0.0]" as shown in “igure 11.

Poalbion Heror (m)
Qedantatlen Breor (wad)

Wy Lmd

Figure 11: Stat : conve ‘gence and position trajectory fo - k;=0.4, k,=0.3, k;=0.7

The controller was tuned Ffurther, and was found o0 provide optimal performance at
k1 =05, k2 =04, k3 =0.6. Th: response to the sam : initial conditions under the

new tuning parameters is shown in Fijur: 12. As can be s‘:en, convergence )ccurs 1.5
seconds earlier, and is time optimal i1 the sense th it the platform starts mo ring at its
maximum translational velo :ity of 1.5 1/s (Figure 13). Due to higher inertia, ho vever, the
steady state performance is slightly low >r tian the pre rious coatrol parameters.
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Pomdtian Recar

Figure 13: Control input converge 1ce
In order to avoid the si 1gularit  at the ori 'in f the polar system's state spa:e, the
angular and translational velocities are held constant during final pproach to the goal
poin " - i.e. the rela ‘ive origin.
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In order to prove tie applicability and performance of this nonlinear control law, the
mobile robot platform was requested to )jerform a )arallel parking manoeuvre from an
initial condition of [ 1.00 -3.)0 0.00]". This is the greatast test for posture stabili ation of a
differential drive mobile robot platform. The response is shown in Figure 14.

{ead)

{m)

Position Boroe
Oroiombntion Eeear

‘.V ral ‘{ L j‘

W
I

Figure 14: Parallel parkin 3 manoeuv e parformed t wrough full state f -edback control
As can be seen in Figure 11, the sinu oidil descriptiins in the governing equations that

describe the platform’s polar coordinate state-space produce smooth converg :nce. This
convergence is smoo :h even under such difficult initial conditi ins. This parallel p .rking task
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is the most difficult for differential drive platforms, as it is in direct conflict with their
differential constraints.

6. DISCUSSION

In the context of facilitating modern niche markets and establishing first mover market
share, the successful implementation of MCM production structures relies on a
manufacturing firm’s ability to integrate all available manufacturing resources
constructively and concurrently. The control theoretic model and description of the
production structure involved in MCM (recall Figure 1) provides semantic homogeneity for
engineers across multiple disciplines. The authors consider this approach to be a way of
establishing Common Model Development (CMD) in the modern research community. The
standardisation of concepts brought on by CMD can provide the necessary infrastructure to
establish international research partnerships, thus aiding the development of third world
nations through constructive and relevant research and development practices.

It has been established in Section 2 that plant layout, as a passive measure of decreasing
required materials handling, is just as important as the development of highly engineered
autonomous materials handling and routing robots, in facilitating the materials handling
requirements of customer-induced variations in production requirements. The uncertain,
yet bounded, nature of customer-induced variations in production requirements plays a
crucial role in establishing insight into the concurrent design and application of plant layout
structures and active flexible materials handling infrastructure. This aspect of production
implementation once again highlights the need for concurrent engineering. Papers such as
[14], describing methods of applying probabilistic models to develop metrics that describe
customer preference in product choice, are evidence that there is a research community
that is involved in the research required to achieve efficient MCM production operations.

As this research was concerned with materials handling and routing in MCM production
environments, the problem space associated with performing a materials handling and
routing task between distributed, unconnected, manufacturing infrastructure required
quantification in order to establish a well-defined problem space. The FMRP task definition
provided in Section 2 takes into account the various forms of motion control required to
provide robust material payload transfer to and from materials handling infrastructure via
correct alignment, through posture stabilisation, of the mobile robot platform with the
input/output port infrastructure of processing cells.

A material transportation primitive of a FMRP task essentially decomposes into a global
path planning and local navigation and real-time obstacle avoidance problem. There is
much literature on this subject in the mobile robotics research community - although, in
the majority of the literature, the application scope covers unstructured environments,
unlike those utilising structured plant layouts for production implementation. There is a
need to develop path planning algorithms for mobile materials handling and routing robot
platforms that include optimisations based on the knowledge of scheduling outputs in the
production plant.

7. CONCLUSION

In this paper, the problem of establishing reconfigurable control and execution systems for
flexible payload routing in MCM production environments was addressed. Some core
concepts of MCM production were encapsulated in a control theoretic construct. This
allowed for the characterisation of the particular material payload routing environment in
MCM. A definition was developed that encapsulates a flexible routing and materials
handling task. This allowed for the structured and axiomatic development of an
implementation architecture (IA). A mobile robot platform was introduced, whose design
was based on a subset of the IA, to research reconfigurable routing systems. Multiple
motion control experiments were performed on the mobile robot platform to characterise
the nonlinear posture stabiliser implemented on the mobile robot. The nonlinear posture
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stabiliser behaved well, and was able to stabilise the mobile robot’s pose on to a goal pose,
including one that was in direct conflict with the mobile robot’s differential constraints.
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