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2.1 Introduction

Sustainability issues have been driven to the top of the political, economic and
societal agenda, particularly in regard to unremitting consumption of finite
resources and its impact on environmental degradation.

In her landmark, but at the time (1962) controversial book, Silent Spring [1],
Rachel Carson drew to the world’s attention the impact of pesticide use on
wildlife, opening the debate on environmental degradation. This was followed a
decade later by The Limits to Growth [4], an equally controversial study on behalf
of the Club of Rome.?

However, it was not until the Brundtland Report appeared in 19873 that issues
of sustainable development began to be taken seriously. These issues were taken
up by the business world with respect to:

How the business community can adapt and contribute to the crucial goal of sustainable
development which combines the objectives of environmental protection and economic
growth.

This occurred under the auspices of the Business Charter for Sustainable
Development in the publication Changing Course [5].

The aim of the present chapter is to provide an introduction to ‘applied’
sustainable approaches to technological development through innovation designed
to secure ‘triple bottom line’ outcomes®.

! Technology Transfer Consultant, UK

2 Other notable commentary from around that period was by Commoner in The Closing Circle
[2], and Dubos and Ward in Only One Earth [3].

3 See Chapter 1

4 The triple bottom line is defined as: society depends on the economy and the economy depends
on the global ecosystem, whose health represents the bottom line [6].
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2.2 The Interpretation of Meaning for Sustainability
and Innovation

The terms innovation and sustainability have become widely appropriated in
academic literature as well as by the popular press to convey an imperative related
to future economic, social and environmental wellbeing. Moreover, these terms
are very often juxtaposed to imply change from the status quo to more conducive
conditions. Unfortunately, in this context they are amorphous and consequently
their definitions have come to mean different things to different people. For
example, the business community may regard innovation as a means by which to
secure longer term sustainable commercial advantage and leverage whereas
societal interpretations will, in general, be wholly concerned with affecting change
leading to stability and global longevity. Understandably, therefore, there is a need
to adopt an interpretation for both sustainability and innovation which in the case-
based approach of the present book meets the needs of science, technology and
engineering practitioners as applied to mechatronic system development.

The (UK) Department of Trade and Industry’ offered a simplistic and rather
anodyne definition of innovation as [7]:

The successful exploitation of new ideas, products, materials, techniques and processes.

In contrast, the Brundtland definition® of sustainability is more emphatic.
However, for the purpose of this discussion, both definitions remain inconclusive.
Therefore, an attempt to follow the more rigorous interpretations offered by the
Council for Science and Technology [8] for innovation, and Charter for
sustainable innovation [9] provides the basis for delineating the consumption to
contribution debate.

Innovation is the process by which ideas and knowledge are exploited for
business purposes. It encompasses not only the creation of a new product, process
or service, but also the systems, processes, organisations, structures and all other
aspects of a company’s existing or future competitive edge such as distribution,
marketing, branding and indeed the creation of a brand new market. The process
draws on a range of intellectual and other inputs including knowledge of markets,
customers, competitors, science, engineering and technology (CST).

Sustainable Innovation is a process where sustainability considerations
(environmental, social, and financial) are integrated into company systems from
idea generation through to research and development (R&D) and
commercialisation. This applies to products, services and technologies as well as
new business and organisational models [9].

5 Now remodelled as the Department for Business, Enterprise & Regulatory Reform, whose
innovation home page defines the process as ‘the successful exploitation of new ideas’; a further
dilution of meaning. The original DTI online document has been deleted; the archive of which is
reported to be with the British Library.

6 Chapter 1 Op. cit.
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Thus, a context is established from which to explore the contribution that
mechatronic engineering and technology practitioners can provide towards
reducing consumption of finite resources, selecting appropriate technologies,
ensuring minimum energy usage, eliminating unnecessary waste, extending
reliability and endurance, avoiding undesirable duplication, future proofing, end-
of-life recovery of component stocks, reducing/negating pollution and toxicity and
simplifying functionality through the rationalisation of complexity. Mechatronics
is a synergistic discipline which seeks to secure integrated solutions. Under these
conditions, a more holistic approach to creating ‘sustainable’ products, processes
and systems can result, and thereby engage a perception that:

The whole is more than the sum of the parts — and each part is more than a fraction of the
whole [10].

For mechatronic applications, there are several instances where this philosophy
may be seen to already be making an impact including:

e combining electroencephalography (EEG) with magnetic resonance imaging
(MRD) [11];
control software integration [12] for investigations into epilepsy [13];
the Combined Active and Passive Safety System (CAPS) for automotive
applications under development by Bosch and others [14, 15];

e micro-electromechanical systems (MEMS) arrays offering the possibility of
thousands of individual components to function in isolation or combined to
enable complex actions [16-18].

2.3 Deconstructing Technological Innovation as a Driving Force
for Sustainable Engineered Systems

Innovation, as such, is regarded as both a cause and solution to much of the
structural, environmental and social impact issues surrounding economic
development [19]. Yet, it is argued that technological innovation lies at the heart
of attempts to secure sustainable ‘engineered’ system outcomes for longer term
social and economic gain and in turn should be appropriated to advance
environmental sustainability. This contrasts with systems innovation where
broader concerns are primarily directed towards organisational, architectural,
socio-political, and socio-technical issues within the sustainability framework
[20].

In recent years, linear models of innovation’ have been largely discredited [22]
as inadequate descriptors for differentiating the various and often complex
processes in translating concepts to a marketable conclusion. While the

7 As a sequential and unidirectional process having five functional phases comprising: idea
generation > invention > R&D > application > diffusion [21]



22 J.H. Millbank

interactive, systems-based model offered by Rothwell [23] does overcome many
of the shortcomings of its predecessors, it still fails to take account of the need to
incorporate environmental impact and sustainability considerations, or indeed the
influence of moral imperatives [24]%. This is further aggravated by the
requirement, for instance, to absorb within the process energy demands [26] and
water consumption [27] both during system configuration and lifetime usage (and
possibly disposal). As Rosenburg [28] points out with respect to energy
consumption:
Nor is it sufficient to examine only the energy efficiency involved in the manufacture of a

product; equally important are the energy-using requirements of the product over the
course of its own life cycle.

One of the early attempts to address environmental concerns and sustainability
within an entrepreneurial framework of technological innovation was
characterised in the work of Martin [29, 30], which provided an outline of
‘technological assessment processes and environmental impact statements’.

As Herkert et al. [31] observed:

One of the crucial elements of sustainable development lies in understanding the role that
technological innovation plays in the process. Because technology often drives the way in
which humans consume resources, create waste, and structure society, its role is
significant.

By implication, the transition of a discrete technological innovation to the
applications, exploitation and diffusion arena’ is probably the most important issue
for the design engineer as far as sustainable outcomes are concerned. It engages a
set of processes where life cycle assessments, materials utilisation, energy
efficiencies, and other imports should be addressed both upstream and
downstream!? of the ‘technological transfer’ domain [37].

Rogers and Valente [38] have described technology transfer as:

The process by which technological innovations are exchanged between individuals and
organisations who are involved in R&D (but not exclusively) on the one hand, and putting
technological innovations into use on the other hand.....Traditionally, it was
conceptualised as the transfer of hardware objects, but now often involves information.

Unfortunately, this description omits any reference to fitness-for-purpose,
economic configuration, societal acceptance, or indeed environmental and
ecological impact factors. Moreover, demonstration of technology in one area of
application may not necessarily hold up in another. Thus, the design engineer is
faced with the problem of attempting to secure robust functional solutions within

8 Ethical determinants with respect to mechatronic product development have been explored by
Searing and Rabins [25].

9 There are several sources of information on taking ideas to exploitation available. Readers are
particularly encouraged to consult [32-36].

10 Incorporating forecasting, foresight and technological verification assessments
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ever more restrictive regimes of outcome conformity, moral conduct, and
sustainability promotion.

2.4 Forecasting, Foresight and Technology Assessment

Although often regarded as one and the same, there are unique distinctions
between forecasting and foresight [39]. The techniques and visualisation tools
they employ have special significance for sustainability criteria in technological
exploitation for economic, societal and environmental benefit. Both processes are
important adjuncts in the technological innovation paradigm [40], and bring
urgency to the issues of future consumption, technological progress and
environmental tensions surrounding the sustainability debate.

Foresight studies have been advanced over the last twenty years [41], whereas
forecasting and technology assessments have been part of the strategic armoury of
industrial organisations and government agencies for considerably longer,
invoking techniques such as the Delphi methodology, morphological analysis and
relevance trees [42, 43]. Nowadays, forecasting might be more closely aligned
with that of ‘applications’ foresight to assess, for example, the impact of a well-
defined and potentially transferable technology into applications which might not
otherwise have been envisaged or intended, such as laser interventions in surgery.
Consequently, whereas forecasting is an engagement that attempts to predict
future impacts and outcomes precisely, foresight:

Explores possible future directions of technological progress and identifies forces that
might drive certain developments, and thus provides decision-makers in politics and
companies with such types of strategic information [44].

This contrasts to some extent with technology assessments which Coates [45]
defines as:

The exploration of primary and secondary consequences of the introduction into society
of a new technology or the expansion of an already existing technology.

For the mechatronics system developer and practitioner, the technology
assessment approach arguably offers the most appropriate and accessible
mechanism in which to incorporate life cycle and environmental impact analysis,
for example, into design studies [46] for the promotion of sustainable outcomes.
This can be summarised as an exercise of gathering sufficient information about
the technological development in terms of resource appropriation, processing,
energy premium, anticipated durability, etc. and:

It’s likely future consequences for all those who interact with it, before embarking upon
developing or deploying this technology [47].

Van den Ende e al. [48] offer a classification of the approaches and methods of
technology assessment for unification into a common framework, whilst other
contributions which have particular significance for mechatronic systems
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developers and problem solvers are provided by Gausemeier [49], Fey and Rivin
[50],'"" and Kuntze [51]*2.

Foresight evaluations, by contrast, remain more speculative when attempting to
secure practical and robust technical solutions and, in general, remain within the
domain of policy and executive decision makers. However, the context with which
mechatronics is perceived as a synergistic and unified multi-dimensional
discipline embraces the wider imports of social, political, economic and
environmental issues.

Nowadays, delineation of foresight perspectives has evolved into a third
generation, the first having been ‘driven by the internal dynamics of technology’,
the second embracing ‘technology and markets’, and the third being ‘enhanced by
the inclusion of the social dimension’ [53]. Within this paradigm, the critical issue
of sustainability becomes all too apparent. Borup [54] deals with these concerns
within a framework of principles, which addresses:

Production/consumption systems, eco-efficiency, risks & uncertainty, institutional
reflexivity, values and visions.

2.5 The Influence and Impact of Information and
Communication Technologies

Developments in computer and telecommunications technology have transformed
virtually every aspect of economic and social activity in the ‘developed’ world,
and increasingly so within developing nations. Whilst it is not possible to
deconstruct the pervasiveness, and some would argue invasiveness, of the
constituent technologies, there is much to debate in terms of sustainability issues
relating to both functional implementation and, more particularly, to
environmental impact.
In 1978, Sloman [55] declared that:

It can be argued that computers, or to be more precise, combinations of computers and
programs, constitute profoundly important new toys which can give us a new means of
expression and communication and help us create an ever-increasing new stock of
concepts and metaphors for thinking about all sorts of complex systems, including
ourselves.

For the mechatronics practitioner or for that matter anyone else who routinely
uses computer-aided, internet-enabled, microprocessor-derived technologies, the
consumption to contribution imperative becomes difficult to reconcile and
negotiate. A few application-specific examples illustrate just how challenging it is

1 Incorporation of the Theory of Inventive Problem Solving (TRIZ) within forecasting to
remove ‘trial and error’ ambiguities

12 Detailed evaluation and comparison with earlier studies has been carried out by Cuhls et al.
[52].
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to ensure sustainable outcomes which affect net gain for society, the economy and,
ultimately, environmental wellbeing.

For instance, email and internet-derived resources should have led to the
‘paperless office’ through digital storage and archiving [56]. In fact, evidence
strongly suggests otherwise, particularly in the exponential growth in paper
consumption for email archiving [57]. Moreover, the provision of internet
resources through the World Wide Web and its access to specific topics is only
sustainable as long as it remains available and viewable (see footnote 4)'3. This
presents something of a dichotomy in the consumption to contribution debate.
However, information flows through email and resources accessed through the
World Wide Web do have many advantages as a medium for distributing tacit
knowledge, although, whilst information management is well established, the
management of knowledge remains in its infancy [58].

There is a notable difference between actively seeking out information and the
passive receipt of it. As has been pointed out [59], the Web requires people to
actively seek out the information, usually through search engines, whereas email
and web blog discussion provides and promotes delivery of information without
effort, thus providing an interactive mechanism of knowledge exchange.
Furthermore, as a means to document knowledge, internet technologies makes an
impact on virtually all aspects of technological development and organisational
performance, ranging from scientific enquiry to sustained business and societal
administration. Hence, the concept of knowledge and its transference through
electronic means reveals distinct attributes as well as limitations.

This is explored by Davenport and Prusak [60], who assert that spontaneous,
unstructured knowledge transfer is vital to a firm’s success, and that they should
shift their attention from ‘documents to discussion’. They go on to describe the
‘velocity’ and ‘viscosity’ of knowledge transfer; velocity being the speed at which
knowledge moves through an organisation and viscosity referring to the richness
(or quality) of the knowledge transferred, and that these components are often at
odds with each other. This can result in information overload and in the context of
email, which was originally designed as a communications application, is often
used for task management and personal archiving for which it was never intended
[61].

The knowledge-based economy, through the implementation of information
and communication technologies, has been described routinely as ‘weightless’
[62] since it was supposed to reduce dependence upon physical stocks of natural
resources. However, this argument has been challenged in a societal as well as
industrial economic context [63] and, more critically, within a sustainability
setting [64] due to rebound effects of consumption. These are created by the
proliferation of computer hardware, its obsolescence and redundancy, energy

13 For this reason, hyperlink referencing within this chapter is, in general, confined only to
documentation which would otherwise not be available through published ‘sustainable’ (sic)
paper format. Another shortcoming is that, even with full html, pdf, etc. citing, direct access may
be limited by filtering or by subscription registration by the user.
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requirements for both powering and cooling an ever increasing demand for
processing capacity as well as an expanding array of short life span consumer
devices. Munn et al. [65] have examined the environmental and social
implications of these issues and draw attention to the fact that in 1999, the average
lifespan for a computer in the USA was between four and six years, whereas by
2005, it had dropped to less than two years '*.

Energy consumption also features as a primary concern not only in the power
requirements to run massive data servers, but also in the need for cooling such
installations [67]. Energy aware thermal management approaches [68] that deal
holistically with the path of heat flux from the chip, through the system enclosure
and out to the environment provide a mechanism for taking energy consumption
issues seriously.

2.6 Consumption, Obsolescence and Moves Towards Future
Proofing

Consumption and growth have been synonymous since the beginning of the first
industrial revolution and, indeed, some economists would argue that it remains
nothing less than the purpose of the economy [69]. Now in the ‘information age’,
the world is faced with tensions of unprecedented demand for ‘material’
consumption to support technological progress together with ever increasing
energy requirements, with which to stimulate consumer demand as well as to
encourage take-up of newer technological artefacts and processes as they emerge.
Inevitably, attendant resource depletion, waste generation and disposability
problems have become the major contemporary sustainability issue [70] although,
from a historical perspective, dealing with waste together with the concepts of
Reduce — Recycle and Reuse over the past century [71] can be traced back
thousands of years [72].

The impacts of the (current) IT revolution and its technological antecedents and
derivatives were anticipated three decades ago when the notion of ‘responsible
consumption’ [73] was first proposed. However, it is also now widely recognised
that a transition to sustainable consumption demands greater urgency to ensure
that quality of life and lifestyle can be maintained and enhanced [74, 75]. This is a
subtle distinction since, whilst responsible consumption reflects rational and
efficient use of resources, sustainable consumption invokes net societal and
environmental gain. In order to support such objectives, it is essential to encourage
more radical innovative approaches in the use and application of materials,

14 The Deploy project (funded through the European Commission) aims to provide formalised
engineering methods to secure dependable and more robust hardware across a range of industrial
sectors, including transportation, automotive, space (satellites), telecommunication (mobile
phones) and business information (computers), in particular dealing with pervasiveness and
complexity [66].
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technology and energy inputs. Therefore, an embedded business model and
societal culture should be encouraged which seeks to eliminate unnecessary waste
altogether, invoke only wholly renewable energy contributions!® and rationalise
essential natural resource extraction to avoid depletion. This is an ideal which may
only occur through a revolutionary approach and outcome.

Reducing obsolescence and redundancy is a primary area to address since
disposability has been the hallmark of the business world as well as that of
consumers for too long. Its perceived survival and continued growth has been
dependent on encouraging continued patterns of consumption [78] through limited
life-cycle functionality (intended or otherwise), or the adoption of newer
technologies as they become viable. Moreover, the acceleration of obsolescence,
particularly in ICT, results in a loss of valuable knowledge as well as creating
social disruption [79]. By contrast, customised low volume capital intensive
products and processes (such as can be found in ships, aircraft, industrial plants
and other large scale equipment) have problems with reconciling obsolescence,
since they remain in service for many decades [80]. This, in itself, necessitates a
step-change innovation in organisational response to secure product life longevity,
to eliminate redundancy and, ultimately, demonstrate sustainable business
practices. Understanding the factors which determine product obsolescence is an
important consideration [81] and integrating obsolescence forecasting into the
product design process can secure more sustainable outcomes [82].

Future proofing!® is the generic form of ‘obsolescence forecasting’ and as such
is a relatively new concept. It has evolved mainly through the business world to
anticipate organisational needs and responses to changing business environments
[83]. However, application specific areas — such as ICT industries seeking to
ensure future compatibility of software for extended applications or system
integration — indicate that the concept can be applied to more basic technological
development areas such as sustainable automotive mobility [84]. Naturally, this
offers an opportunity for the design practitioner to engage and integrate many of
issues posed by earlier arguments surrounding environmental impacts and
consequences of consumption and waste, by invoking foresight exercises [85] into
decision processes as well as other approaches such as technology roadmapping
[86, 87]".

Unfortunately, demand only aggravates the consumption problem and the
economy response to stimulate that demand through promotion of more than is
actually wanted or necessary [88] by the business community in order to secure

15 An example of efforts to address these issues [76] together with a wider ranging brief to
promote Technologies for Sustainable Development may be found within an initiative set up in
2001 by the Austrian Federal Ministry of Transport, Innovation and Technology [77].

16 Describes the ambiguous process of attempting to anticipate future developments, such as to
avoid obsolescence

17 Roadmapping is a requirements-derived technology planning process which assists in the
identification, selection and development of technology alternatives to satisfy a set of product
outcomes, and is particularly suitable for evaluation against environmental impact and
sustainability criteria.
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profit ‘bottom line’ objectives (See footnote 3). These are complex economic and
sociological issues involving both product and process innovation, detailed
examination of which remains beyond the scope of this chapter.

2.7 Complexity Paradigms Within a Sustainability Context

Technological innovation is increasingly concerned with complex products and
processes [89], and even components and subsystems such as microprocessors or
aircraft jet engines have evolved into highly complex technologies in their own
right [90]. A failure in subsystems and components within a fully integrated
mechatronic system will inevitably result in malfunction or inoperability of the
whole product, process or equipment. Of course, a subsystem or component may
not have failed, but just need replacement as part of an upgrading or improvement
in functionality. In highly customised, capital intensive products (such as aircraft),
many organisations and resources will be mobilised [91] to resolve the subsystem
failure or upgrade. Moreover, a range of core capabilities will be retained and
enhanced to deal with subsystem improvements and further system integration as
they are developed over time [92].

By contrast, in mass produced commodity systems such as personal computers,
for economic reasons, there may be no incentive or even possibility to attempt
repair due to the complex nature of the failed component. This applies equally to a
working system which may be perceived as having become functionally
inadequate as a result of greater demands being placed on its processing capacity.
This poses a moral dilemma [93], particularly in abandonment and disposal of the
failed or working component (microprocessor) or, indeed, the whole system.

Adoption of concurrent engineering methodologies for complex systems may
to some extent offer benefits of sustaining balanced stakeholder satisfaction over
time [94], together with the adoption of platform-based development of product
families [95] to improve longevity. Moreover, there are indications that efforts are
being made to reduce the increasing energy premiums associated with the massive
growth in processing capacity for ICT applications particularly within data server
domains. For example, voltage and frequency scaling for computer hardware and
HVAC'" cooling infrastructure lowers energy consumption by reducing
microprocessor performance during periods of low utilisation [96]. New
generations of multi-core processors are being marketed for improved multi-
tasking performance which also offer substantially reduced power consumption
[97]. Of course, this all tends to add to the complexity paradigm, although even
here, there are indications that attempts are being made to reduce complexity both
in product design [98] as well as across the software-driven user interface [99].
However, obsolescence, redundancy and deficiency cannot be eliminated

18 Heating, ventilation and air conditioning
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completely. Consequently, the burden of consumption and its associated waste
generation as well as the need for process handling remain inconclusive.

2.8 Rationalising Material Selection and Processing

Material consumption, along with its raw resource extraction and industrial
processing, underlies and influences all technology-based outcomes whether they
manifest themselves as consumer products or major capital intensive structures.
Rationalising material selection to meet environmental objectives is, therefore, of
greatest concern in product life cycles in terms of production, manufacture, use
and disposal [100].

Manufacturers are beginning to adopt more sustainable material selection
practices with the automotive sector, for instance, engaged in utilising more
recycled materials into vehicles [101] as well rationalising design approaches to
recycle-ability through its use of software tools such as euroMat [102]. However,
of particular environmental concern is the widespread use of hydrocarbon derived
plastic materials and the extent to which they lend themselves to recycling, reuse
or, in the worst scenario, abandonment in landfills.

As an engineering material, plastics are the fastest growing group of bulk
materials used in high income economies and have overtaken aluminium and glass
in terms of mass quantities used [103]. Unfortunately, in sustainability terms,
attempting to substitute plastic materials used, for example, in packaging
applications with materials such as paper, glass or aluminium may be perceived as
more eco-friendly, but adds to the overall weight, volume, cost and energy
consumption [104]. Thus, the ubiquitous plastic-injection moulding together with
more basic sheet and film variants form major structural components of virtually
all consumer-oriented and industrial/commercial use products nowadays.
Moreover, due to its versatility, form and function complexity, cheapness,
reproducibility, range of engineering properties and mass-produceability, it
enables structural configurations that would not be possible to create by any other
‘one-shot’ application. As such, plastic injection mouldings have become ever
more sophisticated in their applications over the past 60 years. Therefore, the
method of bulk material processing or recycling [105] together with injection
moulding techniques (hydraulic, hybrid, all-electric) also becomes significant,
particularly in terms of energy consumption [106].

Although conventional plastics are derived from finite hydrocarbon sources,
they do lend themselves to energy recovery potential at the end of product life in
certain instances [107], particularly where they cannot be recycled or reused.
However, a more rational approach for the system designer is to adopt a cradle-to-
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grave analysis to material flows [108], whereby energy and waste are considered
at each stage of development and processing'’.

Biodegradable polymers [112, 113], by contrast, afford an alternative to
‘conventional’ plastics altogether, whereby environmental impacts are virtually
eliminated through natural decomposition over a given timeframe. However, some
early attempts within the European community to encourage industry to promote
and prescribe the use of bio-plastics were not successful due to ‘structural
tensions’ [114]%; a particular example being starch-based plastic coatings of
electrical wiring which, in service, suffered premature decomposition. However,
much progress is being made in improving structural performance in the case of
electric wiring [116] and in consumer products in general, particularly injection-
moulded electrical goods such as DVD players, computer casings, etc. [117]?!.

A major health issue associated with using, for example, conventional (PVC)
polymers is that the vinyl chloride monomer is a known carcinogen. Additionally,
in wiring applications, for instance, the inclusion of lead compounds (which
produces good heat stabilisation characteristics) is considered both a health and
environmental hazard [120]. Unfortunately, lead (together with several other
widely used heavy metals commonly found in products and processes) require
special considerations for disposal, due to toxicity. Consequently, elimination of
lead and other heavy metals altogether from routine use is seen as an imperative?®
and, as such, forms a central plank of recent EU legislation. Under its directive on
the restriction of the use of certain hazardous substances [122], it calls for
substitution of various heavy metals and, more particularly, on waste electrical
and electronic equipment (WEEE) which addresses the fast increasing waste
stream of electrical and electronic equipment [123]. Nonetheless, there are
instances where good intentions associated with the elimination of heavy metal
compounds have resulted in unintended outcomes. For example, the requirement
to use only lead-free solder in electrical circuit applications [124] can result in a
phenomenon known as ‘tin whiskers’ [125, 126]. Over time, the condition
sometimes results in catastrophic short circuits in electronic components,
rendering complete system failures and possible abandonment; hardly a move
towards sustainability.

Thus, rationalising material selection and processing necessitates a holistic
approach to integrating sustainability, as typified within the MATISSE project
[127]. As Ritthof [128] points out:

19 More general reference to plastics and polymeric product life cycle assessment within the
context of environmental impact and sustainable outcomes can be found in [109-111].

20 Further explanation on the origins and interpretation of the term ‘structural tension” within an
innovation context is given by Carlsson et al. [115].

21 Current research into the utilisation of polymer-clay nanocomposites aims at improving
structural properties such as tensile strength [118] and thermal plasticity [119] as well as offering
more bespoke timeframes for biodegradability.

22 The E-waste recycling of printed circuit boards is a recent example [121].
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The principal task for engineers, designers, architects and natural scientists is to create
products and systems that allow the extraction of a maximum amount of utility from the
least possible quantity of nature for the longest possible time with the least possible use of
space. In short: in products for sustainability, mass, space, need and energy have to be
replaced by brainpower.

This begs the question of to what use will the product be applied and what are
the material requirements [129]? In either situation, it suggests that in its broadest
sense [130], dematerialisation considers reductions in base material consumption,
whilst retaining, enhancing and maximising utility value.

One such example considers the microchip, where perceived utility value is
high but product weight remains negligible [131]. However, secondary influences
impact overall sustainability value** due to the ‘complementary assets’ [133] and
consuming infrastructure needed to create the product in the first place, whether in
small or massive quantities. These constraints might equally be applied to whole
new ranges of ‘smart structures’ and technologies being developed for industrial
and consumer applications [134-136], many of which fall within the armoury of
the mechatronics systems developer or practitioner. However, their utility value
must be verified in absolute terms through generic dematerialisation, if
practicable, whilst retaining or improving functionality and minimising
environmental impact. This calls for innovative procedures in systems
development that explores complete life cycle and sustainability assessments as a
priority and likewise for subsequent manufacturing and distribution in the
marketplace.

2.9 Conclusion — From Responsible Design to Resource
Recovery

For the mechatronics practitioner, the facility to incorporate whole life parameters
into product developments and application should be seen as a fundamental
objective in order to promote and secure sustainable system outcomes. The
synergistic nature of the discipline, whereby the whole is perceived as greater than
the sum of its parts, naturally leans towards integrated solutions. However, there
are both positive and negative aspects of this synergy which can impact the quest
for seeking sustainable mechatronic systems and products [137] such as reliability,
maintainability and supportability; an example is the influence of structural fatigue
and its damage consequences for whole life system performance [138]. Moreover,
intentional ‘short-life’ product design, in order to encourage and simulate end user
consumption, has no place in the eco-design philosophy [139].

In many ways, this poses yet another ethical dilemma for the system designer
which had been alluded to some thirty years ago by Overby [140] who asked:

23 Computer chips have a high environmental impact relative to weight [132] in terms of energy
input throughout their manufacturing cycle.
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Is the idea of product design for a more sustainable future a matter of ethics, or is it
simply a response to pragmatic circumstance — or is it some of both?

Pragmatism dictates that products and processes will evolve as newer
functional technologies emerge, which may (or may not) be superior in
performance terms from their predecessors, but are exploited to promote
efficiency gains, manufacturing cost reductions, competitive advantage, etc.
However, the system designer, and engineers in general, hold a duty of care and
responsibility to ensure that technologies they prescribe meet ethical discourse
criteria [141]. In order to ensure sustainable technology outcomes [142], engineers
should ask themselves which types of situations require ethical reflection, and to
what extent they should assume moral responsibility in the practice of their
profession?. This can be summarised in terms of the sometimes onerous
obligations placed on engineers to protect both the environment and public
interest, where Alpern [143] declared:

Engineers have a duty to make personal sacrifices in calling attention to defective design,
questionable tests, dangerous products, and so on...

Thus, sustainable engineering incorporates ethical, social and ecological
dimensions into the design of products and processes that will benefit society in
general, and environmental imperatives in particular. By invoking not only moral
questions of ‘fitness for purpose’, fundamental issues of environmental impact
assessment, lifecycle thinking, preventing waste, minimising the depletion of
natural resources and so on, in a holistic manner [144], also holds sway. This
philosophy then aggregates with the Brundtland dictum of development that meets
the needs of the present without compromising the ability of future generations to
meet their own needs.

For the design engineer and, more particularly, the mechatronic system
developer, there are now a growing number of online resource tools available to
deal with these challenging issues [145, 146] as well as hardcopy sources for
application specific areas of design and manufacturing for sustainable
development; examples include [147-149]. However, of all the design and
application challenges that the developer faces, life cycle assessment (LCA)
perhaps poses the most arduous of tasks since it incorporates many contrasts in
adaptation and interpretation that can extend from sustainable consumption and
resource recovery through self-disassembling products, to products that are never
discarded [150]. Moreover, the now accepted standard approach to LCA tends to
be directed downwards towards lower system levels resulting in optimised
components within products rather than optimised products within their
surroundings [151]. It is therefore necessary to invoke the broader perspective of
industrial eco-systems [152]** which Tibbs [154] attributes to being:

24 Frosch and Gallopoulos, in their seminal article [153], introduced the notion of the industrial
ecosystem which would function as an analogy to biological ecosystems, that is, ‘plants
synthesise nutrients that feed herbivores, which in turn feed a chain of carnivores whose wastes
and bodies eventually feed further generations of plants.’
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...a logical extension of life-cycle thinking, moving from assessment to implementation.
They involve ‘closing loops’ by recycling, making maximum use of recycled materials in
new production, optimising use of materials and embedded energy, minimising waste
generation, and revaluating ‘wastes’ as raw material for other processes.

Naturally, end of life treatment for products and processes is only a reactive
response to considerations which should be addressed much earlier in the
formation and manufacturing phase (and preferably from the design stage [155]),
particularly material flows [156], dematerialisation [157] and energy flows (during
configuration and anticipated lifetime usage) [158]. Nonetheless, the designer may
be constrained by the path dependent nature of technology evolution [159, 160],
whereby complex technologies become interactive and dependent upon the
availability of complementary technologies® for their final system integration
[162]. However, technological evolution often provides for many step change
enhancements over predecessor technologies. They can result in substantial
reductions in material consumption and product configuration complexity without
loss of functionality and, in some instances, additional functional improvement.
Two recent promising examples are a ‘$10 microscope’ based on opt-fluidics and
optics [163] and a ‘bionic eye’ based on compressible silicon optoelectronics
[164]%. Both developments appear to offer substantial utility value combined with
significant dematerialisation, although it remains unclear whether the associated
complementary technologies needed contribute an overall sustainability
improvement.

For the most part, the concept of environmentally benign and optimally
sustainable product outcomes remains a pipe dream, and the system developer will
be forced to accommodate contingency for end of life handling provision
(particularly under legislative directives, such as WEEE, etc.). Nonetheless, there
are some infer alia assessment criteria that can be called upon to delay the
advancement of end of life provision such as incorporating reliability [165] and
maintainability [166] into the design evaluation process as well as attempting to
‘future proof’ or at least seek to predetermine useful product life [167]. Beyond
this, the designer will need to apply an armoury of techniques and disassembly
modelling for recycling and reuse [168]. This then paves the way to deal with
resource recovery in a structured manner when applied to product and material
cycles [169].

Mechatronic and IT-based products and systems, particularly those in the
consumer domain, tend to have shorter life spans nowadays and, as such,
accelerate the urgency to accommodate ‘mass’ resource recovery [170, 171].
However, resource recovery also creates a dilemma in decisions affecting the
extent to which products can be repaired, reconditioned, remanufactured or

25 These are technological assets which are peripheral to the main ‘innovation’ thrust, but may
[nonetheless] prove vital to complement and support ‘sustainability’ (sic) of the development
programme. They may also require some adaptation to ensure ‘fitness for purpose’ which is
typically found in mechatronic systems’ [161].

26 Both developments were reported in the national and international press during 2008.
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recycled. Moreover, new and emerging technologies tend to undermine attempts
to optimise complete resource recovery for existent product stocks due to
obsolescence. It would seem, therefore, that remanufacturing appears to offer the
best strategy for mitigating unsustainable outcomes. For example, ‘it enables the
embodied energy of virgin production to be maintained’ [172], although the full
societal benefits will not be realised unless provision for remanufacturing is
incorporated into the product development process in the first place [173].7

Looking further beyond ‘end of product life’ strategies is a wider socio-
economic issue [176] and one that requires a radical approach to triple bottom line
enquiry, particularly in terms of material selection [177]. Above all, however, is
the need to adopt a systems thinking approach in order to push the sustainability
agenda forward [178] and one which should sit well with the integrated and
innovative nature of the mechatronics discipline. Thus, the connectivity between
sustainability and innovation becomes a dominant theme [179] which can either
facilitate or present barriers to sustainable futures [180]. Environmental
technologies will make way for sustainable technologies where ‘environmental
performance considerations will be fully integrated with economic, social and
other operational issues so that the system as a whole is sustainable’ [181], The
Triple Bottom Line.
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