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Introduction 

This paper provides background for a pilot case study in the examination of 
representations of use and users in R&D groups. For the pilot study, I have chosen the 
overlapping fields of conducting polymers (CPs) and ‘intelligent’ polymers (IPs) and a 
particular interdisciplinary IP research group.1 The study involves analysis of documents 
like published papers discussing the properties and uses of CPs/IPs, research proposals, 
and records of interactions between the research groups and outsiders, plus interviews 
with researchers, sponsors and industry partners. A developing discourse on use is 
mapped onto the historical development of work on particular CPs/IPs and their 
applications, and onto the structure of relationships among the research group and other 
interests that may have had an influence on the innovation. The study combines a broad 
examination of CP/IP activity – including going back to some of the earliest activity to see 
how they were discussed – with a detailed study of a particular project as it unfolded. For 
CPs/IPs, the ‘user’ has to be taken as anyone downstream of the research group and 
varies according to the application. As with other materials, the first point of contact is 
typically an intermediary between the researchers and the end user of a device 
incorporating the polymer: a processor or the manufacturer of the device. 

Intelligent polymers 

‘Intelligent’, as one might expect, is a term used increasingly loosely in popular depictions, 
in the same way that ‘smart’ is applied to a variety of technologies and materials.2 For the 
practitioners, intelligent polymers have properties or behaviour that undergo a reversible 
change in response to a change in their environment. The change may be in volume, 
electrical properties like conductivity, optical properties – emission or absorption at 
specific wavelengths – permeability, mechanical properties like ductility or, for polymer 
solutions and gels, viscosity. The changes may be in response to electric fields or applied 
potentials, magnetic fields, pressure, light, temperature, pH or the presence of specific 
chemicals. 
 
Ideally the notion of ‘intelligent’ entails a precise and predictable change, and the ideal 
combination of polymer and application allows automatic and self-powered detection and 
response. That is, a system of sensing, information processing, energy storage and 
conversion, and actuation, is embodied in the one material. This integration at a molecular 
level is contrasted with many ‘smart’ systems in which these elements are provided in 
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different components. The model intelligent polymer is ‘capable of detecting a change in 
its environment … and actuates an appropriate response … autonomously and [is] self-
powered’.3 The ideal form, as commentator put it, blurs ‘the seams between mechanism 
and material’.4 Some actual applications arguably achieve this. In others the material 
combines some of these elements but relies on other components to complete the system. 

Conducting polymers 

Many of the polymers respond to environmental change by virtue of their electrical 
conductivity. Intrinsically conducting polymers5 have been studied intensively over the 
thirty years since the first synthesis of a reliable conducting form of polyacetylene. Their 
electrical properties can be tailored through the choice of monomers – and hence the 
distribution of charge particularly along a conjugated backbone – of substituent side 
groups or chains, and of ‘dopant’ counterions.6 CPs are anticipated to have significant uses 
in replacing metallic conductors in electrical circuitry, particularly in the manufacture of 
cheap and flexible printed circuits, but these applications simply make use of their 
conductivity – and suitable mechanical properties. They have also been used in 
rechargeable batteries, where the ability of the polymer to undergo repeated 
electrochemical cycling allows deep discharge without degradation of electrode or 
electrolyte.7 The value of conducting polymers in ‘intelligent’ applications likewise comes 
from their electroactivity – molecular chains undergoing reversible redox transformations 
providing stable states with different properties – but here the value is in their ability to 
sense and respond to changing conditions. In some IPs, though the conductivity of the 
polymer backbone is still essential, the important function – photoactivity, for example – is 
embodied in the chosen counterion. 

Applications 

The applications of CPs/IPs – suggested, under development, and already commercialised 
– and the domains of application, cover a huge range.8 The uses are hard to categorise 
because of overlaps, but the following points should give an indication of their diversity 
and the ingenuity of their application: 

• CPs as a basis for flexible and cheaper microelectronics – ‘plastic chips’. CPs can be 
used straightforwardly as conductors in place of metals, or conductivity can be 
induced in areas of a suitably doped but otherwise insulating polymer using a 
masking technique similar to conventional photolithographic methods for 
semiconductor chip manufacture. Here low cost and mechanical flexibility 
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compensate for relatively poor performance and lifespan. Possible areas of 
application are relatively simple processing requirements in smart cards. 

• Chemical detectors and sensors. CPs can be used to detect specific metal ions, or 
other more complex chemical or biochemical groups, providing an electrical signal, 
by virtue of a change in capacitance or resistance, or an optical signal through a 
change in absorbance or refractive index. Sensing relies on a dopant anion or a 
functional side-group on the polymer chain which has an appropriate reception or 
recognition site. In some applications the polymer acts as a platform for a bioactive 
entity such as an enzyme, an antibody or even a living cell; it must preserve the 
activity of the group and provide a means of signal transmission. Polymers which 
can change colour in response to changes in their chemical environment might be 
used in simple diagnostic kits in medicine and environmental health, and in safety 
clothing which warns its wearer of contamination.9 One much publicised type of 
device is the electronic ‘nose’: the conductivity of the CP depends on the presence of 
specific vapours; the ‘nose’ measures a single species or has a variety of CPs to 
identify the ‘fingerprint’ of a mixture like a food or a perfume.10 

• Other sensors – pressure, movement, physical condition. CPs are finding 
applications in sensing/alerting in machinery maintenance, and as materials for 
entities that can monitor their own condition and integrity. An athlete’s knee sleeve 
being developed by the group I am studying generates a signal informing the wearer 
whether they have landed correctly from a jump. Another group is developing a self-
diagnosing rope that changes colour when it is failing.11 

• Electromechanical actuators. In CPs/IPs a useable stress is created by volume 
changes as ions move in and out of the polymer. The device may be ‘active’ – that is, 
it responds to a deliberately applied potential, as in a proposed artificial muscle for 
medical or robotic applications using CP gel12 – or ‘passive’, in that it responds to 
environmental change. IP fabric in a ‘smart bra’ is intended to relax or contract in 
response to changes in stress, providing improved support.13 The key advantage of 
CP/IP actuators is their light weight and the possibility of forming small devices 
operating at low voltages.14  

• Controlling or triggering chemical reactions. As a substrate, a CP may allow precise 
control of chemical or biochemical interactions – ion exchange, complexation, 
hydrophobic interactions, antibody-antigen interactions – on its surface through the 
application of small electrical potentials. In a one-off action, an electrical signal can 
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trigger the release of a complexing agent or a precipitating agent from a CP, starting 
or shutting down a chemical reaction, or in medical applications, an antibody or a 
drug.15 

• Physical triggers. One passive application is a temperature-sensitive seed coating: the 
moisture absorption of the coating increases sharply at a certain temperature, 
protecting the seed from moisture at low temperatures but allowing later 
germination.16 

• Switches. Where the change is required to be reversible between two distinct states 
the actuators are in effect switches. Here the crucial characteristics for many 
applications are the switching time and the way the property changes – smoothly 
varying or a step change.17 

• Selective membranes. Beyond allowing passive transfer of chemical species as in 
normal membranes, CP or CP-coated membranes can be stimulated to transfer 
entities ranging from simple ions to proteins – they are in effect ‘pumped’ through by 
repeatedly switching the CP between its oxidation states – or designed with 
selectivity that changes as conditions change. One IP food wrap regulates the balance 
of oxygen and carbon dioxide surrounding produce. A drug delivery membrane 
releases its contents at the correct pH. A thermoresponsive IP membrane changes 
permeability at critical temperatures.18 Production of areas of membrane sufficiently 
large for practical applications is still expensive. 

• Other biomedical applications. These include platforms for immobilised biocatalysts, 
biomimetic actuators, and biocompatible materials. One potential ‘passive’ actuator 
using a polymer gel is the subject of research in Japan: an ‘artificial pancreatic cell’ 
able to expand or contract in glucose solution according to its concentration, and 
encapsulate or release insulin in response.19 In tissue engineering a biodegradable CP 
could be used as a temporary ‘scaffold’ for cell attachment and growth stimulation. 
In prosthetics and neural probes the CP could form an electronics-tissue interface.20 
In discussions of such biocompatible materials, the idea that life consists in large part 
of polymers communicating with electrical pulses has been invoked to depict CPs as 
a significant breakthrough in allowing imitation of biological communication and a 
blurring of boundaries between the biological and the mechanical and the natural 
and artificial. ‘The inherent electronic conduction of these materials permit them to 
be coupled with conventional electronic devices to provide a line of communication 
to the molecular world that has hitherto been unavailable.’21 
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• Energy storage. CPs can be used in batteries and capacitors but their uptake has been 
limited by competition from other emerging technologies. CPs can be used for the 
electrodes and electrolyte in batteries. In capacitors, a CP film can be charged and 
discharged rapidly. Again, light weight and high capacity is an advantage in, for 
example, electric vehicles. CP photovoltaic devices are also being developed using a 
photosensitive CP film.22 Again, poor efficiency compared to semiconductor PVs is 
compensated by low cost, mechanical flexibility and ease of fabrication in large areas. 
One possibility being explored is photovoltaic fabrics for military applications. 
Efficiencies are increasing through chemical modification of the polymer. 

• Information displays using light-emitting or electrochromic polymers. Again 
mechanical flexibility and low cost are advantages – in this case over LCDs – and 
efficiencies and durability are improving. The market for polymer light-emitting 
diodes is growing rapidly and several major corporations are involved.23 

• Vibration reduction through magnetostrictive damping. The damping effect of a 
polymer mount is enhanced by the application of a magnetic field. Proposed 
applications include improving precision in photolithographic printing of 
microelectronic circuits and machine tools.24 

• Corrosion protection. The CP forms a simple coating or is dispersed as an anti-
corrosion pigment in paints. The mechanisms of action are not yet well understood.25 

• Absorption for decontamination. A coating of a CP may have strong adherence and 
absorption. Some can also be tailored to undergo a colour change in the presence of 
particular contaminants.26 

• High volume absorption. Some CP gels can absorb large volumes of liquids and the 
absorption can be made temperature-dependent to allow capture of liquids as they 
cool.27 

• Electrical and magnetic screening, sonar absorption and antistatic materials. 
Controllable electromagnetic absorptivity has applications in military ‘stealth’ 
technologies. A CP coating can guard electronics components against destructive 
discharges, or reduce electric charge build -up in photolithographic processes to 
improve precision in microelectronics fabrication.28 

• Thermoset resins and adhesives. These resins set immediately at a critical 
temperature, eliminating the curing time associated with conventional resins.29 
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Problems in the field 

There have been several major ‘reverse salients’ in IPs which have hampered successful 
applications and around which much activity has been focussed.30 The first centres on 
processibility – how easily the material can be reformed after initial polymerisation – 
usually via solution or a colloidal dispersion – particularly for processing in commercially 
useful quantities. In several applications IPs had to be and still are polymerised chemically 
or electrochemically in situ, directly into the final form required. In the last few years, 
processibility has improved substantially, particularly through the incorporation of 
groups enhancing the solubility of polymers in common solvents. Several major 
corporations, including Monsanto and BASF in the US, plus others in the Netherlands and 
Japan, entered production in a small number of higher volume processible CPs in the 
1990s.31  
 
The second key problem remains with many potentially useful IPs: instability and 
degradation – in air, in aqueous solution, under repeated cycling or through irreversible 
overoxidation. Some IPs have required inert conditions to operate in, while others have 
been unable to withstand the elevated temperatures in some applications.  
 
The third limiting aspect is the fundamental understanding of the structure-property 
relationships in IPs. Though IP advocates make general claims that polymers can be 
designed with specific properties and for specific purposes – and as I indicate below, the 
pattern of development does bear out this general trend – there is still a large amount of 
unpredictability, trial-and-error and adjustment in the synthesis of each new material.32 

Features of the field and challenges for the study 

IPs present several interesting and challenging features as an initial case study for this sort 
of investigation. In some respects the field forms an easy case. The research and 
development is, in the terms of Gibbons and colleagues, a typical Mode 2 activity:33  

• it is carried out by a range of groups in the private and public sectors and there is 
often close collaboration between industry, academics and government agencies; 

• they are interdisciplinary teams – in this case, typically materials scientists and 
engineers, solid state physicists, chemists, and others depending on the area of 
application, like biochemists and biomedical researchers; 

• the work is problem- or application-focussed and the issues may be short-lived; 
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• the fundamental science and the applications are developed together and 
simultaneously, or at least there are constant interactions; 

• the teams need to be flexible and offer a quick response; 

• the quality of the work is judged not just by peer review but by utility, cost, 
competitiveness and social acceptability. 

Without the institutionalised division between fundamental and applied research, much 
of the discussion of applications and users is therefore explicit and appears before a 
project even starts. 
 
The field of CPs/IPs, however, shows interesting features and raises its own set of 
questions, not least concerning the many useful properties, the huge variety of potential 
applications and domains, and the possibility of design for specific applications. 
 
The field follows a general trend in materials science and technology in general over the 
last few decades: instead of developers creating a material and then revealing its 
properties and finding applications – or having at most only limited scope for modifying it 
– materials are to varying extents designed for particular properties. In metallurgy the 
polycrystalline structure has long been tailored through alloying and heat treatment, with 
reasonably predictable and through the twentieth century increasingly well understood 
effects. In conventional polymers the choice of monomers and synthesis conditions – and 
hence the molecular weight, the distribution of crystalline and amorphous regions, chain 
alignment and cross-linking obtained – plus plasticisers and fillers, can all be varied to 
provide more or less consistent, reproducible and predictable properties. Similarly in IPs 
now, all these variables, plus the choice of oxidant and other dopant ions at synthesis, plus 
the possibilities of combinations with other materials in composites, allow the properties 
to be manipulated over a wide range and with increasing precision.  
 
The use of conducting polymers for their electrical conductivity alone, and also in energy 
storage and conversion functions, has already met problems in competing with 
established materials. It tends to rely on low cost or desirable mechanical properties 
compensating for poorer electrical or electrochemical performance and shorter lifetimes. 
‘Intelligent’ applications, however, are typically not displacing existing materials. Rather it 
is their unique properties that are being exploited, so that their uses have often not even 
been contemplated before.34 Thus we can expect the promise-requirement cycle35 to be 
different from that where one material is replacing another – where the existing material 
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comes to be seen as inferior to the promised properties of its replacement. Here the 
promise is typically of a new functionality and new uses altogether. The competition for 
IPs is accordingly often limited or non-existent. What competition there is for particular 
applications comes, for example, from smart composite materials or structures in which 
the detection and response are produced by different components.36 
 
The wide range of potential applications – such that advocates depict them as ‘limited 
only by imagination and our ability to engineer these inherently dynamic materials into 
consistent products’37 – raises the question of how researchers become aware of needs or 
potential uses. I have found the question a difficult one to explore in interviews with IP 
researchers, and it remains to be seen how reliable are their recollections of the sources of 
ideas. Personal experience and background knowledge, discussions within the 
interdisciplinary team, with other teams and potential project sponsors, diverse other 
contacts and chance conversations, and latterly industry-specific conferences to 
brainstorm ideas, appear to have played roles in different cases.38 Not only for an outsider 
but for even for researchers themselves if the application is in a field with which they have 
no familiarity, many of the applications in the IPs literature are highly specialised and 
stunningly obscure – even if potentially economically significant.39 Explanations of the 
origins of the ideas, of course, might lead to important practical lessons: ways in which the 
fertilisation of ideas might be structured and facilitated and made less serendipitous. 
 
Clearly the increasing use of ‘smart’ systems for control in a variety of domains – for 
example, in industrial machinery, vehicles, weapons and household technologies – 
provides a form of demand to which developers of CPs/IPs can respond. That is, 
developers of these systems require improved sensors and actuators, and the possibility of 
combining some or all functions in ‘smart’ materials should provide significant 
advantages. That possibility also opens up opportunities in – provides a demand from, 
and indicates a convergence with – developments in the miniaturisation of devices: in 
micro- and nano-technologies. The same point can be made about developments in ‘smart’ 
structures and ‘smart’ composite materials in building and civil engineering, though the 
scale of materials use and the severity of conditions may present problems in using IPs. 
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Embedded assumptions about use and value 

Beyond explicit discussion on uses, a number of other forms of discourse on IPs are 
evident which impinge on the question of use. It is in these that I hope to be able to find 
lessons, and develop concepts and methods for investigation, for areas in which 
assumptions about use and need are predominantly and more subtly embedded in 
research practices and discourse. 
 
Assumptions about IP applications and their value are embedded in the selection and 
presentation of properties, functions and behaviours,40 and in discussions and judgements 
of efficacy and usefulness.41 These may involve a scalar measure, such as conductivity, or a 
dichotomy – that the material does or does not perform. Here my focus is not so much on 
negotiation over whether it does or does not perform, or judgements on how well it 
performs, as in sociological work on testing,42 but on what dimension is chosen as relevant 
and how it is defined – like biocompatibility. 
 
Similarly, ideas of use and value are entailed in assumptions about trajectories of 
improvement and the identification of reverse salients. For example, the relatively long 
switching time and poor operating life in electrochromic display devices has directed 
activity towards increased purity and homogeniety, adjustments to molecular structure 
particularly to improve carrier mobility, and nature of the solvent and electrolyte used 
with the CP electrode in the system. Similar problems of slow response and short lifetime 
affect some actuators.43 
 
While much of the discussion about uses is explicit, then, and many papers in even 
specialist journals speculate about potential applications when reporting a new ‘synthesis 
and characterisation’, much of the literature discusses specific properties, and 
improvements in them, which are simply assumed to be useful or desirable. Taking the 
absence of those properties, or inadequate versions of them in earlier polymers, as 
problems worth working on, itself makes assumptions about usefulness. There does 
appear to have been a shift in the IP and CP literature towards properties as a focus rather 
than simply the problem-solving capabilities of their applications.44 This appears to be 
both a strategic rhetorical move by IP advocates, to create an impression of a universally 
applicable class of materials with limitless uses, and a reflection to some extent of a change 
in the organisation of development-application matching from one-to-one co-production 
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to a mapping of a general capability onto a class of problem or use. It remains to be 
investigated, however, how much this shift is wishful thinking. To the extent that the 
discussion does move to general properties, of course, treatment of the materials probably 
becomes more separated from that of the social and political implications of their uses. 
 
The depiction of general capabilities, though, is in tension with the acknowledgement 
among practitioners that each development is task-specific – the molecular structure and 
characteristics of an IP have to be tailored for a particular application. The picture from 
market observers is of niche markets, intensive and costly development for each, and 
small volume production – not of readily transferable off-the-shelf solutions for generic 
problems.45 

Conclusion 

The IPs case offers rich material for examining discourses on need and use. The study 
presents the usual methodological problems first of any discourse analysis and second of 
any recent historical reconstruction, where participants have already started to create a 
coherent narrative, selecting particular influences for emphasis and rationalising away the 
messiness of the events. Assuming the pilot is productive, the intention is to extend the 
study to groups in other fields: in areas like IPs in which application is overtly and 
intimately linked to fundamental research, and in others more like the Mode 1 model of 
basic research.46 
 
The focus on IPs has also opened up other questions for investigation which I see as 
common to a general sociology of materials drawing on insights from the social shaping of 
technology, something that with notable exceptions appears to have been neglected so 
far.47 This broader endeavour is probably amenable to any of the frameworks and focusses 
that have been developed over the past couple of decades in SST. Similar questions 
around users selecting and appropriating technologies, and the articulation of production 
and use, suggest themselves. We could, for example, examine the strategies of developers, 
users and intermediaries in shaping the locus and control of innovation in materials. To 
what extent do developers seek to accommodate their work to a notion of existing 
requirements, or can they attempt to inscribe particular practices and patterns of use in 
materials? To what extent do they try to force a reworking of production techniques to suit 
their new material, or try to fit the material to existing techniques? To what extent are 
anticipated changes to production and use procedures a criterion for judging or selecting 
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that material? What goes on in the process of getting a material ‘to work’?48 For the 
extension and development of SST analyses I see a wealth of material in materials. 
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Appendix: Anticipated attributes of conducting polymers 

reproduced from JS Miller, ‘Conducting Polymers: Materials of Commerce’, Advanced 
Materials 5(7/8), 1993, 587. 
 
High, metal-like electrical conductivity 
Semiconductivity 
Large polarizabilities 
Bistability ( >2 ‘stable’ states) 
Low density 
Flexibility 
Film and/or fibre formation 
Processibility 
Transparaency 
Solubility/dispersibility 
Low environmental contamination 
Biocompatibility 
Compatibility with other polymers for composites 
High strength 
Modulation/tuning of properties via organic chemistry 
Thermoelectric power 
Redox active 
Optical changes (linear and non-linear) 
Fast optical response 
High threshold for optical damage 
 


