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A bstract

We live in a world o f information, and emerging technologies, which compel us to look 

for new ways to collect, process, and distribute information. Today we are faced with 

an information overload problem as users struggle to locate the right information in the 

right way at the right time. In my view this is an “overload” of trivial information 

coupled with a gap in access to important information. Digitization o f information and 

communications has seen the rise and rise of computers to a now ubiquitous position in 

our society. However, the problem remains as to how to merge the digital world with 

sensing, and respond to changes in the real world. Ubiquitous information systems are 

needed that will automatically sense and importantly, respond to changes in their 

environment and usage in order to deliver a more intelligent, proactive and personalized 

information service. These systems may be wearable, enabling them to disappear into 

our personal space, enhancing rather than burdening our daily activities. Conventional 

sensors are generally unsuitable for wearable body monitoring devices either due to 

their physical structure or their functional requirements. This thesis examines this area 

o f wearable sensors, detailing the development and characterisation o f novel sensing 

materials and outlines their performance in various on-body monitoring applications.
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1.1 A im  o f  t h is  t h e sis

The aim o f this thesis has been to investigate the properties of conducting polymers, in 

particular polypyrrole, and to develop a sensing system using this material as the active 

sensing platform in a composite material. To begin the properties of polypyrrole and 

similar conducting polymers are presented, highlighting the benefits of these materials 

that have promoted the research that has begun in this area. For example polypyrrole 

has been used as a sensing platform to detect chemical targets such as ammonia. 

However, it has also been combined into composites, broadening the scope of 

applications for polypyrrole by enabling an electrically conductive pathway to be 

formed between different sensing materials.

This thesis investigated in detail the development of a sensing device using polypyrrole 

combined with polyurethane foam with the intention o f applying it in wearable 

applications. In order for a sensor to be wearable it must essentially be comfortable to 

wear. This can mean that the material can be integrated comfortably into wearable 

garments, or that the garment itself is made to be the sensor. Depending on the 

application, the site and specifications of the sensor may change. If the aim of the 

sensor is to generate information about plantar pressure distribution or body movements 

which produce vertical forces, a material that is soft and compressible is desired. Or if 

the aim o f the sensor is to develop of sensor of high surface area for sensitive gas 

detection, possibly for use as a wearable chemo-sensor, then a highly porous material is 

required. For these reasons, an open-celled foam was chosen as the base-substrate for 

the sensor. Further discussions o f wearable sensors are also presented in the 

introduction o f this thesis.

The polypyrrole layer, which is electroactive, coated the entire polyurethane matrix, 

thus rendering the whole material conductive. Being conductive, it was possible to 

measure its resistance. However it was found that the resistance of the material was 

dependent on the status o f  and environment surrounding the foam. Thus, by monitoring 

the resistance o f the polypyrrole coated foam, aspects such as changes in forces applied 

to the material or the presence o f chemical analytes close to the material could be 

identified. Thus a sensing system was established.
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Throughout the research, certain aspects, outside the scope of the chemistry o f the 

sensors, required modification, including the communication module. If the sensors 

could be wearable, then the communication module would also have to be wearable less 

the entire system would become redundant. Thus, these considerations had to be taken 

into account during the course of the studies. The aim o f this thesis has been to present 

a material which could be used as a platform for further wearable sensors.

The work presented here represents an inter-disciplinary approach to tackling the topic 

o f electronic (e-) or personalized (p-) health which is set to explode in the near future. 

The primary objective was to develop a successful wearable and wirelessly integrated 

body monitoring system. The results that will be presented within this thesis will 

confirm that the materials utilised throughout the thesis, a polypyrrole coaled 

polyurethane (PPy-PU) foam, can be comfortable to wear but also generate accurate and 

meaningful results for the wearer.

3



1.2  I n t r o d u c t io n  t o  p o l y m e r ic  m a t e r ia l s

The word “polymer” is derived from the Greek to mean “consisting of many parts”[l] 

and has evolved today to represent both natural and synthetic compounds constructed 

by the linking o f millions o f simpler repeated units. The first polymers that we came to 

know o f were natural products. These included wood, bone, skin and fibres and have 

been used by man since prehistoric times. However the development o f “polymer 

science” did not occur until the recent 20th century. Hermann Straudinger developed the 

concept of the macromolecule during the 1920s while later in 1935, Wallace Carothers 

invented nylon while carrying out polymerisation research in the DuPont Company [2], 

Within a short time, Bakelite, a robust thermoset plastic that could be moulded to any 

desired shape was also commercially available [3], This initial polymer research 

showed the great industrial potential o f synthetic polymers; a potential that became a 

reality in a remarkably short time.

Different polymers may consist o f similar chemical units but if  they are o f different 

molecular weight they will have diverse properties. This leads to differences in their 

aesthetic, tactile, physical and chemical characteristics. In the 1930s, distillation of 

crude oil (fossil fuel) revealed a number o f by-products such as polypropylene (PP), 

polyethylene (PE) and polystyrene (PS) [4]. These high molecular weight polymers 

have been shown to be constructed by the repetition o f smaller simpler, monomer units.

Polymer synthesis was dominated by Karl Ziegler and Giulio Natta during the 1950s, 

whose polymerisation catalysts were o f great importance for the development o f the 

modem “plastic” industry. In the 1970s a dramatic breakthrough occurred in the 

evolution o f polymers with the discovery that some polymers could conduct electricity 

[5]. Up until then, it was assumed that polymers were saturated and non-conducting; 

hence their frequent use as insulators in electrical and electronic components. Since 

then, much research has been invested into deciphering the mechanisms of conductivity 

through the polymers [6 - 1 1 ] and also into the potential applications o f such materials 

[12-16], Such is the importance o f these novel materials that Professor Bengt Ranby 

designated these electrically conducting polymers as the “fourth generation of 

polymeric materials” in a lecture at the Nobel Symposium (NS-81) in 1991 [17],
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Conducting polymers are macromolecules that propagate charge along their structural 

format. There are two major classes of conducting polymers; (1) ion-containing 

polymers and (2 ) electroactive polymers.

1.3.1 Ion-containing polymers

Ion-containing polymers (ionomers or polyelectrolytes), are polymers which contain 

charged ionic groups. They are copolymers, containing hydrophilic (ionic) portions and 

hydrophobic (non-ionic or nonpolar) sections and can bind ions from solution via an 

ion-exchange process. In ion-containing polymers, the current is transported by ions 

moving around. This movement or diffusion o f ions is a random process but can be 

biased under the driving force o f an applied electrical field (E ).

Examples o f ionomers include poly(ethylene-co-methacrylic) acid and Nafion™, a 

perfluorinated polymer that contains small proportions o f sulfonic or carboxylic ionic 

functional groups, see Fig. 1.1 for their respective structures. The presence of both 

negatively and positively charge groups within the polymeric structure result in 

electrostatic interactions which enable charge to propagate through the medium.

1 .3  C o n d u c t in g  p o l y m e r s

Fig. 1.1 Molecular structure of a) poly(ethylene-co-methacrylic) acid sodium salt and b) Nation, X' 

indicates a sulfonic or carboxylic group, while M represents a metal cation.

The electrostatic interactions in ionomers also cause the polar ionic groups to aggregate 

causing the polymer to behave similar to crosslinked polymers or block copolymers.



These thermoplastics exhibit reversible crosslinking since heating can reprocess them. 

Ionic conductivity is important for many products such as Type I and Type II (regular 

and rechargeable batteries), ion-selective membranes, such as proton exchange 

membranes, filters [18-20], mass transfer membranes [21]and catalysts [22-27], For 

example, their function, in a proton exchange membrane fuel cell, is to conduct protons, 

or hydrogen ions, across the membrane, while being impermeable to gasses such as 

oxygen or hydrogen to maintain separation of the reactants.

1.3.2 Conducting Electroactive Polymers

Conducting electroactive polymers (CEPs), on the other hand are organic 

macromolecules. They do not contain ionic groups and so conduction o f charge is 

mediated by a very different mechanism as described for ionomers. Instead, structural 

distortions and relaxation mechanism result in localisation o f charge along the 

polymeric chain.

The first conducting polymer -  Polyacetylene

The synthesis of the first conducting polymer, polyacetylene, was discovered 

surprisingly due to a communication breakdown when a visiting Korean researcher to 

Prof. Shirakawa’s Tokyo Institute o f Technology, mistakenly added too much Ziegler- 

Natta catalyst to his experiment while trying to synthesise the black powder, 

polyacetylene. However, instead it resulted in a conductive bright, glistening silvery 

film which puzzled Shirakawa [28]. Further investigations in collaborations with Prof. 

Alan MacDiarmid; and Prof. Alan Heeger, confirmed that this silver polyacetylene 

(CH)X could also conduct charge. This opened up the prospect o f cheap and lightweight 

electronic devices. In addition, conducting polyacetylene would present a new 

theoretical model for studying conduction mechanisms and the metal-insulator 

transition in organic materials. And so began the research and investigations of 

polyacetylene. This discovery o f polyacetylene as a novel conducting polymer was 

recognised by the jo in t awarding o f the Chemistry Nobel Prize in 2000 to each of these 

workers.

Investigations into the electronic properties of polyacetylene revealed that charge 

transport through this polymer is due to the structural conjugation o f CH units [29].

6



The 7t-bonding, in which the carbon orbitals are in the sp2pz configuration, see Fig. 1.2, 

enable the orbitals of successive carbon atoms along the backbone to overlap, leading to 

electron delocalisation along the backbone o f the polymer. This electronic 

delocalisation provides a pathway for charge mobility along the polymeric backbone 

[30],

Fig. 1.2 Outer shell orbitals of sp2pz configuration of carbon atoms.

In 1977 it was discovered that dramatic changes in the electronic state of polyacetylene 

could be achieved by exposing the films to trace amounts o f halogens [31]. This doping 

o f the polymeric films resulted in increased conductivity o f several orders o f magnitude 

in only a few minutes. This ability to dope polyacetylene with a variety of dopants 

makes it significantly different from conventional covalent semiconductors. The 

electrical conductivity o f polyacetylene can be increased by 1 2  orders of magnitude 

through chemical or electrochemical doping [32] thus making it an attractive material 

for photovoltaic and photoelectrochemical applications.

However, though polyacetylene revealed many secrets of conducting polymers it is not 

a practical material as it is environmentally unstable and insoluble in solvents. Thus, 

the focus shifts onto other conjugated polymers such as poly(p-phenylene), polypyrrole 

(PPy), polythiophene (PT), polyaniline (PANi) and their derivatives. The potential for 

these materials to impact on modem society is evidenced by the amount of research 

worldwide that has been invested in this area over the last 25 years. A huge variety of 

applications have benefited from this research from antistatic and electromagnetic 

shielding coatings to light-emitting diodes.
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Other conducting electroactive polymers

CEPs such the ones listed in Table 1.1 are at the fore-front of intelligent materials 

research as they can:

1. stimulate specificity at a molecular level;

2. facilitate the transduction o f electrical information due to their inherent 

conductive nature;

3. be fabricated into specific design features

4. be electrically actuated to perform designated mechanical operations.

Many of these CEPs are poly(heterocycles) which can be viewed as carbon chains with 

the structure o f polyacetylene stabilised by the heteroatom. For example, the nitrogen 

in pyrrole ring stabilises the polypyrrole chains with the result that polypyrrole is stable 

in ambient environments, whereas polyacetylene is not. These CEPs differ from 

poiyacetylene by their no-degenerate ground state related to the non-energetic 

equivalence of their two limiting mesomenc forms, aromatic and quinoid (for example 

see Table 1.1 polyphenylene and polythiophene), their high environmental stability, and 

their structural versatility which allow modulation o f their electronic and 

electrochemical properties by manipulation o f the monomer structure [33],
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Table 1.1 Common Conducting Polymers.

Polymer Acronymn Structure

Polyacelylene Pac

H

H

Polyphenylene PPP /  ^

Poly(phenylene sulphide) PPS
^  //

Polypyrrole PPy

Polythiophene PTh - < y -

Benzoid form Quinoidform

Poly(phenylene-vinylene) PPV

9



Polymer Acronymn Structure

Poly(lhienylene-vinylene) PTV

Polyaniline PANi

’-v

y=l LEÜCOEMERAIDINE 

y=Qä EMERALDINÊ 

yeO PERWGRANIUNE

Poly(indole)

Pin

Polypyridine
7

:N
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1 .4  E l e c t r o n ic  c o n f ig u r a t io n  o f  c o n d u c t iv e  e l e c t r o  a c t iv e  p o l y m e r s

As can be seen in the examples o f CEPs listed in Table 1.1, all the molecules contain 

portions o f unsaturated systems formed by the overlapping o f adjacent ^-atom ic 

orbitals. According to the Huckel’s 7i-electron theory for unsaturated systems [34], if 

the carbon-carbon bond lengths were o f equal length then Jt-molecular orbitals would 

form a continuous band. Each carbon would contribute one ji-electron, which would 

half-fill this continuous 7t-band. This would imply metallic conductivity for the 

polymer. However, distortions due to Peierels instability occur in these aromatic 

polymers causing adjacent CH groups to move towards each other, forming alternative 

shorter (double) and longer (single) bonds. Thus the 7i-band is split into two sub-bands, 

ji- (the valence band in semiconductor terminology) and n*- (the conduction band) 

separated by an energy gap, Eg. This idea is illustrated in Fig. 1.3

tt*-ANTIBONDING
LEVEL,

Conduction Band

GAP,

ti-BONDING
LEVEL,

Valence Band

CONTINUOUS
BAND

(half full)

INSULATOR INTRINSIC
SEMICONDUCTOR

METALLIC

Fig. 1.3 ^-electronic band possibilities for undoped polyacetylene.

In order to promote electrons from the n- (valence) to the ^-(conduction) band, energy 

equivalent or greater than the Eg must be supplied to the molecule. This may occur in 

the form o f thermal or spectral energy. In conducting metals, the Eg, can be overcome 

easily, enabling electrons to be promoted to the conduction band enabling conductivity. 

In contrast, the Eg o f an insulator is so great, that it is difficult to promote electrons to 

the higher energy conduction band, thus resisting conductivity. The Eg of a semi­

conductor, thus as the name would suggests resides between that o f a conductor and an 

insulator.
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1.4.1 Charge carriers

In traditional semiconductors, the coordination of each atom to its neighbours through 

covalent bonds, usually 4-6 adjacent atoms, leads to a rigid structure. In such systems 

the dominant charge carriers are considered to be electrons and holes.

In semi-conducting polymers, however, the arrangement o f the atoms is not so rigid and 

so the polymer matrix is susceptible to structural distortions (Peierls dimerisation). 

Therefore, charge storage on the polymer chain leads to structural relaxation, which in 

turn localises the charge. Pople and Walmsley [35] first described these distortions as 

kinks in the bond length alteration pattern. Su, Schrieffer and Heeger (SSH) [36] 

considered these kinks were of finite width with an optimised geometry. These are the 

soliton (positively, negatively charged and neutral) states, Fig. 1.4A, B & C. The 

soliton electron describes those electrons that sit in the mid-gap region, the next region 

to the re-bonding level and describe solitary wave defects in the polymer. They are 

considered to be the major charge carrier in such conjugated polymeric systems. 

Removal o f the soliton electron creates a delocalised cation, or positive soliton (Fig. 

1.4C), whereas neutral solitons (Fig. 1.4B) are produced during isomerisation.

When a doped conjugated polymer is oxidised, additional charge carriers are included to 

enhance conductivity through the polymer. If  an electron is removed from the top of the 

valence band the remaining hole does not delocalise completely as would be expected 

by the classical band theory. Instead the radical cation (polaron) is localised (Fig. 

1.5B). This immobilisation o f charge is in part due to the presence o f doping agents, 

such as I3", along the polymeric backbone. If  a second electron is removed from an 

oxidised section o f polymer, the one o f two things can occur. Either a second 

independent polaron is created, or the unpaired electron o f the first polaron is removed 

and a bipolaron is formed (Fig. 1.5C). The polaron, being a radical cation has a spin of 

Vi whereas the spins of the bipolarons, being paired, add to 0. These electronic states 

coalesce into bipolaron bands with further oxidation and doping [37], This corresponds 

to approximately one charge for every three pyrrole monomer units. Another effect of 

this oxidation and doping is that the n-n* band gap will increase. [38]. While polarons 

are found in almost all conjugated polymers, solitons are not. This is because most 

CEPs have non-degenerate ground states and as such, the defects in these compounds
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cause charge distortions [39] to be confined in pairs, thus giving rise to the presence of 

polarons and bipolarons.

Structure

Anti-Bonding
Levels

Non-Bonding
Levels

Bonding
Levels

Charge

Spin

Name
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1/2

Negative Soliton Neutral Soliton 
Anion Radical

B

+1

Positive Soliton 
Cation

Fig. 1.4 Band structure and electronic configuration for species implicated in conduction 

mechanisms in conjugated polymers, illustrated for polyacetylene. ‘ Negative analogues via electron 

addition [40].
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Fig. 1.5 Electronic levels and bands for oxidised conducting polymers, such as polypyrrole.
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1.5 Sy n t h e s is  o f  C o n d u c t in g  P o l y m e r s

Being electrically conductive, CEPs also have the additional practical benefit of 

enabling us to communicate with them through many o f the electronic instruments we 

have become accustomed to in our scientific environment. The conductivity o f CEPs 

are highly dependent on polymer morphology and chain symmetry. Hence, control of 

synthetic conditions is crucial for generating the desired product. The synthesis of 

CEPs is generally initiated by the oxidation o f the monomer unit to generate a radical 

species, which propagates via chain reaction, yielding dimers, oligomers and finally 

polymers.

CEP synthesis can be facilitated by a number o f methods;

1 . electrochemical polymerisation at a conductive substrate (electrode) through the 

application o f an external potential,

2 . chemical polymerisation through the use of chemical oxidants,

3. photochemical polymerisation and

4. enzyme-catalysed polymerisation.

The various approaches produce CEP materials with different forms; chemical 

oxidations generally form powders and fibres whereas electrochemical polymerisations 

tend to yield films which adhere the electrode surface. Two synthetic routes, firstly 

electrochemical synthesis and then chemical oxidation, will be discussed in relation to 

the synthesis o f polypyrrole.
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1.5.1 Electrochemical Polymerisation of Polypyrrole

Electrochemical polymerisation of polymers such as polypyrrole, polythiophene, 

polyfuran, etc. have greatly dominated the field o f conducting and semiconducting 

polymers where advancements in polymerisation techniques have led to the 

development o f a field interfacing polymer science and electrochemistry.

The electrochemical polymerisation o f pyrrole is usually performed in an 

electrolyte/molecular solvent system. The processing parameters, in particular the size 

and nature o f the dopant counterions from the solvent/electrolyte system, and the nature 

o f the solvent itself can have a marked impact on the properties of the resultant polymer 

film [37]. The oxidation / reduction process may involve either anion or cation (Fig. 

1 .6 ) exchange or a mixture o f both.

x* +

Here n = number o f charge centres per 3 - 4  monomer units, while m represents the 

polymer chain length, which determines molecular weight, A" represents the counterion 

which is included to maintain charge neutrality along the polymeric backbone. This 

representation greatly simplifies the complexity o f the electropolymerisation process, 

since polypyrrole, and CEPs in general, tend to be dynamic and interactive materials.

When the electroactive polymers are oxidised in an appropriate electrolytic medium, 

positive charges are generated along the backbone and solvated anions (A') enter the 

polymer from the solution to maintain charge balance, see top o f Fig. 1.6. It has been

1.6 Redox processes for polypyrrole showing (top) anion and (bottom) cation exchange.
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shown that the size and nature of the dopant counterion incorporated during synthesis 

can have a dramatic effect on the ion movement occurring during redox processes. If, 

for instance, the size o f the dopant anion is such that it cannot be expelled during 

reduction, then cation (X+) exchange must occur to maintain charge neutrality as shown 

in the bottom schematic in Fig. 1.6.

The electrochemical synthesis o f polypyrrole is better described when broken up into 

the following steps [37] (depicted in Fig. 1.7):

1. A  neutral pyrrole monomer when oxidised yields a cation radical species. This 

cation radical resonates around the aromatic ring of the pyrrole unit. The 

appearance o f A represents a dopant anion, incorporated to maintain charge 

neutrality along the polymer.

2. This cationic radical combines with another pyrrole monomer thus producing a 

dication of bipyrrole.

3. The chain o f polypyrrole propagates in this manner until two radical species 

couple. The resulting polymer then undergoes deprotonation.

Polymerisation is believed to proceed via this radical-radical coupling mechanism, 

whereby the natural repulsion o f the radicals is assumed to be negated by the presence 

o f other species such as solvent, counterions and also the monomer. When the polymer 

chain exceeds a critical length, the solubility is exceeded and the polymer precipitates 

onto the electrode surface. The electrochemical conditions, such as potential used, 

applied current density and temperature, the electrochemical cell design, the electrode 

material, the solvent, counterions and monomer all influence the nature of 

electropolymerisation and the characteristics o f the resulting polymer [37].
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Fig. 1.7 Step-wise electrochemical synthesis of polypyrrole.
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Electrochemical polymeriation (ECP) is normally carried out in a single compartment 

electrochemical cell by adopting a standard three electrode configuration. This 

configuration typically consists o f an electrochemical bath containing a monomer and a 

supporting electrolyte dissolved in an appropriate solvent.

A standard three electrode systems consists o f a working electrode, a counter electrode 

and a reference electrode dipped in a single dual compartment cell. The working 

electrode acts as a substrate for deposition of the polymer. It is necessary that the 

electrode should not oxidise concurrently with the aromatic monomer [41]. For this 

reason, inert electrodes such as Pt, Au, S n 0 2 substrates, ITO and stainless steel 

substrates have been used. A counter electrode, a metallic foil o f Pt, Au or Ni is 

sometimes used. Reference electrodes such as the saturated calomel electrode (SCE), 

Ag/AgCl can be used.

Compounds that have relatively low anodic oxidation potentials are susceptible to 

electrophilic substitution reactions and can produce conducting polymers by ECP [41]. 

Thus, the simplest means of inducing the polymerisation is to apply a sufficiently 

positive constant potential. The potential will influence the rate of oxidation and hence 

that o f polymerisation. Limits to the potential used do exist; too low and oxidation of 

the monomer may not incur deposition, too high and the polymer will become over­

oxidised, resulting in a less conductive and more porous polymer product [42, 43] with 

lesser ability to store charge and lesser mechanical properties. ECP can also be carried 

out under constant current conditions (galvanostatically) or by dynamically cycling the 

voltage (by cyclic voltammetry). Potentiostatic conditions are recommended to grow 

thin films while galvanostatic conditions are recommended to grow thick films [44],

Since the electrochemical polymerisation reaction proceeds via radical cation 

intermediates, the nucleophilic character o f the solvent and the electrolyte can impose 

certain restrictions on their choice [41]. The more nucleophilic the solution, the higher 

the possibility that the solvent will interact with these free radical intermediates and 

inhibit polymerisation [9]. Aprotic solvents, such as acetonitrile, benzonitrile can 

support the 7i-system o f the polymer resulting in a more stable and conductive product 

[5]. The choice o f  supporting electrolyte depends on the solubility, degree of
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dissociation and nucleophilicity criteria. Quaternary ammonium salts o f the type R4 NX 

( where R = alkyl or aryl radical and X = Cl", Br", I", PF6 etc.) are commonly used as 

supporting electrolytes in ECP o f conducting polymers since they are soluble in aprotic 

solvents and are highly dissociated in them.

Once synthesised, charge can be reversibly added to or removed from the conducting 

polymer by cycling the material through its oxidised and reduced states. As the switch 

from oxidised to reduced state occurs, there is a coupled decrease in the conductivity. 

The switch involves mass and charge transport in the polymeric film. Monitoring o f the 

redox peaks, according to the reduction and oxidation o f the polymer as shown by the 

schemes in Fig. 1.6, can be used to characterise the PPy films during preparation [45, 

46]. Both o f these transport mechanisms have profound effects on the polymer. The 

mass transport o f  ions into and out of the polymer, cause the material to swell or shrink 

in a controlled manner. This may be used to develop actuators and separation 

membranes. The charge transport related to this movement o f ions also has an effect on 

the polymer, resulting in a charged or non-charged material. Thus, the resistance, 

capacitance and flux o f the material are affected. The surface tension o f the material is 

also influenced by this movement of charge into and out o f the material. Thus it is 

possible that a conducting polymer may be actively used to control fluid movement.

1.5.2 Chemical oxidative polymerisation of polypyrrole

The experimental variables available in chemical polymerisation are greatly reduced 

compared with electrochemical oxidation. However, chemical polymerisation remains 

a process o f interest because o f its ease for scale-up and the tendency to form powders 

and colloidal dispersions. Chemical polymerisation o f polypyrrole is easier than that of 

polyaniline in that it can be carried out in a neutral (non-acid) aqueous solution.

The mechanism for chemical polymerisation is similar to that described for 

electropolymerisation. However due to differing experimental conditions, the resulting 

polymers tend to have different characteristics. The conductivity o f the resulting 

conducting polymer is dependent on the reaction conditions such as the oxidant and 

solvent used, the temperature, and the dopant counterion. For one-electron oxidants
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such as FeCb, an \ox^ antJ ^ ^  molar ratio o f approx. 2.3 is usually required. Two

electrons are used for the oxidation of each pyrrole monomer unit, while the remaining

0.3 electrons is used for the oxidative doping o f the neutral polypyrrole chain into a 

conducting form. In order to maintain charge neutrality along this polymeric chain, 

dopant counterions, A", are incorporated approximately one on every third pyrrole unit.

Though difficult to control the polymerisation once initiated, it is possible to dictate the 

conductivity o f resulting polymers through the employment o f specific binaiy systems 

(mixtures o f two different oxidants), reaction temperatures and solvents [15].

Chemical polymerisation occurs in the bulk o f the solution. The resulting polymers are 

insoluble and therefore precipitate out o f solution. Spontaneous deposition onto various 

substrates can occur, if  the substrate is present in the polymerising solution. Generally, 

in chemical deposition, the substrate is immersed or impregnated with a solution or 

vapour saturated with the monomer and then is exposed to an appropriate oxidant [47, 

48]. This technique also occurs in the opposite direction, that is, the substrate can be 

immersed with the oxidant solution and then exposed to the monomer solution or 

vapour [49], It is desirable to shift towards substrate deposition rather than bulk 

polymerisation, though the latter cannot be eradicated completely. Careful selection of 

parameters such as monomer concentration, oxidant-to-monomer ration, reaction 

temperature and appropriate treatment o f the substrate surface, assist in the shifting of 

polymerisation from the bulk solution to the desired substrate [50], be it glass, plastic, 

metal, micro- and nano-porous, fibres or fabrics [51]. In situ vapour-phase deposition 

can also be used by passing pyrrole vapour over materials soaked in oxidant [52], The 

surface resistance o f these polymer-coated materials decreases with greater polymer 

deposition.
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1.6 D o p in g  o f  C o n d u c t in g  P o ly m e r s

As mentioned previously, dramatic changes in the electronic state o f polyacetylene 

could be achieved by doping the films to trace amounts of halogens. Doping o f other 

CEPs results in a similar change in the conductivity o f the polymer. Doping, the term, 

is analogous to that used in semiconductor systems. However, it differs in that is does 

no refer to the replacement of atoms in the m aterial’s framework. Instead, doping refers 

to the oxidation or reduction o f the 7i-electronic system. Reagents such as iodine, AsF3 

and bromine were shown to incur these increases in conductivity [53], The result was 

an increase of conductivity o f the polymer film from a range o f 10"8 - 10"5(S cm '1) to a 

range o f 103 - 105 S cm"1. In comparison, Nylon™ has a conductivity o f 10' 14 S cm ' 1 and 

copper 106 S cm"1. Fig. 1.8 shows the relative conductivities of common insulators, 

metals and conducting polymers.
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Fig. 1.8 Electrical conductivity of conducting polymers in relation to common insulators and 

conductors.
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Doping can be achieved via the following methods:

1. Chemical

2. Electrochemical

3. Photochemical

4. Interfacial

It is enabled by the open morphology [54] and the weak interchain binding o f the 

conducting polymer matrix which allows the diffusion o f the dopant ion between the 

polymer chains. The strong intra-chain bonding maintains the integrity o f the polymer 

during the diffusion process ensuring reversibility o f the doping process. When doped 

with either electron accepting (A) or donating species (D), the number of charge carriers 

through the polymer chain increases, resulting in enhanced charge transfer [55], The 

polymer chain acts as a poly(cation) in the presence o f an A ' species and as a 

poly(anion) in the presence of a D+ species.

Doped conjugated polymers are good conductors for two reasons:

1. Doping introduces carriers into the electronic structure. Each repeat unit is a 

potential redox site and as such can be doped n-type (reduced) or p-type 

(oxidised) to a high density o f charge carriers.

2. The attraction o f an electron in one repeat unit to the nuclei in the neighbouring 

units leads to carrier delocalisation and charge mobility along the polymer chain, 

which extends into three dimension through interchain electron transfer.

Thus, doping is the forced introduction o f charge into a conjugated polymeric structure. 

It can be facilitated via a number o f methods, each leading to a wide range o f interesting 

and important phenomena. The conductivity o f conducting polymers is known to 

decline with time in ambient environments. This “ageing” process can be accelerated 

by rising temperatures and high humidity conditions mainly due to the loss o f the 

dopants [7, 15], thus judicious choice of dopants is o f  utmost importance.

Fig. 1.9 The forced introduction of charge into a conjugated polymeric structure, doping, here 

through electrochemical oxidation.
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1.7 P r o c e s sib il it y  o f  C o n d u c t in g  P o l y m e r s

PANi, PPy and PT show greater environmental stability than polyacetylene but are also 

inherently limited in terms o f their processing capabilities. Strong, inter- and intra­

chain electron transfer reactions render PANi, PPy, and PT insoluble and infusible. 

This limits their processibility. In order to include conducting polymers in the design of 

novel sensor systems they must be either combined with processible materials or 

deposited onto various substrates making novel composite materials.

Deposition of conducting polymers methods can occur by dissolving the parent 

conducting polymer in a solvent and casting a film onto the desired substrate, allowing 

the solvent to evaporate, leaving a film o f the conducting polymer. However, this 

method is limited because o f the difficulties due to the insolubilities o f the conducting 

polymers. A number o f methods have been followed to address this problem. These 

include:

1. Side-chain functionalisation

2. Counter-ion induced processing

3. Colloidal dispersions

Functionalising groups on the conducting polymer can improve solubility. For example, 

by introducing an alkyl chain into the 3-position o f a pyrrole monomer (see Fig. 1.10a), 

the resulting polymer is more soluble in organic solvents. Similarly, sulfonation of 

PANi (Fig. 1.10b) enhanced the solubility of this polymer in water. The side chains 

decrease interchain coupling and increase the entropy, thus enabling these derivatives to 

be processed from solution. However, it has been found that the conductivities o f these 

chemically modified polymers were less than that o f the unadulterated conducting 

polymer because of the distortion o f the molecular structure o f the conducting polymer 

[10, 56].
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b)

Fig. 1.10 Molecular structure of a) substituted pyrrole monomers; b) sulphonated aniline

monomer; c) dodecylbenzenesulfonate.

CEPs may also be rendered soluble by using bi-functional counterions such as 

dodecylbenzenesulfonate (Fig. 1.10c) during processing [56], The charge on the SO / 

head group forms an ionic bond with the positive proton on the CEP chain while the 

hydrocarbon tail is dissolvable in organic solvents. Soluble PANi may be processed by 

this method enabling it to be incorporated into polymer bends.

Template-guided synthesis o f CEPs has been reported by S.C. Yang [56, 57], The 

molecular template, a polyacid such as polystyrene sulphonic acid, binds the monomer 

to form molecular complexes which are dispersed in water as colloidal particles. Upon 

polymerisation, the monomers form the relevant polymer but remain attached to the 

template to form the template-CEP complex. By the careful choice of the template 

molecule and the polymerisation conditions, stable sub-micron size colloidal particles 

may be formed during polymerisation. Bjorklund and Liedberg [58] also observed 

colloidal fonnations when pyrrole was oxidised by FeCl3 in the presence of aqueous 

methylcellulose (M„ 100,00), resulting in a PPy.methylcellulose sol being fonned. 

Colloidal polypyrroles prepared in aqueous solutions are generally spherical, while the 

particle size is dependent on the synthetic conditions. The electrical conductivities of 

PPy colloids are generally o f lesser magnitude than those forms by other means.

As referred to previously chemical deposition may occur in the bulk of the solution. 

Spontaneous deposition may be encouraged by placing the desired substrate in the 

polymerisation reaction environment [50]. The conducting polymer then polymerises 

and simultaneously deposits onto the substrate generating a novel composite material. 

This method o f deposition has been utilised in the development of conducting textiles,

24



whereby the conducting polymer (PPy, due to its environmental stability) adheres to the 

textile substrate generating a composite material that retains the inherent properties of 

the textile (e.g. texture, hand, structure) but is also electro-conductive due to the 

presence of the PPy layer on the material.
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1.8 N o n  c o n d u c t in g  p o l y m e r ic  m a t e r ia l s

1.8.1 Polyurethane Foam

The polyurethane (PU) foam used in this experiment was soft, sponge like material that 

could be reversibly compressed. A picture o f PU samples received is shown in Fig. 

1.11. The PU samples were received from Foam Engineering Ltd, (a foam producing 

company in High Wycombe, England) in pre-cut sample sheet form. They were 

referred to as samples PU001-PU003 in Chapter 2. These PU samples varied in terms 

o f density and hardness. Because it was our intention to use the developed sensors 

repeated in applications o f high load (20-30 kg), the hardest PU (PU003) was selected 

as the base substrate for prototype development. All samples were washed in soapy 

water, titrated with Milli-Q water and oven dried before use. Samples were cut to size 

from the sheets.

Fig. 1.11 Selection of uncoated polyurethane foam from IRETEX, Kay foam and Foam

Engineering Ltd (18/125).

Polyurethane is a heterogeneous polymer. Generally its morphology is composed of 

short alternating block o f hard and soft segments. The soft segment has a low glass 

transition temperature (Tg) polyether, polyester or polyalkanediol, whereas the hard 

segment has a high Tg aromatic diisocyanate, linked with a low molecular weight chain 

extender [59].

The glass transition temperature is a phase change that is observed in amphorous 

polymers, characteristic o f the polymer. Below a polymer’s Tg, the polymer is brittle
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and fragile, and will shatter if  placed under any force, a similar phenomenon observed 

with glass. Above the polymer’s Tg however, the chains o f the polymer move more 

freely and the result is that the polymer is more elastic or rubber in nature and is able to 

resist a limited force placed upon it without permanently disrupting the polymer.

Polyurethanes are formed when isocyanate (~N=C=0) reacts with a hydroxyl compound 

(R-OH) according to the schematic shown in Fig. 4.3.2.

O

/ /

/ /
N -OH
\

Fig. 1.12 Reaction pathway for the polymerisation of polyurethane.

They contain a urethane linkage RiHN-C(=0 )0 R 2 , see Fig. 1.12. When a diisocyanate 

reacts with a diol, a linear polyurethane is obtained, whereas when the diisocyanate 

reacts with a polyol, a cross-linked polymer is formed. The urethane group does not 

usually contribute to the functionality o f the polymer rather it incorporates functional 

groups within its matrix. Therefore, the properties o f the polyurethane can be tailored 

by incorporation o f the relevant functional group.

The diol can be replaced with a diamine, producing a polyurea. This polymer has 

alternating stiff domains separated by soft rubbery urea sections which characterise the 

polymer’s elastomeric capabilities. Though this polymer was synthesised from diamine 

groups, this polymer is still referred to as polyurethane.

Polyurethanes can exist in various forms from rigid thermoset polymer to flexible soft 

elastomers to additives found in paint. They are very crystalline structures and are often 

used as copolymers with soft rubbery polymers. Another variant o f the polyurethane 

polymer is foam structure.
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Polyurethane foams can be classified as rigid or flexible foams. Rigid foams are closed 

cell structures that are highly cross-linked. They have good resistance to organic 

solvents and inorganic substances. Rigid foams are used mainly in the area o f thermal 

insulation and in the area o f aeronautical manufacture. Flexible foams are open cell 

structures and are resistant to detergents and solvents and are inert to oxidation. These 

types o f foams are used in upholstery, clothing and packaging.

Polyurethane flexible foams are characterised by their density and also their hardness.
■5

The density o f the foam is measured as the weight per volume o f the foam (kg/m ). 

This term differs from the firmness or “hardness” of the foam. The latter value refers to 

the indentation force deflection (IFD) capability of the foam. The IFD is calculated by 

determining the force required to compress a 50 square inch circular indentor foot into a 

4 inch thick sample (15 square inch or larger) to a stated percentage o f the sample’s 

initial height. Common IFD values are generated at 25% & 65% of the initial height 

[60], The values for hardness are G which refer to N/kg. The surface of polyurethane is 

hydrophilic due to the presence o f NH and C =0 bonds in the polymer backbone and so 

provides a suitable site for polypyrrole deposition.
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1.8.2 Polyethylene Foam

Polytheylene (PE) is another solid foam, compressible, but structurally harder than 

polyurethane. PE foam samples were received from Foam Engineering Ltd., High 

Wycombe, England, in sheet form. They were washed with soapy water and rinsed 

with water and oven dried before use. A picture of the foam together with the chemical 

structure o f PE are shown in Fig. 1.13.
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Fig. 1.13 Photograph of PE foam and molecular structure.

As can be seen in Fig. 1.13, polyethylene is, structurally, a very simple polymer. It 

only contains two elements; carbon and hydrogen and is non-polar in nature. It is quite 

versatile, found in numerous items, such as shopping bags, children’s toys and bullet­

proof vests. Crosslinking is possible by replacing hydrogens with other polyethylene 

chains. Linear polyethylene (or high density polyethylene HDPE) is much stronger 

then branched polyethylene (low density polyethylene LDPE), though the latter is much 

cheaper and so more cost-friendly for manufacturing. Ultra-high molecular weight 

polyethylene can also be fabricated, particularly in a fibrous fashion. These fibres are 

so strong that they can replace Kevlar in bullet-proof vests.
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1.8.3 Other Solid Foams

Specialised solid foam s: Aveleo™

Aveleo is a specialised polyolefin foam, produced by Aveleo™ especially for insoles, 

both for sporting and orthopaedic shoes. Thus, this substrate would be particularly 

suitable for applications such as prototype insole development. Aveleo is a closed cell 

polyethylene based foam shown in Fig. 1.14. It is cross-linked, is semi-rigid and self 

supporting and has a low specific weight. It is also free o f CFCs, HCFCs plasticizers or 

heavy metal compounds. It is designed to be comfortable to wear, inert with a long- 

shelf life, non-colour staining, shock absorptive and aesthetically pleasing.

Viscoelastic Foam: Kaymed Visco™

Viscoelastic foam was originally developed by NASA for astronauts’ seats to help 

reduce the pressure o f  G-forces and o f spending a long time sitting in the same position. 

This open-cell foam is temperature sensitive, that is, when cold it is firm. However, if  it 

is heated, e.g. by body-heat, it becomes soft and compresses easily. Thus, if  someone 

were to sit or lie on it, the foam would compress, redirecting the pressure away from the 

points o f contact throughout the entire foam matrix. If the source o f pressure were then 

removed, the foam returns to its original shape. However, it does so very slowly, 

leaving an impression on the foam face. For this reason visco-elastic foam is sometimes 

referred to as “memory” foam [61, 62],

Fig. 1.14 Left: Photograph of Avelolen® received from 1RETEX, right: Slow relaxation

characteristic of visco-elastic foam [62],
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Fabric-based material: Polartec®

The Polartec® material is a spacer material, spongy and compressible like the foam. It 

is designed so that it can stretch in four directions, including compression of the fabric.
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Fig. 1.15 Detailed structure of Polartec® power stretch® [63].
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1.9 C o m p o s it e  M a t e r ia l s

Recently, tremendous advances have occurred in the development of various polymeric 

materials, seeing them supplant conventional materials such as metals and alloys in 

various applications, such as the automobile industry, the aerospace industry, the 

manufacture of household goods or light engineering machinery to name but a few. 

This replacement o f materials brings about cost-effectiveness, reduction in size and 

weight, novel designs and new concepts in material science.

If  polymers can be made conductive such as CEPs then the range o f tools for 

communication to and control o f the polym er’s functions can be greatest expanded to 

include:

• Electrochemical methods; cyclic voltammetry (CV) or amperometric analysis 

can yield information such as the charge efficiency o f a film during oxidation 

and reduction o f the film. Peak separation is dependent on the polymer 

composition and preparation conditions.

• Dynamic contact angle measurements', this technique allows polymer-solvent 

interactions to be measured [64] providing information on the surface tension 

and the wettability o f a polymer surface as a function o f its redox stale [65].

• Res is tome try, this techniques involves the measurement of resistance changes of 

conducting polymers [6 6 ] to monitor effects of polymer thickness and cationic 

species o f the supporting electrolyte.

•  UV-vis and Raman spectroscopy; light absorption causes electronic transitions 

between the valence and conduction bands and the specific peaks in the 

spectrum are indicative o f the nature o f the charge carriers and the number of 

charge carriers present.

•  In-situ mechanical testing; qualitative mechanical information enables the 

determination o f parameters such as inherent stiffness, toughness & maximum 

stress resulting in permanent sample deformation [67, 6 8 ],

Other techniques which can be used for analysing CEP based sensors include quartz 

crystal microgravimetry and scanning probe microscopy.
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CEPs, however, have limited physical and chemical properties, thus other techniques 

must be employed to make polymers conductive. That of composite-formation has been 

commercially exploited. This technique involves polymeric materials, such as those 

listed in section 1 .8 , being mixed with conductive fillers such as carbon black, acetylene 

black, carbon film, metal powders or CEPs. By combining conductive and non- 

conductive polymeric components, novel composite materials can be generated. These 

materials merge together the benefits o f both constituent parts. There are a number of 

drawbacks with these materials:

1 . their conductivity is highly dependent on processing conditions

2 . an insulating surface layer often forms

3. articles may become brittle due to heavy loading of filler.

Smart textiles, however, are an example o f novel conductive composite generated by 

such a merger.

1.9.1 Smart Textiles

The textile industry is focused on providing materials, yarns, clothing etc for consumer 

world at large. Recently a new field o f research has emerged which has combined the 

benefits o f the textile industry with the world of electronics and technology yielding 

products and devices referred to as electronic (e-) or smart textiles [69], Smart textiles 

do not refer to materials such as breathing (air conditioning), fire-resistance, ultra-strong 

fabrics etc., but rather smart textiles are “wearable” materials and are able to perform 

local monitoring and computation and may also be coupled with wireless 

communication capabilities. The technology can incorporate a fibre, yam or other 

textiles and enables or enhances its interaction with the environment or user. Thus, the 

characteristics associated with comfort and wearability (properties o f standard, non­

electronic garments are retained whilst integration o f the technology is achieved. Many 

textile-based sensors are actually sensing materials used to coat a textile [70] or 

conductive/sensing materials formed into fibers and woven or knitted into a textile 

structure [71, 72],
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1 .1 0  A p p l ic a t io n s  f o r  p o l y m e r  c o m p o s i t e  s y s t e m s

The potential applications o f conducting polymers alone have been discussed in 

numerous reviews [12, 13, 69, 73-75], There has been a rapid increase in the number of 

publications since the early 1980’s, shown graphically in Fig. 1.16, reflecting the 

realisation that conducting polymers are a versatile product with numerous applications.
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Fig. 1.16 Number of scientific papers published and patents issued in the area of conducting

polymers for the past 25 years (source: own results from searching on Web of Science Citation 

Index).

In brief these applications lie in a number of technologies including:

• Electrostatic discharge; where the conducting polymeric film provides anti­

static protection for electronic components.

• Battery technology; where the anode, cathode and electrolyte are o f polymeric

origin and are n- or p-doped to establish a cell potential between the electrodes.

• Supercapacitor technology; where the doped polymeric film utilise the redox

properties o f the polymer to store charge within.

• Photovoltaics; where the absorption of solar energy by a photosensitive

conducting polymeric film results in the generation o f an e.m .f in the associated 

circuitry.
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• Electrochromics; where conducting polymers undergo a distinct colour change 

when the surrounding environment is changed, albeit by the application of an 

external potential, elevated temperatures or the presence o f organic solvents 

[76],

• Electroluminscence devices; where electrons are injected from the cathode 

(aluminium, calcium or indium) and holes are injected from the anode (ITO) 

into the conducting polymer sandwiched between the electrodes. When the 

holes and electrons are injected into the polymer, they form positively and 

negatively charged polarons that can migrate under an applied field and 

radiatively recombine when they meet yielding electroluminescence [77],

• Actuators; where a volume change occurs when the polymer is oxidised and 

reduced due to ion movement in and out of the polymer.

• Separation devices; where the volume change incurs by oxidation and reduction 

o f the conducting polymer is used to control the pore size o f the separation 

membrane[78]. Selectivity to certain ions is based on size and charge.

• Microfluidic controller; by switching the reduction-oxidation (redox) state of a 

conducting polymer, the surface tension or wettability at the surface of the 

polymer thin film is controlled.

• Corrosion protection; conducting polymers in paints can provide sacrificial 

protection for metals in corrosive environments [79, 80],

However, if  CEPs are combined with non-conducting polymer materials further 

applications, especially in the sensor technology, open up for these novel composite 

materials. These include: wearable physical and wearable chemical sensors. The 

conductive component possible due to the presence o f the CEPs
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1.10.1 Sensors

Computerization impacts on every aspect of modem life and society, but as we know, 

computers are inherently configured to process digitized data. This data must be 

collected, stored if  required, and transferred to a computer from which useful content 

can be extracted, processed and interpreted. Sources for this data are generally textual, 

graphical, audio or sensor based. Sensor are interesting sources of data as they convert 

changes in the real world to detectable signals for the digital world through the 

following steps:

1 . the ability to generate a selective response to a particular target species.

2 . the ability to couple a transduction mechanism that will reliably relay the 

information detected by the sensor.

3. the ability to transfer the information in a reliably but energy inexpensive 

manner between point of detection and logging system.

Examples o f the specific responses required occur during events such as enzyme- 

substrate reactions [81-85], calixarene host-guest [8 6 , 87] or antibody-antigen [8 8 , 89] 

interactions. Though these interactions occur on the nano- and sub-nanoscale scale, the 

use o f sensors enables us to access this information. Thus a gateway between the 

molecular world and the digital world is realised.

1.11 W e a r a b l e  S e n so r s

The simultaneous miniaturisation o f electronic components along with the increase of 

their complexity and ability has assisted with the advances in sensor research; the 

greatest benefit being the reduction o f power consumption o f these components. Also 

miniaturisation makes these sensors portable, enabling their use as on-body sensors or 

wearable systems. I f  we are to gather data from wearable sensors, then the computation 

devices and communication modules should also be wearable, lest we end up with a 

situation depicted in Fig. 1.17. Wearable systems can be broadly defined as mobile 

electronic devices that can be unobtrusively embedded in the users’ outfit as part of the 

clothing or as an accessory.
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Fig. 1.17 The wearable PC?

These systems differ from conventional mobile systems, in that they are operational and 

accessible with minimum disturbance to user activity. Wearable systems range from 

micro sensors that may integrate into clothing [90], to watches [91], rings [92], walking 

canes [93] or belt-worn PCs with a head mounted display [94],

W hen designing sensing systems, thought must be given to the users’ o f the system, 

both their requirements but also their sensory, physical and mental capabilities. Thus, 

the use o f wearable sensors, which propose to integrate seamlessly into the user’s 

personal space, should be o f enormous benefit by limiting issues such as device 

accommodation and manipulation. However, a possible shortcoming o f wearable 

sensors is the limited range of parameters that m ay be measured due to the reduced 

contact area between the body area, for example, the wrist or finger, and the device. 

One solution to this limitation could be the integration of sensors into a wearable 

platform that has a large area o f contact with the body.

Integration o f  sensors into wearable garments 

Integration can potentially occur on three different levels:

1 . solutions adapted to clothes (e.g. mobile phone in the pocket),

2 . electronics or micro-systems integrated in clothes or textiles with connectable 

modules and

3. functions integrated into textiles via direct insertion into the textile fibres (e.g. 

woven displays).
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Unfortunately micro-electronic devices do not readily integrate into textiles and in most 

cases are stitched onto the fabric or hidden in the textile structure. Previous approaches 

to wearable monitoring o f body functions and movements have been made using 

conventional components such as microcontrollers, LEDs, accelerometers, gyroscopes, 

strain gauges [95], piezoelectric materials [96, 97], fibre-optics [98], optoelectronic 

components [92] and pressure sensors [99, 100], incorporated into the user’s clothing 

via a wristband, ring (Fig. 1.19) or strap o f some form. Fig. 1.18 & Fig. 1.19 show 

further examples o f integration strategies adopted by research groups and industries to 

incorporate micro-electronic devices into garments and wearable devices. These 

include the use of affixing components into place and making connections to them by 

sewing or embroidering conductive tracking with metallic yams (Fig. 1.18), or by using 

metallic snap-fasteners to make the connections as shown in Fig. 1.18 & Fig. 1.19.

Fig. 1.18 Left, flex sewed on textile (Fraunhofer IZM Berlin) [101], middle and right,

embroidered interconnections for textile keypads, flexible electronic modules and snaps [102],

Battery

Antenna

Photo

LEDs

Diode

Fig. 1.19 Left, embroidered circuit for mobile phone module, middle, display module

attached with snaps [102], right, Conceptual diagram of a “heart monitoring” ring sensor [103, 

104].

While this approach o f using micro-electronics can offer precise monitoring of 

determined parameters, it requires the user to compromise their physical comfort in 

order to accommodate the device and will result in lower compliance with the device.
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In certain applications this is an important issue. Clearly, it would be better if  the 

device were to “disappear” into the user’s environment. This can be achieved in 

particular, through the use o f textile-integration and textile-based sensors. It is the 

vision o f many research and industrial institutes to integrate computers and sensors into 

clothing so that they are not just portable but truly wearable [105, 106], Textile-based 

sensors avoid the problem o f device discomfort by retaining the characteristics o f the 

textile, i.e. comfort and wearability, while performing as a sensor and providing 

information to the user. Many academic and industrial projects exist at present, to 

investigate the potential o f textile-based sensors for health monitoring purposes. Two 

examples include the SmartShirt™ developed by Sensatex [107] and the WEALTHY 

project [108], a pan-European based academic project (Fig. 1.20).
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Fig. 1.20 Examples of textile integrated and textile based sensors: (top) Sensatex’s ®

SmartShirt, (bottom) Wealthy ® wearable ensemble [109].
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In the context of wearable systems, monitoring can categorized as either:

1. “Inward Looking”, i.e., to measure state and activity of the user, including 

movement, activity, and vital signs such as ECG, body temperature, cardiac 

frequency, respiration, blood oxygen saturation (Sp0 2 ), or as

2. “Outward Looking”, i.e., to measure parameters in the surrounding environment, 

for example in emergency/disaster situations, or in extreme environments as 

may arise during military actions and space experiments, and in certain sports, 

such as mountain climbing.

Inward Looking
Measure state and 
activity of the user

Respiration:
Volume,
Frequency

E.M.G.

Plethysmography
Pressure & Force Mapping

Skin:
Temperature, 
Resistance, 
Impedance, 
Blood flow

Body & Limb 
movements

Muscular Activity

E.C.G.
Cardiac frequency

Fig. 1.21 Inward Looking, schematic of the various internal parameters which could be

monitored for a user’s benefit.

Fig. 1.22 Outward Looking, schematic of the various external parameters that could be

monitored for a user’s benefit.
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The PPy-coated PU foams presented in this thesis maybe utilized in either category, as 

pressure sensors, to monitor plantar pressure underfoot during walking or as a chemo- 

sensor that can be integrated in the wearer’s clothing to monitor the chemical 

environment of the user. In all cases, however, it is desirable that the availability of 

information regarding the physical condition of the wearer, or his/her environment, 

should not compromise the comfort of the wearer.

1.11.1 Impact of wearable sensors

Traditional bio-monitoring technologies are rarely designed for continuous, on-body use; 

at present many of the medical devices used for sensing and bio-monitoring operate 

periodically, are invasive, or require clinical infrastructure for operation. This is often 

dictated by the level o f precision and quality o f signal required for medical analysis, as 

this can directly influence the clinical outcome o f patient. However, this type of clinical 

monitoring only provides a brief window on the physiology o f the patient. There are 

major limitations to this type o f monitoring which include the failure to sample rare 

events o f diagnostic, prognostic and therapeutic importance, failure to measure normal, or 

background, physiological responses as occur during activity, rest or sleep that reflect the 

progression o f a condition. Continuous monitoring and recording o f relevant 

physiological signals therefore offer a crucial improvement to these limits imposed by 

traditional monitoring schemes [ 1 1 0 - 1 1 2 ],

Thus, a niche for wearable sensors is highlighted. Continuous monitoring with 

wearable sensors is possible because the comfort element o f the sensors prolongs user- 

compatibility and wireless capture o f the data means that the wearer is free to pursue 

their daily activities without need to be confined to a laboratory or clinical setting. The 

sensors will need to provide reliable results under a wide range o f working conditions, 

be robust against external physical, electrical and electromagnetic disturbances, and 

should not be easily broken, even when instructions for use are violated as it may be 

possible that the operators will be non-specialised. At present wearable sensors have 

been implemented in non-critical monitoring o f patients [ 1 1 0 ] and people over long 

periods and has great implications for several disciplines such as rehabilitation [113, 

114], sports medicine and ergonomics. In principle these devices have enormous
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potential [115, 116] and are in many cases generating a paradigm shift from cure to 

prevention and from hospital-based healthcare to point-of-need diagnosis [117].

1.12 C o m m u n ic a t io n

Communication between sensors and retrieval of information is another important 

consideration in wearable technology. Communication networks are at the heart of 

modem society. The digitisation o f communications and the availability o f relatively 

inexpensive but powerful mobile computing technologies have established a global 

communication network capable of linking billions o f people, places and objects. This 

pervasive technology means that people in research and industry now have multiple 

daily interactions with this digital technology. The means of connection to this 

communication network is o f fundamental importance if  a truly wearable sensor is to 

succeed. A wired system, though robust, often incurs high maintenance and will limit 

the freedom o f the wearer, therefore hampering the retrieval o f a true reflection o f the 

wearer’s activity. A wireless system would, therefore, be of more benefit but the 

integration o f such a system brings with it its own added difficulties.

A wireless sensor network by definition [118] must include all of the following:

• Bi-directional communication with at least two nodes

• A sensor

• Networking software

• Network must be part of a LAN (local area network) and/or is connected to a

gateway for Wide Area communications

• Single hops between nodes or nodes and gateway must be, on average, less than

1 mile (1500 m)

Wireless sensor networks enable dense sensing of an area, be it on the body or the 

surrounding space o f the subject, see Fig. 1.23. Each node is a discrete sensor system, 

that contains a sensing, transduction and communication platform and so can monitor 

any number o f pre-determined parameters, be they external or internal as described 

previously. By positioning these nodes on the body, information from all these points 

can be gathered simultaneously at the communication hub, generating a detailed 

overview o f the status o f the user. This hub may be a PDA device or a mobile phone,
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which can enable the user to access the responses o f each or all o f the sensors. The 

information from this discrete “Body Sensor (or Area) Network” (BSN/BAN) may be 

transferred to an internet-enabled platform.

Fig. 1.23 Schematic of Body Sensor Network (BSN), showing discrete sensor nodes

positioned on the body, communicating with the central information centre.

In effect, the BSN becomes a mobile sensor node within a wider-based community 

sensor network (Fig. 1.24), enabling the monitoring and control o f parameters, and 

situations at the Internet level. The storage o f BSN data in an internet-level platform 

enable authorised users to access information regarding the status o f the BSN user(s) or 

the environment in which the BSN user(s) is located. The communication is 

bidirectional. This enables relevant alerts to be sent to the BSN user depending on their 

condition and/or location. The use of such communicating networks has been shown to 

enhance the quality o f life o f its users [119, 120], where continuous monitoring was 

carried out without compromising the daily routine o f the users. Many patients could 

benefit from continuous monitoring as part o f a diagnostic procedure, optimal 

maintenance of chronic conditions or during supervised recovery from an acute event or 

surgical procedure, e.g. stroke rehabilitation, physical rehabilitation after hip or knee 

surgeries, myocardial infarction rehabilitation and traumatic brain injury rehabilitation. 

The assessment of the effectiveness of rehabilitation procedures has been limited to the
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laboratory setting; relatively little is known about rehabilitation in real-life situations. 

Estimates can only be drawn from questionnaires, measures of heart rate, video 

assessment etc. Miniature wireless, wearable technology offers a tremendous 

opportunity to address this issue.

Fig. 1.24 Schematic of BSNs functioning as sensor nodes within a wider-base community

network by communicating with one another and an internet-based platform.

Factors which have limited the acceptance of continuous monitoring include:

• unwelding wires between the sensors and the monitoring system

• lack of system integration o f individual sensors

•  interference on a wireless communication channel shared by multiple devices

• non-existent support for massive data collection and knowledge discovery[1 2 1 ].
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1 .13  M a r k e t  P o t e n t ia l

Research within the area o f smart textiles and wireless communications have grown 

increasingly over recent years. In Fig. 1.25, the segments o f interest where smart 

textiles and wearable devices are currently being investigated are listed, together with 

an indication o f their “commercial attractiveness” in the following pie chart.

The attractiveness scores (range 1-10, where 1 = least attractive, 10 = most attractive) 

were determined using the following criteria:

• The extent o f  the final product’s demand / technology uptake on a global basis

• Indicative growth prospects

• Competitive pressure at the textile producer level and the proportion of the end- 

products’ value credited to the textile producer

• Barriers to entry, which determine long-term profit protection.

Wearable electronics - thermal control, commuication, Information, entertainment* 
Other resistive heating 

■■ Occupancy sensing
Electronic health monitoring'
Heat, pressure sensors 
Product, person tracking*

I I Appearance-changing garments 8 *
Smart medical and hygiene products*
Crease-resistant fabrics 
Non-electronic thermal control 4  

■■ Other responsive garments

Fig. 1.25 A pie chart showing the areas of research and technology where wearable systems

have the most commercial potential. Those of greatest attractiveness are indicated with an asterisk.

While some segments face significant technological roadblocks or continue to 

experience the problem o f relating the incremental cost o f  technologies to the value of
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the derived benefit to the end-user, some smart textile products have been successfully 

introduced across a variety o f applications. These tend to be socially-driven and include 

the medical healthcare [117, 122], automotive and protective clothing fields. Although 

the extent of technology integration is still rather low, the situation is improving, as 

novel textile technologies are being developed, e.g. flexible electronic components.

Several wireless sensor network markets were launched in 2005, and according to the 

report by ON world, [118], the increasing commercial adoption and customer 

deployment is accelerating. It is believed that this technology will have a profound 

impact on many markets and become ubiquitous within the next decade. Indeed, even 

in their “most conservative forecast” ON world predict that 127 million wireless sensors 

network nodes will be deployed worldwide by 2010 for an end user market worth $8.3 

billion.

In order to leverage BSN for use as a remote monitoring tool, several issues and 

considerations must be taken into account during the designs and development o f the 

supporting platforms. These issues reflect both commercial and social needs, the more 

important ones being reliability, scalability, ease o f use, energy constraints, security, 

and extra-BSN network restrictions [123], These factors are part o f the reason why it is 

challenging to agree on standards for wireless protocols, e.g. Zigbee, which have 

hitherto made the commercial sector cautious in adopting this technology.
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1 .1 4  C o n c l u s io n

Today’s world of continuous bombardment of information has forced us to adopt new 

ways and methods to collect, process and distribute this information. Computers have 

become ubiquitous in the workplace and in home environments, collecting and 

processing this information as required, however all too often the level of human- 

machine interaction required to deal with this information load distracts the person from 

completing their work task. Mobile computing solutions aimed at reducing this level of 

interaction are still too complex, too obtrusive and too demanding on the user to be 

seamlessly integrated into complex work-processes and their usability in industrial 

scenarios and acceptance by workers is still limited. Approaches are being adopted 

[124] where software and hardware systems are being created in which users can be 

mobile but at the same time be fully integrated into the surrounding smart IT 

infrastructure.

The development of smart systems, where sensors and communication structures are all 

integrated, will have a huge impact on all society, especially the healthcare service, in 

electronic health monitoring and wearable electronics. These systems, for example will 

provide physicians with data for the timely detection and management o f health risks, 

diagnosing early illnesses or injury, recommending treatment that would prevent further 

deterioration and enable confident professional decisions to be made based on objective 

information all in a reasonably short time. In addition it will be possible for the wearer 

to perform normal daily activities in a more “natural” environment without any 

discomfort.

I f  these smart systems could incorporate the use o f the textile technology then there is 

an additional benefit that the realisation o f customised sensor interfaces that can be 

specialised according to the final target and specific applications can be achieved in a 

cost effective manner.

The primary objective for research in this area is to combine functionality (i.e. ability to 

sense a useful parameter) with ease of integration into clothing, and comfort for the 

wearer. This combination, as has been showed with previous examples, to be
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successful by coating textiles and fabrics with conducting polymers, especially 

polypyrrole, to develop sensor that detect biomedical actions. While these sensors are 

able to detect movement through the stretch o f the material they are not as sensitive at 

detecting vertical pressures. Thus, it is our intention to coat polypyrrole onto 

compressible polymeric and textile-based substrates, such as open-cell foam structures, 

that are soft so that they can also be incorporated into wearable garments. This would 

increase the range o f movements that would be detectable by polypyrrole-coated 

material sensors.

Another aspect o f wearable sensor to consider is whether comfortable factor 

compromises the quality o f signal detectable from the device. The issue is to determine 

whether the wearability o f the sensor renders the signal unusable or whether there is a 

potential use for such a device? It has been our intention to show that it possible to 

make sensors that are comfortable to wear and that these sensors can indeed generate 

good quality output signals that can be transmitted and analysed to build-up an 

informative picture for the user in a number of different applications.
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2.1  I n t r o d u c t io n

As mentioned previously, in Chapter 1, polypyrrole (PPy) can be synthesised 

chemically into powders and fibres. It is possible to deposit PPy onto a number of 

substrates, be they hard (PMMA channels) or soft (Lycra, Nylon). The ability to 

deposit PPy onto soft materials is beneficial because the resulting composite material 

retains the soft tactile properties of the fabric, while becoming conductive due to the 

presence o f PPy, thus it can be easily integrated into clothing as required. The degree of 

conductivity (and conversely resistivity) o f the composite material has been shown 

previously to be affected by parameters such as concentration of conducting polymer [ 1 ] 

doping, polymeric defects and amount o f conjugation along the chain. When it is 

connected into a simple voltage divider circuit, electrons will pass through the material. 

This output signal at Vou, is proportional to the resistance of the foam, R/oaw, which in 

turn is dependent on the status and surrounding environment o f the material.

It has been shown that strain gauges could be constructed from polypyrrole both in pure 

film form and coated fabric form (PPy-Lycra) [2, 3], Our aim is to develop a similar 

sensor based on a PPy-composite which will be soft and compressible so that it can be 

easily integrated into clothing without compromising the comfort of the wearer. 

Applications for this such as pressure event detection due to biomimetic actions can 

then be realised. For this reason an open-cell solid foam was targeted as the substrate of 

choice for PPy deposition. The greatest change o f dimensions for this type o f material 

occurs when it is exposed to vertical forces such as compressions to which it responded 

reversibly. The porosity and large surface area o f this type o f material are also 

beneficial in the application of gaseous analyte detection. In this chapter, a number of 

substrates and preparation techniques were examined for the purpose of developing a 

prototype material.

2.1.1 Preparation of PPy-coated materials via chemical deposition
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2.1.2 Characterisation techniques

Electrical behaviour

Current will always prefer to flow through the least resistive pathway, thus the more 

conductive pathway present in the material, the more current will pass through it. In 

1826 a German physicist, Georg Simon Ohm discovered that current flowing through a 

material was directly proportional to the electrical force that produced it. This 

relationship is known as Ohm’s law, (Equation 2.1) where V represents the voltage, in 

volts, or electromotive force which produces the current, i, (in Ampere), and R 

represents the electrical resistance in Ohms.

V =  iR
Equation 2.1

Therefore, at constant voltage the amount o f current flowing through a material is 

inversely proportional to the resistance o f the material. PPy is electroactive. By 

depositing PPy onto a substrate the whole material is rendered electroactive. Thus, 

when the PPy-PU foam is connected into a circuit and held under constant voltage, 

current will flow through the material. This yields a resistance value for the material. 

Because the electrical conductivity o f the material is facilitated by the PPy, the 

resistance o f the material should be dependent on the amount o f PPy deposited onto it. 

Retrieval o f information from the sensing device employed these assumptions in order 

to characterise the behaviour o f the substrate after deposition o f PPy.
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Surface Topology

The surface area o f a material is important in many aspects of chemistry, in particular in 

many important industrial processes such as:

1. Heterogeneous catalysis

2. Semi-conductor thin film (micro-electronics)

3. Corrosion (thin film coatings)

4. Electrochemical processes (adsorption).

Chemical reactions that occur at the surface o f solids may differ sharply from reactions in 

the bulk, due in part to the presence of additional reaction pathways o f much lower 

activation energy at the surface, hence facilitating the reaction to proceed. Many 

catalysts, such as microporous aluminosilicates and zeolites, are materials o f high surface 

area facilitating many reactions to proceed more efficiently.

A material with a large surface area is indicative o f a porous material, the higher the 

surface area the larger the pores. Finely detailed surface structures also increase the 

surface area o f a material, a mechanism utilised in biomedical systems such as the 

kidney or the lungs (Fig. 2.1). Indeed, a technique often used to increase the surface 

area of a material is to roughen its surface, thus inducing these fine structures on its 

surface and increasing its surface area.

Fig. 2.1 Schematic of kidney and lungs systems with a close-up of the fine detailed structure of the 

Glomerulus and the alveoli respectively, to increase the surface area within the organ [11,12],

An enlarged view 
of a nephron
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Examination of the surface o f the coated and uncoated materials was performed in order 

to enable characterisation. This was carried out by examining each sample with a 

scanning electron microscope.

While an optical microscope (Greek: micron = small and scopos = aim) is an instrument 

commonly used for viewing objects that are too small to be seen by the naked or 

unaided eye [13], it was found to be unsuitable for surface topology examination due to 

the limit of resolution (0.2 micrometres ) caused by the inherent diffraction o f light. If, 

instead of light rays, beams of electrons, which have much smaller wavelength than 

visible light are used then images o f greater resolution can be achieved. Then, rather 

than relying on refraction, lenses for electron microscopes rely on a magnetic fields that 

are approximately parallel to the direction that electrons travel. Variants o f electron 

microscopes include:

• Scanning electron microscope (SEM): electrons bombard the surface o f the 

specimen and are gathered to generate an image o f the topology o f the specimen.

• Transmission electron microscope (TEM): electrons pass through the specimen 

and generate images o f the specimen’s crystallographic structure.

In an SEM (shown graphically in Fig. 2.2) the electrons are emitted thermionically 

from a tungsten or lanthanum hexaboride (LaB6) cathode (Fig. 2.2(1)) and are 

accelerated towards an anode (Fig. 2.2(2)). The electron beam, which typically has an 

energy ranging from a few hundred eV to 50 keV, is focused by one or two condenser 

lenses into a beam with a very fine focal spot sized 1 nm to 5 nm. The beam passes 

through pairs o f scanning coils in the objective lens (Fig. 2.2(3 & 4)), which deflect the 

beam in a raster fashion over a rectangular area o f the sample surface. As the primary 

electrons strike the surface o f the specimen ((Fig. 2.2(5)) they are inelastically scattered 

by atoms in the sample.
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Fig. 2.2 Schematic drawing of the electron optics of a SEM.

Through these scattering events (shown in Fig. 2.3) the primary electron beam 

effectively spreads and fills a teardrop-shaped volume, known as the interaction 

volume, extending about less than 100 nm to 5 (im depths into the surface. Interactions 

in this region lead to the subsequent emission o f secondary electrons which are then 

detected to produce an image. X-rays, which are also produced by the interaction of 

electrons with the sample, may also be detected in an SEM equipped for energy 

dispersive X-ray (EDX) spectroscopy or wavelength dispersive X-ray spectroscopy.

The most common imaging mode monitors low energy (<50 eV) secondary electrons. 

Due to their low energy, these electrons originate within a few nanometers from the 

surface. The electrons are detected by a scintillator-photomultiplier device and the 

resulting signal is rendered into a two-dimensional intensity distribution that can be 

viewed and saved as a digital image. This process relies on a raster-scanned primary 

beam. The brightness o f the signal depends on the number of secondary electrons 

reaching the detector. I f  the beam enters the sample perpendicular to the surface, then 

the activated region is uniform about the axis o f the beam and a certain number of 

electrons "escape" from within the sample. As the angle o f incidence increases, the
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"escape" distance o f one side of the beam will decrease, and more secondary electrons 

will be emitted. Thus, steep surfaces and edges tend to be brighter than flat surfaces, 

which results in images with a well-defined, three-dimensional appearance. Using this 

technique, resolutions less than 1 nm are possible.

Fig. 2.3 Schematic illustration of electron beam interaction with a solid with generation of 

secondary radiation as a result of fluorescence exciation by primary radiation.

The spatial resolution o f the SEM depends on the size o f the electron spot which in turn 

depends on the magnetic electron-optical system which produces the scanning beam. 

The resolution is also limited by the size of the interaction volume, or the extent of 

material which interacts with the electron beam. The spot size and the interaction 

volume are both very large compared to the distances between atoms, so the resolution 

o f the SEM is not high enough to image down to the atomic scale, as is possible in the 

transmission electron microscope (TEM). The SEM has compensating advantages, 

though, including the ability to image a comparatively large area of the specimen; the 

ability to image bulk materials (not just thin films or foils); and the variety o f analytical 

modes available for measuring the composition and nature o f the specimen. Depending 

on the instrument, the resolution can fall somewhere between less than 1  nm and 2 0  nm.

Thus, SEM images were taken o f the coated and uncoated materials to observe what 

changes PPy deposition incurs on the substrate.

64



Determination o f  Surface Area using the Randles-Sevcik’s Equation 

Electrochemical techniques, as discussed previously in Chapter 1 have been employed 

to communicate with and characterize conducting polymer systems. Some of the 

techniques which have proven successful include chronoamperometry, 

chronopotentiometry, chronocoulometry, sweeping voltammetry, and impedance 

measurements. It is possible to obtain information such as charge capacity, doping 

concentration, and redox states by monitoring the polymer’s electrochemical response 

to a particular procedure. These polymeric systems may be complex, as discussed 

previously again (Chapter 1) but still follow conventional Nemstian electrochemical 

rules. For example, the surface area o f an electrode can be deduced by measuring the 

peak currents, ip, from the voltammograms for an electrochemical system run at 

different scan rates. This relationship derived by Randles and Sevcik is described as 

follows [14]:

where , n is the number o f electrons appearing in half-reaction for the redox couple, v is 

the rate at which the potential is swept (V / sec), F  is Faraday’s constant (96485 C / 

mol), A is the electrode area (cm2), R is the universal gas constant (8.314 J / mol K), T  is 

the absolute temperature (K), and D  is the analyte’s diffusion coefficient (cm2/sec) and 

Co is the initial concentration o f the species to be oxidised.

If  the temperature is assumed to be 25°C (298.15 K), the Randles-Sevcik equation can 

be written in a more concise form,

ip = 0.4463

Equation 2.2

Equation 2.3

where the constant is understood to have units of C m o t1 V I/2
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According to Equation 2.3, a linear relationship exists between the peak current, 

measured in Amperes, for a given electrochemical system and the square root of the 

scan rate used to drive the electrochemical reaction. This relationship is controlled by a 

number o f other factors, the number o f elections involved in the electrochemical 

reaction, n, the area o f the working electrode, A, the diffusion coefficient, Do, and the 

concentration of the oxidised species, Co. Thus, by plotting a graph o f it, vs. v 1'2, it 

would be possible to determine the area o f the working electrode, given that all other 

factors are known.

PPy in its oxidised state is conducting and as such is electroactive. Thus, by using a 

piece o f PPy-PU as a working electrode within an electrochemical setup, it may be 

possible to determine the area o f said electrode using the Randles-Scvcik’s equation.
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Determination o f  the piezoresistive behaviour o f  the PPy-coated P U  foam  

It is our intention to coat the entire substrate (e.g. PU foam) with conducting PPy, 

therefore rendering the material electrically resistive. PU is a porous compressible 

material onto which the PPy was deposited. If  the material were to be compressed, the 

foam structure would collapse leading to an increase in the number of contact points 

through the foam (Fig. 2.4). I f  the PU foam was coated throughout with PPy, this 

compression would imply that there was also an increase in the conductive pathways 

throughout the foam. Therefore, there would be more conductive pathways throughout 

the foam, making it less resistive. This bringing together of conduction pathways 

through the material is similar to the percolation effect observed in materials such as 

carbon black-loaded polymers. The resistance of the material therefore would expect to 

contain two regions, divided by a critical point, after which the resistance of the material 

changes dramatically due to the percolation effect. A similar response is observed when 

using PPy-PU foam whereby the mechanical stress induces the percolation effect on the 

measured resistance. Thus, the sensing device functions as a piezoresistive material, 

indicating changes in compressive forces as peaks o f current or troughs o f resistance. In 

the following sections, the mechanical and electrical properties o f the PU and PPy-PU 

foam were investigated.

Pathways

Additional Conductive Pathways

PPy-PU matrix

Relaxed foam Compressed foam

Fig. 2.4 Schematic of PPy-PU foam relaxed and comprcssed, showing the presence of additional 

conductive pathways leading to a change in the measured resistance.
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2 .2  M a t e r ia l s

A number o f substrate materials were selected for deposition, to assess whether 

deposition was achievable. From these materials, a suitable substrate was selected for 

prototype development.

2.2.1 Substrates

Solid foam synthesis, as described in the following section on polyurethane (PU), 

requires much specialised equipment and so was not carried out in the laboratory. 

Instead samples of various solid foams were obtained from a number of commercial 

companies. Their details as available are listed in the following table, Table 2.1

Table 2.1 Inherent Properties of acquired solid foam samples.

ID Number Material Source Density (kg/m3) Hardness1 (G)

PU001 Polyurethane

(PU)

Foam Engineering Ltd 18 125

PU002 PU Foam Engineering Ltd. 29 170

PU003 PU Foam Engineering Ltd. 2 1 250

PE001 Polyethylene

(PE)

Foam Engineering Ltd. 18 -

PE002 PE2 Foam Engineering Ltd. 45 -

PU004 PU Iretex - -

AV0 0 1 Aveleo Iretex - -

1 The values for hardness are quoted as G; G = N/kg

2 PE refers to polyethylene foam



Polyurethane Foam (PU)

PU foam samples were received from Foam Engineering Ltd., High Wycombe, 

England, and 1RETEX, Leixlip, Ireland in sheet form. They were washed with soapy 

water and rinsed with water and oven dried before use.

Polyethylene Foam (PE)

PE foam samples were received from Foam Engineering Ltd., High Wycombe, 

England, in sheet form. They were washed with soapy water and rinsed with water and 

oven dried before use.

Specialised solid foam s: Aveleo™

A sample of Aveleo was received from 1RETEX, Leixiip, Ireland. The sample was 

washed with soapy water, rinsed with Milli-Q water and dried prior to deposition of 

PPy.

Viscoelastic Foam: Kaymed Visco™

Samples of viscoelastic foam were received from Kayfoam Ltd., Dublin. They were 

washed with soapy water, rinsed with Milli-Q water and dried prior to deposition of 

PPy.

Fabric-based material: Polarlec®

The sample o f Polartec® was received from Polartec®. It was washed with soapy 

water, rinsed with Milli-Q water and dried prior to deposition o f PPy.

69



2.2.2 Reagents

It has been shown that doping PPy with acids will improve the conductivity o f the 

polymer [9, 10]. This is achieved by enhancing the long-term stability o f the polymer’s 

conductivity by localising charge within the polymeric structure. Three different 

sulphonic acid-salts, listed in Table 2.2, were selected to observe the changes the dopant 

anion has on the resulting material.

Table 2.2 List of dopant anions used for polymerisation of PPy

A c ro ny m n Structure M olecular

W eight

Name (g/mol)

Dodecylbenzne sulfonic acid, 

sodium salt
DBSA

Na’ .f? / = \
°-B  - \ _ r  

0

348.48

p-Toluene sulfonic acid, 

sodium salt
pTSA - O S - »o Na

194.18

1,5-Naphthalenedisulphonic

acid, disodium salt
NDSA 0  O "

Na' °  V

0
II

T °  • 
0  Na 332.25

All chemical were received from Sigma Aldrich, and used as received. All solutions 

were prepared using Milli-Q water. Pyrrole was received from Sigma-Aldrich. It was 

distilled and stored under nitrogen in a fridge at 4°C prior to use. All solutions were 

made up with Milli-Q water.
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2 .3  E x p e r im e n t a l

2.3.1 Deposition Procedure

The following coating procedure was used for the coating o f all the above-mentioned 

materials. The “smart” materials were prepared by the in situ chemical polymerisation 

o f the monomer pyrrole, to retain the inherent properties present in the original 

substrate. The chemical polymerisation of pyrrole was a modified version o f that used 

by Oh [15].

The following describes the quantities and procedure used for the deposition of 

polypyrrole onto a piece o f polyurethane foam of dimensions 10 x  5 x 2.5 cm3, using a 

250 ml solution o f pyrrole/NDSA and 250 ml solution of FeC)3. Although the volumes 

o f solutions changed depending on the dimensions o f the material to be coated, the 

molar quantities o f the solution remained constant and in a constant ratio with one 

another,

A 250 m l solution containing 0.04M pyrrole and 5.4mM of the dopant anion was 

prepared using Milli-Q water. The substrate sample was soaked in this solution in a 1 L 

black plastic basin for 1 hour, under constant stirring. 250 ml o f 0.04M FeCl3 was 

added to the plastic basin and the foam sample was continuously stirred for a further 2  

hours at room temperature and then allowed to stand overnight. The resulting PPy- 

coated sample was then removed from the container and rinsed with Milli-Q water to 

remove any loose bound PPy and blotted dry using tissue paper before being placed in 

an oven at 40°C overnight. The weight and the electrical resistance, see section 2.3.2, 

o f the PPy coated foam were then recorded.

This coating procedure was repeated to produce a series of PPy-coated samples.
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Variation in washing procedure

It was noticed that once dried, PPy-PU foam was seen to nib off the foam matrix. Upon 

this observation, the washing protocol was changed from that described in section 2.3.1.

Materials

The chemicals were used as described in section 2.3.1 as previously described. The PU 

substrate was sourced from F.E. Ltd, ET 21/250G (PU003) and was rinsed with Milli-Q 

water and dried prior to deposition.

Procedure

The experimental procedure, as described previously in section 2.3.1 was followed as 

stated, i.e. using a 250 ml solution of 0.04M pyrrole and 5.4mM of NDSA together with 

a 250 ml solution o f 0.04M FeCh in order to deposit PPy.NDSA onto the PU foam. 

However, instead o f a single washing, the coated foam was rinsed with Milli-Q water 

and oven-dried a total o f three times between depositions. The electrical resistance of 

the PPy-PU foam was measured as described in section 3.3.2.

2.3.2 Electrical Resistance Measurements

The electrical resistivity o f the PPy-coated PU foam was measured using a constant 

current multimeter, HP 34410A (Hewlett Packard, Ireland) via a two-point-probe 

technique [16], The data was collected by a PC using the HP bench software, version

1.1 or Agilient IntuiLink software, version 1.01, as supplied with the manufacturers. 

Data was collected at various sampling rates as dependent o f the experiment. Data 

collected using the bench software was saved in .csv format (comma separated values) 

and exported to Microsoft Excel for further data manipulation and analysis. Data 

collected using the IntuiLink software was saved directly into Microsoft Excel, where 

again it was analysed. The multimeter was connected to the PC via a RS 232 

connection. This enabled the recording and monitoring o f the resistance behaviour of 

the material through a single channel.

Electrical connections to the PPy-PU foam were made via crocodile clips. Self- 

adhering copper shielding foil (# 512-187), used as received from Radionics Ireland, 

was also used in making connections to the PPy-PU foam substrate.
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Variation o f  electrical resistance with sensor size

For the stationary experiment, a sample of PPy-PU foam (120 x 30 x 10 mm3) was 

prepared as described in section 2.3.1 by repeatedly coating PU foam (PU003) from F.E. 

Ltd with PPy.NDSA until it was coated with a total o f 4 layers o f PPy.NDSA. Electrical 

contact to the PPy-PU foam was made by piercing the foam with two wires and 

connecting directly to the HP multimeter. The electrical resistance of the foam was 

measured for 20 minutes at a sampling rate o f 2 Hz. After measurement, the PPy-PU 

foam sample was cut to reduce the length o f the material by 5 mm. Electrical contact was 

again made and the resistance measured for 20 minutes. This measuring and preparation 

o f the sample continued until the sample was o f the dimensions, 5 x 30 x 10 mm , 

whereafter the sample was cut to 2.5 x 30 x 10 mm3, then 1 x 30 x 10 mm3.

2.3.3 SEM examination

Scanning electron microscopy (SEM) examination of substrate, PPy-coated and 

uncoated using a Hitachi S-3000N scanning electron microscope. PPy-coated samples 

were mounted onto studs using a conducting adhesive. These samples were not sputter- 

coated but examined using an electron beam o f strength 20 keV. The cross-sectional 

area o f a piece of PPy-PU foam was also examined by SEM. For this, a piece o f PPy- 

PU foam was sliced using a scalpel and mounted onto a stud using a conducting 

adhesive. The PPy-PU foam sample was not sputter-coated but examined using an 

electron beam o f strength 20 keV. Uncoated PU foam samples were sputter-coated with 

gold for one minute at IkV prior to examination with the SEM.
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2.3.4 Surface Area Determination using electrochemistry

Materials

Platinum (Pt) wire, o f diameter 250|im was received from Engelhard. It was oxidised in 

a butane flame prior to electrochemical experimentation. Potassium ferricyanide 

(KsFeCNfi), and KC1 were obtained from Sigma and were used as received. All 

solutions were prepared with Milli-Q water.

PPy-PU electrode preparation

The PPy-PU foam was prepared according to the procedure outlined in section 2.3.1. A 

sample o f PPy-PU foam was examined using the electrochemical method described 

below prior to each PPy.NDSA deposition. The PPy-PU foams were cut to the 

approximate size o f volume 0 . 1  cm .

For the determination o f the surface area o f the PPy-PU foam, a working electrode was 

constructed by hooking the prepared piece o f PPy-PU foam onto the end of a platinum 

wire and then directly connecting this wire to the potentiostat. A Pt counter electrode 

and Ag/AgCl (3M KC1) reference electrode, together with an electrolyte o f 5 mM 

K3FeCN6 in 0.5M KC1 were used to complete the electrochemical cell.

All experiments were performed at room temperature (25°C). Data for all experiments 

was collected using the Gamry Potentiostat and analysed using Echem Analyst Software 

(version 4.2)

Determination o f  Diffusion Coefficent fo r  Ferricyanide (KsFeCNñ)

Determination of the diffusion coefficient was carried out using a 250mm diameter Pt 

working wire (surface area = 0.2356cm2), a coiled Pt counter electrode, a Ag/AgCl (3M 

KC1) reference electrode and an electrolyte o f 5mM K3FeCN6 in 0.5M KC1.

A series o f cyclic voltammograms were run using the Pt working electrode at room 

temperature in the potential window from 0.6V to -0.2V . The scan rates were varied 

from 10 to 500mV/s.
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Determination o f  Electrode surface area fo r  PPy-PU foam  samples 

A series o f electrochemical experiments were then carried out for each PPy-PU sample, 

whereby the PPy-PU foam formed the working electrode. The potential window o f 0.6 

to -0 .2V  was used and the scan rate was varied from 20 to 1000 mV/s.

2.3.5 Piezoresistive response of PPy-PU foam samples

Materials

The foam samples used during this thesis were commercially sourced, and as such their 

mechanical details were not obtainable. Therefore, deliberate examination o f their 

mechanical properties was required. For this purpose a number of selected for 

examination using an Instron™ tensile testing machine. This piece o f equipment would 

enable a compression profile o f the materials to be generated showing the mechanical 

behaviour o f the material in such an environment.

The PPy-PU foam samples used during these experiments were prepared by repeatedly 

coating the substrate material (listed in Table 2.3) according to the procedure outlined in 

section 2.3.1 until the desired coating was achieved.

The electrical resistance o f the PPy-PU foam samples was recorded using the 

multimeter as described previously in section 2.3.2.

The PPy-coated and uncoated foam samples that were used for the Instron™ 

examination are listed in Table 2.3. This table lists the samples examined using the 

tensile-testing machine, together with a brief description o f their properties.

Apparatus

Three methods for determining the effect o f loading pressure or force onto the PPy-PU 

foam samples were used. The schematics o f the apparatus used are given in Fig. 2.5 - 

Fig. 2.9.
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In house-design

Fig. 2.5 In-house design loading platforms used to examine the piezoresistive behaviour of the PPy- 

PU foam.

The first setup, as illustrated in Fig. 2.5 was made up o f two PMMA platforms. Four 

metal pins (/ = 1 0  cm, d = 0 . 2  cm) were fixed to each comer o f a bottom platform ( 1 0 . 0  

x 5.0 x 0.6 cm3) so that there was 3.0 cm separation between the pins. Four holes (d = 

0.21 cm) were drilled into the upper platform (5.5 x 6.0 x 0.2 cm3, 6.203g) so that it 

could thread through the four pins. The purpose was to give stability to the weight 

placed on the centre o f the top platform and to maintain the platform in a horizontal 

position during compressions. The PPy-PU sample prepared, as in section 2.3.1, was 

placed in between the two platforms and secured to the bottom platform by using two 

pieces o f self-adhesive copper tape, separated by a distance of 1 cm. When known 

weights were placed onto the upper platform, the foam was compressed and the change 

in resistance was measured by the HP multimeter as described in Chapter 2, section 

2.3.2.
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Clamp Setup

The second setup, shown in Fig. 2.6 and Fig. 2.7, employed a clamp to sandwich the 

foam sample. Two clamps were used during testing. The first was a manual clamp, 

Fig. 2.6, which required manually tightening o f the clamp jaw s to compress the foam. 

Electrical connections to the foam were facilitated by Cu tape adhered to the opposing 

jaw  o f the clamps.

Copper Tape

Clamp 
Bod-

/ - - - >

Clamp
Lever

Copper Tape

xyrc
Insul tor Conducting Foam

Fig. 2.6 Manual clamp for compression studies of PPy-PU foam.

The second clamp was modified from a Harvard PHD 2000 syringe driver pump, 

received from Harvard Apparatus, MA, USA, shown in Fig. 2.7. The syringe driver 

was controlled manually via the keypad interface on the console and later automatically 

by programming the movement o f the piston via the com port to the back o f the console 

During operation the piece o f PPy-PU foam was place between jaws (between the 

piston and the opposite wall) o f the syringe driver. The syringe driver was programmed 

to compress and relax the foam regularly and continuously at a frequency o f 0.025 Hz 

over the period o f 20 minutes. The electrical contact points to the foam by threading 

two wires into the foam at adjacent edges to the jaw s o f the syringe pump. The piston 

was programmed to move into the PPy-PU foam, fully compressing it to a maximum 

force o f 890 N and out o f  the PPy-PU foam, allowing the foam to relax. The electrical 

resistance o f the foam was continuously monitored using the constant current 

multimeter at a sample rate of 1 Hz as described in section 2.3.2. All experiments were 

run at room temperature and atmospheric pressure.
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Driver 
Jaws

Fig. 2.7 Harvard Apparatus, syringe driver, PHD 2000 for automatic compression of PPy-PU 

foam.
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Instron™  Testing

The stress versus resistance profiles were obtained with an Instron™ machine (model 

4202). This machine systematically loaded (compressed) and unloaded a pre­

determined weight onto the foam sample. The samples were placed (one at a time) 

between the piston and the stage. The position and load on the piston was monitored as 

it was steadily lowered onto the sample compressing it. The data was collected using 

the Series IX software as supplied by Instron™, which measured the position and load 

acting on the crosshead at a rate of 10 data pt/sec. The rate of loading and unloading 

(speed of the crosshead position) was 2 mm/min throughout the experimentation. The 

dimensions o f the piston head were 50.44 mm x 32.86 mm x 13.02 mm. Sample 

specimens were prepared by cutting out a section, dimensions 

20 mm x 15 mm x 40 mm from the relevant foam sample.

The resistance o f the coated samples was continuously monitoring during the loading 

and unloading cycles o f the Instron™ machine to determine the effects o f  force on the 

resistance of the material. The resistance was measured by using a potential divider 

circuit, as illustrated in Fig. 2.8, whereby the foam represented the variable resistor. 

The voltage input, Vi„, was set at 5V and the load resistor, R l, was 50kQ. The voltage 

output, Vout, was recorded continuously. Contacts to the coated foam samples were 

made by adhering copper tape to the piston-head and the sample stage and placing the 

coated foam samples between.

Fig. 2.8 PPy-PU foam connected into resistor-in-series circuit.



The measured output voltage, Vout, is dependent on the resistance o f foam, thus any 

changes in the resistance o f the foam will be reflected as a change in the output voltage. 

These two parameters are linked via the following equation, Equation 2.4, where the 

terminology is illustrated in Fig. 5.3.9

f  -  \
V = v.'  out r in

R

R  + R foam

Equation 2.4

Movable
Cross-head

Sample
platform

Data
recording
computer

Controlling
Console

Fig. 2.9 Picture of Instron instrument used for compression testing of foam samples, with a zoom- 

in on the compression head and the foam sample.
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Table 2.3 List of samples and th e ir properties examined using the Instron™  machine

ID

N um ber

Source M aterial Density

(kg/m3)

Hardness

Value

Coating with 

PPy.NDSA

7A 1RE-TEX Polyurethane 

Foam (PU)

NO

13A F.E. Ltd ETI8/125G PU IS 125 NO

14A F.E. Ltd ET29/170G PU 29 170 NO

15 F.E. Ltd ET21/250G PU 2 1 250 YES

15A F.E. Lid ET21/250G PU 2 1 250 NO

18 IRE-TEX PU - - YES x 2

2 0 IRE-TEX PU - - YESx4

23 F.E. Ltd PEX 

18 BLK.

Polyethylene 

Foam (PE)

- - NO

24 F.E. Ltd PEX 

45 BLK

PE — “ NO
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2 .4  R e s u l t s  &  D is c u s s i o n

2.4.1 The effect of the dopant anion on the electrical resistance of the coated PU 

foam.

The resistance results, n = 5, measured using the constant current multimeter for the 

coated PU foam samples (sample PU003) are listed in the following tables: Table 2.4 - 

Table 2.6.

Table 2.4 Effects of polymer loading on conductivity of PU foam (PU003), where wt and Q

are the weight and resistance of the foam sample. The subscript n denotes the weight and 

resistance of the foam material after the nth polypyrrole deposition layer. Note: Dopant anion = 

NDSA

No. of Coatings Total Weight deposited Ratio Resistance Ratio

(n) (g) wt„ /wti: (kii/cm)

0 0 .0 0 0 - - 0 .0 0 0

1 0.103 1 . 0 0 0 1 .2 0 : 1 .0 0 0

2 0.475 4.626 0.31' 3.79

3 0.693 6.756 0.29< 4.06

4 1.078 10.510 0.23' 5.14

Table 2.5 Effects of polymer loading on conductivity of PU foam (PU003), where wt and

are the weight and resistance of the foam sample. The subscript n denotes the weight and resistance 

of the foam material after the nth polypyrrole deposition layer. Note: Dopant anion: pTSA

No. of Coatings 

(n)

Total Weight deposited 

(g)

Ratio

wtn /wt] ‘A

Resistance

(kii/cm)

Ratio

Qi/i2n

0 0 .0 0 0 - - 0 .0 0 0

1 0.037 1 .0 0 0 146.546 1 .0 0 0

2 0.240 6.550 14.243 10.29

3 0.468 12.747 7.501 19.61

4 0.614 16.738 12.932 11.36
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Table 2.6 Effects of polymer loading on conductivity of PU foam (PU003), where wt and i2

are the weight and resistance of the foam sample. The subscript n denotes the weight and resistance 

of the foam material after the nth polypyrrole deposition layer. Note: Dopant anion: DBSA

No. of Coating! 

(n)

Total Weight deposited

(g)

Ratio

wt„ /wt, *

Resistance

(kii/cm)

Ratio

Cll/Sln

0 0 .0 0 0 0 .0 0 0 - 0 .0 0 0

1 0.017 1 . 0 0 0 3110.000 1 .0 0 0

2 0.427 25.100 0.740 4202

3 0.397 23.371 1.500 2073

4 0.739 43.453 1.400 2 2 2 2

Comparing the results shown in Table 2.4 -  Table 2.6, the dopant anion which yielded 

the optimum resistance measurements was found to be NDSA. When using NDSA, the 

greatest amount o f PPy was deposited and the lowest resistance measurements were 

obtained. These findings are illustrated in Fig. 2.10
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Fig. 2.10 Weight change observed with successive coatings of PU foam with doped PPy.

Thus, NDSA was selected as the dopant anion o f choice for subsequent PPy 

polymerisation and deposition. Suitable substrates were then analysed to determine 

compatibility with PPy.NDSA.
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2.4.2 The effect of loading PPy.NDSA onto different substrates

Solid Foams: Polyurethane Foam

When the PU foam sample was coated with PPy.NDSA, the tactile properties (i.e. 

softness and compressibility) o f  the foam were not obscured. However, the weight of 

the sample increased due to the presence o f PPy.NDSA. Also the resistivity o f the 

material changed with every coating o f PPy.NDSA. These changes for the PU foam 

samples PU003 are listed in Table 2.4. The original details o f each PU foam substrate 

sourced can be found in Table 2.1.

As can be seen in the following graph, Fig. 2.11, the effect the deposition of 

PPy.NDSA onto PU foam was shown to result in an increase to the overall weight of the 

foam. This coincided with a reduction in the electrical resistance o f the foam as 

measured using the constant current multimeter as described in section 2.3.2, the results 

o f which are shown in Fig. 2.12.

Coating Number

Fig. 2.11 Coating of PU003 (F.E. Ltd PU-ET 21/250G) sample with PPy.NDSA and

resulting changes in weight of the material.
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Fig. 2.12 Plot of the gradual increase of PPy.NDSA deposited onto the PU003 (F.E. Ltd PU-

ET 21/2S0G) sample and resulting changes in resistance of the material.

Coating the PU foam a total o f four times was shown to saturate the substrate with 

doped PPy. The PPy-PU foam became brittle to touch and occasionally tore when 

compressed. Also doped PPy was noticed to flake off the surface o f the PU substrate 

despite rigorous washings between deposition. It was noted, also, that the resistance of 

the PPy-PU foam did not change dramatically after the second coating, that the 

resistance change was approximately equal to the 90% change observed after the second 

coating. Thus, the 3rd and 4th coatings lead to over-deposition o f PPy onto the PU foam 

structure.

The effect of varying the washing protocol

The effects o f increasing the number o f washes between PPy depositions, in terms of 

the weight o f polymer deposited and the resistance o f the material are shown in 

following graphs, Fig. 2.13 & Fig. 2.14.
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Fig. 2.13 Effect of nsing two different washing protocols on the weight of PPy.NDSA

deposited onto the PPy-PU foam.
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Fig. 2.14 Effect of using different washing protocol on the resistance of the PPy-PU foam.

It can be readily seen, in Fig. 2.13, that the increased number o f washes resulted in 

smaller amounts of PPy being deposited onto the PU foam compared to the samples 

washed once. This more gradual deposition o f PPy.NDSA resulted in a more gradual 

change to the resistance o f the foam, see Fig. 2.14. The final resistance for PPy-PU 

foam washed three times between each deposition was 0.62 kfl/cm  compared to 0.23
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kQ/cm for that washed once between each deposition. This value is still very much 

useful for the development of sensors.

The purpose of this study was to evaluate whether the PPy.NDSA coating would be 

robust enough to withstand washings as would be expected with wearable sensors. 

These triple washings (washing x 3) were performed without detergent between 

depositions. The results show that the single washing, (washing x 1) though sufficient 

may not have been rigorous enough to remove the loose PPy.NDSA bound to the PU 

foam. It can be seen that the electrical resistance o f the PPy-PU foam coated using this 

new washing protocol is still very good ( < 1  kQ/cm) and would be o f use for the future 

development o f sensor prototypes.

Polyethylene Foam

PPy, when oxidised, becomes hydrophilic in nature. Polyethylene (PE), however, has a 

hydrophobic surface and so did not accommodate the deposition o f PPy onto its surface. 

Instead the PPy flaked off the surface of the PE. Therefore, this material was not 

suitable as a substrate for conducting polymer-coated sensors and was not used during 

subsequent sensor fabrication. In contrast the NH and C =0 bonds found in PU offered 

hydrophilic sites for PPy deposition.

Specialised Foams: Avelo

Unsuccessful deposition

PPy did not adhere to this solid non-polar foam.

Viscoelastic Foam: Kaymed Visco™

Unsuccessful deposition.

This foam lost its visco-elastic properties when deposition was attempted.
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Fabric-based material: Polariec®

The Polartec® was shown initially to accommodate the deposition o f PPy onto its 

surface. However as can be seen from Table 4.5.2, the resistance o f the PPy-Polartec® 

material increased after the second coating with PPy.NDSA until it became non­

conducting.

Table 2.7 Effects of polymer loading on resistance of Polartec® fabric, where wt and £2 are 

the weight and resistance of the foam sample. The subscript n denotes the weight and resistance of 

the foam material after the nth polypyrrole deposition layer. Note: Dopant anion = NDSA

No. of Coatings

(n)

Total Weight deposited

(mg)

Ratio

Wtn /wtj*

Resistance

(kii/cm)

Ratio

Qi/£2„

0 0.00 - -

1 5.10 1.00 7.78 1.00

2 9.70 1.90 40.33 0.19

3 7.70 1.51 >1000 -

This indicated that the deposition of PPy. NDSA onto the Polartec® material did not 

form a continuous layer, conducive to conductivity. Thus, the Polartec® material is not 

suitable for the deposition o f conductive PPy.NDSA.
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2.4.3 Variation of electrical resistance per PPy-PU foam sample.

The resistance o f the PPy-coated PU foam was measured at a number o f points around 

the foam piece, to determine whether variations in resistance occurred in this piece. The 

resistance measurements are shown in Fig. 2.15. Each point represents the average 

resistance measurement o f  three repeats, while the error bars represent the standard 

deviation o f these replicate measurements.
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Fig. 2.15 

method.

Bottom of PPy/PU foam

Top of PPy/PU foam

1
—i— 
4 7

Position <Rn>

Resistance of PPy/PU foam measured at 7 discrete points, using a two point-probe

As can be seen in Fig. 2.15, there are variations in the measured resistance moving 

from position to position on the foam, so much so that the measurements can be 

grouped into two sections, those for the top o f the PPy-PU foam and those for the 

bottom o f the PPy-PU foam. The difference in the measured resistance between these 

groups is thought to stem from the deposition setup, whereby the foam substrate floated 

in the deposition solution, thus leading to the variation in deposition environment 

around the foam. Techniques, such as the use of a grid over the foam substrate, were 

implemented to deter this floating action, however variations in the electrical resistance 

measurements were present. The standard deviations, shown as error bars in Fig. 2.15, 

show that the repeated measurements are good. The resistance reading at R4 is much
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larger than the others -  this was due to tearing of the foam, which occurred during these 

measurements. This disruption o f the PU platform, on which the PPy.NDSA was 

coated, resulted in an increase in the resistance o f the materials. Thus, a problem using 

direct clipping to the foam has been identified, that is that the material is susceptible to 

tearing due to the force o f the clip.

Therefore, in  order to overcome this tearing, Cu tape was used as a contact. This 

resulted in a thin layer o f PPy-PU foam being removed with each replacement of Cu 

tape. The average resistance (n=5) o f each layer is shown in Fig. 2.16. The error bars 

represent the standard deviation o f each measurement (n=5).
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0.8 1.0

Fig. 2.16 Resistance of PPy/PU foam using Cu strips as contacts to the foam. Each Cu tape

was removed after measurement stripping a thin layer of the foam, thus exposing different layers 

for resistance measurements.

From Fig. 2.16, it can be seen lhal there is slight variation in the resistance measured as 

the depth into the foam is increased. However, as its deepest point (1mm) the resistance 

o f the PPy-PU foam is still less than 20% of the measured surface resistance.
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2.4.4 The effect of varying the dimensions of the sensor.

The following graph, Fig. 2.17 shows the measured resistance o f the PPy-PU foam 

which was incrementally reduced in length, according to section 0  to determine its 

effect on the measured resistance. Each data point represents the average resistance (n 

= 2400) of the PPy-PU for each given length.
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Fig. 2.17 Effect of reducing length of PPy-PU foam on the measured resistance.

It can be seen that as the size of the foam decreased, from 120 to 25 mm, the resistance of 

the PPy-PU foam did not change significantly, perhaps decreasing very slightly. This 

would indicate that a sensor of length 25 mm would have a similar baseline resistance 

reading to one o f length 120 mm. However, there is a limit to the smallness o f the foam 

sensor as can be seen by the peak in resistance observed for PPy-PU foam less than 20 

mm. This is because at these dimensions, the PPy-PU foam sensor is a thin sheet o f foam 

o f little depth. Therefore, the conductive pathways through the 3D-structure o f the foam 

are reduced to those o f 2D-structure. This lack o f conductive pathways leads to the 

observed increase in resistance.
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2.4.5 SEM examination of PPy-coated and uncoated PU foam samples

Scanning electron microscopy (SEM) analysis o f the PU and PPy-coated PU foam was 

carried out on a number o f samples and the resulting images are shown in the following 

pages. The progression of coating PU foam (Fig. 2.18) gradually with polypyrrole 

doped with NDSA are shown in Fig. 2.21 & Fig. 2.22 for the first coating, Fig. 2.21 - 

Fig. 2.25 for the second, Fig. 2.26 - Fig. 2.28 for the third and Fig. 2.29 - Fig. 2.33 

for PU foam coated with four layers o f polypyrrole.

The porous structure of the PU foam, is confirmed by SEM analysis (Fig. 2.18). In 

addition to the porous structure resulting from the irregular distribution of pores 

throughout the material, the SEM analysis o f the surface of the PU foam showed the 

smoothness o f its surface. As can be seen in Fig. 2.18 and Fig. 2.19, the surface of the 

PU foam was smooth with very little structural detail observed at these magnifications.

Fig. 2.18 SEM of PU foam sputter-coated with AU for one minute prior to SEM analysis, at

20 kV (x 100).
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Fig. 2.19 SEM of PU foam sputter coated with Au for one minute prior to SEM analysis, at

20 kV, x 1000.

Fig. 2.20 SEM of PU foam sputter coated with Au for one minute prior to SEM analysis, at

20 kV x 5000.
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When the PU foam was coated with PPy.NDSA, deposition o f PPy.NDSA occurred. 

This was confirmed both by the observed increase in weight o f the material (Fig. 2.11) 

and decrease in the electrical resistance of the material (Fig. 2.12.) The effect of 

depositing PPy onto the surface o f the PU foam is shown in the following images Fig. 

2 .2 1 -Fig. 2.33.

Fig. 2.21 - Fig. 2.22 show SEM images o f PU foam coated once with PPy.NDSA. 

From these images the initial deposition o f PPy onto the PU surface could be observed 

as nodular growth o f PPy onto the smooth PU surface. The porous structure o f  the PU 

foam was retained, with PPy growth occurring on the edges of the PU pores. However, 

smooth sections o f PU are also observed which indicate that this layer of PPy.NDSA 

was not thick enough to cover the entire PU structure. Since it is the PPy which infers 

the electrical pathways through the material, this partial PPy covering is responsible for 

the high resistance o f the material.

Fig. 2.21 SEM of PU foam coated once with PPy.NDSA, at 20 keV, x 90.
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Fig. 2.22 SEM of PU foam coated once with PPy.NDSA, at 20 keV, x ISO.

Fig. 2.23 - Fig. 2.25 show SEM images o f PU foam coated twice with PPy.NDSA. 

The nodular formation o f PPy is again observed, however the population of PPy 

nodules on the surface o f the PU foam is more abundant, indicating more PPy present in 

these samples. The greater the amount o f PPy present in the samples, the more 

conductive the samples. The detailed structures o f PPy can be observed to have formed 

completely around the PU pores (Fig. 2.23 & Fig. 2.24), indicating a more continuous 

layer o f PPy on the surface of the PU. This complete layer would dramatically reduce 

the resistance of the material, confirming the observations for the electrical 

characteristics o f  the material. The presence o f the PPy nodules at the pore edges would 

contribute to the active surface area o f the overall material, in a similar manner as the 

presence o f glomeruli increase the surface area within the kidney (Fig. 2.1).
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Fig. 2.23 SEM of PU foam coated twice with PPy.NDSA, at 20 keV, 150.

Fig. 2.24 SEM  of PI) foam  coated twice w ith PPy.NDSA, at 20 keV, x 250.
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In addition to growth at the pore edge, PPy formation was observed along the smooth 

parts o f the PU foam, as can be seen in Fig. 2.24. The continued growth of PPy in this 

nodular fashion as shown in Fig. 2.25, resulted in dense clusters being formed, which 

eventually grow to form a complete covering, as indicated to the left o f the image in 

Fig. 2.25.
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Fig. 2.25 SEM of PU foam coated twice with PPy.NDSA, at 20 keV, s 1800.
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Fig. 2.26- Fig. 2.28 show SEM images o f PU foam coated three times with 

PPy.NDSA. Again, the nodular formation o f PPy is observed in all images. The 

growth o f PPy can be seen to cover the smooth and edge section of the PU foam, 

observed in Fig. 2.26. The gradual growth o f PPy around the pore edge (Fig. 2.27) can 

be seen to gradually decrease the size o f  the pore. However, the detailed structure o f the 

PPy nodules leads to an increase in the active surface area. In certain sections o f these 

PU foam samples coated three times with PPy, the growth o f PPy was extended to form 

films o f PPy which fill the pores o f the PU foam (Fig. 2.28).

Fig. 2.26 SEM of PU foam coated three times with PPy.NDSA, at 20 keV, x 30.
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Fig. 2.27 SEM of PU foam coated three times with PPy.NDSA, at 20 keV, x 180.

Fig. 2.28 SEM  of PU  foam  coated th ree tim es w ith PPy.NDSA, a t 20 keV, x 70.
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Fig. 2.29 -  Fig. 2.33 show SEM images of PU foam coated four times with 

PPy.NDSA. The effect the fourth coating o f PPy.NDSA is seen to be the filling of the 

PU pores with the conducting polymer, as observed in Fig. 2.29. In this SEM, the 

skeleton o f PU is observed, similar to that observed in previous SEMs but the majority 

of the pores for this material were filled with PPy.NDSA. The granular surface of PPy 

was observed on the sections which covered these pores (Fig. 2.30) and showed the 

growth o f PPy nodules of 1-4 diameter at the edge and smooth surfaces.

f
X  \

20 kV « - ------------------ 1
500 um

Fig. 2.29 SEM of PU foam coated four times with PPy.NDSA, at 20 keV, x 70.
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Fig. 2.30 SEM of PU foam coated four times with PPy.NDSA, at 20 kV, x 350.

Fig. 2.31 SEM of PU foam coated four times with PPy.NDSA, st 20 kV, x 900.
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This growth o f PPy at these two regions is shown in greater detail in Fig. 2.31. This 

clustered growth is denser than what was observed in samples with lesser coatings. 

Thus, the continued growth o f PPy resulted in more dense clusters forming. This 

gradual covering o f the fine nodular detail lead to the formation o f smoother films of 

PPy, which bridged the pores o f the PU foam as seen in Fig. 2.32.

Lifting / Tearing  

of PPy from PU
skeleton

Fig. 2.32 SEM of PU foam coated four times with PPy, at 20 kV, x 70.

20 kV 500 um

Fig. 2.33 SEM  of PPy layer after fou r depositions onto PU  foam, showing tearing  of the PPy

layer, x 800.
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Another effect o f  coating the PU foam four times with PPy.NDSA was that tearing of 

the PPy layer was observed to occur within the pores o f the PU foam. Thus, the PPy 

layer was being subjected to physical pressures beyond its capacity. Tearing o f the PPy 

layer within the pores would constitute disniptions to the conductive pathways through 

the material. Any additional deposition o f PPy onto the PU foam would lead to an 

increase concentration o f PPy within the pores, which would be susceptible to tearing. 

Thus, the addition o f PPy, as facilitated by this fourth coating, could not contribute to 

the improvement o f the conductivity o f the material, resulting in the plateau of 

resistivity o f the material observed in Fig. 2.12. Thus, it was decided that four coatings 

o f PPy onto the PU foam was the maximum loading to be used. These SEM images 

confirmed also that the PPy had percolated throughout the entire PU matrix and bonded 

to all available surfaces.
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2.4.6 Surface Area Determination using Electrochemistry

Determination o f  Diffusion Coefficent fo r  Ferricyanide (K3FeCN6)

The following voltammograms were obtained using the Pt working electrode, when the 

potential was scanned from 0 . 6  to - 0 .2 V.

40 mV/8

—  1 0 0  mV/ft

—  SO m V /s

—  2 0 0  m V /s 

3 0 0  m V /s

— 400 mV/a

—  5 0 0  mV/B

—  6 0 0  m W * 

3 0  m V is

SOOpA

ojmo* as

_____.. . . . . .  ,__.__,__,__. -SOOnA
eooum v «OOi*v 2000KIV OOOOV -WOOo'V JOOObv

VI (V v 'a  R ef.)

Fig. 2.34 Number of voltammograms for Pt working electrode in 5 mM K3FeCN6 in 0.5M

KC1 solution vs. Ag/AgCl ref electrode for scan rate from 30 mV-600 mV.

These voltammograms depict the regular peaks indicating faradaic currents for 

oxidation and reduction o f the ferricyanide. Using the associated software, such as that 

displayed in Fig. 2.35, the peak currents, ip, were determined for the 12th scan at each 

scan rate. These results are tabulated in Table 2.8.
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Fig. 2.35 Cyclic Vollammograms for Pt working electrode in 5 mM K3FeCN6 in 0.5M KC1

solution vs. Ag/AgCl ref electrode at scan rate of (top) 200 mV/s and (bottom) 600 mV/s.

Table 2.8 Peak Currents for each scan rate

Scan Rate v (V/s) iP (|iA)

0.1 227.8

0.2 309.4

0.3 372.5

0.4 424.4

0.5 467.1

0.6 504.6

0.05 163.4

0.04 148.4

0.03 132.0

By plotting the peak current intensity, juA, vs. the square root of the scan rate, (V/s)u2, 

see Fig. 2.36, it was possible to calculate the diffusion coefficient o f the K^FeCNfi.
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Fig. 2.36 Plot of current vs square root of scan rate for* Pt working electrode in 5 mM

KjFeCN* in 0.5M KCI solution vs. Ag/AgCI.

For this electrochemical system (KjFeCNf,), n= I. Therefore, the diffusion coefficient is 

calculated to be 3.91 x 10"K cmVsec at room temperature (22°C). This coefficient was 

less than that reported for Fe(CN)r,v, given as 7.6 x 10'6 cnr/sec [17] though 

decrepancies can occur due to different experimental conditions.

Determination o f Electrode surface area for PPy-PU foam samples 

A series o f electrochemical experiments were carried out for each PPy-PU sample, 

whereby the PPy-PU formed the working electrode. The PPy layer on the PU foam is 

electroactive and thus, by connecting the PPy-PU foam to the potentiostat, the surface 

area o f the electrode should be greatly increased.
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Fig. 2.37 Voltammogram for PPy.NDSA (1) PU foam connected as working electrode, in 5

mM K3FeCN6 in 0.5M KC1 solution vs. Ag/AgCl.

Fig. 2.37 shows the voltammograms obtained for the working electrode constructed 

using a piece o f PU foam coated once using PPy.NDSA and attached to a Pt wire. 

Anodic and cathodic peaks due to the respective oxidation and reduction of ferricyanide 

can be seen to occur at 0.2 and 0.3V. It can be seen that the voltammograms is 

eschewed from that obtained using just the Pt wire, Fig. 2.35. This is because in this 

second plot, the electrochemical activity o f PPy.NDSA must also be considered. 

PPy.NDSA is electroactive but not perfectly so and as such conductivity gets lost 

through the polymeric matrix and capacitive currents must also be considered. This 

leads to the eschewed voltammograms depicted in Fig. 2.37. Similar voltammograms 

were obtained for the foam working electrodes and can be seen in Appendix A.

The following graph, Fig. 2.38, plots the relationship o f the peak currents to square root 

o f the scan rate. As can be seen a linear relationship exists for each foam working 

electrode.
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Fig. 2.38 Current vs. square root of scan rates (20-500mV/s) for PU foam coated with

different amounts of PPy.NDSA(n), where (n) represents the number of coating of PPy.NDSA 

deposited onto the PU foam.

Therefore, by using the diffusion coefficient for ferricyanide, calculated in section 2.4.6, 

the electroactive surface area o f each PPy-PU working electrode could be calculated. 

These values are listed in Table 2.9.

Table 2.9 List of calculated surface areas for PPy-PU foam working electrode.

PPy.NDSA (n) Surface Area 

(cm2)

Volume

(cm3)

Surface Area: 

Volume (cm2/cm3)

1 1.01 0.098 10.35

2 0.59 0.052 11.46

3 0.97 0.072 13.48

4 0.77 0.106 7.26

From the values listed in Table 2.9, it can be seen that the active surface area o f the 

PPy-PU foam, acting as the working electrode, increased with successive coatings o f
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PPy. This phenomenon was expected because this method o f determining the surface 

area o f the foam required that the foam be conductive. After the first coating, it was 

previously observed, using SEMs (Fig. 2.21 & Fig. 2.22) that a complete coating o f the 

foam was not achieved. Thus, the PPy layer did not reflect the surface area o f the foam. 

After the second coating all o f the PU foam appeared using SEMs (Fig. 2.23 - Fig. 

2.25) to be coated in a continuous layer of PPy, thus the surface area o f the material was 

much greater. The third coating o f PPy, increased the population o f nodular PPy 

growth on the PU foam which itself would increase the surface area o f the foam, thus 

leading to a further increase in the measured surface area. After the fourth coating of 

PPy, these nodular growths were “filled-in” , thus the fine detail was obscured, leading 

to the observed slight decrease in surface area. These observations corroborate the SEM 

observations and electrical behaviour o f the PPy-coated PU foam samples.
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Placing individual weights onto the foam

Using the first setup as described in section 0, individual weights were placed onto the 

upper platform, causing the PPy-PU foam to compress. The resistance of the foam was 

measured using the multimeter as described previously and the results o f  this study are 

shown in Fig. 2.39. Here the PPy-PU foam was gradually compressed (n=2) by 

placing weights on top o f a platform, causing the foam to collapse. The error bars 

represent the standard deviation associated with each reading.

2.4.7 Piezoresistive behaviour of PPy-PU foam
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Fig. 2.39 Plot illustrating the effect of placing weights on top of PPy-PU foam on the

measured resistance of the material.
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Sensor Responses

The resistivity (and conversely the conductivity, a ) o f CEPs depend on the density of 

the charge carrier, i.e. polarons, present in individual polymer chains and the efficiency 

o f charge movement between chains. Hence, the conductivity o f a continuous 

conducting polymer film is described by MacDiarmid [18] as:

where Obuik is the bulk conductivity o f a conducting polymer, which is a cumulative 

result of the intra-molecular (a^tra), inter-molecular (omter), and the inter-domain 

(^domain) conductivities of the polymer film structure.

One would expect the conductivity o f the PPy-PU foam to also obey Equation 2.5. 

Given that the PU foam contains a large number o f empty holes, when a pressure is 

exerted to compress the foam, it reduces the foam’s overall volume, thus increasing the 

contacting area of the surface that is covered with PPy film. This in turn enhances the 

apparent density o f the polaron and also shortens the conducting path length (increases 

magnitude o f aimer and Odomain) to result in an increase in bulk conductivity. This effect 

was verified by using this first setup where the measured resistance recorded decreased 

as the compressing weight was increased see Fig. 2.39.

The overall relationship between the weight applied to the foam, i.e. the stress, and the 

resulting resistance is best described as a power relationship (y = 1250.6x-0.1671, R =

0.96). However, above 90g a linear relationship was found to exist. The sensitivity of 

the foam in this linear region was -171.34 kQ/N, n=2. The full dynamic range of 

response was not investigated because only limited weights could be fitted onto the 

small platform. The data indicates that the resistance R o f  the foam is proportional to 

the force, F , applied onto it. Therefore, a simple relationship can be established where:

Equation 2.5

Equation 2.6

where k  is a proportionality constant and C is a constant term.
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Further investigation o f  the piezoresistive nature o fPPy-PU foam  

Using the setup as described in section 0, the PPy-PU foam was manually compressed 

in a quasi-static manner using a clamp. For these studies the strain was calculated as the 

percentage change in length o f the foam compared to the original dimensions o f the 

material. The following graph, Fig. 2.40 was obtained.
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Fig. 2.40 The resistance changes vs. the % strain for a single PPy-PU foam sample (n=3).

The compressions were facilitated by using the manual clamp.

W ith this setup, greater strains could be placed on the foam and its behaviour 

monitored. Fig. 2.40 shows the relationship between the resistance of the PPy-PU 

foam and the % strain placed upon the foam. The limit o f compression occurs at 

approximately 90%. This value was equivalent to 1.9 mm compared to the original 

length of 1.7 cm.

As with Fig. 2.39, two distinct regions of behaviour were observed in Fig. 2.40. In the 

first, the slope of the line decreases gradually until a specific point, approximately equal 

to 60% o f the foam ’s original length. After this point, the slope o f the line decreases 

much more steeply, in a linear fashion. This observation can be explained as follows: 

initially when the PPy-PU foam was compressed the interstitial spaces within the foam
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decreases gradually with very slow increases in the contacting area between PPy coated 

surfaces (i.e. air was being squeezed out). When the compression finally reached a 

critical point (ca. 60% of the original length) where a massive increase in the contact 

area was achieved and a shaip drop in resistance was observed. Further compression 

resulted in more intimate contact between PPy chains and a linear change (R2 = 0.99 

between 50- 90% length change) in resistance was observed.

The average sensitivity (n=3) o f the PPy-PU foam in this region was -1 .79 kfi/%  strain. 

Thus, a linear relationship existed between the measured resistance o f the foam and the 

% strain experienced by the foam. Due to limits in both systems it was not possible to 

simultaneously determine both the stress and the strain and also the resistance o f the 

foam during compressions. Thus, the Instron™ testing was carried out.

Response time

Before investigating the repeatability o f the system, it was necessary to determine if 

hysteresis occurred in the system. In order to do this, the first setup was used. Three 

different weights were placed onto the foam corresponding to the values o f 9.1 N, 13.7 

N and 27.5 N. Each weight was placed atop of the PPy-coated PU foam and the output 

response was recorded. As can be seen in Fig. 2.41, this output signal was proportional 

to the magnitude of weight placed upon the sensor. Also observed was that the rate of 

change for each weight was similar, thus the foam sensor required longer times to reach 

equilibrium for the greater weights compared to the smaller weights. However, the 

times to reach steady state were different and were found to depend on the weight used 

in such a manner that bigger applied weight resulted in shorter time to reach 

equilibrium. When the lightest weight o f ca. 9.1 N was applied an interesting response 

feature was observed where the weight seemed to have sunk down slowly with the foam 

structure adjusting to accommodate the weight. It resulted in a response time of ca. 11 

sec. When the weight applied was increased tol3 .7  N a response time o f ca. 15 sec was 

obtained. The slow weight accommodation feature was barely visible suggested that a 

force or weight that exceeded the internal energy o f the foam would yield a quick 

response. This hypothesis was proved by further increasing the weight to 27.5 N, which 

resulted in a response and it reached a plateau in ca. 17 sec. These response times are 

quite slow (> 5 sec) because the entire foam structure is not being compressed by the
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force o f the weight placed on top o f  it. Therefore, time is required to allow the 

vibrations caused by the partial compression o f the structure to come to equilibrium. If 

these responses are compared to the results obtained when the entire foam was 

compressed, see Fig. 2.44, it can be seen that the response times was reduced to ca. 5 

sec. Thus in order to reduce the response time o f the sensor, the dimensions o f the 

sensor should be reduced so that the area of the force matches the area o f the sensor. 

Further investigations into the dynamic nature o f these materials may require through 

the use o f a dynamic mechanical testing machine.
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Fig. 2.41 Normalised (R0-R) trace of PPy coated PU foam as pressure sensor when exposed

to different forces.
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Loading and Unloading Profiles

Data recorded during testing o f the PPy-PU foam using the first setup, using the 

individual weights, showed that a distinct difference exists for the resistance profile 

during loading of the polymer and unloading, as shown previously in Fig. 2.39.

Because the plots for the loading and unloading traces do not overlap, this behaviour 

suggests that energy is lost during compression of the foam. The main reason for this is 

that when the foam has been subjected to intense compression, it results in hysteresis in 

the PU substrate, i.e. loss o f internal energy, and it would take a long time (hours) to get 

back to normal baseline. Instron™ testing o f the bare PU foam confirmed this 

hysteresis. Fig. 2.42 shows the stress-strain results from the Instron™, for the PU foam 

sample (PU004) obtained from Iretex. Note the values for % strain are negative to 

indicate that the strain is compressive in nature.

The data was normalised by subtracting the position o f the crosshead at any given time, 

(Lf), from the initial position o f the crosshead (Li). This was equal to the change in the 

length o f the foam sample. Dividing this term by the initial length o f the foam sample 

gives the strain (engineering strain, £r) incurred on the foam at every stage. The stress 

applied to the foam can be calculated by dividing the force applied over the foam area. 

Using the definition of engineering stress (<Te), the area is assumed to be constant. 

Thus, by plotting the <Je vs. the Be, the slope of the graph as the material is compressed 

up to a change o f 20% should be equal to the Young’s modulus o f the material (E).
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Fig. 2.42 Loading and unloading profile of Iretex foam. The arrows indicate the profile

during compression and again during relaxation.

As the foam is gradually compressed, the force (F) moves over the distance (& ), 

resulting in a certain amount o f work ( W) being done. This is calculated as:

W = F*6L
Equation 2.7

However, during these experiments that force varies in magnitude, therefore in order to 

determine the work done under these conditions, we must look at the load-displacement 

graph, i.e. the stress-strain graph. According to the equations for stress and strain, F  = 

a ave x L  and 8L = zL. Thus for unit volume, work is calculated as:

(T * F
W =

2

Equation 2.8

In this case the work done by the load is equal to the area under the curve. As the load 

is applied, strains are produced and their presence increases the energy within the foam. 

Energy is defined as the capacity o f a body to do work. The energy, as calculated in 

Equation 2.8, is a measure o f the elastic strain energy per unit volume absorbed by the
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foam as a result o f  its deformation under the load. From the principle o f conservation of 

energy, this energy (U) is equal to the work done (IV) by the load, assuming that no 

other energy transfer, such as heat occurs.

Thus,

U = W = 'ZL P(x)dx

Equation 2.9

This energy is sometimes referred to as internal load, so as to distinguish it from the 

work done by the load. The unit o f strain energy is Joule. The area under a complete 

stress-strain diagram gives a measure o f a m aterial's ability to absorb energy and is 

referred to as toughness. The larger the area under the curve, the tougher the material. 

A high modulus of toughness is important when a material is subject to impact loads, as 

would occur during plantar pressure monitoring. The difference between the curve for 

compression and that for relaxation for PU foam, is representative o f the amount of 

internal energy consumed by the system during each compression. Similarly, with the 

other PE foam a difference between the compression and relaxation profile was 

observed, sec Fig. 2.43.
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Fig. 2.43 Stress-strain profile of polyethylene samples, PEX 18 BLK and PEX 45 BLK, both

from F.E. Ltd.

Values for the internal energy o f each o f the foam samples were calculated using 

Equation 2.9, which are listed in Table 2.10. The values for the internal energy were 

normalised by dividing the calculated internal energy by the volume o f the individual 

sample.

From this table it can be seen that the uncoated PE foam was almost 3Vi times tougher 

than the uncoated PU foam. Also the coating o f PPy onto the PU was seen to alter the 

overall strain energy density for the material. By coating PU foam twice with 

PPy.NDSA, the toughness of the resulting material increased by 3.6%, but after 

subsequent coatings decreased by 42.0% compared to the uncoated PU foam. Thus 

despite the coatings o f PPy.NDSA the resulting material was soft and so still applicable 

for wearable applications.
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Table 2.10 List of internal energy for materials.

ID

Number

Source Material Strain Energy

Density

(mJ/m3)

Coating with 

PPy.NDSA

7A IRE-TEX Polyurethane

(PU)

8374 NO

13A F.E. Ltd ET18/125G PU 791 NO

14A F.E. Ltd ET29/170G PU 874 NO

15 F. E. Ltd ET21/250G PU 9321 YES x 4
15A F. E. Lid ET21/250G PU 4201 NO

18 IRE-TEX PU 8679 YES x 2

20 IRE-TEX PU 12608 YES x4
23 F.E. Ltd PEX 18 BLK Polyethylene 

Foam (PE)

12446 NO

24 F.E. Ltd PEX 45 BLK PE 12347 NO

119



Description o f  Stress-Strain Profile

Each loading profile (Fig. 2.42) indicated three regions o f behaviour for the PU foam, a 

linear portion (X,L), a stress-plateau (A,')and a hardening portion (In) [19-21], The 

interesting feature is the relatively long stress plateau for the foams.

The first region is linear. Compression in this region leads to the collapse o f the porous 

holes within the foam structure.

Then the slope o f the graph changed. At this stage all the air has been pushed out of the 

foam and so the material acted as a solid rather than a porous structure. Within this 

plateau range the stress is constant. The slope o f the stress-strain curve for all PU 

samples, both coated and non-coated were similar, indicating that the PPy-coating has 

little effect on the PU matrix. After a certain amount of compression, the slope of the 

stress-strain curve changed indicating a change to the mechanical properties of the 

foam. In this region, the hardening region, the specimen is believed to buckle outwards 

in one region leading to the constant stress value. W ith continued loading, the growth 

o f cold compressed regions increases at the expense of the non-compressed regions 

until the sample is uniformly compressed. When a material is forced into this region, 

either by compression or extension, hysteresis will occur, as the material will never be 

able to recover to 100% o f its original shape and size. This region resembles the “cold- 

drawing stage” observed during stretching o f a material.

Because the region where the foam can resist buckling has been surpassed, the 

compression was terminated shortly after entering this third region. Unloading of the 

foam was then initiated. Extended exposure to forces in this region can lead to 

permanent disruption o f the foam structure.

The unloading profile again showed three different unloading characteristics. These 

regions are less distinct and the second unloading stress plateau was again relatively 

long and linear. The speed with which the crosshead was moving was faster than the 

rate o f recovery o f the foam. This was indicated by the sharp drop in force with respect 

to the position of the crosshead, in that the foam does not recover to 100%. This 

behaviour continued until the crosshead reached its initial position. The stress was seen
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Repeatability o f compressions using in-house setup

Using the first setup, described in section 0, a fixed weight (235 grams or 2.31 N/cm2) 

was repeatedly placed onto and then taken off the platform, repeatedly compressing a 

piece of conducting foam while continuously monitoring the resistance o f the PPy-PU 

foam. The data has been smoothed, using a 5-point moving average smoothing 

algorithm and normalised by dividing the resistance (R ) by the baseline resistance (for 

this PPy-PU foam sample Ro = 9.5MQ) o f the sensor. The foam responded rapidly with 

a drop in resistance when the weight was placed on the upper platform and reached a 

pseudo-equilibrium within seconds and recovered in approximately 5 sec after the load 

was removed. It can be seen from the trace that the baseline resistance is much noisier 

than the resistance compressed sample. It was because the foam, being a light-weight 

sponge like material, is sensitive to external vibration; when the foam was compressed 

it changes into a denser material and this vibration effect is less significant.

0.0
0 20 40 60

Tim e (sec)
Fig. 2.44 Normalised (R/R0) trace of PPy coated PU foam when repeatedly exposed to a

force of 2.31 N/cm2.
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The use of the Harvard syringe driver enabled the automatic compression and relaxation 

o f the PU foam to be monitored. The following graph shows the response o f the PPy- 

PU foam when it was repeated compressed to 50% of its original width and allowed to 

relax over the period o f 1 hour. The following graph, Fig. 2.45 shows the resistance 

readings taken during 1 0  minutes of this study.

Repeatability o f  compressions using Harvard pump setup

Time (mins)

Fig. 2.45 The continuous resistance readings for PPy-PU foam while being repetitively

compressed and uncompressed.

This graph shows the real-time logging o f resistance o f foam during repeated 

compression and relaxation cycles. The rate o f compression and relaxation was 0.1 

cm/sec. Also Ijiyiqi 50 /o I n o !•

These results show that PU foam is a complex material, characteristic of a system with 

hysteresis. Though, this effect is present, it is repeatable and so this material can used 

as the basis for a strain gauge material.



2.5 C o n c l u s io n

Polyurethane (PU) foam was selected as the substrate o f choice for all subsequent 

sensor fabrications. Foam Engineering Ltd. was selected as the source for PU foam for 

the prototype wearable sensors.

The electrical resistance o f the foam can be measured using a constant current 

multimeter. Electrical contacts to the PPy-PU foam could be made via direct clipping 

using crocodile clips or through the use o f self-adhering Cu tape. PPy was shown, via 

SEM examination, to penetrate throughout the foam, which indicated that the source of 

the conductivity was not isolated to surface conducting pathways.

Polypyrrole (PPy) is an electroactive conducting polymer. When it was deposited onto 

a substrate it rendered the complete substrate electroactive also, without compromising 

the inherent mechanical characteristics o f the substrate. This electroactive capacity of 

the PPy-PU foam was utilized in determining the surface area o f the material. Using the 

Randles-Secvik’s Equation it was possible to relate the surface area o f the electrode to 

the peak current, ip, measured, using cyclic voltammetry, at various scan rates. 

According to this method, the surface area was determined to be one order o f magnitude 

greater than the volume o f the sample. The effect of coating PPy onto the PU foam was 

seen to increase the active surface area of the material, with the maximum surface area 

obtained after three coatings. It was seen using SEMs that the surface of the PU foam 

was coated with a continuous layer of PPy after two coatings, but that the third coating 

increased the population o f PPy clusters on the surface, thus contributing to the surface 

area of the material. After the fourth coating, these clusters were covered over making 

the PPy layer denser with the loss o f detail due to the presence o f the nodules. Thus, the 

maximum surface area was achieved after three coatings. This method provided a 

means to estimate the surface area o f the PPy-coated PU foam. Such information like 

this is useful to obtain especially if  the material is to be applied as chemosensor, where 

the sensitivity of the sensor will depend on the active surface area of the material.

In this chapter a number o f parameters for developing the wearable prototype were 

identified. Firstly, the base material was selected. This material, a solid polyurethane
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foam, proved to be a suitable substrate for the deposition of conductive PPy. Secondly 

the dopant anion, 1,5-naphthalene disulphonic acid, disodium salt was selected as the 

dopant anion of choice for synthesis o f conductive PPy. Next, the ruggedness of the 

PPy.NDSA coating on the PU foam was investigated by increasing the number of 

substrate washes between depositions. The results found that the final overall electrical 

resistance of the material was less than that for single washings but that it remained 

below 1 k£2 /cm and so was still very useful in the development o f sensor prototypes.

The piezoresistive behaviour of the PPy-PU foam was examined within this chapter. It 

was shown that the electrical resistance o f the PPy-PU foam is dependent on the force 

placed on the foam. This relationship, linear in the range of 0.88-3.43 N, which would 

imply that this novel material may be used as a strain gauge, within the area of wearable 

sensors, due to its soft compressible nature, which has not been masked despite the PPy- 

coating. Studies where this material has been implemented into wearable chemo- and 

physical- applications occur in forthcoming chapters.

Coating the polyurethane foam with polypyrrole was shown to affect the energy 

absorbing capability of the basic mechanical properties o f the foam, producing a 

material that was stiffer than the base material. However, this change in mechanical 

properties did not alter the stress-plateau o f the material, ensuring the material remained 

soft and compressible. It was noted that the change in resistance observed, during 

compressions, was due to the collapse o f the porous structure of the foam matrix, which 

increased the contact points throughout the coated foam. In turn, this lead to more 

conductive pathways through the foam, resulting in the lower resistance values 

observed when the foam was compressed.

2 .6  F u r t h e r  St u d ie s

A number o f further studies may be carried out on the characterisation of the PPy-PU 

foam structures. Firstly in order to confirm the coating of PPy onto the PU substrate, it 

may be necessary to perform EDX analysis of the coated and uncoated samples. For 

these studies is would be necessary to tagged the PPy with a substituent groups 

containing an atom o f differing mass to nitrogen and carbon as both these atoms are 

present in both PPy and PU which make analysis impossible to decipher. Secondly
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dynamical mechanical analysis o f the PPy-PU foam may be necessary to perform to 

determine the elastic modulus, yield strength, shear strength, and stress relaxation while 

performing various mechanical testing procedures, such as stress-strain, fatigue, and 

creep on these materials.

126



2.7 R e f e r e n c e s

1. Stussi, E., Stella, R., and De Rossi, D., Chemoresistive conducting polymer-based 
odour sensors: influence o f thickness changes on their sensing properties. Sensors and 
Actuators B: Chemical, 1997. 43(1-3): p. 180.

2. Steele, J., Wallace, G.G., and Munro, B. Intelligent Knee Sleeve: A valid and reliable 
device to combat ACL injuries, in Journal o f Science and Medicine in Sport. 2002. 
Australia.

3. Steele, J., Wallace, G.G., Munro, B., Bowles, K.-A., Spinks, G.M., Campbell, T., Innis, 
P., and Megill, W. Bouncing breasts, Noisy Knees and Intelligent Polymers: Where are 
we now? " in International Workshop on Advanced Materials for Sensors and 
Actuators-Role o f Nanotechnology. 2002.

4. Mahesh, G.N., Banu, P., and Radhakrishnan, G., Investigations on polyurethane 
ionomers. II. 3,4-dihydroxy cinnamic acid-based anionomers. Journal of Applied 
Polymer Science, 1997. 65(11): p. 2105-2109.

5. Test Method ASTM D3574, http://www.Dfa.org/glossarv.html. Last Accessed: 17 FEB 
06, (2006)

6 . Viscoelastic foam, http://www.absolutecomfortonsale.com/sensus-memorv-foam- 
3inch.htm. Last Accessed: 16 FEB 06, (2006)

7. Visco Foam - Space Age Protection against Tossing and Turning,
http://www. magnadreampad. com/ m_visco_foam.htm, Last Accessed: 16 FEB 06, 
(2006)

8 . Polartec Power Stretch, 
http://www.houdinisportswear.com/produkter/material/stretchinsulation.iuml. Last 
Accessed: 16 FEb 06, (2006)

9. Li, Y. and He, G., Effect o f  preparation conditions on the two doping structures o f 
polypyrrole. Synthetic Metals

Special Issue Chlamydiae, 1998. 94(1): p. 127-129.

10. Li, Y. and Fan, Y., Doping competition o f anions during the electropolymerization o f 
pyrrole in aqueous solutions. Synthetic Metals, 1996. 79(3): p. 225-227.

11. Glomerulonephritis,
http.7/www.kidnevfoundation.ab.ca/Be Informed/about/commoncauses glomeruloneph 
ritis.htm. Last Accessed: 24 MAY 2006, (2006)

12. Oxford University Press, Oxford Illustrated Science Encyclopedia. 2003, Oxford Press.

13. Microscope, http://en.wikipedia,org/wiki/Microscope. Last Accessed: 25 MAY 06, 
(2006)

14. Bard, A.J. and Faulkner, L.R., Electrochemical Methods Fundamentals and 
Applications. 2nd ed. 2001, Hoboken: John Wiley & Sons Inc.

127

http://www.Dfa.org/glossarv.html
http://www.absolutecomfortonsale.com/sensus-memorv-foam-
http://www
http://www.houdinisportswear.com/produkter/material/stretchinsulation.iuml
http://www.kidnevfoundation.ab.ca/Be
http://en.wikipedia,org/wiki/Microscope


15. Oh, K.W., Park, H.J., and Kim, S.H., Electrical property and stability of 
electrochemlcally synthesized poly pyrrole films. Journal of Applied Polymer Science, 
2004. 91(6): p. 3659-3666.

16. Wu, J., Zhou, D., Too, C.O., and Wallace, G.G., Conducting polymer coated lycra. 
Synthetic Metals, 2005. 155(3): p. 698-701.

17. Surface area, http://chem.ch.huii.acnl/~eugeniik/surfacearea.htm. Last Accessed: 07 
MAR 06, (2006)

18. MacDiannid, A.G., Polyaniline and polypyrrole: Where are we headed? Synthetic 
Metals, 1997.84(1-3): p. 27-34.

19. Gibson, L.J., Cellular solids. Mi s Bulletin, 2003. 28(4): p. 270-271.

20. Wang, Y., Gioia, G., and Cuitino, A.M., The deformation habits of compressed open­
cell solid foams. Journal of Engineering Materials and Technology-Transactions of the 
Asme, 2000. 122(4): p. 376-378.

21. Gioia, G., Wang, Y., and Cuitino, A.M., The energetics of heterogeneous deformation 
in open-cell solid foams. Proceedings of the Royal Society of London Series a- 
Mathematical Physical and Engineering Sciences, 2001. 457(2009): p. 1079-1096.

128

http://chem.ch.huii.acnl/~eugeniik/surfacearea.htm


C h a p ter  3 A p p l ic a t io n  o f  P P y-c o a t e d  P U  

f o a m : C h e m o -s e n s in g

129



3 .1  I n t r o d u c t i o n

In principle, CEPs (conductive or conjugated electroactive polymers) can be 

incorporated into sensors to detect a wide variety o f chemical targets. For example, in 

unadulterated form they can detect de-doping agents such as ammonia and basic 

moieties. However, it is also possible to increase the range o f target analytes by 

incorporating different additives. These include synthetic receptors and functional 

groups, ligands, crown ethers, chiral structures, protein ligands, nucleotides and DNA 

[123],

The response of conducting polymers to a chemical stimulus can be identified by 

changes in its optical properties (e.g. colour) or electrical characteristics such as current 

flow, capacitance or resistance. The third o f these is examined more closely in this 

chapter. The conductivity of polypyrrole is known to be dependent on the conjugation 

length of the polypyrrole chain, the longer the conjugation chain, the higher the 

conductivity o f the polypyrrole [37, 38, 223], Anything that can interfere with the 

charge transport along this conjugated path will have an effect on the charge mobility 

along the polypyrrole [224], This interference is observed as a change in the resistivity 

o f the polypyrrole. In general, chemically derived changes in resistivity or conductivity 

o f a conducting polymer are usually due to the presence of electron accepting (A') or 

donating (D+) analytes, as described in Chapter 1. The ability of the chemical stimulus 

to interact with the PPy will influence the magnitude o f change to the resistivity o f the 

material. If, for instance, the PPy is coated onto a highly porous material such as the 

open-celled PU foam introduced in Chapter 2, then the concentration of PPy exposed to 

the chemical stimulus will be greater than is a simple film o f PPy was utilised. The 

porosity o f this PU substrate also lends itself to the flow-through o f the chemical 

stimulus, beneficial for example in gas-sensing applications where purging o f the 

material can easily facilitated by the porous nature o f the PU substrate. Also the fact 

that the entire PPy-PU foam substrate is compressible and soft, then textile integration 

also remains a possibility. Thus the application o f the PPy-PU in the development o f a 

wearable gas chemosensor is possible. The prototype presented in this chapter 

combines the benefits o f  the PU foam (high surface area-to-volume ratio) with that of 

the PPy (high selectivity to ammonia vapours over other volatile gases) to develop a
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sensor that can be used for real-time analysis o f a gas flow. The results presented in this 

chapter are from initial experimental trials performed with the PPy-PU foam sensor.

3.2  E x p e r im e n t a l

3.2.1 Chemical Selectivity

Sample Preparation

A piece of PU foam was coated as described in Chapter 2 from which a circular sample 

piece, of diameter 15 mm x 1 0  mm depth was cut.

The PPy-coated PU was fitted into a flow cell as shown in Fig. 3.1. Two Cu contacts 

were fitted to the inside o f the polypropylene flow cell so that when the PPy-coated PU 

foam was inserted, contact was made to the foam. External wires were soldered to the 

copper contacts and fed to the multimeter. The resistance o f the PPy-PU foam was 

measured using this constant current multimeter (34401A HP multimeter) and the data 

was collected by PC, as described in Chapter 2, section 2.3.2.

O u tlet

Fig. 3.1 Schematic of flow cell, wherein the PPy-PU foam was placed and connected to the 

multimeter for continuously monitoring, with an inset of the PPy-coated PU foam sensor.

The sensor flow cell (Fig. 3.1) was fitted with tubing (internal diameter = 0.0812”, Cole 

Parmer, US) for gaseous analysis. Nitrogen gas was used as the carrier gas at a flow 

rate o f 0.2 ml / sec ±  3%. Target vapours were produced by bubbling nitrogen though 

the volatile liquid (volume ~ 30 ml), thus giving a continuous flow o f saturated gas.
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The vapour concentration was dependent on the vapour pressure o f the liquid, values 

listed in Table 3.1. A vapour trap was positioned before the sensor cell to prevent any 

condensate passing through the sensor cell.

Chemicals

Table 3 .1 Vapour pressure values for target organic vapours.

Target Vapour Vapour Pressure (kPa at 294K)

Water 2.49

Toluene 3.47

Acetone 25.56

Ammonia 882.41

Propanol 78985.73

The change in resistance observed by the sensor was controlled by the contents of the 

headspace of the organic vapour. The analytes tested were water, toluene, acetone, 

ammonia and propanol. All headspace analysis experiments were carried out at room 

temperature (21 °C ± 4 °C) and at atmospheric pressure.
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3.2.2 Stability Studies

The stability o f both polymeric components, PPy and PU, is a concern when developing 

a prototype. Previous stability studies o f PU have shown that it is a stable material in 

ambient conditions and that decomposition is induced only in environments o f extreme 

salinity humidity and heat [227, 228], PPy, on the other hand can oxidise in the 

presence of air, resulting in the loss o f conjugation and hence a loss of conductivity. 

However, this phenomenon is slow and gradual until temperatures of ca. 230 °C have 

been reached. At this point bulk oxidation and decomposition occurs [215, 229], The 

increase in the electrical resistance of PPy when exposed to ambient conditions has been 

documented as a result o f the slow oxidation o f PPy by atmospheric oxygen [42, 46, 49, 

229-232], In an effort to monitor this deterioration of the conductivity o f the 

polypyrrole a stability study was initiated.

Humidity Sensitivity

Two humidity tests were performed to assess the any effects humidity would have on 

the performance o f the PPy-PU gas sensors.

Humidity test #1

The first, employed the use o f a series o f saturated salt solutions, listed in Table 3.2. 

These salts solutions were prepared in order to provide environments o f controlled 

humidity. The PPy-PU foam sensor was attached to the vial and allowed to equilibrate 

for 2  minutes for each resistance reading.

Table 3.2 Relative Humidity Values for Saturated Salts solutions [233].

Salt % Relative Humidity

Lithium chloride 1 1

Magnesium chloride 33

Magnesium Nitrate 54

Sodium chloride 75

Potassium chloride 85

Potassium sulphate 97
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Humidity test #2:

The second humidity test employed the use o f a potassium sulphate saturated solution. 

Three PPy-PU foam samples were enclosed within a desiccator, wherein the saturated 

solution was introduced. The PPy-PU foam samples were kept within this closed 

environment for a number o f months, during which time their resistance was 

periodically recorded using the HP multimeter as described in Chapter 2, section 2.3.2.

Nine PPy-PU foam samples to be prepared as per Chapter 2, three for each specific 

environment. Electrical contacts was made to each PPy-PU foam sample using Pt wire 

threaded through the foam and twisted at each end to secure. The electrical resistance 

o f each of these PPy-PU foam samples was measured using a constant current 

multimeter (HP) as described in Chapter 2, section 2.3.2.

Environment Preparation

Three different environments were identified for monitoring;

1 . ambient (lab air);

2 . dry (sealed at room temperature);

3. wet (sealed at 90% RH).

The dry conditions were prepared by sealing the PPy-PU foam sample into a petri-dish 

which contained molecular sieves, thus providing a dry atmosphere. The wet conditions 

were prepared by storing the PPy-PU foam samples in a desiccators, within which a 

saturated salt solution o f potassium sulphate was introduced to provide an atmosphere 

of 97% relative humidity.

Protecting the sensors against the effects o f  humidity

A protective coating was prepared for the PPy-PU foam samples. The first consisted o f 

a polyisobutylene (PIB) coating made from a 3.75% solution of PIB in a 3:2 solution of 

hexane: toluene. This coating was deposited on previously coated PPy-PU foam 

samples using a Pasteur pipette. Electrical connections, made prior to the PIB coating, 

were made via Pt wire. The samples were allowed to dry overnight in the fume-hood at 

room temperature before been placed into their particular environment, i.e. ambient, dry 

or wet. Resistance measurements were made as described before in Chapter 2, section 

2.3.2.
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A second coating was also assessed. This one, a printed circuit lacquer (PCB For short), 

was an aerosol spray, commercially available from Radionics, RS 569-290. The aerosol 

is described as an anti-corrosive lacquer for protecting circuit boards from external 

moisture. Its contents were listed as follows: Acetone (30-60%), Isobutane (5-10%), 

Butane (10-30%), Propane (10-30%), Xylene (10-30%). Electrical connections, made 

prior to the PCB coating, were made via Pt wire. The samples were sprayed a total o f 

three times and allowed to dry overnight in the fume-hood at room temperature before 

been placed into their particular environment, i.e. ambient, diy or wet. Resistance 

measurements were made as described before in Chapter 2, section 2.3.2.

Temperature Sensitivily

The effect o f temperature on the performance o f the PPy-PU foam was assessed using a 

Memmert oven at temperatures o f 40, 50 & 60 °C. The sample vial, containing the 

PPy-PU foam, as used for the chemical analysis, with wires attached, was placed into 

the oven and the resistance continuously measured while the temperature was changed 

from ambient to 60 °C.
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3 .3  R e s u l t s  &  D i s c u s s io n

3.3.1 Sensitivity

The resistivity is related to resistance through the following equation:

A
Equation 3.1

Where R = resistance in Ohms, L = length in metres, A = area in metres squared. Thus 

p ; resistivity in Ohm metres. All measurements recorded the resistance o f the material 

and will be quoted in Ohms.

Due to the experimental setup, the length and area o f the sensor can be assumed to 

remain constant throughout the experiment. Therefore, the changes in resistivity 

incurred were directly proportional to changes in the overall resistance o f the PPy-PU 

foam as were measured by the multimeter. The changes in resistance are caused by 

changes to the PPy-layer coated onto the PU foam. In order to compare the response of 

the sensor to each vapour the relative change in resistance was calculated as:

R' x \00

E q u a t io n  3.2

where R, is the resistance at time t, and Ro is the baseline resistance prior to sample 

introduction.
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Fig. 3.2 Real-time resistivity response of PPy-PU foam to different gas phase analytes using s 

constant current multimeter (HP 34401A).

From Fig. 3.2, it can be seen that the greatest change in resistance was obtained when 

the sensor was exposed to ammonia-saturated nitrogen gas plug, with an increase in 

resistance o f the sensor from 1 to ca. 6  k£2. This initial rapid response reduced to 2.5 

kQ when a flow o f nitrogen was purged through the system. This shift in the baseline is 

evident of hysteresis within the system. The resistance response o f the sensor again 

increased with subsequent exposures to ammonia-saturated nitrogen gas in a 

reproducible manner. The percentage resistance change for the subsequent exposures to 

ammonia-saturated gas were approximately the same differing by a maximum of 1 0 % 

showing the repeatability of the sensor for ammonia detection.

These changes in resistance were brought about by the de-doping o f the PPy layer 

within the PPy-coated PU foam. When the ammonia interacted with PPy, the lone pair 

o f electrons on the imine nitrogen donate their charge to the PPy backbone, negating the 

need for the dopant. However, the dopant (here NDSA) was o f such a large size that it 

was relatively immobile, as compared to other dopant anions such as Cl'. The NDSA 

anion, therefore, was trapped within the PPy structure of the system without 

contributing the charge-flow process. However, conformational changes must occurred
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in order to accommodate the charge changes on the polypyrrole backbone, which are 

difficult to reverse. This resulted in a shift in the baseline resistance as seen in Fig. 3.2 

& Fig. 3.3. A similar phenomenon was described by Gutafsson and Lundstrom [225] 

whereby the irreversible and reversible changes in conductivity o f polypyrrole caused 

by ammonia gas were investigated. Therefore, this would suggest that the sensor 

requires pre-treatment before it can be used as a sensor for repeated analysis.
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Fig. 3.3 Initial response to ammonia-saturated-nitrogen gas.

The responses o f the PPy-PU foam to the other vapour analytes was not as large as that 

observed for ammonia. However, in Fig. 3.4 it can be seen that the sensor responded 

repetitively to exposures o f water and to hexylamine. Both these analytes, again, have 

de-doping capabilities facilitating these observed changes. The effect of the alkyl group 

is to raise the energy o f the lone pair o f electrons on the N and so hexylamine is better 

able to interfere with the conjugation chain o f PPy, therefore inducing the observed 

change to the resistance of the sensor. However, the size of hexylamine (101.19 g/mol) 

and t-butylamine (73.14 g/mol) inhibit their diffusion through the matrix, resulting in 

the slow recovery o f the sensor and the slow response o f the sensor to subsequent 

exposures. Ammonia and water, on the other hand, are small molecules (17.03 and
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18.00 g/mol respectively) and so can more easily diffuse through the matrix to affect the 

conjugation o f the PPy chain.
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Fig. 3.4 Real-time resistance responses of the PPy-PU foam sensor when exposed to acetone, 

aniline, water, propanol, hcxylaminc and t-butylamine.

1 2 -, Analyte Introduced Acetone
Aniline

------Water
Propanol 
Hexylamine 
t-Buty lamine

139



The response time of the sensor to ammonia, that is the time taken from the offset to 

signal stabilisation was determined to be approximately 1 minute, comparable with 

commercially available ammonia detectors [226]. The recovery time, however, was 

longer at approximately 4 minutes. This recovery time maybe improved with increasing 

flow rates of the purging nitrogen gas. The response times for the other organic 

vapours, listed in Table 3.3, though very low were difficult to calculate for definite, as 

the change in resistance observed was extremely low.

3.3.2 Response Time

Table 3.3 Response of sensor to organic vapours.

O rganic vapour Average % 

Change in 

Resistance

Relative

Response

(RIRj

Response 

Time (mins)

Recovery 

Tim e (mins)

Acetone 0.82 + 0.60 0.09 0.89 + 0.12 1.85 + 0.80

Propanol 2 .09+ 1 .45 0 . 2 2 1.46 + 0.19 1.77 + 0.66

Water 9.45 ±0.91 1 . 0 0 2.54 + 0.33 7.90 + 2.70

Ammonia 99.57 + 9.34 10.54 0.82 + 0.15 3.54 + 0.82

The sensitivity of the sensor, is indicated in Fig. 3.2 by the amplitude o f the resistance 

response. It can be readily seen that the PPy-PU sensor is much more sensitive (10 

times as sensitive when compared to the response to water) to ammonia vapour than any 

other vapour.

3 The relative responses listed in Table 3.3 were listed in comparison with the response of the sensor to 

water (R„). These were normalised by dividing the response to the analyte (Rv) by the response to water 

(R„) as per the following equation:

K  ~  ^ 0 v 

~ R ( ) w

Equation 3.

Roy is the baseline resistance prior to vapour exposure and Rw0 is the baseline resistance prior to exposure 

to water.
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The high sensitivity of this sensor to ammonia was due to the direct interactions o f the 

ammonia vapour with the PPy layer. The lone pair in the ammonia directly attacks the 

positive charge on the PPy chain, shortening the conjugation length o f the polymer and 

so increasing the resistance o f the PPy. The other vapours cause the PU matrix to swell 

(or contract) through solvation. Thus, these responses were diffusion controlled. In an 

effort to improve the response times o f these sensors the bulk to surface area ratio o f the 

sensor should be made smaller, thus maximising the amount of sensor in contact with 

the gaseous analyte. As can be seen in Table 3.3, the response times of this type of 

sensor are relatively fast, thus the foam sensor is a good design as it has a low bulk to 

surface area ratio as determined in Chapter 4. The recovery to baseline is always slower 

for diffusion limited responses as it depends on the concentration difference to drive the 

process. Faster responses and recoveries maybe achieved using higher concentration of 

gaseous analytes.

However, this type of interaction is not selective and it is difficult to unequivocally 

attribute the change in resistance of the PPy-coated PU foam to any one type of vapour. 

Thus, instead o f one sensor sensitive and selective to the target vapour, an array or 

series o f sensors with differing substrates would need to be constructed. Then, the 

relative response o f all the sensors could be used to identify the vapour. However, the 

substrate has been limited to polyurethane, thus further investigations into arrays is 

limited.
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3.3.3 Humidity Sensitivity

Short term Humidity Study

It was previously noted in Fig. 3.4 that the PPy-PU sensor responded repeatedly when 

exposed to water vapour. Thus, further humidity studies were warranted.

During the first humidity study, the PPy-PU sensor was exposed to the sealed headspace 

o f a saturated salt solution. The changes in the measured resistance from this study can 

be seen in Fig. 3.5.

Lithium Magnesium Magnesium Sodium Potassium Potassium
chloride chloride Nitrate chloride chloride sulphate

Time (sec)

Fig. 3.5 Resistance response of PPy- PU sensor when exposed to sealed saturated salt environments, 

yielding headspaces of differing relative humidity levels.

It can be seen that there is no dramatic change in the resistance until the relative 

humidity reaches approximately 85%. After this point there is an increase in the 

resistance o f the sensor. This is because after this point water is able to interfere with 

the charge transport along the polypyrrole chains by hydration of the dopant anion[234], 

leading to an increase in the resistance observed.
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Long Term Humidity Study

The following graphs, Fig. 3.6 - Fig. 3.8, show the effect the environment has on the 

resistance o f the PPy-coated PU foam. It can been readily seen in Fig. 3.6 that the 

effect that ambient conditions have on the PPy-PU sensor is to increase its electrical 

resistance gradually over time. Since the length and area o f the PPy-PU samples are 

kept constant throughout the experiment, the measured resistance of each sample is 

proportional to the resistivity o f each sample, according to Equation 3.1. The amplitude 

o f resistivity, as mentioned previously, is due to the nature o f the PPy coating on the PU 

substrate. Therefore, according to Fig. 3.6, the PPy layer coated onto the PU substrate 

changed over the 6  weeks o f the experiment. Similar results for coated fabrics have 

been reported by Wu, [215], showing the gradual oxidation o f PPy in air. This change 

in measured resistivity is thought to be due to shortening of the PPy conjugation length, 

the length o f polymeric chain over which the 7t-electrons are delocalised. The longer 

this 7t-system is, the greater the conductivity o f the polymer. If  a moiety interacts with 

the PPy o f the 7i-system, then the conjugation is disrupted and the length of conjugation 

shortened which leads to a decrease in conductivity throughout the sample (or 

conversely an increase in the resistivity throughout the sample). It can be seen that after 

50 days, the resistance o f the sample began to stabilise.

100 -

T  ' ’

I  I

5

o Average R esponse (n=3)
2

I _______ T_________________________
10 20 30 40 50 60

Time (days)

Fig. 3.6 Resistance profile of PPy-PU foam samples kept at ambient conditions. The average 

trendline is for three PPy-PU samples.
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In contrast, ihe resistance o f the samples stored in dry conditions (in the presence o f 

molecular sieves) decreased over the 6  weeks. These changes are depicted in Fig. 3.7. 

These changes in resistance are o f much smaller magnitude (20%) compared to the 

change observed in the ambient Sample (75%). By removing the moisture in the air it 

can be seen that the resistance of the sample was stabilised very slowly after about 30 

days.
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Fig. 3.7 Resistance profile of PPy-PU foam samples kept at dry conditions. The average trendline 

is for three PPy-PU samples.

The third controlled environment investigated the effects humidity and moisture had on 

the resistance of the PPy-PU foam samples. The results of this investigation can be 

found in Fig. 3.8. It can be seen that the resistance increases over the course o f the 6  

weeks. This increase in resistance, however, is not as large as the increase observed in 

the “ambient” samples (~ 40 % change for wet sample v’s 75 % change for ambient 

samples). This maybe due to the enclosed wet environment thus limiting the supply of 

oxygen to the coated materials.
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Fig. 3.8 Resistance profile of PPv-PU foam samples kept at wet conditions (97% RII). The average 

trendline is for three PPv-PU samples.
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3.3.4 Temperature Sensitivity

Previous TGA analysis of PPy-coated fabrics has shown that PPy.NDSA is stable up to 

ca. 260°C [215, 235], After these temperatures thermal decomposition of the PPy and 

counterion occurs with sample weight loss. However, the intended use of these sensors 

is for on-body monitoring, thus their maximum operation temperature should not 

exceed 40°C (313K).

However, the response of the sensor was monitored to determine whether changes to its 

resistance could be incurred by temperature changes. In Fig. 3.1, these temperature 

effects can be observed. It can be seen that between 295K and 335K, the resistance of 

the materials is raised slightly in relation to the temperature.
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Fig. 3.1 Effect of temperature on resistance of PPy-PU sensor.

Because o f the gradual increase in resistance to temperature, this change is not thought 

to be due to the degradation, but rather to the swelling o f the polyurethane foam, which 

will increases the gap spacing with the foam matrix. The softening point for 

polyurethane elastomers occurs ca. 340 K [236], thus swelling of the PU matrix prior to 

the softening may occur. This would lead to the gradual decrease in the number of 

bridging conductive pathways and hence an increase in the resistance o f the sensor.
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3.3.5 Protecting the sensors against the effects of humidity

These changes in resistance observed in the graphs Fig. 3.6-Fig. 3.8 indicate a drifting 

effect in the response of the sensor. In order to combat this effect, a protective coating 

for the PPy-PU foam samples was proposed. The two protective coatings selected were 

a PIB coating and PCB laquer.

PIB, polyisobutylene, is a non-polar hydrophobic polymer and so is water repellent. 

PCB referred to a commercially available printed circuit board lacquer which is used in 

the electronics industry to protect electronic equipment against moisture effects. Thus, 

it was proposed that these polymeric compositions would be able to provide a certain 

degree o f protection to the PPy-PU from hydrophilic moieties such as ammonia and 

water vapour or moisture, thus minimising the drift o f the sensor. The following graphs 

show the resistance changes observed for the sensors for each environment over the 

number o f weeks.
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Fig. 3.9 Resistance profile of PIB-, PCB- coated and uncoated PPy-PU foam samples kept at 

ambient conditions. The trendline represents the polymeric fit for the data.
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In Fig. 3.9, the percentage resistivity behaviour o f all samples are shown. Each data 

point represents the average for three distinct sensors prepared as described in the 

experimental section. As can be seen, the resistivity o f all the sensors increases over the 

60 day period o f the experiment, the non-coated samples increasing the most. At first, 

both the uncoated and PCB coated PPy-PU foam samples increased their resistivity by 

ca 5% over the first 5 days. This would indicate the exposure of the PPy layer to 

oxidative attack. However, after day 35, the resistivity o f the PCB samples began to 

level-off and stabilise. In comparison the samples coated with PIB showed a slower on­

set of increased resistivity. PIB is a non-polar membrane and as such should repel 

aqueous and polar moieties. Thus, the samples coated with PIB, though showed a later 

on-set o f increased resistivity, the final resistivity o f  these samples after day 35 

exceeded that for the PCB-coated samples. This would indicate that though initially 

resilient to environmental conditions the PIB layer is not robust enough to protect the 

PPy layer from oxidative attack. This may also indicated that other non-polar vapours 

may be present in the ambient conditions o f the experiment which contributed to the 

degradation o f the PIB layer.

The use of these two membranes have shown that the measured resistivity can be 

lowered by use o f an external membrane or coating on top o f the PPy-PU foam 

structure. The use o f a non-polar membrane assisted in delaying the effect o f exposure 

to air and oxidative attack. However it was shown not to be robust enough to protect 

the PPy-PU foam sensor over the 60 period. The PCB lacquer on the other hand, 

though perhaps too thin to prevent any oxidative attack, could assist with stabilising the 

resistivity o f the PPy layer on the foam samples. Thus in order to maintain the initial 

resistance o f the PPy-PU foam sensor, the air and oxygen would need to be scavenged 

to prevent the oxidative aging of the samples.
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Fig, 3.10 Resistance profile of PIB coated PPy-PU foam samples kept under dry conditions.

The trendline represents a polymeric fit for the data.

Again in dry conditions the previously observed decrease in resistance (Fig. 3.7) 

occurred again. Both the uncoated and the PIB-coated samples decreased by ca 20% of 

their original resistivity reading, whereas the sample coated with PCB lacquer decreased 

by approximately 4%. Under these conditions, the molecular sieves absorb all moisture 

from their surrounding environment. Thus, these observed decreases in resistance are 

thought to be due to the further removal o f water and oxidative moieties from the PPy- 

PU foam structure. The lesser decrease observed for the samples coated with PC 

lacquer would indicate that the PCB lacquer did not allow this to occur. Thus the 

resistivity measurements for these sensors remained constant over the 60 day period
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Wet conditions
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Fig. 3.11 Resistance profile of PIB-, PCB- coated and uncoated PPy-PU foam samples kept

at wet conditions (97% RH). The trendline is fitted for a polymeric fit to the data.

The effects o f  coating the PPy-PU foam sensors with and without a protective layer can 

be seen in Fig. 3.11. The percentage increase of resistivity are again the greatest for the 

uncoated samples, showing an approximate 50% rise in resistivity over the 60-day 

period. PIB, initially delayed this rise in resistivity, as would be expected from a 

hydrophobic protective layer. Thus, this again demonstrated that the PIB coating was 

able to delay the on-set o f aging, but failed after approximately 35 days. The samples 

coated with PCB lacquer showed an initial increase in resistivity, but this levelled off 

after 2 0  days.

During the experiment, it was noted that the mechanical properties o f the PIB PPy-PU 

foam samples were very different from the PPy-PU samples, primarily in the fact that 

the PIB coated samples felt “sticky” compared to the non-PlB samples. This 

“stickiness” also affected the compressibility of the PPy-PU foam samples. Thus, for 

the development o f a pressure sensitive sensor, PIB was not suitable. However, if  this 

material were to be used as a chemical sensor, utilising the sensors low bulk to surface 

area ratio and whereby little or no mechanical stress would be placed on the PU 

structure, then a coating similar to PIB or PCB lacquer would need to be considered as 

an integral part to maintain the baseline resistivity o f the sensor. However, further 

optimisation o f the composition o f this protective coating would be required.
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3 .4  C o n c l u s io n

To conclude, the PPy-coated PU foam described in Chapter 2 was applied successfully 

as a chemosensor. It was shown that PPy-coated PU foam responded selectively (up to 

10 times) to ammonia over other volatile organic vapours. The response o f the sensor 

has was repeatable (RSD < 10%) and rapid (response time = 0.82 minutes). Initial 

hysteresis effects were a problem for this PPy-PU gas-sensor. This was due to the 

irreversible interactions o f ammonia with the PPy layer on the foam sensor. However, 

after initial conditions o f the sensor, a repeatable response could be generated by the 

sensor when exposed to ammonia. The response o f the sensor to other volatile organic 

vapours resulted in unselective and small responses. These responses were diffusion 

controlled and so were slower than the response towards ammonia. Because o f the 

large surface area o f the sensor, it was possible that vapours could get trapped within the 

polymeric substrate. Due to possible solvation o f the polyurethane, swelling of the 

sensor could occur and cause distortions in the resistance of the PPy-coated PU foam.

It could be seen that temperature and humidity do affect the measured resistance o f the 

PPy-PU foam. In an effort to improve the stability and performance of the sensing 

material in such conditions the final product would require a protective encapsulating 

layer. This protective layer would be required to form a barrier against any moisture 

entering or exiting the material. The structure of this protective layer would need to be 

developed so that it would not compromise the physical, mechanical or tactile properties 

o f the foam, as doing so would negate the use o f use a material for wearable 

applications. Also if connections were made to the PPy-coated PU foam prior to 

external coating, the encapsulation would aid the binding o f the final sensor.

In addition to being soft and wearable, the advantage o f this type o f chemical gas sensor 

lies in its high surface area-to-volume ratio enabling it to potentially detect low 

concentrations of volatile organic vapours, in particular ammonia gas, rapidly. 

However, the full potential o f the PPy- PU sensor as a chemical sensor was not entirely 

investigated but these initial studies compared well with similar findings by Wang et al. 

[237],
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C h a p ter  4 A p p l ic a t io n  o f  P P y-c o a t e d  P U  

f o a m : P l a n t a r  P r e s s u r e  s e n s in g
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4 .1  I n t r o d u c t io n

In Chapter I, wearable sensors were highlighted as having enormous potential [1 ,2] in 

the research area of bioengineering, impacting on several connected disciplines such as 

rehabilitation, sports medicine and ergonomics. Hitherto, the PPy-PU foam has been 

shown to successfully detect incidents o f forces placed upon it found in chapter 5. The 

generation o f these forces can occur in different ways, but three different situations have 

been highlighted for investigation, all o f which relate to bioengineering and body 

monitoring applications:

1. Plantar Pressure in a shoe

2. Breathing

3. Limb Movement

4.2 W h y  m o n it o r  P l a n t a r  P r e s s u r e  ?

Plantar pressure is the force experienced underfoot during ambulatory activities, such as 

walking or running. It is important to monitor plantar pressure as it can indicate 

incorrect posture, injury or on-set o f  a disease or condition. A number o f examples 

where the monitoring of plantar pressure is important arc discusscd in the following 

sections.

155



4.2.1 Diabetes

Diabetes mellitus is a chronic disorder in which the body’s ability to use sugars is 

reduced. This can cause raised levels o f glucose in the blood and its excretion in the 

urine. These changes are the result o f a deficiency o f the pancreatic hormone, insulin. 

There are two main types o f diabetes: type 1 or insulin-dependent diabetes mellitus 

(IDDM), and type 2 or non-insulin-dependent diabetes mellitus (NIDDM).[3]

Most people with diabetes have no initial trouble with their feet, but progressive damage 

to the blood vessels and nerves can cause severe problems. Damage to the blood 

vessels can cause poor circulation in the large blood vessels in the legs (Ischaemia) and 

the small blood vessels in the skin (Peripheral vascular disease)

Damage to the nerves can cause a loss o f sensation in the feet, therefore pain sensation 

can be lost so that the feet may not be protected against damage. Consequently, foot 

problems are the most common cause o f hospital admissions for people with diabetes 

[4]. In developing countries, such as India, these admissions may account for up to 40% 

o f the available healthcare resources. Diabetes currently affects more than 194 million 

people worldwide and is expected to reach 333 million by 2025, the majority o f these 

cases occurring in developing countries [5], At present, Ireland has the lowest diabetes 

incidence at 3.4% according to the W orld Health Organisation [6 ]. However, this figure 

is regarded by the Diabetes Federation o f Ireland to be an underestimate. They believe 

that as many as 50% o f patients do not realise that they are suffering with this disease 

and develop at least one serious complication by time of diagnosis. It is estimated that 

the number o f cases of diabetes across Europe with increase by 21% in the next 20 

years. Thus a strategy to deal with this chronic disorder must be implemented.

For people with diabetes the issue o f limb survival is paramount. It has been shown that 

people with diabetes exerted up to 20-30 kg/cm 2 o f  plantar pressure during ambulatory 

movements [7]. This is at least two orders o f magnitude greater than the average force 

that is applied to the metatarsals during normal gait [8 ]. The repetitive action of 

pounding the skin with such abnormally high pressures such as would be experienced 

by diabetic patients can lead to ulceration o f the skin. Images o f the extent of these
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ulcers are shown in Fig. 4.1. I f  infected, these ulcers can lead to gangrene, which 

finalise with limb amputation. It is believed that reductions o f between 45% and 85% 

amputations can be achieved through the adoption and implementation o f guidelines 

which include regular foot inspections, improvement in education in self-care for people 

with diabetes and appropriate footwear [9]. However, another associated implication of 

diabetes is reduced visual capacity, thus making the task of foot inspections more 

difficult. Therefore, it would be beneficial to design a wearable sensing system to 

monitor plantar pressure for the user.

Fig. 4.1 Photographs of diabetic feet, highlighting the debilitating nature of ulcers to this group of 

people.
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4.2.2 Obesity

In 1997, the WHO predicted that obesity would become an “escalating epidemic” which 

if  left unaddressed would affect millions o f people worldwide [10]. In response a 

number of national taskforces were established to tackle this problem. However levels 

o f obesity across all the age-groups have continued to rise significantly in much of 

Western Europe, since 1997 and so efforts have been intensified to tackle the issue. The 

measures adopted include changing habits o f  diet and exercise. Ideally the daily calorie 

intake for an adult male/female is 2,500/2,000 calories. This number can be controlled 

by limiting food intake, changing quality and type o f food intake and increasing levels 

o f exercise. Simple exercise such as walking is able to significantly reduce the total 

calorie intake. It has been reported that by performing on average 10,000 steps per day 

can significantly reduce the occurrence of obesity in women [11], Simple pedometers, 

such as the one shown in Fig. 4.2 are now commonly available informing the wearer as 

to how many steps they have taken. These pedometers contain a lever arm with a 

pendulum attached to a spring. With each step the pendulum swings past a magnetic 

field and one event is electronically recorded and displayed on the digital read-out. 

Devices such as these are simple to use and are light-weight (the one shown weighing 

less than 20g). However, though simple, these devices (€7 - €25) are deliberate “add­

ons” and require the user to carry them with them at all times to accurately record their 

levels o f  exercise. A better solution would be to integrate the measuring device into the 

close environment of the user, removing the need for user intervention.

Fig. 4.2 Photograph of a commercially available (Brunton Digital Pedometer PED1204) pedometer.
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4.2.3 Walking

The task o f walking, though an inherent means o f movement for most people, is a 

complex process o f limb rotations, flexions and balance. The process consists of two 

phases of leg movement; the swing phase and the stance phase. The swing phase, as the 

name would suggest, refers to the swinging motion o f the leg, above the ground, in the 

direction o f movement. The stance phase is a little more complex. It is described using 

the sequence o f numbered points listed below. Each numbered point refers to the 

number position shown in Fig. 4.3. The dotted line through the centre o f the footprint 

represents the estimated path o f the centre o f mass (CoM) during walking.

4.

3 i n y U

Fig. 4.3 Illustration of centre of mass (CoM) progression during walking, with highlights of foot 

action as positions 3 & 4. Position 3 is a schematic of foot prontation and position 4 is a schematic 

of heel rise, with the associated rotation of the leg at each point. Each point is explained in the 

following text.
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1. Heel Strike: contact is made with the outside of the heel & bending o f the ankle 

towards ground (plantar flexion) occurs.

2. Loading Response: balancing of weight onto straight leg.

3. Movement of CoM (Centre o f Mass) inwards (medially) causing the foot to pronate 

(swivel inwards), allowing the tibia to rotate inwards as shown in Fig. 4.3.

4. Movement of CoM to forefoot and slightly outwards (laterally), allowing the tibia 

to rotate outwards. Heel rises from ground as shown in Fig. 4.3.

5. Toe Off: CoM moves over big toe to push off with bending o f the ankle. 

Simultaneously the opposite heel comes into contact with the ground at this point.

4.2.4 Traditional methods of monitoring pressure underfoot

The conventional method o f measuring pressure exerted underfoot during ambulatory 

activities, such as walking, is by using force-plates. These devices rely on advanced 

integrated electronic components, examples o f which are shown in Fig. 4.4 [12, 13] to 

map out and digitally display and log the pressure exerted on them. Such technology 

[14-16] has been incorporated into mats, as shown in Fig. 4.5. These devices are 

currently commercially available (price-tag is 1 0 0 0  o f euros) but due to the precision of 

the electronics required, the overall cost o f the equipment is substantial and as a result 

such these devices are scarce and if  available are only such in a clinical or academic 

setting.

Fig. 4.4 Photo of Si-Chip on ceramic pressure sensor module, containing facilities for signal 

conditioning [13].
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Fig. 4.5 Photo of footscan® Analogue plate [17].

An output from a commercially available force-plate mat, footscan®, can be seen in 

Fig. 4.6. This device can record up to 500 frames o f data per second, using small 

sensors 5 mm x 7 mm in size. This gives the footscan® a resolution of 2.86 sensors per 

cm2. These types o f systems can be used to monitor the pressure and force distribution 

in both static and dynamic modes, the latter allowing the biomechanics of the foot to be 

analysed. For example, the footscan® system was able to determine the centre of mass 

(CoM) o f the person, illustrated by the red line along the centre o f the footprint in the 

top two images in Fig. 4.6. These images were composite profiles o f the pressure and 

force distribution for both feet o f the subject. The amount o f pressure exerted at each 

point was displayed using a colour-coded scale; where red indicated the greatest amount 

o f pressure, while yellow to blue indicated areas o f lesser pressure. The progress of the 

person’s footprint could be further analysed by extracting a series of still images from 

the dynamic recording. These images, shown in Fig. 4.6 in the second and third row, 

may be o f benefit to physicians and physiotherapists wishing to isolate and identify 

incidences o f pressure hot-spots during walking. This output shows the range of 

information available from such commercially available systems.

Studies have been carried out in academia, whereby the dynamic gait o f a subject 

population was monitored using force-plates in conjunction with multi-camera settings. 

These studies yielded statistics necessary to generate biomechanical models for normal 

walking [18-20], Similar studies have been carried out to model the biomechanics and 

motor control o f gait in diseased patients, such as those suffering with Parkinson’s 

disease [21-25], By developing these biomechanical models, the progression of the 

disease can be monitored and correction to the patient administered.
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These foree-plate systems are indispensable in developing these biomechanical models, 

due to their sensitivity, reliability and reproducibility of force readings. However, due 

to their lack of mobility, it is not always possible to examine the patients’ regular gait 

behaviour using the equipment as used during these studies. Thus, exact determination 

o f a person’s gait profile during daily activities cannot be obtained. Incorporation of 

such technology into insoles has recently occurred [14] which begins to tackle this 

problem. However, the issue o f cost is still a major drawback.
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Fig. 4.6 Pressure profile of one subject’s footprints using the footscan®, DCU, Top Row: Left foot 

composite image, Right Foot composite; Middle Row: Pressure Profile Time sequence (Right Foot 

120 ms intervals); Bottom Row: Pressure Profile Time sequence (Left Foot 130 ms intervals).
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Designing a Smarter Shoe

Shoes have for too long been sensible. However, there are developments currently 

afoot where shoes are becoming smart [26-29], smart, in the sense that they can sense 

their environment, and alter their physical properties to adapt to any changes within that 

environment. This concept will have huge implications for many especially athletes 

whose needs, such as cushioning and arch support, may change during exercising, 

depending on the terrain they are encountering. A commercially available example of a 

smart shoe is the “ 1”, developed by the German sporting-goods maker, Adidas. A Hall­

sensor is located in the heel, Fig. 4.7-1., which can take up to 1,000 readings per second 

regarding the changes in the magnetic field strength in the heel. These changes are 

proportional to the pressure exerted on the heel during each heel strike, which in turn is 

proportional to the terrain over which the athlete is moving. This information is 

collected by a data logger and processed using an on-board micro-processor, located at 

the mid-section of the foot, Fig. 4.7-2. The microprocessor controls the length o f the 

cable, Fig. 4.7-3, thus, controlling the rigidity o f the heel. These changes enable the 

shoes, priced at $250 per pair, to alter their physical properties, depending on whether 

they are being used on soft or hard ground, making the user more comfortable and less 

prone to injury during exercise. A user interface (Fig. 4.7-4) enables the wearer to 

manually set the range o f compression desired.

2.

Fig. 4.7 Schematic of Adidas’ “1” smart shoe [28].
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4.2.5 Insole Prototype

The Adidas “ 1” smart shoe shows the commercial interest that is available for 

developing wearables that will be able to sense and adapt to changes in their 

environment. The marketing strategy is to empower the wearer to control their 

environment through their shoes. However, though these shoes are wearable and 

mobile they do little to inform the wearer o f the spatially distributed pressure as was 

obtainable from the force-plates. Thus, there is a niche for developing a pressure- 

sensitive foot-device that would be comfortable, cost effective, mobile, and be able to 

gather spatially distributed information. Such a wearable device, an insole, could be 

developed using the PPy-coated PU foam. This device would be able to inform the 

wearer o f how many steps they performed during the day, how much pressure they have 

applied and where this pressure occurred across the profile o f the foot during each step. 

The advantage o f this material is that it is soft and flexible and can be used to form an 

integral part o f the insole. W ith each footstep, pressure on the foam would cause 

compression, which would be registered as a decrease in resistance across the foam. 

This signal could be then recorded and displayed or logged for data analysis.

Hitherto, monitoring o f a single PPy-PU foam sensor had been performed to great 

success. However the information gathered by a single sensor is limited, as only one 

channel o f  information is obtained and therefore spatially distributed information across 

the insole is not accessible. For biomechanical studies, the area to be assessed is often 

quite large, thus necessitating multiple sensors to work together to generate an 

informative picture o f  what is taking place. The incorporation o f wireless technology 

with spatially distributed pressure sensors would be beneficial and ultimately enhance 

the wearer’s knowledge o f their activity during the day and enable correction, if 

necessary, to maintain a healthy lifestyle.
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4.3 I n c o r p o r a t i o n  o f  W i r e l e s s  T e c h n o l o g y

As mentioned previously, the aim o f this project is to develop a fully integrated 

polymeric sensing system to continuously monitoring the movements of the wearer. If 

successful, this type o f information technology will be beneficial in telemedicine 

systems, enabling the early detection o f abnormal conditions and prevention of serious 

consequences [32]. What are required now are medical devices and monitoring 

systems, which the user-friendly, enabling the patient themselves to use them. 

However, they must still refrain from intruding on the patient’s daily activities. 

Personal medical monitoring systems, such as Holter monitors, have been successfully 

used to continuously collect ECG data for off-line processing. However, systems with 

multiple sensors for physical rehabilitation often feature unwieldy wires between 

electrodes and the monitoring system. These wires limit the patient’s activity and level 

o f comfort, therefore negatively influencing the measured results.

Fig. 4.8 Holter monitor, a portable device for monitoring cardiac activity (ECG data) [33].

Initial plantar pressure sensing prototypes developed with PPy-PU foam sensors relied 

upon hard-wiring to either a multimeter or a potentiostat to gather information. While 

these sensing systems have been comfortable to wear, the movements o f the wearer 

have been limited by the presence o f the wires requiring the wearer to remain within 

close proximity o f the data recorder. Thus, information obtained could not reflect the 

“normal activities” o f the wearer. It was desirable, then, that the communication 

element o f the sensing device would also be wearable and mobile, therefore impacting 

less on the physical and social comfort o f the wearer.
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Wireless communication refers to the transfer o f  this information between two points 

without the need for direct hard-wiring. With reference to the integrated polymeric 

sensing device this would mean that the signal could be transmitted from the sensor 

location to a logging and display location, the basestation, without the need for direct 

wiring between the two points. This would greatly increase the mobility o f the sensor, 

which would be beneficial in the development o f a wearable sensing device.
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4 .4  E x p e r im e n t a l

The PPy-PU foam was prepared by repeatedly coating PU foam (PU003, source F.E. 

Ltd) with PPy.NDSA according to the procedure outlined in Chapter 2. Samples of 

approximately 2 x 1 x 1  cm3 were cut from this material and positioned into each insole 

prototype.

4.4.1 Prototype #1: Hard-wired collection of data

5 PPy-coated PU foam samples were cut to dimensions o f 2 x 1 x 1 cm3 and positioned 

into a left insole at the following distinct locations:

•  Around the heel (3)

•  Right-hand side forefoot (1)

•  Left-hand side forefoot (1)

A photo o f the proposed insole prototype is shown in Fig. 4.9.

Fig. 4.9 Photo of the proposed insole prototype showing the locations of each PPy-PU foam sensor.
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Instrumentation

A 16-channel potentiostat, the ELMS potentiostat 16 version 1.00, was sourced from 

Whistonbrook Technologies, England. Each channel consisted o f a unique working, 

and counter electrode. All reference electrodes were common. It was used in 2- 

electrode configuration whereby all the counter electrodes were connected to their 

respective reference electrodes. Data was collected with the ELMS software provided 

by the manufacturers (version 1.00), and recorded directly into Microsoft Excel for 

further manipulation and analysis.

Contact to each o f the foam sensors was achieved by threading a thin wire to either side 

o f the foam sensor. These wires were connected to the multi-channcl potentiostat using 

crocodile clips as shown in Fig. 4.10. The data was recorded at a rate o f 2 Hz for the 

trial.

Fig. 4.10 Photo of insole connected to the 16-channel potentiostat.
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Each subject was instructed to place their left foot on the insole, as shown in Fig. 4.11. 

The subject was instructed to move their weight repeatedly from their toes (forward) to 

their heels (backwards).

Fig. 4.11 Photo of insole connected to the 16-channel potentiostat. Experiments were

carried out without shoes and required the subject to stand onto the insole as shown here.
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4.4.2 Prototype #2: Wireless collection of data

Instrumentation

The wireless test-bed used during experimentation, was constructed by using wireless- 

enabled 8 6 8 Hz Mica Motes. These MicaMotes are 3rd generation mote modules 

developed by Crossbow Technologies for low-power, wireless, sensor networks. A 

sensor board was built for the foam sensor which used a variable resistor to set up a 

voltage divider, as shown in Fig. 4.12. The voltage output from this potential divider 

was then fed into the analogue to digital converter (ADC channel) o f the Mote 

hardware, yielding a value (an ADC value) relative to the voltage o f the battery source, 

in this case 3V. The range for the ADC values was 0-1023. The ADC values were 

recorded for each trial and relayed to the base station for observation and processing. A 

small lightweight Mica2Dot (MPR500), see Fig. 4.14, was used as the wearable sensor 

mote and a MICA2 series (MPR400) mote, see Fig. 4.14 functioned as the base-station. 

The MICA2 module was connected directly to a laptop through the RS232 port and was 

within a 10 m radius (within the same room) o f the transmitting mote at all times. Both 

motes used the low power microcontroller, ATMega 128L and the Chipcon CC1000 

FSK-modulated radio transceiver. Data from the foam sensor was recorded at a 

sampling rate o f 20 FIz and transmitted from the Mica2Dot at a rate of 2Hz.

TinyOS [34] was used on the motes and an Oscope Programme, developed by Intel, was 

used to display and record the data.

Fig. 4.12 Electronic circuit diagram of potential divider on Mote sensor board, including

resistor and foam sensor as a variable resistor.
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Chipcon® CC1000

MtCAmote

Fig. 4.13 Picture of Mica2Dot (MPR500) and Mica2Mote (MPR400) [35],
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Data Analysis

Analysis o f the data from the foam sensor was performed using OriginPro Software 

v7.5 (Silverdale Scientific, UK). It was possible to plot the received ADC values in 

real-time to observed the response of the sensors during movement. However, in order 

to monitor the changing resistance o f the foam sensors (Rfoam)> conversion o f the ADC 

values was required. This was performed using Microsoft Excel, using the equations, 

8.2 - 8.4:

a d c v<** 3V = V 
1024

Eq u a tio n  4.1

Equation 4.1 converted the ADC values into voltage values. These voltage values 

referred to the voltage out (F„,„) as indicated in Fig. 4.12. The Vou, values are related to 

the resistance o f the foam sensor, as in a potential divider system o f two resistors, R and 

R/oam, using the following equation:

D
V  = ___ f— __x V

oul R + R /oam  ln

E q u a tio n  4.2

Vin referred to the input voltage of the system, which in this case would come from the 

coin celled battery, which was 3 V. Thus, by rearranging Equation 4.2, the resistance of

the foam could be calculated using 

Equation 4.3, where Vm„ was calculated from Equation 4.1:

foam y  _ y
in out

E q u a tio n  4.3
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Prototype Setup

The subject was given two insoles with integrated PPy-PU foam sensors located at the 

heel and under the first metatarsal head (forefoot) for both feet. The subject was 

instructed to position these insoles into her own shoe as per a regular cushioned insole. 

The connections to the wireless transmitter module, the mote, were made by attaching 

wiring to the shoe to connect the mote and the foam sensors shown in Fig. 4.14. The 

mote was secured to the shoe. Data was collected by the base-station at a rate o f 20 Hz. 

Fig. 4.15 shows a photo o f a runner with the insole and transmitter module attached.

Fig. 4.14 Picture of Mica2Dot (MPR500) connected to the PPy-PU foam.

Insole

Fig. 4.15 Photo of runner with pressure sensitive insole (PPy-PU foam sensors not visible)

with associated data transmitter, Mote.

Two motes were used during testing, one per shoe. Due to hardware limitations at the 

time o f testing, one mote had one active channel for data gathering, whereas the second 

mote had two active channels to record the information from both PPy-PU foam 

sensors.

173



Exercise Protocol

The subject was instructed to walk or shuffle (move without lifting her feet off the 

ground) a distance o f 4.5 meters repeatedly for one minute. The information from the 

PPy-PU foam sensors was collected by the mote and transmitted at a rate o f 20 Hz to 

the basestation for display and storage purposes.
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4.5.1 The hard-wired gathering of data from multiple PPy-PU foam sensors.

The following graphs show the pressure profiles obtained when a subject walked across 

the pressure-sensitive insole. The data from three o f the five channels (two at the heel 

and one at the fore-foot position) provided information regarding the distribution of 

pressure o f the wearer on the insole. The data from these three channels were 

normalised by the following equation (Equation 4.4):

4.5 R e s u l t s  &  D i s c u s s i o n

Equation 4.4

As can be seen in Fig. 4.16, this insole, into which the PPy-PU foam sensors were 

integrated could identify events o f  pressure occurring at each of the sensors’ locations.

Time (sec)

Fig. 4.16 Normalised current values for three PPy-PU sensors positioned at the forefoot and

the heel.
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When the subject assumed a neutral position, that is the subject stood squarely on the 

floor balancing their weight evenly across both feet, pressure was exerted onto each of 

the three sensors. When the subject balanced their weight onto their toes (pressure 

forward), more pressure was exerted on the forefoot sensor and less onto the heel 

sensors, confirming the correct position was performed. This yielded a patterned 

response shown in Fig. 4.17 (left).
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Fig. 4.17 Normalised responses from three PPy-PU foam sensors for the subject in pressure

forward position (left) and with pressure backwards (right).

Conversely, when the subject balanced their weight onto their heels (pressure 

backwards) the amount o f pressure exerted onto the heels increased, whereas the 

pressure on the fore-foot sensors decreased, again correlating correctly with the position 

required, shown in Fig. 4.17 (right). Thus, by using three PPy-PU foam sensors 

simultaneously, the spatial distribution o f pressure across the insole could be determined 

for two different stance postures.

While it was possible to distinguish between these two events (pressure forwards 

compared to pressure backwards), the combined responses o f the sensors to the neutral 

position was more difficult to determine, as highlighted in Fig. 4.18. These 

inconsistencies maybe due to unbalance of the subject, where their exact position may 

not return to the exact same position. In order to be able to have better decision making 

capabilities, more channels o f information would need to be integrated into the insole 

prototype.
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■ Forefoot

Neutral Neutral
Position

Fig. 4.18 Normalised responses from PPy-PU sensors to neutral position.

Quantitative information would require further optimisation and calibration of the 

response o f the PPy-PU foam sensors, e.g. to reduce or characterise the mechanical 

hysteresis of the materials [30] which would enable the application o f algorithms to 

automatically identify the posture o f  the subject.
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4.5.2 The wireless gathering of data from multiple PPy-PU foam sensors

The data from both motes were recorded simultaneously in real-time, as shown in Fig.

4.19. The Mica2Dot mote recorded the voltage difference across the load resistor, 

gathering 10 readings per 0.5 seconds as a number o f  analogue to digital converter 

(ADC) units and transmitted to the logging basestation. Thus the response recorded by 

the basestation was equal to the number o f ADC units transmitted by the Mica2Motes.
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Fig. 4.19 Real data plot from four PPy-PU foam sensors as recorded by the MICA2 at a rate

of 20 Hz.

In order to determine parameters such as phase change and count the number of steps 

performed, the data was decoupled and analysed separately before comparison between 

sensors were performed. It was through these comparisons, (two sensors on one foot or 

one sensor on each foot) that parameters such as phase shift and cadence could be 

determined.
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Comparison o f  two sensors on one fo o t  

Walking

As mentioned previously, walking is comprised o f a number o f movements o f  the body. 

By positioning a PPy-PU foam sensor beneath the heel and the large metatarsal, see Fig.

4.20, the pressure bearing events o f the heel strike and the toe push off should be 

detectable.

Fig. 4.20 Schematic of PPy-PU foam sensors located on the right foot.

During walking, a time lapse naturally occurs between the heel strike and the toe push- 

off, indicating the rolling action o f the foot during walking. Thus, if  positioned 

correctly, a time delay should occur between the peak pressure for the heel sensor and 

the peak pressure for the toe sensor. The data from these two sensors were gathered in 

real-time and normalised using Equation 4.4 to maximise the responses from each 

sensor. The resulting graph, the normalised responses from two PPy-PU sensors in a 

single insole, is shown in Fig. 4.21. In this graph, it can be seen that a footstep began 

with an increase o f pressure on the heel sensor, e.g. after 144 seconds. This pressure 

event corresponded to the heel strike o f the subject. After 144.2 seconds, the values 

from this sensor decreased indicating that the pressure moved away from the heel, as 

would occur during the rolling action o f the foot during walking. As the pressure 

decreased at the heel location to a minimum, the values recorded by the toe sensor 

increased, indicating greater pressure at this location. The maximum pressure recorded 

by the toe sensor, as would be experienced during toe push-off, occurred in this 

incidence at 144.8 seconds. Thus, pressure was transferred from the heel to the toe in

0.6 seconds. This time delay is important as it corresponded to the phase shift for this 

subject’s right foot. It is also important to note the overlap o f maximum pressure for the
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toe sensor and minimum pressure for the heel sensor, e.g. at 144.8 seconds. This would 

indicate that at the time maximum toe pressure (toe push-off) there was a minimum 

amount of pressure was place on the heel as would occur during heel-lift. These two 

responses together, thus, can be used to describe the stance phase of walking. At 145 

seconds, it can be seen that the readings for both sensors are at a minimum, indicating 

minimum pressure at both of these locations. This is because at this point the foot was 

off the ground as would occur during the swing stage o f walking. The weight o f the 

subject at this time was placed on the other foot, while the leg was swung forward in the 

direction o f movement, until the next heel strike at 145.45 seconds. The average phase 

shift for this subject was 0.56 seconds (%RSD = 7.04%, n=9). Thus, the outline of a 

foot-step could be identified using these two PPy-PU foam sensors. The time for stance 

phase o f the right foot was measured to be 1.22 seconds (%RSD = 6.50%, n=9) 

indicating that the right foot makes contact with the ground 49 times per minute.

The patterned response from the two sensors is unique for a foot-step and is different 

from the response obtained for a turning action o f the subject, e.g. at 148.9 seconds. At 

this point, high pressure is recorded simultaneously by the heel and the toe sensors. 

This corresponded to the dual-stance period as the subject reached a stationary stance 

momentarily, while turning.

Time (sec)

Fig. 4.21 Normalised response for two PPy-PU foam sensors located at the heel (RT Heel

Sensor) and the large metatarsal head (RT Toe Sensor).
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Shuffling

Shuffling is a form o f sliding movement whereby both feet are in constant contact with 

the ground and there is minimal leg-lift. As a result, there is very little or no rolling 

action o f the foot during walking. Shuffling is not an optimal method o f moving, 

however people develop this gait profile as a result of neurological conditions such as 

Parkinson’s disease. In Fig. 4.22, the data recorded for the heel (red) and forefoot 

(blue) sensor are graphed. The peaks shown in this graph represent pressure events for 

both locations. It can be seen that they occur almost simultaneously (0.2 seconds 

%RSD = 47.05, n=12) indicating that pressure was being applied at these two locations 

at the same time. The absence of a phase shift signifies the absence of the rolling action 

o f the foot, which occurs during normal walking motion.

—<—  RT Heel Sensor

Time (sec)

Fig. 4.22 Response of two PPy-PU foam sensors located at the heel and the large metatarsal

head.

Clearly it is possible to distinguish actions such as walking (Fig. 4.21) from shuffling 

(Fig. 4.22). It is more difficult to distinguish shuffling from e.g. turning, however 

augmentation o f the information, e.g. location or GPS positioning, enables this to be 

achieved. The responses of these two sensors show the fast response time o f the sensors 

and their ability to detect pressure events. The responses are reproducible. The result 

o f this is that additional information, such as type o f movement and phase shift can be 

gathered as well as the number o f steps performed.
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Comparison o f  three sensors, two on one fo o t and one on the other fo o t 

Walking

As mentioned previously, there is a time difference between the heel strike of the foot 

and the toe push off, which are indicative of the rolling action o f the foot. This 

information was gathered using two sensors positioned to the front and back o f the foot. 

However, additional information such as cadence (step frequency), stride length and 

step time could be obtained when both feet are monitored comparatively. For this 

comparison, data was recorded by three PPy-PU foam sensors located at the heel and 

toe of the right foot and the toe of the left foot. These locations are displayed in Fig. 

4.23. The colours for each location correspond to the colours o f the data-traces obtained 

using these sensors in the following graphs, Fig. 4.24 - Fig. 4.25.

•  •

Fig. 4.23 Schematic of PPy-PU foam sensor locations for both feet. The sensor on the left

forefoot (black) and left heel (green) could be compared with the sensor on the right forefoot (blue) 

and the right heel (red).

A section o f the data recorded by the four foam sensors is shown in Fig. 4.24 and Fig. 

4.25. Again, the initiation of pressure at the heel and transfer to the front of the foot can 

be observed by following the red trace and then the blue trace between 513.4 and 515 

seconds. After 515 seconds there is no plantar pressure acting on the right foot sensors 

as the right foot is lifted off the ground during the swing phase. At this point the weight 

o f the subject is on the left foot as indicated by the peak pressures for the left heel and 

toe sensors between 514.65 and 516.3 seconds. The pressure, then, drops off the left 

foot as the weight o f the subject is transferred back to the right foot. This repetitive 

transference o f pressure is observed between 510 and 520 seconds. It can be seen that 

the toe push-off occurred immediately before the heel strike of the opposite foot, 

showing the transference of pressure from one foot back to the other.
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The step time was determined to be the time difference between the peak pressures for 

the heel strike for the right foot. For this experiment this time was calculated to be 2.36 

seconds (%RSD = 11.58, n=7) or a cadence o f 25.45 steps per minute. I f  the distance to 

be covered is known and the number o f steps taken to cover the length, then further 

parameters maybe calculated. In this case the distance was 6  m and it took 8 steps to 

cover this distance. This would equate to a stride length of 0.75 m, and a walking speed 

o f 1.15 km/hour.

- o -  Left Heel Time (sec)
Left Toe

Fig. 4.24 Normalised response all four PPy-PU foam sensors located at the heel and forefoot

(large metatarsal head) for both feet.
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Fig. 4.25 Normalised response from four PPy-PU foam sensors as in Fig. 4.24.
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Shuffling

Again, the profile for shuffling, shown in Fig. 4.26, is very different from that for 

walking (Fig. 4.24). Fig. 4.26 showed that the frequency o f peaks pressures or foot 

steps was much greater for shuffling than was observed during walking. Also observed 

was the concurrence o f peak pressures for heel and toe sensors, shown also in Fig. 4.27, 

for both feet. This indicated the absence of the foot rolling during the movement. This 

would imply that the weight was distributed evenly on the ground between the heel and 

toe, that is that the foot landed flat on the ground and was lifted in a similar fashion. As 

mentioned previously, the purpose of the foot rolling action is to facilitate leg and hip 

rotation which are characteristic of walking enabling the subject to move comfortably. 

Absence o f these actions may indicate injury possibly at the foot or at the associated 

locations o f the leg or hip. The step time was calculated to be 1.31 seconds (%RSD =

11.56, n = 10), which is equivalent to approximately 46 steps per minute, which is 

greater than that calculated for walking. The number of steps performed to cover the set 

distance o f 6  m was 18 steps. Therefore, the stride length and speed o f the subject while 

shuffling was 0.333 m and 0.90 km/hour respectively, which is much slower than the 

speed calculated for walking at 1.15 km/hour. The increased number o f steps and the 

slower overall speed o f movement are characteristic of shuffling, where the lack o f leg- 

swing and leg-lift necessitate the need to perform more steps to reach their destination.
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Fig. 4.27 Normalised response, as in Fig. 4.26, for shuffling action.
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4.5.3 Issues with the wireless system

The use o f wireless transmitters and base-station enhanced the mobility o f the subject to 

perform the desired exercise protocol. However, the use o f such equipment raises 

questions regarding power consumption and longevity o f the prototype. In order to 

address these questions, two aspects must be examined in regard to both wearability and 

optimum performance o f electronic components.

These are:

1. The performance o f the power source

2. The power consumption o f sensing device.

The performance o f the power source in any given application, is inherently dependent 

on the output voltage o f the power source and the capacity o f charge it can deliver to the 

sensing device to enable operation. In terms o f wearability, the smaller the size of the 

power source, the better its integration compatibility. Thus, a button battery such as 

lithium coin batteries (Fig. 4.28) would be desirable. However, these types of power 

sources, which have a current capacity o f 220 mAh, are designed for applications which 

require low quiescent currents (>1 mA) with short pulses o f up to a few hundred |iA on 

demand, e.g. as power sources for calculators, and watches. However, during operation 

o f the Mica2Dot motes, currents greater than this threshold are required for sampling 

and transmission o f data [35, 36]. Thus, the power sources are not being used under its 

optimum operation conditions. If these conditions are prolonged then the current 

capacity o f the power source is significantly curtailed. I f  the power source is limited by 

its wearability (size), then the power consumption o f the sensing device must be 

arranged to maximise the use o f this power source.

Fig. 4.28 Photo of three Li-Mn batteries commercially available [37].
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The power consumption o f the sensing device is primarily dependent on three aspects, 

the power consumption for the ATM128L microchip, which includes the ADC 

channels, the power consumption for the radio transmitter, and the power consumption 

for the sensor board, in this case the potential divider.

According to Cross-bow, [35], the operating current for the ATM128L microchip in 

active mode was 6  m A and for the radio transmitter , operating at 8 6 8 MHz at a 

minimum power output of -20 dBm was 8 .6  mA. Thus, before the inclusion of the 

sensor board the current required for operation o f the Mica2Dot mote was 14.6 mA, 

which is above the optimum 1 mA for the Li-Mn battery. It is possible to conserve 

power by reducing the sampling and transmission rates, however in the area of 

biomechanical monitoring, sampling rates must be at least 18 Hz to record human 

activity [38], Therefore, a compromise must be reached, between the resolution of data 

recorded and transmitted, and the overall current consumption o f the sensing device.

The current consumption by the potential divider was calculated by rearranging Ohm’s

law: Tn I n  j
\  resisto r f o a m }

Equation 4.5

The resistance o f the resistors used in the potential dividers were 330ki2 and the range 

o f resistance o f the foam was 40-300kQ. This is equivalent to a current consumption of 

5-8 (iA. This value is negligible compared to the current consumption for the microchip 

and radio transceiver. Thus, the total current consumption o f the sensing device is 14.6 

mA. For a 220 mAh capactive battery this equates to 15 hours o f continuous usage. 

This figure, however is only an estimation o f the maximum longevity o f the sensing 

device, and it assumed optimum operating conditions for the battery. In reality for 

exercise programs o f approximately 30 minutes, the batteries are useful for 

approximately 9 hours, provided that the devices are disconnected when not in use. 

Thus, the wireless protocol is useful in the short-term monitoring o f biomechanical 

activity.
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However, problems o f balancing current consumption, sampling and transmission rates 

with the wearability o f the power source do exist, but will require further investigations 

in terms of hardware and software management.

4.6  C o n c l u s io n

To conclude, five PPy-PU foam sensors were integrated into a single insole in order to 

obtain a pressure profile that would occur underfoot during ambulatory activities. Data 

was successfully obtained from three o f these sensors. These results showed different 

profiles or patterned responses for different stance postures for the left foot. Thus, this 

prototype demonstrates the principle o f  integrating multiple soft pressure sensitive 

sensors into a wearable device for the gathering of spatially distributed information. 

This gathering o f information from multiple sensor locations enables a pressure-profile 

for the entire area to be generated. Clearly these results demonstrate the feasibility of 

being used to monitor deteriorating gait for rehabilitation purposes in chronic 

progressive diseases or as a training technologies for athletes. The tracking of pressure 

events at certain locations on the foot can, for example, provide an impartial means for 

determining whether the two feet (opposite heel and toe) o f the athlete were on the 

ground at the same time, an obligation in fast walking [31]. At present this is judged by 

external adjudicators who must watch the feet o f the athletes without interfering with 

the progress of the athlete. This method is prone to personal interpretation so an 

impartial means such as the one provided by the pressure sensitive insole would prove 

invaluable to competitors and umpires alike.

The first prototype, however, was limited by virtue o f the measuring protocol used in 

this experiment. Hard wiring limited the range o f mobility o f the prototype, preventing 

the wearer from performing routine daily activities. Thus, a different measuring 

protocol, such as the incorporation o f wireless technology was required in further 

prototypes, such as prototype #2 .

The use o f the three PPy-PU foam sensors, integrated into an insole design of prototype 

#2, could be used to identify the gait o f a subject, be it walking or shuffling. Parameters 

such as cadence and phase shift between heel and toe pressure could be determined 

from the sensor profiles recorded. The use o f wireless transmitters and base-station

189



enhanced the mobility o f the subject to perform the desired exercise protocol. The 

forces exerted by the foot against the ground are o f major interest within the area of 

biomechanics and the availability o f a wearable, wireless platform allows this 

assessment in a realistic setting. The sensing technique is a low-cost approach to 

wearable computing. While problems relating to the compatibility o f the power source 

to the power requirements o f  the sensing device do exist, the main benefit of this 

approach is that it takes physiological measurements out o f  the clinical selling and into a 

more realistic lifestyle o f the wearer.
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5.1  I n t r o d u c t io n

In the previous chapter, the compressible PPy-PU foam was used to develop a prototype 

for monitoring plantar pressure events and pressure distribution underfoot during 

walking. In the applications presented within this chapter, the compressibility o f the 

PPy-PU foam was again used to characterise a body movement, however in this chapter 

the sensors will be utilised to record information regarding breathing rates and limb, in 

particular, torso movement.

Many ubiquitous and wearable computing applications rely on the availability of 

context information regarding the physical state o f the wearer. Indeed the availability of 

such information has the potential to greatly reduce the cognitive load imposed on the 

user and can usefully inform the operation o f an ambient system. Unfortunately, many 

o f the existing sensing technologies used to obtain this kind o f data require the user to 

sacrifice comfort or social normalcy. Very often, for example, the user must wear 

constrictive apparatuses to maintain consistent sensor positioning, adhesion of sensors 

to the skin, or endure the discomfort o f bulky, solid, protruding sensor structures. 

However, information related to the wearer’s context can often be acquired by 

monitoring the physical state o f the wearer indirectly -  including physiological signals, 

movements, and body state -  by integrating the appropriate sensors into a garment and 

deducing body actions from garment reactions [1-3].

This chapter is focused on evaluating and understanding the potential o f the PPy-PU 

foam sensors for gathering context information in a minimally obtrusive manner: 

instead o f monitoring changes in limb position or body length or circumference 

measures, information was gathered from the pre-existing dynamic physical forces that 

operate between the wearer’s body and a garment during body movements. In the 

studies presented herein, the soft, washable, pliable PPy-PU pressure sensor was used to 

monitor dynamic pressure data from a subject. Importantly, this sensor technology can 

be readily embedded into a “normal” garment, retaining the structural and tactile 

properties o f a textile structure, while at the same time, gathering data from changes in 

the wearer’s state, which arise out of everyday movements.

195



5.1.1 Wearable sensors

As mentioned previously, (Chapter 1) in recent years the number o f applications for 

wearable technologies has grown considerably [4], Often these applications focus on 

the sensing o f the human body, monitoring one or sometimes multiple parameters to 

describe various body functions, either to the user themselves or perhaps to a specialist 

who has remote access to the devices’ information bank. At present many o f the 

medical devices used for sensing and monitoring of the human body are invasive (the 

best sample for diagnostic testing is often blood), uncomfortable to wear or require 

clinical infrastructure for operation. This is often dictated by the level of precision and 

quality o f  signal required for medical analysis, as this can directly influence the clinical 

outcome o f patient.

While the use o f wearable sensors for monitoring critical health indicators is a very 

active area o f research, the area o f non-critical continuous monitoring is the focus of 

rapidly increasing research interest. These situations may include, for example, 

continuous gait analysis, heart rate monitoring or continuous measuring o f breathing 

rates. Essentially the key-advantage these wearable sensor technologies can offer the 

user is device convenience; i.e. the devices or sensors integrate into the personal space 

o f the user and do not interfere with their daily activities. The form that the sensors 

adopt is application dependant, but at all times it must not sacrifice the users’ physical 

or social comfort. Communication between sensors and retrieval of information is 

another important consideration in wearable technology. A wired system obviously 

incurs maintenance and will limit the freedom of the wearer, therefore hampering the 

retrieval o f a true reflection o f the wearer’s activity. The primary objective for research 

in this area is to combine functionality (i.e. ability to sense a useful parameter) with ease 

o f integration into clothing, and comfort for the wearer. However, often the use o f a 

comfortable sensor compromises the quality of signal detectable from the device. The 

issue is to determine whether the wearability o f the sensor renders the signal unusable 

or whether there is a potential use for such a device?

One o f the most compelling needs for wearable technology is in the continuous 

monitoring o f the human body, be that for medical monitoring or to inform the
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operation of a context -aware computerized application. While technologies that have 

already been made wearable (such as music players or telephones) function nearly as 

well (or sometimes better) in a portable or carried, non-wearable design, almost all 

continuous body-sensing technologies must be worn to be effective. Sensing in the 

wearable environment is crucial for many applications, but often existing sensor 

technologies pose significant wearability problems when integrated into the user’s peri- 

personal space. However, because o f their ubiquitous, constant-wear nature, body 

sensors must prioritize the effects of the technology on the user’s physical and social 

comfort. Traditional sensing technologies applied to the wearable environment are 

rarely designed for continuous, on-body use: those that require skin contact are 

generally designed to be used in a hospital or doctor’s office, and those that do not, e.g. 

using dry contact electrodes, are generally designed for use in stationary devices. The 

durability o f existing sensors often relies on them being robust and sturdy, e.g. a stiff 

material that can withstand mechanical stress. However, this idea of durability is not 

suitable for the wearable environment where a solid stiff device would cause 

discomfort. Thus, it is necessary to develop durable “soft sensors” if  they are to be 

successfully used in wearable applications.

The research presented in this chapter investigates the ability o f  the modified foam 

sensor to be used in a continuous body-monitoring application and discusses its 

potential for developing an on-body monitoring sensor system.

5.1.2 Sensing body m ovem ent and jo in t angle

Sensing o f large-scale body movements is useful in many applications: for sports, 

medicine, device interface, and context awareness, to name a few. As such, it is a 

heavily-researched area. Previous approaches to wearable monitoring of body 

movements have been made using traditional technologies, including accelerometers [5, 

6 ], gyroscopes [6 ], strain gauges [7-9], piezoelectric materials [10-12], fiber-optics [13, 

14], and pressure sensors [15, 16], O f these, textile -integration has been achieved in 

the cases o f piezoresistive elements, strain gauges, and pressure sensors. However, most 

prior research into jo in t movements has relied on sensors either strapped to the body [5,

17, 18] adhered to the skin, or integrated into a skin-tight garment [7]. This approach
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can provide a precise measure o f the movement of the body itself, but as previously 

mentioned it imposes on the user some degree of adaptation to accommodate the device. 

This adaptation can take the form of physical discomfort (using a bulky, constrictive, or 

adhesive device), inconvenience (wearing an extra layer o f clothing, donning a body- 

mounted device), or social discomfort (wearing a visually abnormal adornment that 

creates bulky discontinuity or deviates from the user’s aesthetic norm).

Textile-based sensors (smart textiles) offer a solution for discomfort by retaining the 

characteristics o f the textile, i.e. comfort and wearability, while performing as a sensor 

and providing information to the user. The characteristics o f a textile-based sensor are 

flexibility, surface area, washability, stretch and texture. However, they must also 

include the properties required for electronic devices including durability, low power 

consumption, and ease of connection into a circuit. Unfortunately not all traditional 

sensor materials are suitable for integration into textiles. For example metallic 

components, designed to function in rigid environments do not make for comfortable 

garments and will soon break in such a high-flex environment. So the problem remains 

as to how to connect fabrics into electronic circuits.

Textiles coated with conducting electroactive polymers offer a potential solution to this 

problem, by making the fabrics themselves electroactive, without compromising the 

qualities o f the fabrics. Indeed PPy-coated textiles have been used in previous wearable 

sensing applications [19-21], These applications generally employed knitted textiles, 

where the m aterial’s ability to sense stretch and strain was due to increased conductivity 

through the material. Thus the material itself is the sensor.

It has already been shown within this thesis, that textile-like structures, such as PPy- 

coated PU foams, are capable o f sensing changes in planar or perpendicular pressure. 

Mechanical testing o f the material showed that the effect o f a weight or force being 

applied to the PPy-PU foam resulted in the compression and shortening the overall 

length o f the foam which yielded a proportional decrease in the electrical resistance 

measured across the foam in a linear fashion. Results from tests carried out using the 

Instron™ tensile testing instrument, have showed that the stress-strain profile of the 

uncoated PU foam sample and that o f the PPy-coated PU foams sample were similar 

showing regions o f elastic and inelastic responses to force. Hysteresis effects were

198



observed during the tensile testing o f the foam. These effects were observed for the 

coated and uncoated samples, thus these were believed to originate from the PU 

substrate. The effect of the PPy coating was to make the entire foam conducting without 

compromising the soft, compressible mechanical properties o f the foam substrate.

In this chapter, the performance of the modified foam based sensors for on-body 

sensing is examined. The sensing element is integrated into generic, “normal” torso 

garments: a long-sleeved woman’s t-shirt, and a close fitting t-shirt. The sensors in 

these shirts obtain data about the wearer indirectly; instead of attempting to merge 

device and body through close contact and firm attachment, the sensors record the 

physical forces that act on the garment as the wearer moves. By modeling the reactions 

o f the garment, the actions o f the body can be deduced. One prior study has used this 

technique of garment- (vs. body-) modeling, [5], but from this study no evaluation was 

published o f the garment’s ability to monitor movements. Similar work has also been 

conducted using a lower-body garment to detect movement patterns [ 1 0 ], but this work 

used piezoelectric films in place of CEP sensors.

5.1.3 Respiration Rates

The respiration rate is the number of breaths a person takes per minute (BPM). This 

parameter can be monitored in a non-invasive manner, and can be linked to a number of 

physiological responses such as activity rate, stress, emotional activity or indeed 

medical conditions such as sleep apnoea [22], Respiratory rates of 15-20 BPM are 

representative o f resting breathing frequency in an adult population free from 

respiratory disease. Conventionally respiratory rates are measured using a 

pneumotachograph (Fig. 5.1), which is a clinical apparatus which is used to record the 

rate o f airflow to and from the lung. The advantage o f this type o f sensor is that it can 

yield detailed information on volume and direction o f breath, but it does require a head- 

mounted breathing tube to be worn. Other devices such as a plethysmograph can also 

be used to record breathing rates by measuring volume changes around the chest to 

determine lung capacity. However, though sophisticated, these devices require hard­

wired interconnections to external equipment and cannot be used outside a specialized 

clinical environment.
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Fig. 5.1 Photograph of a commercially available pneumotachograph from medi soft (left) and a 

schematic of how the device is used (right) [23].

Thus, a device which a user can comfortably wear while providing information about 

their breathing rates on a continuous basis would be useful.

5 .2  B a c k g r o u n d  S tu d y

Once it had been established that the PPy-PU foam sensor could respond repeatedly to 

compressive actions, a simple breathing harness was designed. In this prototype, the 

PPy-coated PU foam was incorporated into a harness to wrap around the thoracic cavity 

as in Fig. 5.2 .

Fig. 5.2 Photo of breathing harness and multimeter as monitoring device.

200



The expansion and contraction of the lungs during breathing causes the ribcage is move 

accordingly. This movement o f the ribcage during breathing would then exert pressure 

on the conducting foam causing an increase in conductivity o f the material. Fig. 5.3 

shows a real time trace which illustrates the repeated movement o f the ribcage of the 

subject during breathing. Initially a deep breathing pattern was observed from a 

standing posture that showed high amplitude and slow rate. When the subject changed 

to a sitting down posture and breathed normally a decrease in the amplitude o f the 

signal with an increase in breathing rate was observed. When the subject resumed the 

deep breathing exercise the amplitude of the responses increased and the rate slowed 

down. This simple experiment illustrated that the breathing device was able to trace the 

rate and amplitude o f breathing. Therefore, it has the potential, with optimised sensor 

design to be incorporated into wearable garment.

200 300 400 500 600

Time (sec)
Fig. 5.3 Real time trace of PPy coated PU foam as pressure sensor to monitor ribcage movement 

while breathing [24],

However, limitations to the prototype design did exist, both in function and means of 

extracting information. Thus, further studies were carried out to assess the performance 

o f a breathing monitoring using the PPy-PU foam sensor. What follows are the findings

o f these subsequent studies
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5 .3  E x p e r im e n t a l

Torso Garment

The test garment presented here as prototype #1 contained PPy-PU foam sensors in six 

locations: the top outer edge of each shoulder, the back o f the neck, the superior 

protrusion o f each scapula, and the right side rib cage under the bust (Fig. 5.4). The 

sensor positions were chosen to test the foam response to different physiological 

actions. These included breathing, shoulder movement, neck movement, and the effect 

o f assuming a supine or a seated position on the amount o f pressure exerted on the 

shoulder-blade.

The PPy-PU foam was prepared, as mentioned previously in Chapter 2, by repeatedly 

coating PU foam (PU003, source F.E. Ltd.) with PPy.NDSA. Samples of 

approximately 3 cm x 5 cm x 1.5 cm3 were cut from this material and placed at a 

number o f points in a custom designed garment designed by Lucy Dunne, UCD, see 

Fig. 5.4

Shoulder Motion Sensors

5.3.1 Prototype #3: Hard-wired module for collection of data
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The test garment was a sleeveless, collared shirt, closely fitted and non-extensile. The 

outer garment layer was a 1 0 0 % polyester satin weave, and the inner layer was a 1 0 0 % 

acrylic satin weave. The collar was 80% nylon, 20% elastine jersey knit. The structure 

of the garment was crucial to the quality o f data obtained, as its textile composition, 

design, and fit moderated the amount o f force present between the body and the sensors. 

In this study, the prototype garment was fitted to one test subject, to eliminate inter­

subject anthropometric variation.

Sensors were sewn between the two garment layers, allowing them to be easily removed 

and interchanged. In each test, two wire leads were attached to the foam sensors and to 

a constant current digital multi-meter, as described earlier in Chapter 2, section 2.3.2. 

Data was collected at a rate o f 3 points per second. The finished prototype garment is 

shown in Fig. 5.5.

Fig. 5.5 Prototype pressure-sensitive torso garment.
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Biomimetic Actions 

Breathing

The breathing sensor was attached on the subject’s left-side rib cage, under the bust. 

The sensor measured 2.75 x 1.5 x 0.5 cm3. Data was gathered with the subject standing, 

and the subject was instructed to breathe deeply for a period o f approximately one 

minute.

Shoulder Movement

Two shoulder movement sensors were attached at the outer edge o f the garment at the 

apex o f each shoulder (above the subject’s axilla). The sensors measured 1.5 x 2.0 x 0.5 

cm3. Data was gathered with the subject seated, and the subject was instructed to raise 

one shoulder repeatedly to its maximum height.

Neck Movement

The neck motion sensor was attached vertically along the subject’s spine, at the back of 

the neck extending from 4 cm below the top o f the collar (approximately 2nd vertebra) to 

2.5 cm below the neckline o f the garment (approximately 4th vertebra). The sensor 

measured 1.5 x 5.5 x 0.5 cm3. Data was gathered with the subject seated, and the subject 

was instructed to perform four full neck extensions (backwards movement) and three 

full neck flexions (forward movement).

Shoulder Blade Pressure

Two pressure pads were attached, one over the superior edge o f each scapula. The 

sensors measured 8  x 4 x 0.5 cm3. Data was collected with the subject alternately 

supine and seated, on a hard surface.

Supine Position Seated Position
Fig. 5.6 Photo of subject wearing limb monitoring prototype, performing the supine and seated 

positions for should blade pressure analysis.
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The function of each sensor was to monitor pressure changes associated with body 

movement listed as above. For example, breathing can be monitored by placing a PPy- 

PU foam sensor near the thoracic cavity and observing the changes in resistance due to 

the pressure changes caused by the expansion and relaxation o f the rib-cage or a 

shrugging movement can be monitored by examining changes in a sensor placed on top 

o f the shoulder.

Local Feedback Mechanism

The change in compression o f the foam can be monitored by using a simple potential 

divider circuit as shown in Fig. 5.7, where the change in resistance of the foam varied 

the amount of power going to the LED (light-emitting diode) lighting. When the PPy- 

PU foam was compressed the resistance across it dropped allowing more power to get 

to the LED which resulted in the LED being illuminated and not when the PPy-PU foam 

was relaxed. A photo o f the finished prototype is shown in Fig. 5.8. This is a 

qualitative measure, very useful for simple local feedback to the wearer. Similar 

feedback mechanisms can include buzzers or actuators to provide sensory feedback 

regarding an event to the wearer.

V,= 3V

Fig. 5.7 Electronic circuit for PPy-PU foam sensor with LED output. Rs represents a variable 

resistor, while Ri represents the PPy-PU foam sensor. Power for this circuit is provided by a 3V 

coin battery.
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Fig. 5.8 Photos of LED circuitry which was connected to the foam.

Hard-wired logging o f data

In order to obtain a more quantitative study o f the PPy-coated PU foam, the it was 

comiected to a constant current multimeter, as described previously in Chapter 2, 

section 2.3.2. The data was collected using the associated software, HP version 1.1 at a 

rate o f  3 Hz.
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5.3.2 Prototype #4: Inclusion of the wireless module and validation of breathing 

monitoring device

Breathing Prototype Garment Development

In previous chapters, the PPy-coated PU foam was shown to identify pressure events by 

a change in its measured resistance. This response has been used to develop a number 

of prototypes for bio-monitoring, where soft sensors are required. The breathing 

monitor was one such prototype. As could be seen in previous studies (Fig. 5.13), the 

repeated movement o f the ribcage during breathing, could be traced using a PPy-PU 

foam sensor. The inhalation, whereby the lungs are filled, exerted pressure onto the 

PPy-PU foam. On exhalation, the lungs emptied and the PPy-PU foam sensor could 

relax. This resulted in an expected series o f peaks and troughs for the PPy-PU foam 

sensor, corresponding to the cyclic movement o f the ribcage during breathing. In 

comparison with, for example, the shoulder movements, whereby the movements can be 

unpredictable, breathing is relatively slow, it is periodic and it must happen.

Limitations of the previous breathing monitor were identified, the two most important 

being:

• the limit of mobility o f the wearer due to the data gathering technique employed

• the validity o f the data gathered from the monitoring system.

For these reasons the breathing monitor was upgraded to include a wireless transmission 

module to avoid situations such as those shown in Fig. 5.2 and Fig. 5.6, where the 

hard-wiring used to retrieve the signal from the PPy-PU foam sensors required the 

subject to remain within close proximity to the measuring device.

As mentioned previously many medical devices used to monitor physical functions are 

highly sophisticated, often requiring specialised training and clinical infrastructure. 

This is often dictated by the level o f precision and quality of signal required for medical 

analysis, as this can directly influence the clinical outcome o f patient. Thus, these 

clinical apparatuses are often the gold-standards for monitoring bodily functions. In 

order to validate the responses detected by the PPy-PU foam sensor, a simultaneous 

study was carried out using the prototype and a metabolic system to monitor the
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breathing rates of a group o f subjects. The results were then compared to observe 

whether any significant difference occurred between the two datasets.

Stationary Breathing Programme

A 20 minute breathing programme was performed with 10 randomly chosen subjects, 

aged 23 + 3 years. The programme was broken into 5 one-minute stages o f different 

breathing patterns. To initiate the test subjects inhaled deeply and held their breath for 

10 seconds before exhaling. Subjects then proceeded to breathe normally for 1 minute. 

They were then instructed to breath at a paccd rate of 10 breaths per minute signalled by 

the Respiratory Rate (RR) value on the metabolic system’s display for 1 minute. Stage 

three required the subjects to breathe deeply for 1  minute, while stage four required 

them to breathe at a rate corresponding to approximately 40 breaths per minute as 

indicated by RR for 1 minute. Finally for stage five, the subjects were instructed to take 

shallow inspirations with minimal displacement o f the chest for 1  minute.

Metabolic System Equipment

For all tests, the subject was required to wear the prototype garment and a standard 

clinical metabolic monitor, a Vmax (229 Metabolic System, SensorMedics). All 

subjects were required to wear a nose clip, mouthpiece and supporting head brace (Fig. 

5.9) in compliance with the Vmax for the standard measurements o f breathing, which 

was recorded directly to PC. The sensor in the Vmax registered the starting time of 

each inhalation. This was used as a marker for each breath. These breaths were 

counted manually per stage.
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Fig. 5.9 Photo of nose clip, headgear support and mouth-piece for Vmax metabolic system.

Wearable Breathing Prototype

The prototype garment used in this study consisted o f a Lycra-based t-shirt, into which 

the foam-based PPy sensor was integrated. The foam-based PPy sensor was sewn into a 

pocket on the t-shirt test garment and two wire leads were attached to the sensor. The 

voltage across the sensor was measured using a standard resistor bridge setup. The 

finished prototype is shown in Fig. 5.10. A non-extensile gross-grain ribbon strap was 

fastened around the rib cage o f the subject, to secure a wireless mote and also maximise 

the response from the sensor. Retrieval o f information from the foam sensors was 

facilitated by the use o f a Crossbow Mica2Dot wireless mote platform through which 

the signal from the sensor were transmitted at a rate of 20 Hz to the base-station for 

logging and display purposes.
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During respiration compression of the foam sensor resulted in an increase in 

conductivity through the sensor which was displayed as a peak, thus each peak was 

representative o f a breath. Analysis o f the data from the foam sensor was performed 

using OriginPro Software v7.5 (Silverdale Scientific, UK) to pick out and count the 

peaks recorded by the sensor. Comparison of the values was then perfoimed to assess 

whether any statistical difference existed between the two data sets.

Fig. 5.10 Sketch of Lycra-based t-shirt into which the PPy-PU foam was positioned. The

Mica-mote was attached to the shirt.

Wireless Transfer o f data

LaptopPrototype
Sensing
Device

(here breathing 
frequency 
measuring t-shirt)

Connection 
via RS232 
comport AAA/

Basestation

Fig. 5.11 Cartoon depicting the transfer of information from the integrated sensing device,

here a t-shirt which measures breathing frequency, to a basestation connected to a laptop for 

logging and display purposes.
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Exercise programme

An exercise programme was devised to establish what effects movement caused by 

exercise would have on the performance o f the PPy-PU foam breathing monitor. The 

subject was required to wear the peripheral devices for the metabolic system and the 

prototype breathing monitor as for the stationary programme. The exercise programme 

required the subject to cycle continuously for 9 minutes; 3 minutes at intensity rates of 

75, 150 & 225 Watts. These intensities were determined by the controls on the exercise 

bicycle used during the exercise trial.

Exercise

Fig. 5.12 Photo of subject wearing this prototype in addition to the apparatus required by

the Vmax metabolic system.

229 machine

gging Laptop

/ Base Station
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5 .4  R e s u l t s  «fe d is c u s s io n

5.4.1 Monitoring of different body movements using PPy-PU foam sensors: 

Prototype #3

All graphs obtained using this sensing system (Fig. 5.13 - Fig. 5.16) showed a clear 

change in the resistance corresponding to the pressure exerted onto the PPy-PU foam. 

The occurrence o f these pressure events can then be correlated to the movements of the 

wearer to provide feedback or confirmation of their actions.

Breathing

The following graph, Fig. 5.13, shows the real-time resistance profile for the breathing 

sensor, located at the rib-cage.
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Fig. 5.13 Resistance response of PPy-PU foam sensor to deep breathing.

As can be seen in this graph a series of maximum and minimum resistance values were 

recorded that appear in a repeated fashion over the course o f the experiment. This 

cyclic response corresponded to the expected pattern for breathing since during 

breathing the inhalation and exhalation o f air into and out o f the lungs would cause 

pressure to be continuously exerted and then released from the PPy-PU foam. Thus,
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when the subject inhaled the ribcage expanded allowing the lungs to inflate. This 

caused the PPy-PU foam to be compressed resulting in a drop in resistance (of approx. 

20%). When the subject exhaled the lungs emptied releasing the pressure against the 

PPy-PU foam which resulted in the increase in measured resistance. This response was 

repeatable, where each trough is representative o f a breath. Thus, the PPy-PU foam 

sensor could positively identify a series o f pressure events which corresponded to 

breathing. However, what is also observed in this graph is drift and noise associated 

with the output signal. It is thought that the noise o f the signal is due to the connections 

o f the foam to the recording device, in this case, the multimeter. The porous nature of 

the PU foam makes difficult the task o f securing robust connections to the foam. For 

example a wire, threaded through the PU substrate would result in a change in the 

response o f the PPy-PU foam. Thus, the response o f the PPy-PU foam sensors will 

have noise associated with them. However, the action of compressing and relaxing the 

PPy-PU foam resulted in a larger signal change from the sensor and thus could be 

distinguished from the noise artefacts.

Shoulder Movement

Fig. 5.14 shows the resistance changes recorded by the PPy-PU foam sensor located at 

the shoulder in response to shoulder raisings and lowerings. When the shoulder was 

raised, the PPy-PU foam was compressed and a drop (approx. 95%) in resistance was 

observed. When the shoulder was lowered the foam was decompressed and the 

resistance rose to approximately the original value. Thus, the pressure events recorded 

by the PPy-PU foam sensor correlated to the movement of the shoulder. Again, this 

response was repeatable.
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Fig. 5.14 Resistance response to right shoulder raisings and lowerings.
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Neck Movement

The next graph (Fig. 5.15) showed the real time resistance profile of the sensor placed 

behind the neck to monitor any movement backwards, which would indicate strain on 

the neck. Forward movement, that is movement o f the head away from the foam 

sensor, was also performed. Due to the design of the garment and the location of the 

sensor, the foam was continually under a certain amount o f strain, thus this movement 

was also detected by the PPy-PU foam sensor. However, because the sensor was not in 

the direction of the pressure event, this response was less intensive and resulted in a 

smaller change in resistance recorded (shown to the right o f  Fig. 5.15). Thus, from this 

graph, it can be seen that the PPy-PU foam sensor located at the neck could positively 

identify pressure events correlating to movement o f the neck. However, it is more 

difficult to distinguish between the types o f movement this sensor is monitoring. This 

highlights the advantage o f using multiple sensors in concert to build-up an information 

picture from the data gathered by these sensors.

Time (sec)
Fig. 5.15 Resistance response to neck movement.
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Shoulder Blade Pressure

The following graph (Fig. 5.16) shows the real-time resistance profile o f the sensor 

placed under the left shoulder blade. The wearer lay down in the supine position as 

would be normal for a patient confined to bed. Forward and sideward movements were 

performed to see if  any changes would be observed. A steady low resistance baseline 

was initially observed. This corresponded to the wearer lying down, putting pressure on 

the shoulder blade area. This pressure monitoring is important in the area o f bed-sore 

management, where extensive periods of high pressure result in skin ulcers as this can 

lead to other serious and sometimes fatal consequences. A forward and upward 

movement o f the upper body decompressed the foam, which was indicated by the rise in 

the resistance observed. Rolling onto the left shoulder was indicated by a spike and a 

plateau o f lower resistance. Rolling onto the right shoulder was indicated by a plateau 

o f higher resistance. This was expected because the foam was decompressed but still 

under some strain from the garment, similar to the response by the neck sensor to 

forward movement o f the neck in Fig. 5.15. Again, when the wearer lay down again a 

steady resistance reading is obtained.
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Fig. 5.16 Resistance response to constant scapula pressure, under left shoulder blade only.

As demonstrated, pressure sensing in the wearable environment can provide useful 

descriptive information about the physical state o f the user. Conducting electroactive 

polymers are attractive for sensing in a garment-integrated context because o f their
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ability to retain the tactile and mechanical properties o f a textile-based structure. In 

every case during these trials, the sensors could positively identify pressure events in 

real-time which could be clearly correlated to the movements of the wearer. However, 

more investigation is necessary to determine the accuracy o f the foam sensor responses, 

particularly the repeatability of response. In the garment integration, the foam sensors 

had little effect on the comfort or wearability o f a standard garment.

Thus the sensors were successful in completing their tasks of monitoring pressure 

events associated with body movements and were also successful in their integration 

into the garment housing structure. However, a number o f  limitations were highlighted 

by these sensors. As mentioned previously in Chapter 2, the age of the sensor had a 

significant impact on the absolute resistance of the sensors. It has been shown 

previously that if PPy is left to open to atmosphere then there is a gradual increase in the 

electrical resistance due to oxidation o f the polymeric backbone [25], However, the 

coating itself did not delaminate from the foam substrate, even during hand-washing of 

the foam sensors. This indicated that if  the oxidation were prevented, the sensor would 

be durable and washable over an indefinite period of time. Alternatively the sensors 

may be swapped for fresh sensors, negating the need to avoid oxidation o f the PPy 

layer. In a garment-integrated context, washability o f components is important to the 

preservation of normal user patterns of care and maintenance o f clothing.

In the torso integration, the raw pilot test data indicated that foam sensors can provide 

detectable responses to all o f the body signals investigated, although careful sensor 

placement is important to the quality o f data gathered. For example, the results for the 

neck movements showed us that a single sensor could inform the wearer that a 

movement had occurred, but not what type of movement had occurred. This type of 

information could only be gathered if  the number o f sensors was to be increased and the 

diversity o f the sensors broadened to include other technologies.

In this study, inter-subject anthropometric variation was controlled by limiting the 

number of subjects to one, and by custom-engineering the garment to fit that subject 

precisely. However, in a real-world scenario such control would not be possible, and 

sensor locations across a broad variety of body shapes and sizes would be hard to 

predict. Similar issues would arise with sizing, fit, and sensor locations on the foot.
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Because o f the increased number o f sensors and precision o f locations, this variable 

would become even more difficult to control, however were the number and locations of 

sensors increased still more to create a uniform grid o f pressure sensors, the fit issue 

could be avoided.

As mentioned already, these sensors were susceptible to both drift and noise of the 

signal. Since the position and the relative resistance of the PPy-coated PU sensors are 

crucial to their sensitivity, calibration o f the sensors would be required on a regular 

basis. This calibration would involve setting the baseline resistance and range o f the 

measured resistance o f the sensors as determined through a series o f standard repeatable 

exercises by the subject. Once these parameters are set subject monitoring could be 

commenced.

There are many applications o f wearable sensing for which this type o f sensor is 

particularly well suited. For example, in the monitoring o f high-pressure body areas for 

individuals with reduced tactile sensation (such as diabetics suffering from neuropathy) 

the foam sensor would allow pressure points to be monitored without introducing a 

solid sensor element into a pressurised area close to the skin that could create more 

irritation. Rigid sensors in such an area could easily create more irritation and 

exacerbate the problem, but a foam sensor not only would not create irritation, it could 

actually protect the body from irritants by providing an additional layer o f cushioning 

on key pressure points.

Outside o f medical applications, knowledge of the state of the body is essential in many 

wearable, mobile, and ubiquitous computing applications. It is common in wearable and 

ubiquitous computing applications for a system to make decisions based on its 

perception o f the needs and wants o f the user. A subtle, comfortable sensor that 

demands no attention or adaptation from the user can allow the application to function 

invisibly, reducing the cognitive load on the user.
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5.4.2 Monitoring of breathing rates using a wireless communication module: 

Prototype #4

Monitoring different breathing styles

The five breathing patterns used in this study were selected to represent the variety of 

breathing styles a person may perform during daily activities. Deep breathing and 

hyperventilation represented the extreme limits to breathing without causing undue 

discomfort to the subjects.

Fig. 5.17 - Fig. 5.22 show the normalised response as detected by the PPy-PU foam 

sensors for the five breathing styles; normal breathing, deep breathing, paced breathing 

at 1 0  breaths per minute, hyperventilation, shallow breathing and holding the breath for 

approx 30 seconds. The symbols show the response o f the sensor as read by the mote 

10 times per 0.5 second, while the black line represents the average point (n=10). The 

data was transmitted by the mote to the base station at a 20 Hz.

Time (sec)

Fig. 5.17 Normalised response of the breathing sensor for normal breathing.
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Fig. 5.18

Time (sec)

Normalised response of the breathing sensor for deep breathing.

Fig. 5.19

Time (sec)

Normalised response of the breathing sensor for paced breathing at 10BPM.
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Normalised response of the breathing sensor for hyperventilation.
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Fig. 5.21 Normalised response of the breathing sensor for 25 seconds while the breath is

being held.
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Fig. 5.22 Normalised response of the breathing sensor for 25 seconds while the breath is

being held.

As can be seen in the graphs, Fig. 5.17 - Fig. 5.21, the response from the PPy-PU foam 

sensor displayed a series o f peaks and troughs that corresponded to the repetitive action 

caused during breathing. This response contrasted with the single large peak was 

observed in Fig. 5.22. This signified the large expansion o f the lungs, as would be 

expected when a subject is asked to hold their breath for extended periods. From Fig. 

5.22, it can be seen that the breath was held for approximately 23 seconds, at which 

point he lungs were emptied completely as indicated by the large decrease in the 

measured signal from the sensor.
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Fig. 5.23 Average plots (n=10) for each breathing style used to assess the performance of the

breathing frequency prototype monitor.

As can in seen in Fig. 5.23, the same PPy-PU foam sensor was clearly able to 

distinguish between these different styles of breathing and was able to register both the 

changes in frequency and depth o f movement that occurred during testing.

W hen the peak counts recorded by the PPy-PU foam sensor were compared to the 

number o f breaths registered by the metabolic system, shown graphically in Fig. 5.24, 

it was observed that there was no significant difference between the two datasets, 

p>0.05, d f = 6 . This statistical data is shown in Table 5.1. In this graph, Fig. 5.24, the 

height o f each column represents the number o f breaths recorded by the metabolic 

system (Vmax machine) and PPy-PU foam sensor, respectively. The error bars 

represent the standard deviation o f both sets o f data for the ten subjects.
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Fig. 5.24 Comparison of peak counts from the foam sensor (column height) to the number

of breaths registered by the Vmax (line) for all ten subjects. The error bars represent the standard 

deviation for each measurement protocol.

These results indicated that the output generated by the foam sensor was as good as the 

data recorded by the metabolic system and thus could yield a true reflection of the 

breathing activity o f the wearer. The PPy-PU foam sensor was able to distinguish 

between the different modes of breathing. The number o f breaths recorded by the PPy- 

PU foam sensor correlated very well with those picked up by the metabolic system, with 

no significant difference with 95% confidence. The statistical information for these 

results are listed in Table 5.1.

Table 5.1 Statistical comparison of the data from the PPy-PU foam sensors (dataset A) and

the metabolic system (dataset B) for 10 subjects.

Action Mean A 

(Variance A)

Mean B  

(Variance B)

t P Significantly 

Different at 

0.05 level?

Deep Breathing 9.5 (0.5) 9.5 (0.5) - - No

Hyperventilation 43.75 (54.92) 41 (13.33) -0.66575 0.53032 No

Shallow Breathing 25 (50) 26 (32) 0.15617 0.89024 No

Normal Breathing 14.5 (12.5) 14(2) -0.1857 0.86981 No

10BPM 10(0) 10(0) - * No

Holding Breath 1 (0) 1 (0) - - No
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The graph (Fig. 5.24), showed the average number o f breaths recorded by all ten 

subjects who perform the different breathing styles for this experiment and the error 

bars represented the standard deviation o f these measurements. It can be seen that the 

largest standard deviations occurred during shallow breathing and hyperventilation, 

both for the metabolic system and the foam system. Both of these breathing styles 

require minimum lung displacement, thus the foam sensor would be pushed to the limit 

to detect these movements. However, though the average breath counts for these two 

styles o f breathing differed the most, it can be seen that they were still not significantly 

different from the number detected by the metabolic system. It was believed that the 

origin o f this large standard error, shown in Fig. 5.24, was due to anthropometric 

variation, that is when each subject was asked to hyperventilate or to breath shallowly, 

the specific rate was not set and so what would be deemed fast or shallow for one 

person may not translate to the next. It can be seen that when the subjects were 

requested to breath at 10BPM, by watching the metabolic system, this standard error 

dramatically decreased.

The proto-type garment configuration used here did not appear to impede the subjects’ 

movements during testing. Also the wireless connection afforded by the MicaMotes did 

not have any effect on the accuracy of the response of the foam sensor.

The use o f the PPy-PU foam sensor in this configuration has been shown to successfully 

and reliably count the number o f breaths under static conditions. Exercise was then 

introduced to see if  the variable of body movement would have an effect on the 

performance o f the smart shirt’s ability to again count the number o f breaths performed.

Monitoring o f  breathing rates during exercise

The subject, for the exercise experiment, was instructed to breathe normally while 

cycling at a constant rate of 75W. This intensity was chosen by the subject so that a 

constant RPM, as controlled by the cycling apparatus, could be maintained throughout 

the experiment. The intensity was increased twice by adding weights to the front of the 

bicycle. Therefore, there were three intensity ranges: 75 W, 150 W and 225 W. The 

subject cycled continuously for 3 minutes per intensity range
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Fig. 5.25 shows the breathing profile recorded by the PPy-PU foam sensor during the 

first minute during the exercise programme at 75 W. Similar breathing profiles were 

recorded for the subsequent 8  minutes o f the exercise programme. As for the non­

exercise breathing experiments, data was collected at a rate o f 20 Hz, which are 

indicated by the symbols in Fig. 5.25. The black line shows the average response for 

this data collected.
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Fig. 5.25 Normalised resistance response recorded by the base station for the first minute of

exercise at 75 W.

Using the Origin software it is possible to count the number o f peaks and pull 

information such as peak locations (x-values) and peak intensity (y-values).

During exercise the demand for energy increases, varying with the type, intensity and 

duration o f the exercise. In most situations much o f the body’ ability to respond to the 

demand for more energy depends on the availability o f oxygen. To provide this needed 

oxygen for aerobic energy production, the respiratory systems must respond. This 

response to short-term (5-10 min), light to moderate aerobic exercise has been described
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in detail in physiology textbooks [26], but to summarise two characteristic changes to 

breathing are expected:

1 . an increase in breathing rate/frequency is due to hyperpnea (increased 

pulmonary ventilation that matches an increased metabolic demand).

2 . an increase in the tidal volume (depth o f breath).

These two changes result in more air (L) being taken in per minute (minute ventilation, 

Vn) to match the need o f the muscle at the onset o f exercise. Vg is the product result of 

both the breathing/respiratory rate and the tidal volume. Both tidal volume and 

frequency level off at a steady state that satisfies the requirements of the short aerobic 

activity.

In terms o f the expected response for the breathing sensing system, these changes would 

expect to be observed as:

1 . an increase in the number o f peaks recorded, an indication o f increased 

breathing rate / frequency.

2 . an increase in the amplitude o f the peaks, an indication of increased tidal 

volumes.

During the 9-minute exercise programme, both o f these changes did occur. The 

following table, Table 5.2, summarises these features.
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Table 5.2 Sum m ary of inform ation recorded using the PPy-PU foam sensor.

Time
(rih minute)

Intensity
(W)

Peak Count Ave.
Peak Height

Std. Deviation 

Peak Height

%RSD
Peak

Height

1 75 2 0 115.70 5.54 4.78

2 75 16 122.38 6.81 5.57

3 75 2 1 124.38 5.09 4.10

4 150 24 107.25 8.19 7.64

5 150 28 109.32 8.83 8.08

6 150 29 113.62 13.20 11.62

7 225 33 128.30 12.35 9.62

8 225 35 121.29 14.72 12.14

9 225 33 103.12 10.71 10.38

As can be seen from Table 5.2, the number o f peak counts increased when the intensity 

o f the exercise was increased from 75W to 150W to 225W. This would indicate that 

during the exercise programme the breathing frequency increased to match the 

metabolic demand o f  the increased exercise burden. During the exercise programme the 

amplitude o f the peaks was also monitored. The amplitude was taken to be the 

difference from peak to trough of the outputted signal. These values are listed in Table

5.2 as average peak height, with the standard and % relative standard deviation also 

included.

As the intensity o f the exercise increased from 75 W to 150 W, the recorded the 

amplitude o f the peak decreased. This would indicate that the subject decreased the 

tidal volume, but increased their breathing frequency, that is took shallower breaths 

more frequently when the intensity o f the exercise was increased. Wen the intensity of 

the exercise was increased to 225 W the number o f breaths recorded was seen to 

increase again. The amplitude o f the peak was also seen to increase. This would 

indicate that the subject took deeper breaths more frequently as would be expected 

when a subject is under aerobic stress. The exercise programme was terminated after 

minute 9 due to the subject becoming fatigued, however it can be seen that much 

information regarding the aerobic status o f the subject can be obtained from using the 

PPy-PU foam sensor as a breathing monitor.
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A comparison to Ihe mctabolic system was also carried out for the exercise programme. 

Table 5.3 shows the results for the statistical comparison o f the two datasets. It can be 

seen with these values that the number o f peaks counted by the PPy-PU foam sensor did 

not differ significantly from the number recorded by the metabolic system, even whilst 

exercising.

Table 5.3 Statistical comparison of the data from Ihe metabolic system (dataset A) and the

PPy-PU foam sensors (dataset B) for 1 subject performing the exercise protocol.

Intensity

(Watts)

Number of Peaks counts Mean (Stdev) t P Significantly 

Different at 

0.05 level?

A B A B

75 16 20 19.000 19,000 0.000 1.000 No

(3.606) (2.646)

75 18 16

75 23 21

150 25 24 27.667 27.000 0.316 0.768 No

(2.517) (2.646,

150 28 28

150 30 29

225 34 33 35.333 33.667 1.508 0.206 No

(1.527) (1.155,

225 35 35

225 37 33
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5.5 F u r t h e r  S t u d i e s : L im b  m o v e m e n t

5.5.1 Synoposis

Hitherto, the PPy-PU foam sensor has been successfully applied to monitoring 

biomimetic events such as breathing and plantar pressure. However, it is possible that 

this sensing technology can be applied to monitor biomimetic actions, such as limb (leg 

or arm) movement. A study was carried out [27] to track arm movements using the 

PPy-PU foam pressure sensors to record dynamic forces present in a worn garment 

structure in motion. The soft PPy-coated PU foam sensors were used in four discreet 

locations around the armscye, and resistance changes were recorded for all four sensors 

as the subject performed four arm movements. This study is explored the utility o f PPy- 

PU foam-based sensors in the recording o f body movements through garment response. 

The results presented though preliminary; do indicate that the responses of this sensor in 

these locations can adequately indicate upward, downward and forward arm positions. 

Further work, however would be required to model the more complex garment 

interaction experienced during backward arm movement, and the effect o f garment 

structure on sensor response. This and future work will be carried out with our 

collaborating partners in UCD, whose focus it has been to take the information 

generated by the foam sensors to initiate artificial learning for automatic feedback of 

biomimetic movement to the wearer.

In brief, the experimental setup used four PPy-PU foam sensors integrated into a 

woman’s cotton knit shirt. These sensors were located around the armscye to monitor 

the movement o f the arm. Data was collected using a MicaMote at a rate of 10 Hz. The 

subject was instructed to move their arm to four specific locations to determine whether 

the responses from the PPy-PU foam sensors could distinguish between these 

movements.
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5.5.2 Results & Discussion

The graphs o f the average sensor resistance changes are depicted in Fig. 5.26. Note 

that in these graphs, a positive percent change represented a decrease in resistance. A 

negative percent change indicated an increase in resistance.
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F ig .  5 .26 Average sensor responses to 180 degree abduction.

As seen in Fig. 5.26, the hypothesized sensor exhibited the strongest response for the 

“up”, “down”, and “front” positions. The top, bottom, and front sensors respectively 

showed responses that were at least 8.7% stronger than any other sensor’s response. 

For example, in Fig. 5.26 (top right), it can be seen that the front sensor exhibited a 

percentage resistance change o f almost 20%, compared to less than 5% for the next 

strongest response (for the bottom sensor). However, this was not the case with the 

“back” position, as seen in bottom right o f Fig. 5.26. The bottom sensor in this case 

had the strongest response, and the back sensor (the hypothesized strongest response) 

had the weakest response. This response may be due to a combination of body 

anatomy, sensor location, and shirt construction. As the shoulder joint has significantly 

less range o f motion to the dorsal side o f the frontal plane than to the ventral, this can be
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assumed to have decreased the amount of compressive force experienced by the back 

sensor during dorsal abduction. A further study comparing the response of the same 

sensors to the movements o f an artificial ball-and-socket jo in t with a full 360 degree 

range of motion would be useful in evaluating the anatomical impact on sensor 

response. Also it may be possible that other garment constructions would result in 

different sensor response patterns. Thus further studies would be necessary to explore 

these variables. Ultimately it is envisaged that reliable movement prediction will be 

possible only by taking a combination o f sensor readings rather than relying on a 

dominant response from any single sensor. In other words, it is likely that the most 

reliable predictions will come from understanding the characteristic responses o f all 4 

sensors to movement.

In future work these studies will enable the application o f machine learning algorithms 

to predict movement from training examples that are generated from this raw data

5.5.3 Conclusion

As demonstrated, soft garment-integrated pressure sensors show promise for sensing of 

upper arm position, especially in the more common joint directions (to the ventral side 

o f the frontal plane). This work represented early investigation into the utility o f this 

sensor in monitoring body movements through garment interactions. The results from 

this study will serve to inform future work, by identifying influencing variables that 

require further investigation. Specifically, further study is necessary to explore the 

consistency and specificity of the foam sensor, and to investigate the complicating 

factors o f joint anatomy (range o f motion), garment structure, and sensor placement. 

Additionally, research in the sensing o f intermediate angles (other that the 0, 90, and 

180 degree angles used in this study) would be o f use in many wearable applications.
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5.6 C o n c l u s io n

The PPy-coated PU foam which has previously been proven to be pressure sensitive has 

been used in a real application to monitor body movement. A number o f PPy-PU foam 

sensors were cut and placed at strategic points on a custom-built garment. The change 

in compression o f the foam corresponded to a movement at each sensor point. These 

changes in compression could be observed as changes in resistance as measured by a 

multimeter or the lighting o f an LED, powered by a battery. Ideally the response o f the 

foam would be channelled through an RF unit to a remote station for later data 

collection.

Based on these results, the PPy-coated PU foam showed considerable promise as a basic 

sensing technology, and for use in detecting body movements, physiological functions, 

and body state from body-garment interactions. Importantly, the sensor maintains the 

attractive structural properties o f foam, consistent with the objectives of wearability, 

washability, and comfort in a smart garment. Integration o f this kind of sensor into 

standard garments preserves wearability more that other forms o f monitoring, but also 

presents more complex variables that influence the performance o f the sensors, such as 

joint anatomy, garment construction, and sensor location. Also integration of this 

sensor into a wireless platform implied that the issue o f interconnecting wires could be 

avoided. This approach successfully combined the benefits o f soft textile-like sensors 

with the freedom o f wireless sensors. These results showed that this simple system of 

using a single on-body sensor to obtain data about a single parameter such as breathing 

frequency was viable without having to compromise the users’ physical activity or 

general comfort. Thus, the PPy-coated PU foam showed considerable promise as a 

sensor for medical, wearable, and ubiquitous computing applications

Following this statistical analysis, it could be seen that there was no significant 

difference between the number o f  breaths measured by the metabolic system and the 

PPy-PU foam sensor, showing that this prototype can reliably detect the breath rate of 

the wearer both in a static position. The case-study o f the exercise programme 

highlighted the potential o f  a wearable sensor for the monitoring o f breathing rates 

during activities such as cycling.
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These results highlight the possibility o f integrating these sensors into other peripheral 

devices, such as seating or bedding to generate additional information depending on the 

aim o f the application. Indeed results for shoulder blade pressure indicated that the 

PPy-PU foam sensors could be used to gather information relating to extended periods 

o f pressure, which would be o f vital importance for the care o f bed-ridden patients at 

risk o f bed-sores and ulcers. Alternatively the information could simply rely the 

suitability o f the ergonomic design o f the structures be they in the home, office or other 

situation such as driving, which over time could cause strain or injury to the subject. 

They may also be used to inadvertently track the activity o f subjects, without disturbing 

them from their daily routine. Elderly or isolate patients may find use for such sensors, 

enabling them to maintain their lifestyle, while still gathering information, which maybe 

used to trigger a response if  such a need arose.

It is our intent to generate more complex systems or on-body networks whereby 

information from multiple positions on the body can be brought together through the 

use o f simple wearable sensors and a wireless communication platform.

Further study is necessary to fully understand the ability o f the foam to serve as a 

reliable sensor over time and under the hostile conditions that garments must usually 

face. For instance, further work is required to understand and determine the effects of 

oxidation on baseline drift, the influence o f variable conductance responses, calibrations 

o f these responses and the optimal locations for sensors. In addition, processing 

algorithms for extraction o f patterns from gathered data are required, as well as 

wearable and wireless hardware to allow the data to be used in real-time.
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C hapter 6 G e n e r a l  C o n c l u sio n
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6 .1  S u m m a r y  o f  t h is  t h e s i s

The aim o f this thesis has been to investigate the interesting properties o f conducting 

polymers, in particularly polypyrrole, and to develop a sensing system using this 

material as the active sensing platform. Polypyrrole (PPy) by itself can be used to sense 

for chemical targets such as ammonia. Alternatively it can be combined into a 

composite, enabling an electrically conductive pathway to be formed between different 

sensing materials. This thesis investigated in detail the development o f a wearable 

pressure sensing device using polypyrrole combined with polyurethane foam. The 

polypyrrole layer, being electroactive coated the entire polyurethane matrix, thus 

rendering the whole material conductive. Being conductive, it was possible to measure 

its resistance. It was found that if  the PPy-coated PU material was compressed, the 

resistance o f the material changed. The porous nature of the PU substrate was able to 

conform to these changes and could relax to its original size after compressions 

repeatable. The porosity o f the PU also enabled air or other gaseous analytes to flow 

through the material which the result that a greater surface area of the PPy was exposed 

to the gaseous agent compared to a compact film. Thus, a sensing system was 

established. Throughout the research, certain aspects, outside the scope of the 

chemistry o f the sensors, required modification, including the communication module. 

I f  the sensors could be wearable, then the communication module would also have to be 

wearable less the entire system would become redundant. Thus these considerations 

had to be met during the course o f the studies. The aim of this thesis had been to 

present this material as one which could be used as a platform for further wearable 

sensors.
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6 .2  S u m m a r y  o f  R e s u l t s

The PPy-coated PU foam presented in this thesis confirms the notion that textiles and 

other fabric-based materials can be made functional, for example to detect pressure 

events, without compromising the inherent properties o f the material itself. The core 

sensing element depends on the conductivity o f the conducting polymer (PPy) that was 

deposited on the PU substrate. If  chemical analytes such as ammonia were present, then 

the conductivity of the PPy was altered, indicating the presence o f such a reagent; if  the 

area o f PPy was increased, such as would occur if the substrate was compressed, then 

the conductivity of the substrate also changed to record that response.

Investigations into using different base materials were carried out during this thesis. 

Characterisation o f coated materials, including resistance measurements, surface area 

estimates and SEM analysis were performed. Then integration o f the PPy-PU material 

into working prototypes and assessment o f their performance in various situations was 

performed. Alteration to the communication module to incorporate the wireless 

transmission o f data led to the development o f further sensing prototypes. Validation of 

these sensors was also performed, which showed that the data obtained using the 

wearable sensors were statistically indifferent results to those generated by the standard 

method. Thus, the foam substrate coated with PPy acted as a sensor to different stimuli.
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6 .3  C o m p a r i s o n  w it h  o t h e r  s e n s in g  m a t e r i a l s

This technology was simple to implement and did not compromise the handling o f the 

material with the result that the coated substrates retained the characteristics o f the 

original material. However, the shelf-life and stability o f this material was a major 

limitation, as PPy is susceptible to oxygen attack which gradually decreases the 

conductivity o f the sensor material. Alternative technologies which integrate different 

piezoresistive and conductive components into textiles do exist. These include carbon 

filled silicone rubber [1 ,2 ] and metal-based yams [3, 4]. Carbon filled rubbers (CFR) 

coated fabrics coat the textile substrates in a similar manner as CEP however CFR have 

been found to age much slower than CEP-textilc and behave like low-pass filters with a 

bandwidth from dc to 8  Hz [5], However extreme care is required when loading 

rubbers, such as silicone with carbons to achieve homogenous mixtures as variations in 

local carbon concentrations may result in regions o f very high areas o f conductivity 

(aggregations o f carbon) or areas o f very low conductivity. Metal-based yams, made 

by twisting two steel wires around a viscose textile yam, can be integrated into the 

garment using a knitting technique to achieve a conductive pathway that is insulated 

from the external environment [6 ]. However, in order to improve electrical signal 

quality in dynamic conditions, such as during body movements, a hydrogel membrane 

must be used to improve both adhesion o f the electrode to the skin and to improve the 

signal quality output. However, the use of the membrane is limited to 5-8 hours as 

sweating results in swelling o f the membrane [6 ].
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6.4 F u t u r e  w o r k : D e v e l o p m e n t  a n d  in t e g r a t io n  o f  c h e m o - a n d  b io ­

se n so r s

It is unfortunate, from the wearable sensing perspective, that the best sample for on- 

body diagnostics is blood, as this implies that the chemo/bio-sensor must be implanted, 

or in direct contact with blood that is drawn to a wearable external device through a 

catheter or shunt sampling system. In practice, all existing chemo/bio-sensors suffer 

from a limited effective lifetime (at best weeks), and during this time, they must be 

regularly recalibrated to produce accurate results. Furthermore, direct contact with 

blood over extended periods of time invariably results in infection.

Other potential sample sources for wearable chemo/bio-sensors include faeces, urine, 

saliva, sweat, intracellular fluids, tears, and breath [7], While some diagnostic tests 

have been developed for saliva, and many exist for urine, access to the sample remains a 

problem. The most easily accessible sample fluid is sweat, but there is limited 

knowledge o f its diagnostic capabilities. Despite this limit, a wearable device, which 

utilises the diagnostic markers in sweat samples has been developed. The device, a 

Cystic Fibrosis ‘watch-sensor’[8 ], is worn on the wrist in the normal manner over a 

region previously stimulated using pilocarpine iontophoresis to generate sweat. Sweat 

trapped between the base o f the ‘watch’ and the skin is drawn into the device through a 

narrow flexible tube and within a few minutes comes in contact with electrochemical 

sensors embedded in the device which can monitor the electrolyte composition o f the 

sweat. Sodium and chloride concentrations, which are diagnostic markers for Cystic 

Fibrosis (CF), are measured using this device. The benefit o f this device is the 

reduction in testing time; testing time was reduced from half a day, to less than one hour 

(including the pilocarpine stimulation phase). Furthermore, the test can be performed at 

point o f need, rather than at a specialist centre that has the complex bench-top 

instruments typically used for this test. In a limited clinical trial, the device successfully 

discriminated between CF positive and normal samples [8 ]. However, this device is 

inherently limited to short-term usage, since diagnosis of CF is a once-off activity.
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While the use o f wearable sensors for monitoring critical health indicators is a very 

active area o f research, long-term use is currently beyond the current state-of-the-art 

technology.

The success o f the CF study highlights many o f the issues impeding the introduction of 

longer-term wearable diagnostics such as:

• Access to a sample fluid that contains diagnostic markers but does not lead to 

infection o f the wearer during extended use, e.g. sweat test for CF diagnosis or urine 

for pregnancy testing.

• Calibration of the chemo/bio-sensing device -  in the above case, the device initially 

contains a calibration solution, which is displaced by the sample. For long-term 

wearable chemo/bio-sensors, calibration will be a difficult issue as it implies regular 

access to standards.

•  Stability and reliability of the sensor -  chemo/bio-sensors invariably suffer from drift, 

as they depend on a chemo/bio-active surface whose characteristics change with time, 

and in many cases, malfunction or “biofouling” will happen within a relatively short 

period o f time (typically days). This is avoided in the CF example by choosing a 

‘single-shot’ application and discarding the sensor after use, a common practice in 

many clinical tests.

Thus, if  advances are to be made into developing wearable chemo- and bio-sensors then 

these issues will have to be addressed. Until such time comes, we may have to rely on 

transducers and sensors that can detect physical events such as force and pressure.
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6.5 I s s u e s  a r i s i n g  f r o m  t h e  d e v e l o p m e n t  o f  W e a r a b l e  S e n s o r  

T e c h n o l o g y

With the development o f wearable sensors, such as the one presented in this thesis, a 

number o f questions can arise as to the ethical issues surrounding the area of wearable 

sensing. The motive behind much of this research is about empowering the wearer by 

providing them with contextual information either regarding themselves or their 

immediate environment. Information is transferred from their sensors to a data-logging 

centre, where either they can or authorised personal, such as clinicians and physicians, 

may access this information. In seconds, doctors would have an instant read-out of 

body chemistry and general health o f the sensor user / wearer. This approach is 

completely different from the tradition “western” method o f a person looking after their 

health. Generally, a person tends not to change their life-style until symptoms arise and 

then the disease is treated. In contrast, his process o f  continuous self-monitoring could 

make the lengthy trips to the GP a thing o f the past, where the patients would only 

require specialists’ attention when the diagnostic testing would indicate the need. 

However, there is the possibility that this information could be accessed by non­

authorised persons. The intent o f these persons may not be malicious; however, it is 

unnerving to think that someone might be able to access information personal and 

private. Situations may arise where other bodies may wish to obtain information a 

sensor user / wearer, for example an health insurance company may wish to know the 

continuous blood sugar readings o f a registered diabetic or perhaps the activity or 

indeed the inactivity o f  a person classified as being obese. For both of these situations 

the insurance company may argue that the health status o f the insurance customer, is 

dependent on the self-maintenance and so they may justify increasing premiums if the 

customers do not address these issues properly.

Thus, a situation arises as to whether knowledge is power or if  ignorance is bliss.

O f course this is the users’ preference, but if  these wearable sensors become more main­

stream and commercially available, the public may be faced with the situation of using 

wearable sensors or facing premiums for not! This forcing o f monitoring and self­

measuring onto a user may not be financially driven. It may be socially pressed onto a
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user; for example, an elderly relative who wishes to remain living independently, may 

have family members who are concerned with the possibility o f falls or injuries which 

may occur. So we “ask” the elderly relative to use the wearable sensors so that we can 

be confident that they are safe. However, is this forcing o f wearing sensors infringing 

on their rights to privacy?

So the choice remains; power or bliss???

Whatever the ethical issues, the science behind these wearable sensors is under constant 

development. New technologies are emerging, enabling detection o f cancers, heart 

conditions to be performed in minutes. This is science. It can reveal many secrets to 

us. Question is, how much to you want to know?

THE END
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A p p e n d i x

The following CV graphs were obtained for a series o f PPy coated PU foam samples 

which were attached to the platinum working electrode and scanned at different scan 

rates in a solution o f 5 mM K^FeCNe in 0.5M KC1. A potential window of 0.5 to -0. IV, 

together with a Ag/AgCl reference electrode and platinum spiral counter electrode were 

used in each experiment, which were carried out at room temperature.
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Fig. A.1 PPyNDSA deposited onto PU foam substrate and cycled at different scan rates in

0.05M K3FeCN6 in 0.5M KC1
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Fig. A.2 PPyNDSA x 2 deposited onto PU foam substrate and cycled at different scan rates

in 0.05M KjFeCN„ in 0.5M KC1
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Fig. A.3 PPyNDSA x 3 deposited onto PU foain substrate and cycled at different scan rates

in 0.05M K,FeCN6 in 0.5M KCI
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