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    Chapter 3   
 Electroactive Polymers and Coatings                     

       Lisa     C.     du     Toit    ,     Pradeep     Kumar    ,     Yahya     E.     Choonara    , and     Viness     Pillay    

    Abstract     Electroactive polymers (EAPs) and coatings (EACs) provide an expand-
ing and progressive frontier for responsive drug delivery and the design of biomedi-
cal devices. EAPs possess the distinctive propensity to undergo a change in shape 
and/or size following electrical current activation. Current interest in EAPs and 
EACs extends to use in controlled drug delivery applications, where an “on-off” 
mechanism for drug releases would be optimal, as well as application in a biomedi-
cal devices and implants. This chapter explores and molecularly characterizes vari-
ous EAPs such as polyaniline, polypyrrole, polythiophene, and polyethylene, which 
can ultimately be incorporated into responsive hydrogels in conjunction with, for 
example, a desired bioactive, to obtain a stimulus-controlled bioactive release sys-
tem, which can be actuated by the patient, for enhanced specifi city. The institution 
of hybrids of conducting polymers and hydrogels has also been subjected to increas-
ing investigation as soft EACs, which have been applied, for example, in the 
improvement of the mechanical and electrical performance of metallic implant elec-
trodes. The various interconnected aspects of EAP-based systems, including their 
synthesis, proposed  modus operandi , physical properties, as well as functionaliza-
tion approaches for enhancing the performance of these systems, are delineated. 
The use and comparison of these EAPs and EACs alone, and in conjunction with 
hydrogels, is further elaborated, together with strategies for integrating electroactive 
components and hydrogels. Approaches for modeling and explaining the proposed 
 modus operandi  of these systems are delineated. A critical review of diverse bio-
medical systems implementing EAPs and EACs having application in the pharma-
ceutical and medical industry, specifi cally, is provided, highlighting their 
applications, potential advantages, and possible limitations. Ultimately, this chapter 
illuminates innovative approaches for enabling EAP- and EAC-based systems to 
attain their full clinical potential.  
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3.1       Introduction 

 Electroactive polymers (EAPs) have been ushered in as a novel generation of intel-
ligent biomaterials enabling direct delivery of electrical, electrochemical, and elec-
tromechanical stimulation to cells [ 1 ]. EAPs, in some defi nitions, have been referred 
to as artifi cial muscles due to the similarity in functional response, as well as poten-
tial to mimic the mechanical performance, of biological muscles. Essentially, they 
are polymeric materials with the intrinsic ability to change their shape or size fol-
lowing electrical current activation. Actuation via the use of electrical energy is an 
attractive activation method for causing elastic deformation in polymers, and it 
offers great convenience and practicality. 

 More and more, nature provides biologically inspired adaptations in designed 
biomedical devices and delivery systems. There is a diversity of polymers that have 
the potential to undergo a change in size or shape in the presence of stimuli, includ-
ing temperature, light, chemical, magnetic, pneumatic, magnetic, and electrical. 
The attraction of electrical activation for causing polymeric deformation lies in its 
convenience and practicality [ 2 ,  3 ]. 

 The reported history of polymers possessing electrically stimulated behavior has 
extended over more than 100 years, but this fact has received little attention possibly 
due to the comparatively small response to the stimulus, until recently. In the pass-
ing two decades, polymer scientists have achieved the synthesis of EAPs and elec-
troactive coatings (EACs) that have demonstrated more notable elastic deformations 
and ultimately shape and size changes. These materials have attracted multidisci-
plinary interests and have had exciting applications as, for example, robotic fi sh, 
artifi cial eyelids, and catheter steering elements [ 3 ]. EAPs and EACs provide an 
expanding and progressive frontier for responsive, controlled drug delivery, where 
an “on-off” mechanism for drug releases would be optimal, as well as application in 
biomedical devices and implants. 

 Encompassed within the family of EAPs are conductive polymers, electrets, and 
piezoelectric and photovoltaic materials [ 3 ]. Electrets and piezoelectric materials 
enable electrical stimulus delivery in the absence of an external power source; how-
ever, stimulus control is limited. Conversely, conductive polymers enable good 
electrical stimulus control, good electrical and optical properties, and a favorable 
conductivity/weight ratio and can be rendered biocompatible, biodegradable, and 
porous [ 4 ]. Specifi c modifi cation of the chemical, physical, and electrical properties 
of conductive polymers is also possible via incorporation of enzymes, antibodies, or 
other biological moieties, for particular applications, which are also alterable fol-
lowing exposure to stimuli [ 1 ,  5 ]. 
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 Since their inception, more than 25 EAP systems have been reported (Table  3.1 ), 
possessing the combined attributes of metals (charge conduction, good electrical 
and optical properties) and polymers (processing fl exibility and ease of synthesis) 
[ 6 ]. The initial “discovery” of conductive polymers was with the observation that 
the conductivity of polyacetylene (a fairly semiconducting polymer) could have its 
conductivity increased 10 millionfold upon oxidation via iodine vapor [ 7 ]. This also 
introduced the phenomenon of “doping,” the process through which conductivity is 
introduced to polymers. It ignited the search for more EAPs, such as the polyhetero-
cycles, which include polypyrrole, polyaniline, and polythiophenes. These exam-
ples possess an enhanced stability compared to polyacetylene and good conductance 
as well [ 8 ].

   This chapter provides an in-depth discussion on the principles and applications 
of EAPs, EACs, and their composites while building on concepts introduced in the 
review of Pillay and co-workers [ 11 ]. The use and comparison of these EAPs and 
EACs alone, and in conjunction with hydrogels, is further elaborated, together with 
strategies for integrating electroactive components and hydrogels. The various 
interconnected aspects of EAP-based systems, depicted in Fig.  3.1 , including their 
synthesis, proposed mechanism of operation, physical properties, as well as func-
tionalization approaches for enhancing the performance of these systems, are delin-
eated. A critical review of diverse biomedical systems implementing EAPs and 
EACs while having application in the pharmaceutical and medical industry, 
 specifi cally, is provided, highlighting their applications, potential advantages, and 
possible limitations. Ultimately, this chapter illuminates innovative approaches for 
enabling EAP- and EAC-based systems to attain their full clinical potential.

   Table 3.1    Diverse electroactive polymer systems and abbreviations [ 1 ,  9 ,  10 ]   

 EAP system  Abbreviation 

 Polypyrrole 
 Polyaniline 
 Poly(3,4-ethylenedioxythiophene) 
 Polythiophene 
 Polythiophene-vinylene 
 Poly(2,5-thienylenevinylene) 
 Poly(3-alkylthiophene) 
 Poly( p -phenylene) 
 Poly( p -phenylene sulfi de) 
 Poly( p -phenylenevinylene) 
 Poly( p -phenylene-terephthalamide) 
 Polyacetylene 
 Poly(isothianaphthene) 
 Poly(α-naphthylamine) 
 Polyazulene 
 Polyfuran 
 Polyisoprene 
 Polybutadiene 
 Poly(3-octylthiophene-3-methylthiophene) 
 Poly( p -phenylene-terephthalamide) 

 PPy 
 PANI 
 PEDT, PEDOT 
 PTh 
 PTh-V 
 PTV 
 PAT 
 PPP 
 PPS 
 PPV 
 PPTA 
 PAc 
 PITN 
 PNA 
 PAZ 
 PFu 
 PIP 
 PBD 
 POTMT 
 PPTA 
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3.2        Classifi cation of Electroactive Polymers 

 Roentgen essentially made  the   seminal report of EAP materials in 1880 [ 12 ]. This 
was by subjecting a rubber band (having a fi xed end and a mass attached to the free 
end) to an electric fi eld. This was followed by Eguchi’s discovery and description of 
electrets in 1925. These are dielectric materials possessing a quasi-permanent elec-
tric charge or dipole polarization. In 1969, Kawai described the piezoelectricity of 
polyvinylidene fl uoride (PVDF). EAPs and coatings can be categorized as ionic and 
electronic (or fi eld activated) [ 3 ]:

    (a)    Ionic EAPs 
 These include conjugated polymers. Actuators are comprised of an electro-

lytic polymer fi lm with a 2-electrode coating with activation implicating ion 
mobility due to electrical excitation [ 13 ]. Their advantages include generation 
of large bending displacement following low-voltage activation; however, there 
is the maintenance requirement of electrolyte wetness, low effi ciency of energy 
conversion,    and limited ability to sustain constant displacement via direct cur-
rent (DC) voltage activation (except for conducting polymers) [ 14 ]. Examples 
of ionic EAP materials include the ionomeric polymer-metal composites 
(IPMCs), conducting polymers, carbon nanotubes, and ionic polymer gels. 
IPMCs are the most widely investigated EAPs in this group, with the base poly-
mer enabling movement of positive ions through its channels of interconnected 
clusters of fi xed network negative ions [ 13 ]. Pertinently, IPMCs undergo sig-
nifi cant bending in response to a fairly low electrical voltage (1 V); however, 
the response frequency is slow (<10 Hz) [ 3 ].   

  Fig 3.1    Schematic demonstrating the interconnectivity of the various aspects of EAPs. Adapted 
from Balint et al. [ 1 ]       
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   (b)    Electronic (fi eld-activated) EAPs 
 These include piezoelectric polymers, electrorestrictive polymers, nonionic 
gels, and dielectric elastomers. Activation is via Coulomb force instigating an 
alteration in dimension, which may be a result of either direct thickness reduc-
tion, seen, for example, in dielectric elastomers, or internal polarization with 
molecular alignment noted in ferroelectric EAP [ 15 ]. A high electric fi eld 
(>10-V/μm) is commonly required, which can approach the electric breakdown 
level due to the low dielectric constant. The voltage required can be reduced by 
employing thin multilayers as a stack and creating a composite incorporating 
high dielectric constant fi ller material. This group of EAPs possess a fast 
response time, maintaining the generated displacement under DC voltage, as 
well as greater mechanical energy density. The requirement of a high activation 
 fi eld   potentially close to electric breakdown level is their main disadvantage [ 3 ].    

  Compared to conducting polymers, redox polymers possess redox sites, with elec-
trostatic or covalent bonds to the polymer, and electronic and spatial localization [ 16 ], 
whereas conducting polymers exhibit delocalization of electronic states [ 17 ]. 
Depending on the synthetic reaction for the polymerization process, the EAP may be 
an addition or condensation polymer, and this reaction is implicit in defi ning the 
electrical properties of the synthesized EAP [ 18 ]. A more recently arising novel tech-
nique is for the formation of modifi ed EAPs, where the polymer possesses distinct 
properties from the monomers, is electropolymerization, undertaken on the surface of 
electrodes [ 19 ]. Herein, however, lies its drawback, as the yield from the electropoly-
merization at the electrode surface is too low for industrial application [ 20 – 23 ].  

3.3     The Mechanism of Operation and Conductivity Source 
of Electroactive Polymers 

 When an electric charge  is   applied to an EAP with suffi cient mobility, there is 
charge redistribution within the polymer, with the response either being a change in 
dielectric properties (either (a) dielectric properties which represent polarization or 
(b) tangent of dielectric loss angle representing relaxation phenomena) or bulk con-
ductive properties (either (a) dielectric strength representing breakdown phenomena 
or (b) conductivity representing electric conduction). Additional distinct EAP prop-
erties encompass piezoelectric, pyroelectric, ferroelectric, triboelectric, photovol-
taic, and photoconductive properties [ 24 ]. 

 Charge conduction in EAPs is due to the ease of electron jumping between the 
polymeric chains on oxidation or reduction of the EAP. This is due to a combination 
of factors. Within the conjugated polymer backbone, the series of alternating single 
and double bonds provides both localized σ-bonds, which are chemically strong, 
and less strongly localized π-bonds, respectively [ 25 ,  26 ] (Fig.  3.2 ). Overlapping of 
the  p -orbitals of consecutive π-bonds enables easy delocalization and thus free 
movement of electrons between atoms. As the polymer must be synthesized in its 
conducting form (i.e., oxidized), a dopant molecule, generally an anion, is essential 
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  Fig 3.2    Depiction of a conjugated backbone indicating alternating single and double bonds. 
Source: Balint et al. [ 1 ]       

  Fig 3.3    Schematic illustrating the electrical conductivity of conducting polymers. ( a ) The dopant 
removes or adds an electron from/to the polymer chain, creating a delocalized charge. ( b ) Charge 
localization is energetically favorable and the charge is surrounded by a local distortion of the 
crystal lattice. ( c ) This distortion-engulfed charge is a polaron (a radical ion and the associated 
lattice distortion). ( d ) Conduction of electricity is due to the polaron movement along the polymer 
chain. Source: Balint et al. [ 1 ]       
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for charge neutralization and backbone stabilization. Simultaneously,    the dopant 
brings a charge carrier into the system through introduction or removal of electrons 
into or from the polymer chains, causing their relocalization as polarons or bipolar-
ons (loosely held yet localized electrons enclosed within a crystal lattice distortion) 
(Fig.  3.3 ). The application of an electrical potential causes movement of dopant into 
or out of the EAP, causing polymer backbone disruption, thus enabling the charge 
to pass through the polymer as the polarons or bipolarons [ 1 ,  25 ,  26 ].

    In polypyrrole (PPy), the bipolaron ( p -type) conduction creates conductivity, 
with electron hopping and anion and cation movement [ 6 ]. The overall conductivity 
of the EAP depends on the polaron, charge transfer to adjacent molecules, and 
length of conjugation, which can be varied in accordance with the dopant type and 
quantity. Conductivity may be limited by defect sites in the EAP backbone, poten-
tially due to exposure to water or oxygen or redox switching [ 27 ]. 

 The diffusion coeffi cient  is   employed to describe this rate of oxidation or reduc-
tion within the EAP and is an indication of the charge percolation effi ciency through 
the polymer, as measured via cyclic voltammetry (CV) or chronoamperometry (CA) 
[ 28 ]. In addition, the type of EAP used also affects the response time. A rapid 
response time of milliseconds is demonstrated by electronic-based EAPs, but with 
the requirement of a high actuation voltage. On the other hand, ionic-based EAPs 
respond more slowly, but at a lower actuation voltage [ 29 ].  

3.4     Creating an Electroactive Polymer: 
The Process and Considerations 

 Certain EAPs have been the focus of intensive investigation as responsive platforms 
 including   PANi [ 30 ], polythiophene (PTh), and PPy [ 31 ]. The advantages, limita-
tions, and various modifi cations for potential improvement of these commonly 
employed EAPs are provided in Table  3.2 . The versatility of PANi and its deriva-
tives is due to their potential for processing into various redox states and possession 
of tunable conductivity and stability. The applications of PANi include dental uses 
(maxillofacial surgery and dental implants), antistatic applications, gas sensors, and 
artifi cial muscle design [ 32 – 37 ].

   The behavior of EAPs can be tailored via doping with various counterions. This 
has enabled, for example, the mimicry of basic insect and animal movements by 
investigators in the fi eld of biomimetics. There has been a shift in focus on EAPs as 
their actuation ability improves, as well as the availability of a wider selection of 
biomaterials [ 11 ]. However, this brings concerns with regard to the biocompatibility 
of these new materials [ 57 ]. A study specifi cally assessing the biocompatibility of 
PANi conjugates investigated the subcutaneous implantation of ethylene vinyl ace-
tate (EVA) copolymer (PE) and PANi (emeraldine, nigraniline, and  leucoemeraldine 
states) in Sprague-Dawley rats over a period of 19–90 weeks with subsequent histo-
logical evaluation. No carcinogenic effects were observed on rat tissues, even after 
the extended periods of time, highlighting adequate biocompatibility [ 58 ,  59 ]. The 
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biocompatibility of the EAP PPy has also been demonstrated in humans, as well as 
its controllable physicomechanical behavior and chemically or electrochemically 
enabled synthesis. 

 The mechanism  of   polymerization of PPy is followed by most EAPs, with the 
polymerization commencing via oxidation of the pyrrole monomer (Fig.  3.4 ). The 
counterion employed in its synthesis is C-, with its negative charge enabling incorpo-
ration into the polymer, which is in equilibrium with the polymer backbone’s positive 
charge [ 60 ]. As highlighted in Fig.  3.4a , incorporation of diverse counterions during 
the polymerization process is enabled, allowing for alteration of the overall physi-
comechanical properties. The use of a combination of counterions is also possible for 
achieving the desired degree of conductivity and physical attributes [ 61 ].

   Zhao and co-workers [ 62 ] indicated that the transport mechanism within the 
EAP is controlled by the counterions, most notably, the anions. Following the 
application of suffi cient negative potential, outward anion diffusion occurs and 
the reaction is reduced. Application of a repetitive pulsed potential waveform to 
the membrane maintains transport through it. Incorporation of counterions into 
a polymeric membrane can be achieved through electropolymerization; how-
ever, if they are trapped during this process, immobility is a potential concern. 
Sulfonated aromatic groups have proved suitable [ 62 ]. Following expulsion of 
an anion from the polymeric system, reincorporation is achieved via repetitive 
pulsed potential waveform; furthermore, if the anion-loaded polymer is placed 
in a cationic electrolyte solution, these may also be assimilated into the poly-
meric system. Three criteria must be satisfi ed for effi cacy of  this   electroactive 
transport mechanism: (1) a transport system with a rapid on-off switching 
mechanism, (2) controllable fl ux and sustainable transport within the polymeric 
system, and (3) controlled selectivity. 

3.4.1     The Electropolymerization Process 

  Electropolymerization   is a specifi c method originated for the formation of EAPs. 
Being a more stable approach than chemical synthesis of an EAP, it also yields EAPs 
with less variation in molecular mass as a result of the exothermic reaction during 
chemical oxidation of the monomer, with temperature fl uctuations impacting the 
polymer chain length [ 63 ]. The process implicates dissolution of the monomer in an 
appropriate solvent together with a selected anionic doping salt; this is followed by 
oxidation of the monomer at the anode. Oxidation  furnishes   free cationic radicals of 
the monomer, which interact to form oligomers and subsequently the EAP [ 64 ]. 
Factors infl uencing the elaborate electropolymerization process include the degree 
of monomeric substitution, choice of electrolyte and solvent, solvent and aqueous 
medium pH, and the electrochemical method employed [ 65 ]. Bearing these factors 
in mind, there lies the potential for synthesis of a novel synthetic approach or poly-
mer with desirable attributes. Current intensity is infl uenced by the electrolyte 
employed, which ultimately affects the EAP quantity formed [ 65 ]. Solvents possess 
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  Fig 3.4    Schematic depicting: ( a ) Polypyrrole (PPy) chemical synthesis. ( b ) Polymer protonation 
via protonic acid (acid counterions are not illustrated). ( c ) Mechanism of an oxidation reaction of 
PANi (downward arrow represents the oxidation reaction). Source: Pillay et al. [ 11 ]       
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various donor numbers infl uencing cationic monomer radical deprotonation, as well 
as possessing varying dielectric constants, infl uencing chain propagation [ 66 ]. 
Solvent choice further depends on it providing a medium with ionic conductivity 
and on its stability at the monomer’s oxidation potential [ 64 ]. Solvent pH is impor-
tant due to its effect on monomer solubility (via chemical reaction) and on the poly-
mer’s physical attributes [e.g., aniline undergoes polymerization under acidic 
conditions as a result of PANi protonation, resulting in enhanced conductivity (dop-
ing effect)] [ 67 ,  68 ]. Monomers need to dissolve in the solvent for electropolymer-
ization to ensue. Inert materials (e.g., gold, platinum, or glass-like carbon) commonly 
comprise the anode employed for the polymerization reaction; partially reactive 
materials may dissolve with polarization of the anode [ 69 ,  70 ]. The physicochemical 
properties of the synthesized EAP are implicitly based on the electropolymerization 
method instituted, but generally this approach imparts EAPs with comparable con-
ductivity, for application in research and system design [ 11 ].  

3.4.2     The Doping Process 

 The overall goal  in   EAP synthesis is attainment of the required conductive, mechan-
ical, and sometimes optical properties. Doping implicates introduction of a chemi-
cal agent for direct interaction with the polymer chain and has a pertinent impact of 
the physicomechanical attributes of the EAP. Figure  3.1b  demonstrates this; there is 
protonization of nitrogen atom of the quinoid group in PANi by protonic acid [ 71 ]. 
Commonly, doping is performed with EAP in the base form which is then combined 
with an acid; the protonated EAP has increased conductivity, due to the protonated 
imine nitrogen emanating in increased polarons in EAPs (i.e., PANi and PPy) [ 72 ]. 
The preferential synthesis of PANi is thus in an acidic environment, as discussed 
previously [ 72 ]. However, these conditions may be considered harsh and undesir-
able, possibly necessitating the addition of other solutions to the acid. Mirmohseni 
and Wallace [ 73 ] synthesized PANi fi lms adding doping agents to an acetone: 1M 
HCl solution, with immersion of the PANi in this solution for 24 h enabling suffi -
cient doping, followed by vacuum drying. Transition metals (e.g., NiCl 2 , EuCl 3 , and 
ZnCl 2 ) represent more progressive doping agents compared to conventional pro-
tonic acids where only a dopant change is induced on the polymer, whereas transi-
tion metals also elicit a dual effect causing a change in morphology as well [ 71 ]. 

 The preparation of EAPs via  emulsion   polymerization enables the generation of 
a conducting salt in the absence of a postdoping processing step with acid [ 74 ], as 
investigated by Kinlen and co-workers [ 75 ]. They demonstrated the polymerization 
of PANi salts of hydrophobic acids (e.g., dinonylnaphthalene) in an organic solvent 
(2-butoxyethanol).   

L.C. du Toit et al.



63

3.5     Redox Reactions in Electroactive Polymers 

3.5.1     Conductivity of EAPs via Redox Reactions 

 The responsiveness of EAPs  is   intrinsic to their potential for undergoing oxidation 
and reduction reversibly. The transport of ions through the EAP and subsequent 
controlled movement of ions from the EAP conducting fi lm is described via redox 
reactions. Examining PANi as an example of a conducting polymer, the amine 
groups serve as its redox centers, undergoing oxidation to imine groups; subsequent 
to oxidative, there is some level of conductivity. PT and PPy may be similarly clas-
sifi ed [ 76 ]. The site of occurrence of the redox reaction is commonly at the interface 
of the fi lm and solution, as here there is the potential for the reaction of dissolved 
ions with the conducting polymer. The steps implicit to the redox switching of an 
EAP are (noted in Fig.  3.4c  for PANi):

    1.    Change in conformation   
   2.    Solvent molecule entry or exit, potentially altering the swelling state   
   3.    Conformational change of EAP-bound ions   
   4.    EAP electroneutrality balance via ion ejection or injection    

3.5.2       Evaluation of Redox Reactions in EAPs 

 An EAP’s redox potential has  pertinent   infl uence on the extent of swelling/deswell-
ing and electroactivity of the polymer. Assessment of the redox reaction of the EAP 
via the following techniques enables prediction of EAP electroactivity:

    1.    Linear sweep voltammetry (LSV)—measurement of the current at the working 
electrode relative to a potential range (i.e., EAP voltammetric response). Peaks and 
troughs in the generated  voltammogram   represent oxidation or reduction within 
the EAP. LSV is also employed for quantifi cation of ions in a sample [ 77 ,  78 ]. 
Cyclic voltammetry has largely replaced this technique as it provides more data.   

   2.    Cyclic voltammetry (CV)—an extension of LSV where there is an inversion of 
the working electrode potential on attainment of the end potential and provides a 
potentiodynamic  electrochemical   measurement [ 79 ]. It enables determination of 
an analyte in solution [ 79 ], as well as the surveillance of oxidation and reduction 
behavior of the EAP. A cyclic voltammogram plot is generated of the current 
accumulated at the working probe versus the applied potential difference. The 
potential is linearly increased in CV, and as it approaches the oxidation potential 
of the analyte, there is an increase in the current, which ultimately falls as the 
analyte concentration at the electrode decreases on oxidation. The shortcomings 
of CV are its low structural resolution; however, it is still a popular redox 
reaction- determining tool.   
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   3.    Impedance spectroscopy (IS)—a nondestructive approach importantly employed 
for the characterization of the intrinsic electrical properties of a polymer, such as 
conductivity, dielectric coeffi cient,    static properties (at the interface), and 
dynamic changes resulting from charge transfer. Its application even extends to 
the assessment of body makeup, specifi cally in overweight individuals [ 80 ]. IS is 
employed for gaining information on the kinetics and electrochemical reactions 
of EAPs and confi rmation of a model for diffusion of ions in and out of an EAP 
in solvent or diffusion of counterions or electrons at the EAP/solvent interface 
[ 81 ,  82 ]. Disadvantages of this technique are diffi culty of data interpretation and 
that it is essentially a complementary approach.   

   4.    Chronoamperometry (CA)—in this technique, there is maintenance of the poten-
tial for a period, followed by stepping up, thus  creating   a faradic process with the 
resultant current (resulting from oxidation or reduction) recorded. For analysis, 
the EAP is applied as a thin-fi lm coating to the electrode. A limitation is that the 
alternating current can affect the results recorded. The employment of CA is 
important where determination of the migration fl ux of charged particles in 
EAPs is required through analysis in a constant electric fi eld of the concentration 
distribution and current-time plots of a polymer fi lm [ 11 ]. With regard to con-
ductive EAPs, they can be applied in CA as sensors enabling detection of simple 
and complex electroactive or nonactive substances [ 83 ].    

3.6        Creating Composites of Smart Hydrogels 
and Electroactive Polymers 

  The   composition of hydrogels as three-dimensional interconnected hydrophilic net-
works is well known. They absorb water and swell, retaining their structure due to 
the presence of cross-links, entanglement, or crystallinity [ 84 ]. In their native form, 
they lack an inherently electroresponsive nature; however, the incorporation of 
EAPs enables their responsivity in the presence of electrical stimuli [ 85 ,  86 ]. The 
application of electroresponsive hydrogels is diverse as actuators, separation 
devices, and responsive, sometimes miniaturized, delivery systems [ 87 – 90 ]. Such 
hydrogels may also be classifi ed as “intelligent” or “smart” where responsivity to 
more than one stimulus, including electrical, is present [ 91 – 95 ]. The limitations of 
EAPs have been discussed, when used in isolation (e.g., the poor solubility and 
mechanical properties of PANi and PPy). Approaches to addressing these chal-
lenges and enhancing the physicomechanical and physicochemical attributes of the 
EAP include creating an EAP-biomaterial blend with an insulating biomaterial, 
electrochemical, or chemical oxidative polymerization of the EAP into a polymeric 
matrix or formulation via codeposition of a composite EAP- insulating polymer 
[ 96 ].  Hydrogels   commonly exhibit stimulus-responsive behavior as a conforma-
tional change, which could be catalysis, actuation, signaling, movement, or an inter-
action [ 97 ]. The stimuli in question are diverse and include temperature, pH, electric 
fi elds, light/UV, chemicals, magnetic fi elds antigens, etc. [ 98 ]. 

L.C. du Toit et al.



65

  Drug delivery approaches   have been developed employing an EAP which has 
been integrated within the polymeric membrane [ 99 ]. As indicated, there is inward 
and outward movement of counterions when an electrical current is initiated. In 
certain EAPs (PPy and PANi), a high cation fl ux occurs upon oxidation. This has 
been applied, for example, to glutamate and ATP, which have been electrostatically 
charged to attain their controlled release [ 100 ,  101 ]. 

 As indicated,    transport of ions is also enabled during redox reaction switching 
via changes in conformation, which includes swelling, deswelling, or shape change 
(i.e., a shape-memory effect, thus embodying the action of an artifi cial muscle) 
[ 102 ]. This slow relaxation with shape change is exhibited by EAPs such as PANi 
and those falling within its group. This relaxation effect is absent in certain EAPs 
[e.g., poly( o -aminophenol), poly( o -phenylenediamine), and poly(benzidine)] [ 103 ]. 
In studies by Silk and Tamm [ 104 ] on halogenide-doped PPy fi lms, they reported 
the effect of cations on this redox switching process in terms of relaxation times. 

  Hydrogel   performance can be enhanced through the inclusion of acidic or basic 
groups into the structure to create a polyelectrolyte (the solid matrix network, ionic 
species, and fl uid component). Popular polyelectrolyte hydrogels employed include 
polyacrylic acid (PAA) as sodium and potassium salts [ 105 – 108 ]. Investigators 
have employed the sodium salt of hyaluronic acid hydrogels, demonstrating its 
reduction in volume at the anode with consequent drug release [ 109 ]. It follows that 
drug release from hydrogel networks is affected by the monomeric composition, 
swelling degree, and cross-linking density, which ultimately impact the porosity 
and network structure. The presence of ionizable groups in the hydrogel elicits 
chemical and physical changes in the structure, thus enabling drug release [ 110 ]. 
Electrical stimulation of a responsive polyelectrolyte causes drug migration to the 
oppositely charged electrode, and contraction of the hydrogel, emanating in drug 
expulsion [ 111 ]. This drug movement is represented in Fig.  3.5 .

3.6.1       Responsive Hydrogels: Electrocompatible 
Preparation Approaches 

 The  versatility   of hydrogels and their potential application in an electroresponsive 
system has been introduced [ 112 ]. An increase in the degree of cross-linking of the 
hydrogel enhances the architectural integrity, lowering the amount of water imbibed 
and thus decreasing the degree of swelling [ 113 ,  114 ]. Hydrogel synthesis may be 
via blending, copolymerization, grafting, or formation of an interpenetrating poly-
mer network or composite. Blending implicates interaction between two or more 
agents, for example, through esterifi cation between hydroxyl group of polyvinyl 
alcohol (PVA) and the carboxyl group of gelatin [ 115 ]. Copolymerization occurs 
via reaction of two monomers. Grafting is similar to copolymerization, except that 
the polymer employed for hydrogel formation is a graft copolymer (a branched 
polymer where the main chain and side chain differ) possessing the combined prop-
erties of both polymers [ 111 ,  116 ]. 
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 With regard  to   interpenetrating polymer networks ( IPNs)  , the hydrogel network 
incorporates a network of a component, where there is polymerization or 
 cross- linking of at least one component in the presence of another. Thus, there can 
be incorporation of an EAP into a hydrogel to create an IPN, thereby potentially 
increasing the electrical stimulation conductivity into the hydrogel and the ultimate 
electroresponsiveness [ 117 ,  118 ]. 

 Formation of a composite hydrogel occurs by embedding a particle into a hydro-
gel network, where the particle does not interact directly with the hydrogel [ 119 ]. 
All these approaches may be instituted in the synthesis of an electroresponsive 
hydrogel system, with selection based on swellability, structural integrity, and 
response required.   

  Fig 3.5    Schematic depicting: ( a ) Positively charged drug particle migration toward the negatively 
charged anode. ( b ) Contraction of the hydrogel with forced drug exudation from the system. 
Adapted from Pillay et al. [ 11 ]       
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3.7     Electroactive Polymer Functionalization 
for Specifi c Applications 

 Various approaches exist for  the   functionalization of EAPs for the binding of bioac-
tives and optimization of the properties of the device or delivery system (i.e., poros-
ity, hydrophobicity, degradability, conductivity), as represented in Fig.  3.6 . This 
ultimately enhances their potential for numerous biomedical applications. Entrapment 
and absorption techniques do not involve chemical reactions that could affect bioac-
tive activity and are thus commonly employed for biosensor applications [ 120 ].

     1.    Absorption—The EAP is introduced to a solution of the functionalizing agent, 
enabling its  physical   adsorption to the polymer matrix via static interactions 
between the molecule’s charge and the polymer matrix. This is a simple approach; 
however, it exhibits sensitivity to pH, and outward leaching of the bioactive can 
occur [ 121 ]. Examples include the physical adsorption binding of calf thymus 
DNA to PPy as a toxicant biosensor [ 122 ].   

   2.    Entrapment—The functionalizing molecule, the monomer of the polymer, the 
dopant, and the solvent are mixed prior to synthesis. Incorporation of the func-
tionalizing agent molecules close to the electrode into the polymeric chain occurs 

  Fig 3.6    Approaches to functionalizing EAPs: ( a ) physical absorption, ( b ) entrapping, ( c ) covalent 
bonding, and ( d ) exploiting the doping mechanism. Source: Balint et al. [ 1 ]       
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during electrochemical polymerization. Application of this method to the bind-
ing of large molecules, such as DNA and enzymes, is common, as their size 
generally inhibits their escape  upon   entrapment [ 120 ]. Entrapment has been 
employed, for example, for the binding of glucose oxidase for formation of glu-
cose sensors [ 123 ]. DNA has been bound for the detection of aromatic amines, 
cDNA, and Hep C virus [ 124 ].   

   3.    Covalent bonding—The molecule is covalently bound strongly to the monomer 
of the polymer and the long-term stability of the polymer is enhanced. There is 
the possibility of a reduction in the EAP’s conductivity. An example is  the   cova-
lent binding of cysteines via sulfi de bonds to the beta-positions of PPy. Additional 
bioactive molecules can be anchored to the cysteines [ 125 ].   

   4.    Exploitation of  the   doping process—Enables bonding of a wide range of bioac-
tives with the prerequisite that they are charged. The binding of biomolecules 
such as collagen, growth factors, heparin, and chitosan has been achieved through 
doping; however, this is limited by the small amount of molecules that can be 
bound, as well as a notable reduction in the conductivity [ 25 ,  126 ,  127 ].    

  Diverse biological molecules of interest have also been employed to functional-
ize EAPs, thus enhancing  their   bioactivity. The following have been applied, for 
example, to PPy [ 128 ,  129 ]:

    1.    Dermatan sulfate to enhance keratinocyte viability   
   2.    Heparin to promote endothelial cell proliferation   
   3.    Laminin-derived peptide doping to improve neuron and astrocyte adhesion   
   4.    Neural growth factor and poly- L -glutamic acid to enhance neuronal growth   
   5.    Hyaluronic acid and chitosan to promote skeletal myoblast growth and differen-

tiation [ 130 ]    

3.8       The Diverse Applications of Electroactive Polymers 
and Coatings to the Pharmaceutical and Biomedical 
Industry: Controlled Delivery Applications 

 Application of responsive polymers is divided  by   application areas, including car-
diovascular devices, ophthalmic devices, surgical devices, dental and orthopedic 
devices, respiratory devices, gastrointestinal devices, urogenital devices, drug deliv-
ery devices, and implantable biosensors [ 131 ]. 

3.8.1     EAPs in Controlled Drug Release Applications 

 The need for the controlled delivery of chemical compounds is a prerequisite for a 
number of industries, specifi cally the medical and pharmaceutical disciplines [ 5 ]. 
The institution of EAPs is an exciting avenue for overcoming the challenges in the 
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design of  effective   controllable delivery devices. The great potential of EAPs lies in 
the fact that upon application of a negative (reducing) potential, controlled expul-
sion of molecules bound through doping into EAPs is enabled [ 5 ,  132 ,  133 ]. EAP 
devices can be rendered porous, with delocalization of charge carriers facilitating 
bound molecule diffusion. Successful release of numerous therapeutic agents from 
EAP-based systems has been demonstrated and reported for 2-ethylhexyl phos-
phate, dopamine, naproxen, heparin, neural growth factor (NGF), and dexametha-
sone [ 132 – 137 ]. These and further examples are elaborated on in Fig.  3.7 .

   The attainment of intelligence in drug release, where the appropriate amount of 
drug is released at the required site at the correct time, is the main goal of pharma-
ceutical researchers. The design of such systems is ultimately benefi cial to the 
patient for enhancing compliance and reducing side effects [ 92 ]. This is where 
EAPs as electroresponsive systems have pertinent application. EAP-based hydro-
gels achieve controlled release as a result of the inward and outward movement of 
charged particles. Models explicating the mechanism of release are minimal. 
Murdan [ 92 ] described three different scenarios:

    1.    Gel deswelling resulting in forced drug convection   
   2.    Drug migration due to charged electrodes (drug electrophoresis)   
   3.    EAP hydrogel erosion on electrical stimulation with the consequent release of 

drug    

  Fig 3.7    EAP- and EAC-based controlled drug delivery systems       
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  The limitations of employing EAP-based hydrogels for drug release are that:

    1.    The drug must be charged to enable electrochemical movement control into and 
from the hydrogel [ 138 ].   

   2.    There  is   diffi culty in the absorption (thus resulting in relatively low drug load-
ing), as well as release of large volumes of drug by the hydrogel [ 137 – 139 ].   

   3.    There is a decreased control over drug release with continued ion exchange 
between the surrounding medium and drug [ 138 ].   

   4.    Rapid drug expulsion (this could also be an advantage in some instances) 
[ 137 ,  139 ].   

   5.    Diffusional leaching of drug with replacement by other molecules in the EAP’s 
environment [ 137 ,  139 ].   

   6.    EAP fatigue on repeated electrical stimulation due to irreversible polymeric oxi-
dation, thus limiting EAP lifetime. Swelling and deswelling due to continual 
doping agent movement cause consequent polymeric degradation [ 5 ,  7 ].     

 Drug loading can be enhanced through the application of biotin-streptavidin cou-
pling, with biotin acting as a dopant, covalently binding the bioactive, and ulti-
mately providing release kinetics that are more uniform [ 139 ]. 

 Zinger and Miller [ 100 ]  investigated   the controlled release of charged particles 
(the anionic neurotransmitter, glutamate) covalently bound to the polymer back-
bone of PPy which was coated onto a glass-like carbon electrode. Ferrocyanide was 
incorporated to enhance PPy conductivity. Controlled release of the drug was suc-
cessfully achieved [ 100 ]. With regard to cationic drug release, Zhou et al. [ 140 ] 
demonstrated the anodic release of protonated dimethyl dopamine from a cationic 
poly( N -methyl-pyrrole)/polyanion composite. Drug release from bilayered poly-
mers as a dual layer transport system has also been verifi ed by Pyo and Reynolds 
[ 141 ]. A low redox potential inner layer (PPy and polystyrene sulfonate) was sepa-
rated via insulating fi lm from a high redox potential outer layer [either  poly( N - methyl 
pyrrole) or poly(vinyl ferrocene) (PVFc)]. This intelligent design enabled both the 
release of charged particles and the reuptake of specifi ed charged particles present 
in the surrounding medium. 

 Determination of the  behavior   of the EAP-based hydrogel requires the correct 
application of the current. There should be immersion of the hydrogel in the con-
ducting medium, with embedding or contact of one or both electrodes with the 
hydrogel. Alternatively there can be direct contact of the hydrogel with the elec-
trode in the absence of conducting media, which will ultimately result in a varied 
release profi le compared to institution of the fi rst method, which should be consid-
ered on selection of the optimal approach [ 92 ]. Investigation of release mechanisms 
has been undertaken by Kanokpom and co-workers [ 142 ], employing a cross-linked 
PVA hydrogel doped with sulfosalicylic acid. It was demonstrated that release of 
drug varied linearly with the square root of time. There was dependence of the dif-
fusion coeffi cient of the hydrogel on the applied electric current and the degree of 
cross-linking. Institution of polyelectrolytes (water-soluble electrically charged 
polymers) as the main component of the hydrogel also infl uences drug release, 
potentially creating electrical, temperature, and pH-responsive hydrogels, as elabo-
rated in the ensuing section.  
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3.8.2     EAP-Based Polyelectrolyte Hydrogels 
in the Delivery of Biologics 

 The movement and shape of these electrically  charged   water-soluble polymers are 
controlled by their charge, as well as by Brownian motion, resulting in either coiling 
or stretching. Depending on the ionizable groups present such as those that are 
acidic (e.g., carboxylic, phosphoric, sulfonic) or basic (amino groups), a polyelec-
trolyte can be classifi ed as a polyacid, polybase, or polyampholyte [ 143 ]. The appli-
cation of polyelectrolytes in the fi eld of EAP-based bioactive delivery is of 
pertinence based on their structural response to pH, temperature, and electrical cur-
rent alterations [ 144 ]. DNA is a polyelectrolyte, thus indicating the potential for 
synthesizing biocompatible polyelectrolytes [ 11 ]. 

 The incorporation of a polyelectrolyte into a hydrogel creates the potential for 
swelling, collapse, or even shape change of the system when exposed to solutions of 
varying pH or charge [ 145 ]. Examples of electrically responsive polyelectrolytes 
include PAA and PVA copolymer membranes, sulfonated cross-linked polystyrene 
gel, acrylamide/acrylic acid copolymer with PPy/carbon black, and chitosan/car-
boxymethylcellulose hydrogels [ 146 ], which can display good electrical responses 
at various pH values. As indicated, with electrical stimulation, the kinetic motion is 
one of hydrogel collapse/contraction of the cationic or anionic polymer at either the 
anode or cathode, respectively, occurring in two areas. This is due to electrochemi-
cal processes following Faraday’s law and is evident fi rst in the area of high gel 
response. Thereafter there is a possibility for electro-osmotic water release in an 
area having a low response [ 145 ]. In addition to drug release applications, and 
owing to their biocompatibility and stimulus sensitivity, these EAP-based polyelec-
trolyte hydrogels also have shown potential as biosensors, microsurgical tools, min-
iature bioreactors, and for use in DNA hybridization. Polyelectrolyte multilayers 
may also be employed as fi bers or coatings for bioactive  and   diagnostic agent 
release [ 147 ,  148 ]. Inoue et al. [ 149 ] evaluated the pH-responsive drug release from 
hydrophobic or cationic polyelectrolyte hydrogels. There were notable variances in 
the rate of swelling and drug release at different pHs. 

 Certain hydrogels and EAPs may function as stimulus-actuated systems, which 
are biodegradable and, when implanted at a target site, begin eroding with release of 
incorporated drug upon actuation [ 150 ]. Natural polymers possessing this potential 
include gelatin and dextran. Biodegradable EAPs may also achieve controlled release 
in this manner including multiblock polylactide and aniline pentamer copolymers 
[ 45 ], which were evaluated in rat models. Guimard and co-workers [ 150 ] fabricated 
5, 5′″-bis (hydroxymethyl)-3,3′″-dimethyl-2,2′:5′,2″:5″,2′″-quaterthiophene- co -
adipic acid polyester via incorporation of alternating electroactive quaterthiophene 
units and biodegradable ester units to create a macromolecular framework. Nanoscale 
applications of EAPs have also been investigated, with sizes of even 100 nm demon-
strating electroactivity [ 151 ,  152 ]. A summative account of EAP-based delivery sys-
tems is provided in Fig.  3.7 , highlighting the progressive potential of this fi eld for 
drug delivery. Future investigations could see the application of drug-loaded EAP 
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systems as injectable nanorobots or nanobiosensors,  with   subsequent activation via 
electrical and other stimuli, ultimately leading to a more patient-specifi c treatment 
approach.  

3.8.3     Application of EAPs in Medical Devices 

 Tanaka et al. [ 161 ] developed  a   stop valve on a microchip. First, a novel stop valve 
structure was conceptualized with fabrication, and subsequent measurement, of the 
displacement of the diaphragm in the absence of fl uid. Second, the functionality of 
the stop valve installed on a glass microchip was demonstrated. Figure  3.8  depicts 
the structure and actuation principles of the stop valve. There is thinning and elon-
gation of the EAP horizontally upon voltage application (Fig.  3.8a ). The EAP is 
held between soft electrodes and mounted on a silicon rubber diaphragm.  Elongation   
in the horizontal direction is inhibited in this structure; thus diagonal elongation 
occurs upon voltage application in order to close the penetrating hole in a chamber 
within a microchip (Fig.  3.8b ). For valve function demonstration, a linear micro-
channel with a valve structure in the center of the channel was designed (Fig.  3.8c ).

3.8.4        The Application of EAPs as Biomimetic Sensors: 
Electroactive Polymeric Sensors in Hand Prostheses 

 Biddiss and Chau [ 162 ]  took   on the task of creating a prosthetic hand incorporating 
EAPs, a daunting undertaking, considering the complexity of the natural human 
hand (17,000 tactile receptors all of which can access the sensory information gen-
erated). EAPs are a suitable choice for such prosthetics as they are diverse, light-
weight, shatterproof, and pliable, with adjustable electrochemical properties, and 
fi nd dual application as an actuator and as a sensor. This has allowed EAPs to be 
used in numerous sensory applications such as neural and haptic interfaces as well 
as artifi cial noses [ 163 ], chemical sensing systems [ 164 ], and devices for measure-
ment of blood pressure and pulse rates [ 165 ]. Table  3.3  summarizes some of the 
EAPs successfully applied as biomimetic sensors [ 162 ].

   For their experimental setup (Fig.  3.9 ), Biddiss and Chau [ 162 ] employed a gold- 
coated IPMC fi lm, having an appropriate geometric fi t for the metacarpophalangeal 
joint of a typical hand prosthesis. Their goal was characterization of the material 
response to quasistatic and dynamic bending embodied by the prosthetic hand. They 
ascertained the performance of a calibrated IPMC sensor with regard to prediction 
errors for various bending rates and angles. Bending was achieved by loading of the 
sample as a cantilever beam from angles of 0 to 90 o . Fixing one end of the IPMC 
sample was achieved via a stationary clamp fi tted with isolated electrodes for mea-
surement of the voltage potential across the polymer,    while the opposite end was 
fi xed to a rotating platform. This was operated by a computer-controlled stepper 
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motor working in increments of 0.9 o , for reliable variation of bending angles and 
rates. The angle of rotation of the stepper motor shaft (bending angle) and the shaft 
angular velocity (bending rate) was the input. The output voltage was amplifi ed 100 
times, which was converted by a data acquisition board to a digital signal.

   Biddiss and Chau [ 162 ] indicated that the application of EAP technology to 
biomimetic sensors is at various stages, with established systems such as conduc-

  Fig 3.8    Design and mechanism of operation of a microchip with a stop valve. ( a ) Deformation of 
an EAP by an applied voltage. ( b ) Schematic of the stop valve. ( c ) Microchip design and observa-
tion method of the microchannel fl uid fl ow. Source: Tanaka et al. [ 161 ]       
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tive rubber pressure sensors, to exceedingly innovative IPMC systems. Through 
their studies, they found that IPMS sensor errors (3–5° amplitude errors) were in 
line with those of the natural proprioceptive system in the metacarpophalangeal 
joints. There is high resolution and accuracy with conventional sensors (e.g., fi ber 
optics, strain gauges, etc.) but lack durability, fl exibility, or of suffi ciently small 
size, rendering them with minimal clinical acceptability for prosthetic devices. 
There is no need for auxiliary mechanisms or an external power source when 
IPMCs are employed, signifi cantly reducing bulk. The favorable response through 
enhanced functional and sensory capacity demonstrated by the IPMC sensor in this 
study renders them as a necessitated alternative for proprioceptive sensory feed-
back in prosthetics.  

3.8.5     EAPs as Nanocomposites 

 Organic-inorganic material hybrids have gained increasing amounts of recognition, 
with  hybrid   nanocomposites furnishing materials with unique physical properties, 
greatly exceeding the performance of the individual components alone [ 166 ]. These 
hybrid nanocomposites possess diverse applications; hybrids of nanoparticles and 
conducting polymers (e.g., Pt, Au, Pd, Zr(HPO 4 ) 2 , MoO 3 , MnO 2 , Mo 3 Se 3 , γ-Fe 2 O 3 , 
Fe 3 O 4 , and IrO 2 ) have been applied to the fi elds of electrocatalysis, energy storage 

   Table 3.3    EAPs as biomimetic sensors. Adapted from Biddiss and Chau [ 162 ]   

 Sensor 
 Principle of 
operation  Advantages  Related applications 

 Polypyrrole  Redox reactions 
instigate material 
property changes 
(e.g., volume, 
resistance) 

 Biocompatible 
 Multiformable (into 
sheets, fi bers, or fi lms) 
 Good manufacturability 
 Electrically, 
mechanically, 
thermally, and 
chemically responsive 

 Strain gauges and 
sensing fabrics 
 Sensory gloves for 
rehabilitation 
(movement 
monitoring and 
assistance) 
 Tactile sensors 

 PVDF(polyvinylidene 
fl uoride) 

 Bidirectional 
piezoelectric 
effect (electrical 
response to 
mechanical 
deformation) 

 Vibration and contact 
sensors in robotic and 
prosthetic applications 
(tactile discrimination, 
slip detection) 

 IPMC (ionic 
polymeric metal 
composites) 
 A thin polymeric 
material inserted 
between two plated 
metal electrodes 

 Deformation 
causes shift of 
mobile 
charges = charge 
imbalance 

 Sensitivity to vibrations 
and large deformation 
bends 
 Biomimetic response 
 Moisture and metal 
content and distribution 
sensitivity 

 Tactile sensors 
 New advancements 
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devices (e.g., supercapacitors), sensors, battery cathodes, microelectronics, mag-
netic materials, and electrochemical devices [ 167 – 175 ]. As most of the aforemen-
tioned hybrids incorporate metals or their oxides, moisture sensitivity may be an 
issue if not entrapped within an organic material matrix, thus forming a core/shell 
nanostructure [ 176 ]. 

 The biomedical fi eld could  also   reap rewards from the application of these 
hybrid structures with application as electrodes in soft tissue implants. Composites 
of PPy and carbon nanotubes have been employed in chronic implantable neural 
probes as electrodes for neural interfaces. The application of iridium oxide (IrO 2 ) 
as the inorganic component of hybrid materials has been used in numerous applica-
tions as a substrate for culture, growth, and neural cell electrical stimulation, as 
well as a medical electrostimulation electrode and sensor coatings [ 177 – 179 ]. The 
organic component could be comprised of conducting polymers such as PEDOT 
and PPy. This combination was predicted by Moral-Vico et al. [ 176 ] to be suitable 
for biomedical electrode applications, with the addition of the EAP providing the 
required fl exibility and biocompatibility for implantation in a living organism 
[ 176 ]. Together with potentially enhanced electrochemical intensive properties, 

Parallel
Port

FILTERS

60Hz Noteh

0.01Hz
High-pass

filter
Amplifier

(100x)
AD

Converter

Anchors

Rotating platform
driven by stepper motor

electrode

electrode

IPMC

  Fig 3.9    Schematic of experimental setup with rigid mounting of polymer on one end, with anchor-
ing on the opposite end to a stepper motor-driven rotating platform. There is subsequent fi ltering, 
amplifi cation, and digitization of the polymer response for signal processing. Source: Biddiss and 
Chau [ 162 ]       
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they also  anticipated a signifi cant increase in charge capacity due to the Faradic 
properties of both components. 

 Other industries have also realized the potential of these novel hybrid phases, for 
example, as coatings or powders, as PEDOT, PPy, and IrO 2  all have applications in 
energy devices (e.g., solar and fuel cells), electrochromic devices, and sensors 
[ 179 – 181 ]. 

 In the investigation performed by Moral-Vico and co-workers [ 176 ], two novel 
organic-inorganic nanocomposites comprised either of PPy or PEDOT encapsulat-
ing IrO 2  (i.e., PPy-IrO  x   and PEDOT-IrO  x  ) were formulated via a facile hydrothermal 
reaction in various oxidation states employing a suspension of the IrO 2  and the 
monomer as precursor. Their biocompatibility was ascertained in the presence of 
cortical neuron cells and compared with IrO 2  and PPy-ClO 4  single phase toxicity, 
with a view of potential applications in the neural system [ 176 ] (Fig.  3.10 ). There 
was encapsulation and entrapment of IrO 2  by the polymer fi lm in all instances. 
Conductivity  and   electrochemical activity were evident in varying degrees for the 
resultant material, with dependence on the initial oxidation state and the relative 
amount of each component. Biocompatibility was demonstrated by the hybrid 
materials for neuronal growth and differentiation. In terms of the suspension, a lim-
ited amount of material could be employed prior to the observance of toxicity, thus 
indicating that the nanocomposite maintains the biocompatibility in comparison 
with the non-hybrid-conducting polymers. The composite thus has potential for 
application as electroactive phases in biological media, when employed as a coating 
for bioelectrodes or for nanoparticulate delivery [ 176 ].
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  Fig 3.10    ( a ) SEM image of hybrid nanocomposite of polypyrrole and iridium oxide (IrO 2 ), ( b ) 
corresponding results of a cytotoxic assay. Source: Moral-Vico et al. [ 176 ]       
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3.8.6        EAPs in Shape-Memory Applications 

  Shape-memory polymers (SMPs)      possess the unique potential of deformation and 
fi xing into a temporary shape, with recovery of their initial permanent shape follow-
ing application of an external stimulus, which includes thermal, light, electrical, and 
magnetic stimuli to name a few [ 182 ]. SMPs have advantages over shape-memory 
alloys (SMAs), such as nickel titanium, including lightness, fl exibility, processabil-
ity, high shape recovery ratio, and low cost, in addition to high elastic deformation 
and low recovery temperature [ 183 ]. Their industrial applications are vast ranging 
from clothing manufacture, space structures, morphing aircraft, and biomedical 
treatments [ 184 ,  185 ]. There are certain limitations to SMPs limiting wider applica-
tion including the following: low rubbery moduli lead to small recovery; poor ther-
mal conductivity leads to low recovery speed; and the electrical insulation of most 
polymeric materials renders them inert to electromagnetic stimuli (compared to 
SMAs). Various investigations have been undertaken to overcome these challenges; 
specifi cally, approaches have been developed to enable electrical actuation of SMPs, 
resulting in the induction of the recovery of SMP composites via electrically resis-
tant joule heating. This is achieved through combination of SMPs with conductive 
fi llers such as carbon black, carbon fi bers, nickel, and PPy, which generate heat in 
accordance with Joule’s law to enable heat transfer for triggering the shape recovery 
of the SMP matrix [ 185 – 188 ]. This, however, requires high loading amounts of the 
conductive fi ller. Lower loading with notable enhancement of shape recovery can be 
implemented through institution of nanofi llers (e.g., surface-functionalized carbon 
nanotubes) [ 185 ,  189 ]. 

 Most investigations to date  have   focused on thermoplastic SMP resins such as 
polyurethane SMP as an electroactive  SMP   composite. Its invention was basically 
the inception of biodegradable SMPs as intelligent polymeric materials for bio-
medical applications [ 190 ]. Thermoplastic SMPs, however, possess poor thermal 
and mechanical attributes. Investigators then looked toward polylactide (PLA) and 
its copolymers, but its use was limited by brittleness. Hiljanen-Vaino and co- 
workers [ 191 ] then improved the mechanical properties of PLA via polycondensa-
tion with ε-caprolactam, ensued by introduction of urethane linkages for chain 
extension to poly(ester-urethane). Raja and co-workers [ 185 ] then proceeded to 
delve into an investigation on the shape-memory capabilities of polyurethane-poly-
lactide (PU/PLA) blends, which saw the introduction of pristine and modifi ed car-
bon nanotubes (CNTs) via a melt mixing process. The electroactive and 
shape-memory properties of the composite were investigated. Modifi ed CNTs 
loaded into the PU/PLA blend furnished a signifi cant improvement in the mechani-
cal properties (tensile strength, dynamic storage modulus) and glass transition tem-
perature compared to the pristine CNT-loaded system, as enhanced polymer-CNT 
interactions were enabled. The fi ne dispersion of the modifi ed CNT in the matrix 
emanated in the formation of PU/PLA CNT nanocomposites with good electrical 
and thermal conductivity, which in turn enhanced the electroactive shape-memory 
behavior of the resultant composite (Fig.  3.11 ).
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3.8.7        EAPs as Artifi cial Muscles 

 Polymeric  actuators   can exceed the performance of natural muscle in a number of 
aspects; hence, their suitability for biomedical devices, medical prostheses, biomi-
metic robots, and micro-/nano-electromechanical systems. As mentioned, the 
sandwiched structure of the ionic exchangeable polymeric core and platinum 
electrode face sheets of IPMCs are the favored EAPs for electrically driven bend-
ing actuators. Wang and co-workers [ 192 ] developed a novel biomimetic artifi cial 
muscle based on a cross-linked ionic networking membrane of sulfonated 
poly(arylenethioethersulfone) copolymer (SPTES) and PVA. This muscle was 
designed to demonstrate electrically actuated bending deformation. Synthesis of 
the SPTES copolymer was via direct copolymerization of the sulfonated mono-
mers. This was followed by cross-linking with PVA via the dehydration approach 
with the cross-linking mechanism between the polymeric backbones highlighted in 
Fig.  3.12 . There is transformation of the hydrophilic (–OH) and (–SO 3 H) groups 
into the less hydrophilic (–OSO 2 –) sulfonic ester groups during dehydration. The 
cross-linking of PVA and SPTES molecules’ membranes minimizes swelling, in 
addition to altering the hydrophilic-hydrophobic balance inside the membranes. 
Ion-exchange processes and electroless plating achieved the fi nal electroactive 
PVA/SPTES actuator. Application of an electric fi eld to the IPMC caused cations 
within the membrane to carry solvent molecules in the direction of the cathode, 
with the ion movement instigating bending deformation and thus the actuation 
force.    The cross-linked PVA/SPTES membrane demonstrated signifi cantly 
enhanced proton conductivity and ionic exchangeable capacity compared to a 
Nafi on membrane (a sulfonated tetrafl uoroethylene-based fl uoropolymer-copolymer 
with conductive properties). The bending deformation of the PVA/SPTES actuator 
is larger, in the absence of straightening-back relaxation and harmonic responses 
under sinusoidal excitations in a wide frequency band [ 192 ].

PU/PLA/modified CNT composites (ULA-NTS10)

PU/PLA/Pristine CNT composites (ULA-NTP10)

0 s
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  Fig 3.11    Shape-memory 
effect of pristine and 
modifi ed CNT-fi lled PU/
PLA nanocomposites. 
Source: Raja et al. [ 185 ]       
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3.8.8        Advances in Electroactive Coatings 

 Investigations have focused on the formation of hybrids of conducting EAPs and 
hydrogels as soft electroactive coatings for enhancing the mechanical and electrical 
performance of metallic implant electrodes. These soft electroactive materials medi-
ate  the   mechanical mismatch between stiff metals and soft tissues. A challenge 
encountered is that it is diffi cult to achieve submicron coatings, using hydrogel fabri-
cation approaches, which results in bulky implants, displacing excessive tissue 
volumes. Baek et al. [ 193 ] addressed this concern by covalently bonding polymer 
brushes of poly(2-hydroxyethyl methacrylate) (pHEMA) to a gold electrode via 
surface-initiated atom transfer radical polymerization (SI-ATRP). Electropoly-
merization, through the brush layer, of the CP poly(3,4-ethylene dioxythiophene) 
(PEDOT), formed a thin hydrophilic coating (Fig.  3.13 ).  The   electrical properties of the 
hybrid were shown to be superior to homogenous conducting EAPs. The material 
formed had potential as a hybrid coating for bioelectrode applications and supported 
the attachment and differentiation of model neural cells.
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  Fig 3.12    Chemical structure and cross-linking mechanism of PVA/SPTES. Source: Wang et al. [ 192 ]       
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3.9         Conclusion 

 EAPs encompass a novel technology platform that holds pertinent potential with 
diverse industrial applications. This chapter highlighted their specifi c impact in the 
medical and pharmaceutical industries. The key to their success is their extensive 
versatility, with the choice of dopant being important for defi nition of the overall 
properties. In this chapter, an overview has been provided of all the factors implicit 
to the successful operation of an EAP-based delivery system or device. Stemming 
from this, a panoply of drug delivery systems and biomedical devices has been 
developed, demonstrating the intelligence of design inherent in these systems, 
which can ultimately enable patient-controlled electroresponsive bioactive release 
for the tailored control of the clinical response. This being said, these developments 
are not without their limitations. Developments, specifi cally in the design of hybrid 
nanocomposites, could see these hurdles overcome. It is clear that the future will 
bring further examples of EAP-based systems in nanorobotics, nanobiosensors, 
prosthetics, and responsive miniaturized delivery systems where “smart” capabili-
ties will be the name of the game.     
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