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Abstract 
 
Most actuators today still make use of batteries or other electrical power sources. For 
certain medical applications, however, batteries are not the first choice, for instance 
due to their size and weight, as well as inactivities due to recharging. For this reason, 
actuator materials which can be powered directly by chemical energy available in the 
environment have been researched. Mainly, hydrogels have been demonstrated to be 
actuated by changes in chemical energy. The polymer gels mostly feature high strains, 
but lack mechanical strength and are therefore not suited for all applications where 
chemical actuation can be an advantage. 
Besides other electroactive polymers (EAPs), conducting polymers have attracted 
great attention as candidates for artificial muscles. In particular, polypyrrole (PPy) 
achieves strong mechanical properties with moderate strains and can be actuated 
with lower voltage compared to other commonly used actuator materials. Currently, 
the direction of ion exchange, whereby the strain of actuators arises, is routinely 
controlled by applying an external potential to change the redox state of PPy. For 
future applications, ways of driving artificial muscle actuators other than by an 
externally applied potential might become important.  
In this work we have therefore – to the best of our knowledge – for the first time 
examined the principle of chemically actuating PPy with redox agents in solution. 
Due to the low actuation voltages needed, PPy actuators can work in the potential 
region of most chemical agents. In particular, hexacyanoferrate and L-ascorbic acid, 
also known as vitamin C, are employed to analyse the strain response of PPy. The 
redox agents establish a certain potential at the polymer electrode, which results in a 
corresponding strain change. For comparison, we first analysed the actuators in a 
system driven by external signals from a potentiostat. The actuation results achieved 
with the redox agents are in accordance with the strain generated by external 
voltages via the potentiostat. By adding different relative concentrations of the 
hexacyanoferrate couple to the electrolyte, we achieve a repeatable linear transition 
in strain with moderate to low hysteresis. Strain changes are induced by redox pairs 
as well as redox moieties in solution. The possible pathways of redox-induced 
actuation were analysed and we concluded that the most probable pathway is the 
reaction at the PPy film surface with subsequent ion exchange. Influences of pH, 
electrolyte concentration as well as temperature were found to not affect the actuator 
strain as much as the redox agents. The configuration we chose to visualise the 
actuator strains was a bending beam of polyimide/gold/PPy inside a liquid flow cell. 
This setup is ideally suited for measurements which include a fluid flow, since no 
problems arise due to leakage. To demonstrate the possible polarities of strain vs. 
potential, we used an anion-exchanging film – PPy(ClO4) – as well as a cation-
exchanging film – PPy(DBS). Their shrinking and swelling behaviour is inverse. To 



 

improve the strain rates of chemical actuation we showed that it is possible to 
employ the PPy actuators in a fuel cell setup, in our case as the anode. The electrical 
connection to the cathode side leads to a strain change within seconds. 
Our results indicate that conducting polymer actuators are well suited to sense their 
environment while directly using this energy to exhibit actuation.  



 

 III 

Zusammenfassung 
 
Die meisten Aktoren werden heutzutage noch immer mit Batterien oder anderen 
elektrischen Energiequellen betrieben. Für einige medizinische Anwendungen sind 
Batterien jedoch nicht optimal geeignet, sei es wegen der Grösse und des Gewichts 
oder wegen aufladungsbedingten Totzeiten. Deswegen wurden Aktormaterialien 
erforscht, die direkt mit chemischer Energie aus der Umgebung angetrieben werden 
können. Eine solche chemische Aktuation wurde hauptsächlich mit Hydrogelen 
gezeigt. Diese Hydrogele verfügen meistens über eine grosse Ausdehnung, haben aber 
generell eine geringe mechanische Festigkeit und sind deswegen nicht für alle 
Anwendungen geeignet, wo chemische Aktuierung Vorteile bieten kann. 
Ein grosses Interesse besteht darin leitfähige Polymere wie auch andere dielektrische 
Elastomer Aktoren (DEA) für die Realisierung von künstlichen- oder biomimetischen 
Muskeln einzusetzen. Polypyrrol (PPy) beispielsweise weist eine hohe mechanische 
Festigkeit mit moderaten Deformationen auf und braucht für den Antrieb geringere 
elektrische Spannungen als viele andere Aktormaterialien. Die Richtung des 
Ionenaustausches, der die Grundlage der Deformation bildet, wird generell durch das 
Anlegen einer elektrischen Spannung gesteuert. Andere Arten der Ansteuerung von 
PPy könnten für zukünftige Anwendungen von Bedeutung sein. 
In dieser Arbeit haben wir deswegen nach bestem Wissen zum ersten Mal das Prinzip 
des chemischen Antriebs von Polypyrrol mittels Redoxsystemen untersucht. Die 
niedrigen Aktuationsspannungen ermöglichen die Verwendung von PPy im Potential-
Bereich der meisten Chemikalien. Wir haben Hexacyanoferrat(II/III) und 
Ascorbinsäure, auch bekannt als Vitamin C, verwendet, um eine Deformation in PPy 
hervorzurufen. Die Redoxsysteme etablieren dabei an der Polymer Elektrode ein 
gewisses Potential, welches in einer entsprechenden Deformation resultiert. Für 
Vergleichszwecke haben wir zuerst analysiert wie sich die Aktoren verhalten, wenn 
sie via Potentiostat angesteuert werden. Die Resultate sind vergleichbar mit 
denjenigen der chemischen Stimuli. Verschiedene Konzentrationsverhältnisse des 
Hexazyanoferrat Paares ergaben entsprechende, unterschiedlich starke Ausdehnungen 
bzw. Kontraktionen mit hoher Wiederholbarkeit und einer geringen Hysterese. 
Deformationen wurden neben Redoxpaaren auch mit einzelnen Reduktions- und 
Oxidationsmitteln erreicht. Die möglichen Reaktionswege der chemischen 
Ansteuerung wurden untersucht und die Reaktion an der Polymer Oberfläche mit 
anschliessendem Ionenaustausch als wahrscheinlichster Reaktionsweg ausgemacht. pH, 
Elektrolytkonzentration, sowie Temperatur haben keine vergleichbaren Einflüsse auf 
die Deformation des Aktors. Um die Ausdehnung und Kontraktion des Aktors zu 
messen haben wir uns für einen Polyimid/Gold/PPy Biegebalkenaufbau in einer 
Durchflusszelle entschieden. Diese Konfiguration ist für Messungen mit 
Flüssigkeitsströmungen ideal geeignet, da undichte Stellen vermieden werden können. 
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Die Umkehrung der Deformationspolarität wurde anhand eines kationen-
austauschenden Polymers, PPy(DBS), gezeigt. Dieser Film kontrahiert beim Anlegen 
einer positiven Spannung, im Gegensatz zu PPy(ClO4). Um die Deformationsrate zu 
erhöhen haben wir den PPy Aktor als Anode in einer Brennstoffzelle eingesetzt. Ein 
Kurzschluss mit der Kathodenseite ermöglicht die Aktuierung innerhalb einer 
Sekunde.  
Unsere Resultate weisen darauf hin, dass Aktoren aus leitfähigen Polymeren gut 
dafür geeignet sind, die chemische Energie in ihrer Umgebung direkt als Antrieb zu 
nutzen. 
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1 Introduction 
 
 
 
Most actuators today are driven by an external power source like a battery or even a 
voltage generator. This is understandable from the viewpoint that various actuation 
devices need high voltages to be actuated and consume a lot of energy. When 
actuation mechanisms ought to be operated in or near the human body or other 
biological systems, the use of power devices can pose problems [1]. Batteries today 
still belong to the most spacious and heavy parts in an electrical assembly. Toxicity 
of materials can not be fully excluded and special attention to sealing is required. 
Additionally, device inactivities due to battery recharge and the need for frequent 
replacement can be very troublesome. A longer service-life is in contrast to 
miniaturised batteries, which normally hold less energy. Although ongoing research is 
addressing these issues by scaling down and using more bio-compatible fuels or heat 
gradients directly from the human body [2], virtually all commercial devices in the 
near future will be implemented with custom batteries. High voltages and electrical 
wiring are even less suited to drive devices near or inside the human body. Instead of 
using a battery or any other external power source, an actuator could be directly 
powered by its environment, converting chemical energy into mechanical energy. Just 
as in natural systems, an actuator could be driven by gradients and changes in 
chemical concentration. Chemical fuels can deliver higher energy densities than 
batteries, which makes it even more attractive to use the same fuel and fuel delivery 
systems as employed by natural muscles [3]. Several teams have therefore worked on 
routes to directly utilise chemical energy to power actuators.  
Polymeric hydrogels, researched for more than 50 years, are the most investigated 
state-changing material which can be chemically powered. They have been shown to 
directly respond to changes in pH, temperature, light or reagent concentration [4, 5]. 
Large volume changes can be achieved in those systems with however slow responses 
and rather low strengths and elastic moduli. This makes them well suited for 
applications where large strains are required, yet due to their low strengths polymer 
gels are usually employed in devices where they are shielded from the environment 
[6]. Actuator systems which catalyse the reaction of a fuel were also reported for the 
autonomous movement of micro- and nanostructures. Small plates with a Pt area [7], 
Pt-Au rods [8], and Ni-Au rods [9] have been demonstrated to move autonomously 
(i.e. translational or rotational) in aqueous hydrogen peroxyde solutions. 
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Microparticles were shown to move in CH3CN by the decomposition of H2O2 with the 
help of a synthetic manganese catalyst immobilised onto the particles [10]. Mano and 
Heller functionalised a carbon fiber, with glucose oxidase on one end and bilirubin 
oxidase on the other end, which moved on the surface of a glucose-containing 
solution [11]. They explained the effect with the transport of ions at the interface 
accompanying the flow of current through the fiber. All of these actuators do only 
exhibit translational or rotational movements. The liquids used were in most cases 
organic solutions, which limits the applications of these actuator types.  
Von Howard et al. demonstrated two types of chemically driven actuators, i.e. a 
beam-type carbon nanotube (CNT) actuator and a shape memory alloy (SMA) [12, 
13]. Both muscles are directly powered by hydrogen and oxygen purged into the 
system. The CNT paper actuators were shown to achieve transitions in strain around 
0.02% within 30 minutes when they were alternately exposed to O2 and H2. With the 
SMA they demonstrated actuator stroke and power density comparable to a natural 
skeletal muscle and faster switching speeds than for the CNT actuators. This 
principle is dependent on the heating and cooling of the actuator, which would 
presumably necessitate shielding in biological applications to avoid e.g. protein 
denaturation. Recently, Biener et al. have analysed the actuation of nanoporous gold 
when it is subjected to ozone and carbon monoxide [14]. To be powered, these 
actuators all require the delivery of gas, which is why robotics rather than biological 
fields might be envisaged so far.  
During the last ten to twenty years, polymeric actuator materials which are also 
called artificial muscles due to their biomimetic actuation behaviour have attracted 
growing interest. Various kinds of electroactive polymers (EAP) have been 
demonstrated and are still broadly researched [15, 16]. Every EAP mechanism shows 
specific actuation properties, which can be implemented into different kinds of 
applications, depending on the specific requirements. Despite their promising 
mechanical properties, very few EAPs - except for polymer gels which are mainly 
driven chemically - have been demonstrated to work with chemical energy [12, 17]. 
We show in this work the principle of chemically powering biomimetic actuators in 
liquid, where the actuation depends on the concentration of chemical agents in 
solution. Conducting polymers have attracted great attention to explore their 
potential for actuation. In particular, polypyrrole (PPy) achieves strong mechanical 
properties with moderate strains [18], can work under compression and tension and 
shows good biocompatibility [19-21]. PPy can be actuated with lower voltage 
compared to other commonly used EAP and actuator materials in general [18] and 
can thus work in the potential region of most chemical agents.  
Since PPy can be designed into various actuator configurations, several different 
future applications are imaginable, ranging from smart artificial muscle implants [3], 
over environmental sensitive blood vessel repairs [22] and stimulus-responsive 
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actuator valves [23, 24] to microdevices for single cell studies [25]. Depending on 
future needs, several different applications might emerge. 
In the subsequent sections, an insight into smart actuator materials and EAPs in 
particular is given, where different actuation mechanisms are compared. These parts 
will highlight the main reasons for the choice of PPy as actuator material in our 
work. Section 1.3 contains an outline of different drug delivery systems, from 
constant delivery to feedback loops. An overview concerning this application is given, 
because out of several possible future directions for chemically actuated PPy, this is 
presently an important and simultaneously still challenging field. 
 

1.1 Smart actuator materials  

 
The term “smart materials” is a wide concept of materials of which one or more 
properties can be altered in a controlled fashion by external triggers, such as electric- 
or magnetic fields, temperature, pH, stress, light or chemical agents [26]. Those 
substances sense external stimuli and respond accordingly in real or near-real time. 
The description applies to a wide variety of materials, e.g. piezoelectric ceramics, 
fluorescent and electroluminescent materials, magnetorheological fluids, halochromic 
materials or thermally actuated shape memory alloys, just to name a few. Since this 
thesis deals with smart actuators, we will briefly explain the main structures in this 
field. Actuators are devices that create mechanical motion when they are excited by 
certain stimuli. As opposed to several other actuator principles, like pneumatic 
actuators, hydraulic pistons or electrical motors, in smart actuators the material 
itself exhibits mechanical responses to external stimuli. Typical examples of stimulus-
responsive actuator materials are listed below. 
 

Piezoelectric materials 
The piezoelectric and converse piezoelectric effects couple mechanical energy to 
electrical energy and vice versa. When an electric potential or field is applied to a 
piezoelectric material (e.g. natural crystals or synthetic piezoelectric materials), it 
can induce mechanical stresses or strains. The reverse effect is also possible and is 
used in sensors. Besides piezoceramics, also piezoelectric polymers were shown to 
work as smart actuators. Poly(vinylidene difluoride) (PVDF) / silver actuators 
optically driven via the piezoelectric effect have been shown employing a laser beam 
[27]. Several devices and structures include piezoelectric materials as high precision 
devices, microactuators, for vibration control, etc. [26]. Usually, high voltages 
(around 100V to kV depending on the geometries) are required to drive such 

actuators, with small strains up to ~1%. 
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Electrostrictive relaxor ferroelectrics  

Electrostriction appears in materials which have high dielectric constants. The 
application of an electric field aligns polarized domains within the material, which 
remain aligned when the applied field is removed. Typically low strains in the order 
of 0.1% are reported with low hysteresis values (<5%) [26]. Relaxor ferroelectric 
polymers achieve higher strains >1% [18]. Generally, electrostrictive actuators 
require high fields around several kV/mm. 
 

Thermally activated/ferromagnetic shape memory alloys (SMA) also 
known as smart metals or muscle wires, undergo a phase change with temperature 
(or stress) or a magnetic field which results in strain [28]. NiTi-alloys are most 
commonly used as thermally activated SMAs, but several other materials have been 
researched as well. Various forms are available, most of which work with a tensile 
force. Several systems exist for biological applications, mostly for catheters or stents 
[29]. SMAs usually run between fully contracted and fully extended without a large 
linear region in-between, but they achieve large forces, strains up to 5-6% and high 

power densities. The extent of hysteresis is usually significant (30 to 50 °C for 

common Ni-Ti SMAs), while material modifications have shown to decrease the 

hysteresis to 10-15 °C [26]. Thermally activated SMAs generally respond slower than 

magnetically actuated ones, because cooling is a slow process [29]. SMAs can be 
arranged into a wide range of geometrical configurations, which makes them 
attractive materials for many applications. 
 

Shape memory polymers (SMP) can be triggered by electric- or magnetic fields, 

pH or temperature. Their working principle is similar to SMAs, but they have several 
advantages, like much lower cost, lower density and potential biocompatibility 
and -degradability [4]. 
 

Electrorheological fluids (ERF), magnetorheological fluids (MRF) and 

ferrofluids, which are liquids with fractions of particles, can experience dramatic 

changes in rheological properties, such as viscosity, in the presence of an external 
field [28]. For ERFs high electric fields are needed, while in MRFs and ferrofluids, 
the particles are controlled by a magnetic field. Electrorheological elastomers, also 
called electrovisco-elastic elastomers, and ferrogels employ a very similar principle of 
changes in rheology, but instead of suspending the particles in a liquid, an elastomer  
is taken, which changes its shear modulus in the solid state. 
 

Nanoporous metals were recently demonstrated to yield strain amplitudes 

comparable to those of commercial ferroelectric ceramics. The effect is reported to be 
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caused by charge-induced changes in the surface stress, either evoked through an 
applied potential [30] or due to adsorbate-metal interactions [14]. 
Molecular actuators, -machines or -devices are systems based on molecules or 

molecular assemblies, which respond to external trigger stimuli (e.g. adenosine 
triphosphate (ATP) fuel, pH gradient, voltage or light) with a change in their state 
[31, 32]. Such molecular systems are either already present in nature and extracted or 
they are designed and synthetically assembled. One prominent example is the redox-
induced shuttling of rotaxane [33]. We consider the bottom-up approach for artificial 
muscles with molecular actuators also an interesting prospective. 
 
Electroactive Polymers (EAPs), which is a variety of smart plastic materials, 

will be presented in the next section. 
 

1.2 Electroactive Polymers (EAPs) 

 
Polymers have several characteristics that make them attractive: they are lightweight, 
fracture tolerant, pliable, and most of them are inexpensive. Strains can be two 
orders of magnitude higher compared to electroactive ceramics, densities are low, and 
certain polymer materials show faster responses than SMAs [15, 18, 34]. Limiting 
factors of polymer materials for the use as actuators can be low actuation forces, and 
their robustness. The research of polymer materials has opened up the possibilities to 
approach several new applications for actuators. 
In electroactive polymers (EAPs), two principles for actuation can be distinguished. 
Electronic EAPs are driven by electric fields or coulomb forces, while ionic EAPs are 
based on the mobility of ions  
 
  

Electronic EAPs 

 
These actuators are driven by electrostatic forces and can, or even should, be 
operated in dry conditions. They usually exhibit high mechanical densities and large 
actuation forces, while the responses are comparably fast, within milliseconds. The 
main disadvantage of these materials is the high electric fields or actuation voltage 
needed (between 10-100V/µm, which leads to voltages of up to several kV). A 
compromise between strain and stress is often required. Section 1.2.2 explains some 
electronic EAPs in detail. 
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Ionic EAPs 

 
For the actuators of this class, an electrolyte with mobile ions is required. The ions 
either cause a volume change inside the polymer or balance the charge at the 
interface between actuator and electrolyte. Voltages below 1 V up to several volts 
enable the actuation of these materials. Responses are slower compared to electronic 
EAPs, and lie in the range of a second to minutes. The response rate can be 
increased with several modifications. In aqueous electrolytes, however, it is important 
to not exceed the electrochemical stability window and e.g. induce hydrolysis at too 
high positive potentials. 
 
Here we treat all of the mentioned materials with a focus on actuation. It is clear, 
however, that most of these materials can be used for a variety of other 
functionalities. For example, carbon nanotubes are due to their potentially high 
conductivities, attractive candidates for micro- and nanoelectronics [35, 36]. In 
assemblies on electrodes they can enable improved sensing for various species. 
Conducting polymers have been applied to various fields, e.g. polymer light-emitting 
diodes, electrochromic windows, energy storage and sensing devices [15, 37]. The 
basic component of ionomeric polymer-metal composites – polyelectrolyte membranes 
– serve as proton exchange membranes for fuel cells and ferroelectric polymers such 
as polyvinylidene fluoride (PVDF) are used as filter membranes. Polymer gels are 
utilised in biological fields, besides their actuator properties, to serve as extracellular 
matrices, smart surfaces, biocompatible- and protein adsorption preventing coatings, 
while their sol-gel transition can be used as an alternative to implantation of soft 
materials. 
 
Subsequently, several EAP mechanisms which are important for reasons of 
comparison will be presented. 
 

1.2.1 Ionic EAPs 

 
In this section, several ionic EAPs are further illuminated to gain an insight into 
their most important properties, advantages and disadvantages.  
 
 

Ionomeric Polymer-Metal Composites (IPMC) 

 
IPMCs consist of a thin polyelectrolyte membrane with metal electrodes plated on 
both sides. Due to the negative charges of the polymer itself, only cations (e.g. H+, 
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K+, Na+, Li+, TBA+, TMA+) can penetrate the polymer. Those counter-ions 
balancing the negatively charged polymer backbone can move freely when a small 
electric field is applied [38, 39]. Today, the most widely exploited polyelectrolyte 

membranes are commercially available perfluorinated ionomers like Nafion® 

(DuPont), Aciplex® (Asahi Chemical) or Flemion® (Asahi Glass) or 

styrene/divinylbenzene-based polymers, which are stiffer since they are highly cross-
linked. The compliant electrodes on both sides are composed of metal particles (Pt or 
Au) 3 - 10 nm in diameter, distributed within 10 - 20 µm depth of the 
polyelectrolyte membrane and a 1 - 5 µm thick gold layer (other coatings like Pt, Pd, 
Cu, Ag, Ni, and carbon nanotubes are possible) [40, 41]. Since most of the time 
commercial polyelectrolyte membranes are employed the costs are comparably high. 

Potentials of ±1-4V are sufficient for actuation of IPMCs. When a potential 

difference is applied between the two electrodes, the actuator shows a fast bending 
motion towards the anode due to a field induced change in ion concentration, which 
attracts ions and solvent molecules to the cathodic side. In Nafion-based IPMCs, this 
fast movement is followed by a slow relaxation in the opposite direction. Several 
models are proposed for the actuation mechanisms [41]. A maximum strain of >3 % 
was achieved, while the typical strain is about 0.5 %. Due to drift after initial 
displacement IPMC usually require steady current to maintain a fixed position. The 
mechanism can not only be used for actuation but also for sensing, since application 
of stress results in a potential over the electrodes. One drawback of this actuation 
principle is that only bending motion can be achieved. However, IPMCs are a good 
choice for several niche applications due to the low actuation voltages required [42].  
 

 

 

 

Fig. 1.1 (a) Principle of bending of IPMC actuators  [34] and (b) Cut through an 
IPMC layer, the polyelectrolyte membrane in the middle, with penetration of metal 
particles from top and bottom [43]. This structure does not yet contain the plated 
metal electrodes. 
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Carbon Nanotube (CNT) actuators 

 
A carbon nanotube can be thought of as a single graphite sheet wrapped into a 
cylindrical tube. When one CNT is present it is called single-walled nanotube 
(SWNT), while several such CNTs concentrically nested are called multiwalled 
nanotubes (MWNTs) (Fig. 1.2a). The diameter of SWNTs lies in the range of a few 
nanometers, depending on the structure, i.e. the way in which the graphene sheet is 
“rolled up”. CNTs have several very interesting properties. Depending on their 
structure, they can either be semiconducting or metallic. Electrical and thermal 
conductivities are very high, greater than in copper and natural diamond, 
respectively [44, 45]. Additionally, also mechanical properties showed promising 
results so far. The calculated and measured Young’s modulus and tensile strength for 
individual CNTs are around 0.64 TPa and 37 GPa [45, 46]. Fig. 1.2b shows a 
possible way to measure the mechanical properties of single nanotubes with an AFM 
tip. Due to the light weight, the density-normalised modulus and strength are much 
higher than for steel wire. These excellent mechanical values for single CNTs are not 
achieved though for assemblies of nanotubes, like nanotube sheets (also called 
buckypaper) and yarns. 
Baughman and his team reported in 1999 the actuation of CNT sheet actuators in an 
electrolyte solution [47]. The actuation principle during non-Faradaic double-layer 
charge injection was proposed to be dependent as well on quantum mechanical effects 
(i.e. an increase in C-C bond length), at low levels of charge injection, as on 
electrostatic (coulombic) repulsion between neighbouring CNTs. During actuation, 
CNTs need to be immersed in an electrolyte. The application of a potential between 
the nanotubes and a counter electrode leads to double-layer charging of the CNT-
electrolyte interface. The electronic charges within the nanotubes are thereby 
balanced by the accumulation of ionic charges on the surface of the CNTs in contact 
with the electrolyte [44, 45, 48-50]. Fig. 1.2 e and f illustrate the charging of single 
nanotubes and CNT clusters. The dependence of strain on potential is quasi-
parabolic (Fig. 1.2g), due to the repulsive interaction between like charges. One can 
imagine that with a larger surface area, the charge injection can be increased and 
therefore also the actuation strain can be improved. Therefore, actuators including 
SWNTs are preferred over MWNTs, since the accessible solvent surface area of 
SWNTs is higher. A smaller modulus can also lead to higher strains [51]. Also, an 
increase in potential without exceeding the electrochemical stability window leads to 
a higher strain, which is why organic electrolytes [52, 53] or ionic liquids [48] are used 
instead of aqueous electrolytes. The achieved strain in the work of Baughman et al. 

is about 0.08% for a potential range of ±0.9 V, while the stress generated during 

isometric actuation was reported to be 0.75 MPa [47]. Although these authors have 
interpolated the achievable strain to more than 1%, having the charge injection and 
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surface to volume ratios of single CNTs in mind, an actuator with such an active 
strain is not in sight [48]. In aqueous electrolyte, maximum actuator strains of up to 
0.2 % were achieved for SWNT and MWNT sheets [54]. Values as high as 0.5% were 
reported for CNT yarns in TBATFB/acetonitrile electrolytes with applied voltages of 

±2.5 V [52]. Fig. 1.2g shows the typical strain vs. potential dependence of CNT 

actuators in aqueous electrolytes and organic electrolytes, where it can be seen that 
most actuation strain is achieved at negative potentials with a minimum at about 0.2 
to 0.3 V. Baughman reports that oriented MWNT yarns are able to generate 
isometric stresses up to 26 MPa based on a geometric cross-sectional area of the yarn 
[45], which is larger compared to unoriented nanotube sheets, but still a hundred 
times smaller than predicted for nanotube fibers with the modulus of individual 
SWNTs. The tensile modulus of MWNT yarns was measured to stay at values of 16 

± 5 GPa over a range of applied stresses from 35 to 70 MPa and at different applied 

potentials [52]. 
 
 

 

Fig. 1.2 (a) Electron micrographs of MWNTs with different numbers of nested CNTs 
[55], (b) SEM image of a SWNT tensile-loading experiment using an AFM tip [46], 
(c) CNT yarns (A) single and (B) two-ply [56], (d) electron micrograph of a 
buckypaper surface [57], (e) double-layer charge injection in CNT actuators for 
negatively and positively charged nanotubes, (f) shows the effect of decreased 
surface/volume ratios if CNT assemblies instead of single nanotubes are employed [47], 
(g) actuation strains of a buckypaper in different solutions, at different potentials [58]. 
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Time scales on the order of seconds are typical in actuators that are approximately 
30 µm thick, while in composite nanotube fibers the responses are even slower [18]. 
By using resistance compensation techniques or high voltage pulses in the range of 
30 V, strain rates of 0.6%/s for isotonic conditions (constant mechanical load) [59] 
and stress rates of 180 MPa/s for isometric conditions (constant length) (which was 
calculated to result in a strain rate of 19%/s with a modulus of 0.95 Gpa) [60] were 
demonstrated. Possible actuator designs include buckypapers – free-standing or as 
bilayer or trilayer assembly – as well as yarns. 
Other actuation mechanisms apart from the double-layer charge injection mentioned 
above include pneumatic [58], light-driven [61, 62] and fuel-powered [12] actuation as 
well as electrostatic actuation - which is used in nano-actuators [50], e.g. bearing-like 
nanoswitches [63] - and CNT hybrid actuators [50]. In pneumatic actuation, strains 
as high as 3% were achieved, with large hysteresis behaviour though. 
Applications for CNT actuators might be envisaged in the field of aerospace where 
good temperature stability as well as light materials are important. Several problems, 
such as creep or low strain rates as well as actuation strain of macroscopic structures 
need to be solved before CNT actuators can be used for large scale applications. 
Applications that are envisaged include micro-robots, grippers, muscles to mimic 
insect, animal or human systems, as well as surgical robots [16]. 
 

 

Conducting Polymers (CP) 

 
Conjugated or conducting polymers (CPs) are electronically conducting organic 
materials with conjugated structures. Upon application of a voltage or a current, the 
charges on the polymer, i.e. its oxidation state, can be changed. For most CPs, this 
charge on the polymer backbone is positive. A change in oxidation state of the 
polymer results in a flux of mobile solvated ions between the polymer and the 
surrounding electrolyte to maintain charge neutrality [64]. The ion flux accompanied 
by solvent is generally thought of as the main cause for the expansion and 
contraction of the polymers. Depending on the dopant anion, which was incorporated 
into the polymer during fabrication, the ion transport is dominated by anions or 
cations. If the dopant anions are small, they can leave and enter the polymer during 
actuation. In the other case, when dopant anions are large enough to be trapped 
inside the polymer, cation in- and efflux provides charge neutrality (Fig. 1.3a-c). 
Since the first proposition of CP actuators in the 90’ by Baughman and coworkers 
[65], continuous advances in performance and theoretical insights have been achieved. 
Today, a broad spectrum of actuators [25], theoretical background and model 
systems [16, 66-71] are available and more improvements are still to come. The most 
widely used CPs in actuator design include polypyrrole, polyaniline, polythiophene, 
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polyacetylene, as well as their derivatives [72] (Fig. 1.3d). Most work is however 
found on polypyrrole (PPy) actuators. Reasons for this might be that PPy is 
comparably stable in atmospheric and biological conditions [73, 74], whereas 
polyacetylene for instance reacts readily with oxygen, which appears to be reduced 
for PPy in electrolyte solutions [75]. Polyaninile (PANI) is mainly electroactive in 
acids below pH 3-4 and the actuation behaviour is strongly dependent on pH [76]. 
The actuation of polyaniline [17] was also demonstrated with changes in pH. PANI 
has three electrochemical states - leucoemeraldine, emeraldine salt and 
penigraniline - which is why the actuation shows two pairs of peaks when the 
potential is cycled. PPy on the other hand is electroactive over a broad range of pH 
[77] and can therefore work at neutral pH. The strain behaviour is linear and free of 
transitions, except for actuators which show both anionic- and cationic transport [78]. 
Due to the possibilities to achieve large strain ranges with low hysteresis values, CP 
actuators can be brought to a precise intermediate position and be held there, 
instead of being only switched between fully expanded and contracted states (Fig. 
1.3e-f).  
 

 

Fig. 1.3 Illustration of ion exchange in conducting polymers from the oxidised state 
(a) to the reduced (neutral) state when the polymer film is anion-exchanging (b) or 
cation-exchanging (c), (d) chemical structures of polypyrrole (top) and polyaniline 
(bottom) [34]. Strain vs. potential plots acquired during a potential sweep at 2 mV/s 
for an anion-exchanging PPy actuator (e) which expands (positive strain) for positive 
voltages and a cation-exchanging PPy actuator (f) which shows inverse behaviour. 
Arrows denote the sweep direction. 
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Total strains are typically around 1-3%, depending on the dopant ions, the 
electrolyte solutions, the force applied, as well as the actuation voltages [18, 25]. 
Larger actuator strokes were reported for instance by Kaneto and coworkers between 
6-12% [79-81], by Smela et al. for lateral directions around 20-30%[82], using 
corrugated metal electrodes to 8-12% [83] or employing pentanol as co-surfactant for 
5-6% [84] (see Table 1.1). CP actuators are usually driven with voltages in the range 

of ±1 V in aqueous solutions and with higher voltages up to ±5 V in organic 

solutions. Such large voltages are however not needed because smaller voltages also 
result in ample actuation. High tensile strengths can be achieved with CPs, typically 
in the order of several MPa. Increases up to >100MPa were reported in high quality 
electrochemically grown films and fibers and CPs with incorporated CNTs [85]. 
Reported tensile stresses and moduli are typically around several MPa and 0.05-0.8 
GPa, respectively [18, 25]. Similar to CNT actuators, electromechanical coupling, i.e. 
the proportion of input energy transformed into work, is low (<1% as compared to 

15-80% for DEAs) [18]. Typical strain rates are also small (~1%/sec), as for all ionic 

EAPs, because they are limited by ion transport and by internal resistances of the 
polymer and electrolyte. Increased voltages can be used to achieve faster actuation 
rates [86]. Other steps towards the improvement of strain rates above 10%/sec 
include corrugated metal contacts, porous polymers, smaller dopant ions, or thin 
films and fibers [83, 87-90]. The advantages of CPs over CNT actuators are their 
higher strains and lower cost, whereas CNT actuators achieve larger strengths and 
modulus.  
PPy can be fabricated by electrodeposition onto conducting materials, and for 
microstructures patterning is possible by conventional microfabrication techniques 
[91]. Additionally, deposition onto non-conducting surfaces is possible by chemical 
polymerisation [92]. 
Several actuator geometries have been implemented, which shows the high versatility 
of this material. Thus the actuation is not restricted to one scheme, as it can be the 
case for other ionic EAPs. Possible designs include bilayer and trilayer devices, free-
standing films, tubes, and yarns. Micro- and nanofabricated PPy actuators have also 
been shown in different configurations [22, 25, 73, 91, 92], for instance using flaps [93] 
(Fig. 1.4a), out-of-plane strain in micropatterns for microvalves [25, 82] or nanowires 
[94] and nanofibres [95]. Although most actuators are shown in liquid environment, 
several encapsulated CP actuators work in air [96, 97]. Table 1.1 shows an extract of 
different PPy actuators including different designs, doping ions and electrolytes. This 
table is by no means exhaustive, since several different actuator designs and 
actuators with lower or higher strains, stresses and moduli exist. Also, dry 
encapsulated films are not considered here. Actuators, for which strains and stresses 
are indicated, are mostly optimised with respect to these properties. Several 
publications do not report strain but rather changes in bending angle, grid length of 
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strain gauges, or tip distance. The table ought to give an insight into different 
actuator designs and structures, dimensions, ions used during fabrication and 
actuation as well as mechanical properties. 
 
 
 
 

 

Fig. 1.4 Applications of PPy actuators in biological fields. (a)-(c) A cell clinic, which 
is an array of reservoirs for cells, which can be treated with different chemicals 
depending on the opening state of the reservoir, which is controlled by PPy flaps [22, 
25, 98]. (d) Blood vessel repairs inserted in vivo [22].  

 
 
An additional advantage of PPy is its biocompatibility. Most studies found that PPy 
is non-cytotoxic and in vivo only minimal tissue response was reported [19-21]. 
Additionally carboxy-endcapped polypyrrole has been proposed for improved 
bioactivity [99]. Due to its low voltage requirements, PPy does not need to be 
shielded from biological environments and it can work in body fluids, like blood 
plasma or urine, and in cell culture medium [73] (Fig. 1.4d). Overall, PPy is well 
suited to work in biomedical applications, because besides the mentioned 
characteristics it also works at body temperature and is light-weight [25]. 
Biodegradable/-erodible forms of conducting polymers have also been synthesised 
[100, 101].  
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Table 1.1 List of different possible actuator designs, dopant ions, electrolytes, and 
mechanical properties. 1 actuator strain under isotonic conditions, 2 actuator stress 
under isometric conditions 
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(Ionic) Polymer Gels (IPG) 

 
Unlike other EAPs, polymer gels are not mainly triggered by electrical stimuli [112], 
but rather by alterations in pH, temperature, or chemical analytes, solvent 
composition and light [5]. These trigger signals evoke reversible phase transitions of 
the polymer gels, mainly due to changes in solubility or repulsion. Polymer gels are 
three-dimensional networks swollen by a large amount of solvent, and are classified 
into chemical- and physical gels depending on the nature of cross-links. The 
expansion and contraction of polymer gels take place due to active solvent uptake 
and release.  
Polyelectrolyte gels, in which the polymer is ionizable, respond to changes in pH. 
Depending on the pKa of the polymer, in a certain pH range the polymer chains 
become ionised and the gel swells due to ion-ion repulsion. The most prominent 
example of polyelectrolyte gels is polyacrylic acid, an anionic polymer, where an 
increase in pH leads to expansion of the gel. Besides anionic polymer gels including 
crosslinked polymethacrylic acid, polyacrylamide, and polystyrenesulfonic acid, also 
cationic polymer gels have been researched for actuation. Another group of synthetic 
polymers can respond to changes in temperature. When for instance the temperature 
around poly(N-isopropylacrylamide) is increased above the lower critical solution 
temperature (LCST), the polymer’s water solubility is decreased, which leads to a 
collapse. Gels responding to temperature changes usually show more linear responses 
than pH-responsive gels, which show a rather step like behaviour. Collagen, a 
biological polymeric acid, was shown to be denaturated in concentrated salt solutions, 
like lithium bromide or urea and chemically actuated in length by acid-base 
transitions [113, 114].  
Electrical actuation is either driven by the buildup of acidity or by the differences in 
ion diffusion rates in the gel and in the electrolyte [115, 116]. Between two plates, gel 
can undergo anisotropic contraction, expansion, or bending when an electric field is 
applied [117] (Fig. 1.5a). These effects can only occur for polyelectrolyte gels and not 
for uncharged hydrogels. Another bending mechanism was shown for polyelectrolyte 
gels in solution with oppositely charged surfactants [118]. A polyacrylonitrile gel 
surrounded by an electrode was shown to be electrically actuatable to tensile strains 
of 40%, by inducing a local pH change [119]. Actuator strain of polymer gels is 
mostly large, typically in the range of 10 to 50 % up to much higher values, however 
the established forces are small due to low elastic moduli (only several kPa) and for 
electrical actuation, voltages in the range of 3 to 10 V are needed. Compressive 
strengths range from tens to several hundreds of kPa for normal two-phase hydrogels 
(i.e. a polymer filled with a liquid) [6]. Developed stresses are generally higher for 
chemically driven gels when they are transferred between extremely different 
solutions, e.g. from strong acids to strong bases. Stiffer polymer gels were shown to 
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develop higher forces in response to chemical actuation, with a loss in strain though 
[120]. Mechanical properties are complicated during actuation, because of modulus 
and strength changes with water content and therefore, there are few systematic 
studies of the actuation response under load. Responses are generally rather slow 
(several (tens of) minutes), since the volume change depends on solvent in- and efflux, 
which is a diffusional process. Therefore, also strain rates are typically below 1%/sec, 
despite the large strains. Porous composites [121] or graft-type gels [122] have been 
developed to improve transition speed to a few minutes, and making the structures 
smaller also helps to largely reduce the actuation times [123]. 
Several approaches to improve mechanical properties have been demonstrated 
recently [6, 124]. These include double network hydrogels [125], introduction of 
sliding crosslinking agents [126], and reinforcement of gels with nanocomposites like 
inorganic fibers or plates [127], mimicking nature. With double network gels, 
compressive strengths up to 17 MPa at 90% water level have been demonstrated 
[125], which is  nearly a factor 100 more than for usual gels. These values are 
however far above typical values of improved mechanical properties, where moduli 
are increased to tens of kPa while strengths around 1 MPa are shown [6]. Still, the 
actuation of such strong polymer gels has not yet been largely researched [128].  
 

 

Fig. 1.5 (a) Polyelectrolyte gel which bends under the application of a dc electric 
field [117], (b) PNIPAAm gel as compared to (c) macroporous PNIPAAm gel [121] 
and (d) comparison of a typical two-phase gel (left) with a double network gel (right) 
under compressive stress [125]. The double network gel recovers its shape after elastic 
deformation, which is not the case for the two-phase gel. 

 
Besides pH, temperature and electrical stimulation, hydrogels can also be designed to 
respond to antigen-antibody reactions or protein-ligand interactions, which also 
includes enzyme-substrate interactions [4, 129]. Several structures are biohybrid 
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hydrogels, which include an enzyme to actuate the hydrogel via pH transitions that 
are established due to the enzymatic reaction. Biohybrid hydrogels with calmodulin 
(CaM) – a calcium binding protein - were shown to undergo conformational changes 
upon binding of Ca2+ or certain peptides [130, 131]. These volume changes were 
reversed with the addition of EGTA, but not with a decrease in Ca2+ concentration. 
Optimally, the reponse should be reversible, which means that the switch can occur 
repeatedly. Using adenylate kinase-ATP with HPMA copolymers and PEG-base 
hybrid hydrogels a volume decrease of about 20% was achieved when the analyte 
concentration changed from 2mM to 8mM [132].  
 

1.2.2 Electronic (dry) EAPs 

 
Practically all electronic electroactive polymers, i.e. ferroelectric polymers, 
electrostrictive graft elastomers/-paper, electro-viscoelastic elastomers (similar to 
electro-rheological fluids), dielectric elastomer actuators (DEA), and liquid crystal 
elastomers (LCE), can not yet be employed in the kind of application we have in 
mind. Implementations for biomedicine exist, however restrictions appear mostly due 
to the high voltages or electric fields needed for actuation as well as due to the 
inherent actuation behaviour, which results in rather small versatility for actuator 
designs. Nevertheless, we shortly introduce some electronic EAPs to give an insight 
into their actuation principles and characteristics for comparison purposes. 
 
Ferroelectric polymers do like other ferroelectric materials (nonconducting 

crystals or dielectric materials) exhibit spontaneous electric polarisation. This 
polarisation can be reversed and thus the dipoles are aligned by application of a high 
electric field, which results in a strain. (Piezoelectric materials have a very similar 
behaviour, but they do not spontaneously polarise). Such polymers can be actuated 
in air, vacuum and water, with high frequencies. Poly(vinylidene fluoride) (PVDF) 
and poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) are the most widely 
exploited ferroelectric polymers, where contractions of typically 3-7% in the direction 
of the electric field (typically 100 MV/m) have been achieved [15]. Introducing 
defects into PVDF-TrFE resulted in less hysteresis [133].  
 
Dielectric elastomer actuators (DEA) exhibit thickness- and equi-bi-axial 

planar strain when an electric field is applied between two compliant electrodes that 
sandwich a dielectric elastomer. The strain is induced by electrostatic forces and can 
be very large in these devices (typically 10-100% and up tp 380% were reported), 
depending on the field strength [134, 135]. Additionally, high efficiencies can be 
reached (>30%) [136]. One disadvantage however is that dielectric EAP actuators 
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require very large electric fields (~100 V/µm) and the overhead in volume and mass 
due to prestrain is not negligible [18]. Thinner films of dielectric elastomers could 
help reduce the potential that has to be applied [137]. When high voltages are not an 
issue, several applications can certainly benefit from the use of DEAs [138, 139]. 

 

Liquid crystal elastomers (LCE) undergo a phase change when thermal or 
electrostatic energy is applied [140]. Bulk strain results from changes of order and 
alignment of liquid crystalline side chains which generates stresses in the backbone. 

While thermally actuated LCEs exhibit larger strains of up tp 40% (vs. ~4% in 

electrically actuated) [141, 142], their response time is slower than in electrically 
actuated ferroelectric LCEs due to the rate-limiting heat-transfer, and they require 
active cooling for relaxation (several seconds vs. several milliseconds) [143, 144]. 
Ferroelectric LCEs require up to two orders of magnitude smaller electric fields 
(several V/µm) than DEAs or ferroelectric polymers [142]. 
 

1.3 Drug delivery devices 

 
Nowadays most drugs are still delivered at frequencies and doses based on average 
values. To individualise drug delivery, a great amount of research focuses on medical 
systems to deliver drugs in a controlled manner [145]. Thereby, the effectiveness and 
safety of drugs can be improved. It is important that drugs, as long as they are not 
released, stay intact and are protected from the body until needed. Also, the drug 
doses and delivery should be adjustable for patients with different needs, to avoid 
sidereactions of overdoses, etc. Sensing the environment could enable a simultaneous 
control of the drug release. Several implementations of individualised drug delivery 
are being explored  [145-147]. 
Integrated medical feedback systems for example incorporate a sensor, a battery, an 
electronic chip, as well as a release mechanism for the drug. This principle is now 
already used in pacemakers where an oxygen sensor measures the oxygen content in 
blood and signals the actuator at which pace it should deliver electrical pulses. Such 
medical feedback systems have been proposed for the delivery of insulin in response 
to glucose levels in blood [23, 93, 148, 149] (Fig. 1.6a). Those devices require either a 
reservoir with an active pump [148], or one or more reservoirs which are opened when 
a signal is applied, where the release of the drug is driven by diffusion out of the 
reservoir [150].  
A device that controlls drug release by programmable remote control but without 
sensor has been implemented [151]. A polypeptide is stored in an array of reservoirs 
and released in a controlled pulsatile manner by an electrothermal method, removing 
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the metallic membranes by local resistive heating from an applied current. The 
capability of varying the dose as well as release timing over six months was shown 
in vivo in canine models. A similar device used the electrochemical dissolution of 
gold membranes covering reservoirs to release a chemotherapeutic agent to an 
experimental tumor in rats [152]. The principle of controlled reservoir opening was 
also shown for an array of PPy flap valves [93] and in PPy membranes the rate of 
release was reported to be dependent on the applied potential [153]. The difficulties 
in those systems still lie in the size of the devices, i.e. the batteries needed, which 
make up a large part of the volume and weight.  
 

 

Fig. 1.6 (a) Schematics of an integrated medical feedback system with several 
separated entities in one device where the drug release is controlled by the opening 
and closing of pores [23]. (b) Example of a drug release device employing 
electrothermal removal of membranes to release a drug from an array of reservoirs as 
displayed in (c) [151]. In both examples batteries are needed. 

 
To avoid the use of batteries, several systems have been researched which base on 
the passive transport of drugs, e.g. by diffusion or osmotic pumping: Similar to 
multireservoir devices mentioned above, a biodegradable polymer chip device was 
shown to release drugs in a pulsatile manner [154]. The team used membranes with 
different molecular weights to control the release rates of human growth hormone 
(HGH), dextran, and heparin. An obvious advantage over many other devices is the 
biodegradability, which eliminates a second surgery. Using nanoporous technology, 
membranes can be fabricated, which slowly release a drug from a large reservoir, the 
rate depending on the pore size as well as the surface modification [155, 156]. 
Semipermeable membranes were also used in artificial pancreas to provide a 
mechanical barrier between pancreatic cells and the host immune system, while being 
permeable for the chemical agents produced by the cells [157]. A drug-dispensing 
osmotic pump demonstrated by Wright et al. was activated where water enteres the 
device through a semipermeable membrane, which causes the osmotic agent to swell. 
This again pushes a piston to continuously dispense a drug from the drug reservoir 
[158]. Different hydrogel membranes or particles were demonstrated to release drugs 
due to molecule diffusion and constant or body-temperature dependent gel 
degradation [129]. 
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Fig. 1.7 (a) biodegradable polymer membranes with different thicknesses for the 
pulsed release of drugs from an array of reservoirs [154] and (b) osmotic pump to 
continuously release a drug from an orifice in the device [159]. 

 
Several microstructures have been researched to improve drug solubilisation 
and -availability, protection from drug hydrolysis and other types of chemical or 
enzymatic degradation. Examples include micelles, liposomes, liquid crystalline 
phases, polymer (micro)gels and –microcapsules and even nanotubes [160, 161]. 
The systems mentioned above include the advantage of working battery-less while 
continuously releasing a predefined amount of drug. If however the drug delivery 
should depend on the concentration of a certain chemical agent, materials have to be 
employed that (reversibly) change their state depending on their chemical 
environment. Approaches to such stimuli-responsive materials include polymer gel 
membranes or particles which change their porosity or structure depending on 
parameters like pH or the availability of certain molecules [5, 129, 160]. Else, an 
osmotic pump could be employed as external pump which constantly provides a drug 
(in this case insulin) via a transcutane catheter to a glucose-responsive microvalve 
[162]. A responsive hydrogel microvalve was shown to control the release of liquid in 
response to glucose [24]. In this example, however, the polarity was opposite to what 
would be needed for insulin delivery, i.e. more insulin when glucose concentration is 
higher.  
More collective overviews over drug delivery, addressing also the transdermal 
transport, different pumps researched for the delivery and valve designs, as well as 
biocompatibility are given in [145-147]. 
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1.4 Thesis outline 

 
Currently, most smart actuators are driven by an external electrical potential from a 
power source like a potentiostat or a battery. For several reasons however, batteries 
are not always the best choice for powering actuators. For instance, batteries still 
belong to the most spacious and heavy parts in an electrical assembly and today’s 
miniaturisation needs contrast with the energy consumption of actuators. Therefore, 
our goal was to broaden the range of chemically actuatable materials and to show 
the possibility of actuating PPy with redox agents in solution. PPy was selected due 
to its interesting and attractive properties like for instance the possibility of 
actuation with low voltages, high strength, broad strain vs. potential regions, 
compatibility with different (biological) liquids as well as the versatility with respect 
to actuator designs. 
 
In chapter two of this thesis the actuation of PPy in response to redox chemicals in 
solution is, to the best of our knowledge, analysed for the first time. The principle of 
PPy actuation powered with chemical energy is described in section one of the next 
chapter. In section 2.2, the choice of the actuator design and of the system to 
measure strain responses, as well as the fabrication of the PPy bending actuators is 
explained. After giving a brief description of the electrochemical methods (2.3) and 
the measurement setup (2.4), the chemical actuation in anion- and cation exchanging 
PPy is demonstrated in sections 2.5 and 2.6, respectively. PPy with perchlorate 
(ClO4

-) is shown to be actuatable with hexacyanoferrate and L-ascorbic acid, apart 
from kinetics just in the same way as with an external potential. In addition, section 
2.5 also includes an analysis of reaction pathways for the redox agent induced 
actuation, and an investigation of the effects of changes in pH, electrolyte 
concentration as well as temperature on PPy strain. PPy with 
dodeclybenzenesulfonate (DBS-) as large dopant anions is taken to demonstrate a 
reverse polarity of movements in section 2.6, also driven by changes in chemical 
energy. 
Chapter 3 then presents an actuation principle which is partly chemical, partly 
electrochemical. With the same PPy(ClO4) actuator as in chapter 2 we achieved 
considerable actuation within less than one second. This was possible during 
electrical shortcut to an oxygen cathode after reducing the PPy anode with 
L-ascorbic acid in solution. 
Appendix A documents the model of the bending beam, and the equation for 
calculating strain from curvature is derived. We consider two cases, one for the 
actuator with only one metal layer on the backing layer and the second case for the 
backing layer coated on both sides with metal. 
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Appendix B contains the development of a PPy-based microfluidic valve fabricated 
in a very simple and cost-effective manner. The flow rate through the membrane 
valve was controlled through the applied electrical potential. 
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2 Strain response to redox agents in 

solution  
 
 
 
Among the EAPs and smart actuators introduced in the previous chapters, ionic 
EAP actuators are best suited for actuator application in or near the human body 
due to the low potentials needed for actuation and their lightweight. Conducting 
polymers, polypyrrole (PPy) in particular, have caught our attention, because of the 
actuation properties as well as the biocompatibility and the various possible 
actuation configurations [25]. PPy can be actuated under high stress (typically up to 
5 MPa, higher values were reported), features high stiffness (several hundred MPa), 
as well as moderate strains (typically 1-3%, higher strains of 12% in-plane and 30% 
laterally were reported) [18]. Limitations are found in strain rates (around 1%/sec) - 
as for all ionic EAPs - and electromechanical coupling. PPy can show linear 
responses of strain to potential with moderate to low hysteresis and is active in 
aqueous solutions in a wide range of pH, especially in neutral pH where several other 
conductive polymers are not actuatable [76, 77].  
In this chapter we therefore present the possibility to induce strain in PPy with 
stimuli from the environment, i.e. redox agents in solution [163]. This principle is 
inspired by nature, where responses are mostly induced by chemical triggers, without 
the application of potential from an external electrical source, but rather directly 
including the conversion of chemical energy to work into the system. 
After a brief introduction into the working principle of PPy actuators, we will discuss 
the different implementations that are possible. Following the description of the 
actuator fabrication, electrochemical methods, and the setup to observe the responses 
in the PPy films in sections 2.2, 2.3 and 2.4, we discuss the results obtained with the 
redox agents hexacyanoferrate and ascorbic acid in section 2.5. Comparison to the 
conventional actuation using a potentiostat yields a very good correlation, while 
linearity is given in all measurements, hysteresis can be as low as 6.5%, and the 
strain changes are repeatable. The origin of potential and strain responses are further 
analysed and compared to effects from electrolyte concentration-, pH-, and 
temperature variations. In section 2.6 we demonstrate that it is possible to change 
the polarity of the actuator by using large dopant anions. The resulting actuator also 
responds to hexacyanoferrate and ascorbic acid redox agents in solution. 
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2.1 Actuation principle of PPy actuators 

 
Polypyrrole (PPy) is a chemical compound formed from connected pyrrole ring 
structures and its basic structure, like that of conjugated polymers in general, 
consists of carbon atoms connected by alternating single and double bonds (Fig. 2.1). 
For an in-depth discussion of the different proposed electropolymerisation 
mechanisms the reader is referred to the publication by Sadki et al. [164]. 
 

 

Fig. 2.1 Chemical structure of the polymer PPy which is formed from a number of 
connected pyrrole ring structures [164]. 

 
The product of the electropolymerisation onto a conducting substrate is not exactly  
the neutral non-conducting polymer as illustrated in Fig. 2.1 but the oxidised 
conducting form. This form is defined as doped, since the polymer chain carries a 
positive charge every 3 to 4 pyrrole units. The alternating single and double bonds 
allow net charge to be shared among the carbon atoms. This positive charge is 
counter-balanced by dopant anions A- (Fig. 2.2). Oxidised and to a certain extent 
also reduced PPy is electrically conductive due to the mobile charges, which is the 
reason why conjugated polymers are also called conducting polymers. In the 
remaining text, PPy with dopant anions A- is referred to as PPy(A). 
 

 

Fig. 2.2 The transition between neutral PPy (top) and partially oxidised PPy 
(bottom) with charge-compensating dopant anions A- [164]. 
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Upon application of a voltage or current, PPy can be switched between oxidised and 
neutral (reduced) states, i.e. more or less positive charges are present on the polymer 
backbone. The electronic structure of PPy allows charge to be removed and added 
relatively easily. A change in oxidation state of the polymer results in a flux of 
mobile solvated ions between the polymer and the surrounding electrolyte to 
maintain charge neutrality [64]. Depending on the size of the dopant anions 
incorporated during polymerisation, the in- and efflux is dominated by either anions 
or cations. If the dopant anions are small, they can enter and leave the polymer 
during actuation. On the other hand, charge compensation takes place by cations if 
the dopant anions become entrapped in the polymer matrix due to the large size and 
cannot leave during reduction. The two possible mechanisms are shown in Fig. 2.3. 
The volume change and thus actuation is, besides other effects [69, 165], primarily 
caused by the in- and efflux of ions with their solvation shell. In the case when water 
is the solvent, the hydration shell strongly increases the volume change. The number 
of water molecules depends on the anionic and cationic species. 
 
 

 

Fig. 2.3 Schematic illustration of the actuation mechanisms of PPy. When PPy is 
switched from the (a) oxidised state into the reduced state by transfer of electrons 
from a conducting substrate either (b) anions leave the polymer matrix or (c) cations 
enter the system to compensate the charge. In case (b) the PPy experiences a 
decrease in volume during reduction while in (c) the volume is increased (adapted 
from [25]). 

 
Equations (2.1) and (2.2) describe the transitions illustrated in Fig. 2.3 from oxidised 
PPy+ with anions A- inside the matrix to reduced PPy with either anions released to 
the solution or cations incorporated into the film. 
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 ( ) solPPy A e PPy A+ − − −+ ↔ +  (2.1) 

 ( ) ( )PPy A e C PPy A C+ − − + − ++ + ↔  (2.2) 

The different dopants can affect besides the actuation direction also the material 
properties, such as morphology, conductivity, Young’s modulus, and the actuation 
performance. 
The transition from oxidised to reduced PPy and back can not only be evoked by 
electron transfer from a conducting substrate. An oxidising or reducing agent that 
interacts with PPy changes the oxidation state as denoted in Equation (2.3) [166], 
and with this it should induce ion exchange as shown in Fig. 2.4 for anion 
exchanging PPy [163].  
 

 R d PPy Ox PPye   ++ ↔ +  (2.3) 

 
The strain that results from the ion in- and efflux is supposed to be related to the 
established potential, in analogy to applying an external potential (e.g., using a 
potentiostat). 
 

 

Fig. 2.4 Schematic illustration of the redox processes at an anion exchanging 

polypyrrole actuator. The reducing (Red) and oxidising (Ox) agents react at the 
polymer surface to induce anion A- in- and efflux by changing the oxidation state of 
the polymer (adapted from [25]). 

 

2.2 Actuator design and fabrication 

 
The design of the setup has to enable the observation of PPy actuation and thus the 
characterisation of the response of PPy towards redox agents in solution. As already 
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mentioned in section 1.2.1 diverse implementations are possible to visualise strain in 
the polymer film. In our system we employed a bending beam actuator, which 
translates in-plane strain/stress into bending behaviour. The configuration is 
analogous to bi-metal strips, which bend due to thermal expansion [167]. This simple 
yet sensitive method has already been utilized in several papers [97, 103, 165, 168-
173]. Fig. 2.5 illustrates the principle along with two different measurement methods: 
free-standing strips or tubes clamped into an automated force-displacement rig (Fig. 
2.5b) [79-81, 83, 109] and PPy on strain gauges (Fig. 2.5c) [174-176]. One problem in 
using free-standing strips is to overcome the limitations due to charge percolation 
along the length of the strip [83]. Therefore, it is difficult to compare actuation using 
an external power source to chemically driven actuation. While in the first case the 
current has to run from both ends into the actuator strip, in the second mechanism, 
the electron transfer takes place at the whole actuator surface. A bending beam can 
also be implemented as micromechanical cantilever [102, 177], this however 
introduces additional mirco-scale effects, which complicates the analysis of the basic 
behaviour. Bending beam actuators are a cost-efficient way to analyse the strain in 
PPy since they require only a polymer backing with a very thin layer of inert metal 
and the movements can be analysed with standard camera equipment. Additionally, 
they are optimally suited for flow-through measurements, since the openings can be 
tightly sealed. 
 
 

 

Fig. 2.5 Different configurations for measurement of PPy in-plane strain. (a) 
Bending actuator, (b) free-standing film, and (c) strain gauge. 

 
As polymer backing, we chose polyimide (PI), due to its chemically stable properties 
and its broad availability from various vendors. Additionally, gold can directly be 
evaporated onto PI and forms a stable connection without adhesion layer. This fact 
reduces the possibility of side-reactions with chemically reactive materials, such as Cr. 
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Table 2.1 Various PI films from different vendors with their thicknesses, E-moduli 
and specific properties, which affect their suitability for use as backing in the bending 
beam actuator. 

Vendor / Product 
Thickness 
(µm) 

E-
modulus 

Comment 

Micronova / 825-14AM a) 25 2.9 GPa Pre-bent 

DuPont / Kapton 100HN b) 25 2.5 GPa* Straight 

DuPont / Kapton 50HN b) 12.7 2.5 Gpa* Too deficient/difficult handling 

DuPont / Kapton E b) 25 
5.52 
GPa* 

Too stiff 

St Gobain / 2345-1 a) 25 - Au peels off during cutting 

Mc Master Carr/7648A723 a) 25 - Helical bending 

* as indicated by vendor, else measured using a Zwick/Roell Z005 tensile tester. 
a) PI tape where the adhesive was removed 
b) PI film which is ready for use 

 
Table 2.1 displays different PI films that were tested for their compatibility as 
backing for the bending beam actuator. We either directly used PI films and coated 
them with a gold layer or we employed PI tape, where we manually removed the 
adhesive before the Au coating step. The PI tapes were generally better suited due to 
their fabrication process dependent pre-bending, which simplifies the analysis of the 
sample curvature. Not all selected tapes were ideal, however, because either the Au 
layer peeled off during cutting (which is supposed to result from a surface treatment 
of the tape) or the films bent helical. Other substrates employed in the literature 
include mylar [77], polyethylene [165] or PVDF [178]. Mylar is not ideally suited as 
substrate of bending beams, because problems with fragility of the material as well as 
cracking of the gold were reported to arise [77].  
Polyimide (Kapton®) tape (Micronova Manufacturing) of 25 µm thickness, where the 
adhesive had been removed using acetone, was coated on one side with gold of 400 Å 
thickness by vacuum evaporation (0.7 Å/s with a current of 60 mA) (Fig. 2.6a,b). No 
additional adhesion layer was included, since the gold layer adhered well to the PI 
film and we did not want any additional material in the system which is not inert. 
The polyimide/gold (PI/Au) films were cut into 1.4 mm wide strips using a sharp 
blade and electrically connected with adhesive copper tape, as illustrated in Fig. 2.6b. 
On an area of 23.8 mm2, PPy was galvanostatically deposited onto the gold layer 
(Fig. 2.6c). For this, pyrrole monomer was first passed over neutral alumina (Al2O3) 

until colorless before use and stored at 4°C. The aqueous polymerisation solutions 

were prepared with the respective electrolyte, either NaClO4 (sodium perchlorate, 
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Sigma-Aldrich) or NaDBS (sodium dodecylbenzenesulfonate, Sigma-Aldrich), and 
pyrrole (Sigma-Aldrich, 98%). Ultra high quality water (>18Mohm·cm) was used 
throughout the experiments. For PPy(ClO4) the solution was gently purged with 
nitrogen before polymerisation for mixing and to reduce the oxygen content. Nitrogen 
purging was not done for PPy(DBS) due to strong bubble formation with the 
surfactant inside the solution. The polymerisation solutions were always composed 
directly prior to synthesis to reduce the possibility of pyrrole degradation. 
 
 

   

Fig. 2.6 Fabrication process of the PPy bending actuators. (a) Adhesive is removed 
from the PI tape, (b) an Au layer of 400Å is evaporated onto the PI film and 
contacted with a Cu tape, (c) PPy is polymerised onto the PI/Au strip. (d) Finished 
bending actuator sample. 

 
We employed galvanostatic depositions, since this method gave reproducible results 
in actuator properties in our system. Other teams report that PPy properties 
(conductivity, structure) are improved and more reproducible when potentiostatic 
[91] or potentiodynamic deposition techniques are used [179]. These conclusions are 
however dependent on the properties under analysis. The polymerisation solutions 
are given in the corresponding sections for anion-exchanging and cation-exchanging 
PPy. After deposition and before starting the measurements the samples were 
conditioned to achieve a constant actuator performance. The samples were cycled 15 
times at 150 mV/s (-0.65 V to +0.8 V vs. Ag/AgCl in 0.5 M NaClO4 for PPy(ClO4) 
and -0.9 V to +0.2 V vs. Ag/AgCl in 0.5 M NaCl for PPy(DBS)) until a stable CV 
was reached and further equilibrated in the respective measurement solution for one 
hour. During deposition and conditioning, the actuators, i.e. working electrodes (WE),  
were suspended freely from an alligator clip between a platinum counter (CE) and an 
Ag/AgCl reference electrode (RE, Radiometer Analytical), the gold-coated side 
facing the platinum counter electrode. The current and voltage for polymerisation as 
well as for cyclic voltammetry (CV) were controlled by a Model 283 Princeton 
Applied Research (EG&G) potentiostat/galvanostat or a VersaStat3 (Princeton 
Applied Research).  
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2.3 Electrochemical methods 

 
For polymerisation, conditioning, as well as during measurements, we are using 
different electrochemical methods, which are briefly explained in this section. In 
general, electrochemistry is concerned with the interrelation of chemical and 
electrical effects [180]. An electrochemical cell consists of at least two electrodes, a 
working electrode (WE) and a reference electrode (RE). While the WE is the 
electrode under scrutiny, the RE behaves as an ideal nonpolarised electrode with 
constant potential, in our case a silver/silver chloride (Ag/AgCl) RE is used. If a 
current is required to pass through the WE and the cell resistance is relatively high, 
an additional counter electrode (CE) is needed (Fig. 2.9a). During polymerisation, we 
applied a constant current between WE and CE. This method is called galvanostatic 
or chronopotentiometric. If instead of current the potential is controlled to be 
constant between WE and RE, we are working in a potentiometric or 
chronoamperometric mode.  
 

2.3.1 Cyclic Voltammetry 

 
During cyclic voltammetry (CV), a triangular potential time waveform (Fig. 2.7a) is 
applied to the WE and the current passing through the electrode is recorded. The 
WE potential is varied between two turning potentials with a constant scan rate 
v = dE/dt. For a CV diagram, the potential and current values corresponding to 
the different points in time are plotted in a graph (Fig. 2.7b).  
  

 

Fig. 2.7 Illustration of cyclic voltammetry: (a) triangular potential waveform applied 
to the working electrode (WE). The potential is varied between a lower potential E1 
and a higher potential E2 with a constant scan rate v = dE/dt. At each time point ti 
the potential and the corresponding current value are plotted into a graph, the cyclic 
voltammogram (b). Here the CV of a PPy film as in Fig. 2.19b taken at 150 mV/s is 
shown. 
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By definition anodic currents (currents during the positive potential scan half) are 
plotted in positive direction. The CV displays the different faradaic and non-faradaic 
processes at the WE. Usually, peaks in a CV appear due to redox processes. Fig. 2.7b 
shows the CV of a thin PPy film acquired at a scan rate of 150 mV/s. During the 
anodic scan (from potential E1 to E2), the polymer is being oxidised, which is 
reflected in a positive current peak, whereas the negative current peak corresponds to 
a reduction of the PPy. The characteristics of a CV usually vary when the scan rate 
is changed or with different film thicknesses. For thicker films, the current peaks are 
broader since the redox processes do not occur simultaneously throughout the whole 
film (compare to Fig. 2.13a). 
  

2.4 Measurement setup and data acquisition 

 
The different measurements were performed in a custom-made PMMA-flow cell (Fig. 
2.8) with input- and output tubing (Ismatec) which enabled the liquid exchange 
driven by a tubing pump (Ismatec) set at 2.5 ml/min, which does not affect the 
bending of the beam. The flow rate is high enough to provide a satisfying exchange 
rate but low enough to avoid interferences to the strip bending. 
 

 

Fig. 2.8 Illustration of the flow cell setup. The cell (1 ml volume) is assembled from 
PMMA pieces, sealed with a PDMS cast and fixed with PMMA panels and screws. 
The PDMS cast has access holes/slits for the bending actuator, the reference 
electrode (RE) as well as the Pt counter electrode (Pt CE). The liquid is flushed into 
and out of the PMMA cell using tubes, which are not displayed. The whole cell is 
turned such that the front view window can be observed from the top. 
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For proper footing of the strip while the liquid is flushed and to seal the cell, the 
strip was inserted into a slit of a polydimethylsiloxane (PDMS) sealing, which also 
had access slits/holes for the counter and the reference electrodes. The length of the 
strip inside the flow cell was adjusted to 12 mm. The Pt-foil counter electrode needed 
to be as large as possible, therefore it covered the bottom of the flow cell and a part 
of the sidewall. 
Two different configurations were employed for the characterisation of the system. 
First, the bending actuator properties were characterised in a three-electrode setup 
with potential scans applied by a potentiostat (Model 283 Princeton Applied 
Research (EG&G) potentiostat/galvanostat) (Fig. 2.9a). These measurements 
provide a reference to further compare the two actuation methods. Subsequently, the 
responses to redox agents in solution were acquired in a two-electrode setup where 
the established potential is measured between WE and RE (FLEXREF, World 
Precision Instruments, Eref = -59 mV/SCE) along with the actuator bending (Fig. 
2.9b). The potential data is collected over a multimeter (Keithley 2000) with 0.1 mV 
resolution using custom LabVIEW software sampling at 1 Hz.  
 
 

 

Fig. 2.9 Schematic illustrations of (a) the three-electrode setup for actuator 
characterisation where the potential is externally applied by a potentiostat and 
(b) the two-electrode setup for measurements of the established potential resulting 
from the reaction of redox agents at the PPy. 

 
A digital video camera (1200x1600) connected to a microscope and controlled over 
PC with PSRemote (Breeze Systems) recorded the actuator movement (Fig. 2.10a-c). 
The strips are tilted about 2° to improve the contrast for the image analysis. A ruler 
was included in the field of view for initial calibration. Analysis of the recorded 
voltage and images was performed using custom Matlab subroutines. The curvature 
of the strip was extracted by fitting a circle to the strip outline minimising geometric 
error using nonlinear least squares (Fig. 2.10d-e). 
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Fig. 2.10 (a-c) Image acquisition and (d-e) curvature evaluation by fitting circles to 
the outline of the actuator using Matlab of PPy actuator at three different potentials 
(a) -100 mV, (b) +265 mV, and (c) +650 mV. 

 
To calculate the actuation strain from the measured curvature, classical beam theory 
can be used. In appendix A the whole model is explained. It was previously shown 
that the curvature of bending actuators made from polypyrrole on a PI/Au layer 
[168] or only a gold layer [103] can be expressed by the Timoshenko equation [167] 
for a uniformly heated bimetallic strip: 
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with R being the radius and κ the curvature of the strip, while Rr and κr are the 

radius and curvature of the rest state before actuation. EPI and EPPy are the E moduli 
of the PI substrate and the PPy layer, respectively, hPI and hPPy are the 

corresponding thicknesses, and αPPy is the actuation strain of the PPy layer. The 

strain in PPy, αPPy, is assumed to be constant over the whole thickness. This 

equation can be deduced from the equilibrium conditions of the normal forces and 
the bending moments (see Appendix A for further explanations). The Au layer was 
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neglected in the model calculations due to its small thickness (40 nm) compared to 
the other layers. The strain, which is the relative change in length of the polymer 
due to oxidation/reduction when the layer is not adhering to PI/Au, can then be 
calculated from the curvature data points that were measured. A positive strain 
refers to bending to the PI side (Fig. 2.10). 
 

2.5 Characterisation of anion exchanging PPy 

 
As mentioned in section 2.1, two different actuation principles are possible, 
depending on the size of the incorporated anion. Here, we analyse the responses of 
PPy actuators with perchlorate (ClO4

-) as dopant anion. Perchlorate is a comparably 
small anion and therefore PPy(ClO4) is an anion-exchanging polymer film (Fig. 2.4), 
which can be actuated in aqueous solutions and shows a large continuous strain 
window [109, 174, 176].  
Parameters used for calculations are as follows: the E modulus and Poisson ratio of 
the polyimide are given as 2.9 GPa and 0.34, while the thickness hPI is 25 µm. We 
measured a tensile modulus of 0.102 GPa ± 8 MPa for our PPy(ClO4) films 
(Zwick/Roell Z005 tensile tester, at 10%/min), which corresponds well to values 
reported for anion-exchanging PPy films (80 - 110 MPa for low forces) [109]. 
Variations in modulus might introduce inaccuracies on the calculated strain, i.e. 
decreasing the modulus about 8 MPa leads to an increase in strain of around 7%. 
The thickness hPPy is taken as 13.1 µm which corresponds to a charge density during 
polymerisation of 2.3 C/cm2 using a conversion factor of 5.7 µmC-1cm2 [181], which 
was verified for our system using white light interferometry (Zygo) of Au-sputtered 
PPy samples.  
 

2.5.1 PPy(ClO4) actuator performance using an 

external power source 

 
In order to put the redox-controlled actuation properties of PPy into practical use, it 
is beneficial when the actuator exhibits (i) a large total strain, (ii) low charge 
consumption during actuation, (iii) a broad linear region, (iv) a small to no hysteresis 
in strain, and (v) no drift during measurements.  
The charge or current, which is used to change the potential of the PPy during 
actuation, should be held low. Under this condition, the number of redox molecules, 
that are required to react at the polymer to load it to a certain potential, can be 
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reduced. This will eventually lead to shorter response times. Hysteresis and drift 
should be avoided to ensure the same strain values for forward and reverse potential 
transitions and in the course of time.  
To achieve a large net strain, the polymerisation should be carried out under low 
current and low potential [176, 182]. A possible explanation which was given is that 
PPy films produced at higher potentials form a more crosslinked network, which 
restricts anion movement into and out of the polymer, which consequently limits 
mechanical deformation. A low polymerisation potential can be achieved by using a 
low current, and high molarities of NaClO4 and pyrrole [182-184]. Thus the molarity 
of NaClO4 and pyrrole were both set to 0.2 M, which leads  to a potential of about 
0.69 V with a polymerisation current of 6 mA/cm2. It is interesting to see that, 
although the net strain increases with lower polymerisation potential, the charge 
density used to switch the oxidation states stays similar, which was observed by Pyo 
et al. [176]. An increase in total polymerisation charge should result in the same net 
strain, but in larger curvature changes because the films are thicker (see the model in 
Appendix A). This is however only true up to a certain thickness, where a maximum 
in bending is achieved [103]. In this case, the errors introduced in the data readout 
and analysis can be reduced. The increased PPy film thickness simultaneously results 
in an increase of switching charge though. This trade-off in mind we found a charge 
density of 2.3 C/cm2 to be a good choice. 
Only few publications report on the hysteresis and linearity behaviour of anion 
exchanging PPy during potential cycling. The microstrain of a PPy(ClO4) actuator 
was measured in [176] and compared to PPy(Cl) and PPy(NO3). The strain changes 
of PPy film actuators with various dopants (BF4

-, PF6
-, CF3SO3

-, ClO4
-) tested in 

different electrolytes showed good linearities but the hystereses were not negligible, 
even with different scan window sizes employed [79, 80]. The effect of monomer and 
electrolyte concentration and current density on the actuation of PPy(CF3SO3) in 
aqueous NaPF6 electrolyte was analysed by Chu et al. [182, 183]. An increase in both 
monomer and electrolyte concentration as well as a decrease in polymerisation 
current density increased the actuation strain. The linearity regions did not change 
significantly while hysteresis was observable with all fabrication parameters at a scan 
rate of 2 mV/s. Several other parameters have been considered for the observation of 
mass changes during cycling of PPy films. Varela et al. [185] reported the mass 
change of thin PPy(ClO4) films in different solvents and showed that in water the 
mass change vs. applied potential shows least hysteresis. The total mass changes are 
however larger in acetonitrile (ACN), methanol (MeOH), N,N-dimethylformamide 
(DMF) and ethanol (EtOH), although the electroactivity in water is greatest. The 
mass changes of PPy(Cl), PPy(NO3), and PPy(ClO4) were shown to depend on the 
thickness of the polymer layer [186], i.e. thicknesses of below 0.1 µm partly yielded 
cation transport. The electrolyte can also influence the mass change of PPy(Cl) and 



2  STRAIN RESPONSE TO REDOX AGENTS IN SOLUTION 

 36 

result in anionic or mixed anionic and cationic transport [78, 187]. Different 
fabrication- or scan parameters were not considered in those publications. 
To test the linearity, strain extent and hysteresis in our system, the actuators were 
subjected to voltage scans in different ranges (Fig. 2.11). The results were examined 
to be reproducible with at least three different actuators. The scan rate was set at 2 
mV/s, since the transition time during operation with redox agents is assumed to lie 
in this range. Optimally, the system should display a linear strain over the range 
where abundant redox pairs are available under mild conditions. Fig. 2.11a displays 
the strain response when the potential window is set from -0.65 V to +0.65 V. 
Extending the higher end of the potential window might lead to overoxidation, 
especially with such a slow scan rate [188-193] .  
 
 

 

Fig. 2.11 Linearity and hysteresis measurements of PPy(ClO4) bending actuators in 
0.5 M NaClO4. The voltage is applied by a potentiostat vs. an Ag/AgCl reference 
electrode with a scan rate of 2 mV/s. A positive strain corresponds to expansion of 
the polypyrrole film. The liquid exchange rate in the flow chamber is 2.5 ml/min. The 
inset shows the CV recorded at 2 mV/s corresponding to the potential scan for the 
strain analysis. 

 

Although strain vs. potential in forward and reverse scans is linear in the interval 
from about -150 mV to 650 mV, hysteresis of 13.2 % is present and shows a 
transition at about 400 mV. It is possible that besides ion movement, structural 
changes in the matrix and reorganization of the liquid in the film take place [69, 194]. 
In addition, because of the large potential window and the slow scan rate, cations 
could also play a role in volume changes [78]. Reduction of the scan window size, as 
indicated in Fig. 2.11a and b, lead to reduced hyteresis. For example, ranges of 700 
mV and 200 mV result in hystereses of 11.4 % and 6.5 %, respectively. Further 
reducing the scan window to 100 mV leads to a hysteresis of 9.7 %.  
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Fig. 2.12 Increase in scan rate – linearity and hysteresis measurements of PPy(ClO4) 
bending actuator in 0.5 M NaClO4. The voltage is applied by a potentiostat vs. an 
Ag/AgCl reference electrode with a scan rate of 2 mV/s and 10 mV/s respectively. 

 
 
An increase in scan rate from 2 mV/s to 10 mV/s leads to doubling of the hysteresis 
(Fig. 2.12), which shows that the amount of oxidation and reduction of the PPy does 
not only depend on the potential window, but also on the scan rate. Since the charge 
consumption at higher scan rates is decreased, so is the actuation strain, because it 
depends on the consumed charge [195]. Other reasons include transport kinetics of 
anions or the relaxation inside the polymer network [69, 71].  
 

2.5.2 Reproducibility of PPy(ClO4) actuation 

 
 
To have a good starting point for further measurements with the redox agents, the 
strain behaviour of the PPy(ClO4) actuators should be reproducible. First, we 
considered the cyclic voltammograms (CVs) directly after fabrication. The positions 
of the peaks as well as the peak currents in the CVs are fairly consistent for the 
given deposition recipe as can be seen in Fig. 2.13a. Some variability might result 
from slight differences in strip width or immersed strip length in the deposition 
solution and thus variances in deposition area. Another effect which is not relevant 
for further measurements but is still visible in this data set is the immersion depth 
during CV since this effect changes peak currents. 
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Fig. 2.13 Reproducibility of the system in (a) CVs taken at 150 mV/s of PPy(ClO4) 
actuators in 0.5 M NaClO4 for 14 different samples. Always 14th and 15th cycle of 
conditioning cycles are taken. (b) Absolute strain values at 100 mV and 300 mV for 9 
different samples. 

 
The absolute strain values at 100 mV, i.e. the strain relative to the straight film but 
without correction to the rest state, for the different actuator samples (Fig. 2.13b) 
are 1.664±0.184%. Since the strain values during measurements are taken relative to 
the strain at rest state of each actuator, the remaining shift is eliminated at that 
point. The strain slope for the actuators is 0.4587±0.0307% / 200mV. Inaccuracy in 
strain can originate from the different steps during the whole process, i.e., from 
fabrication, over setup and data acquisition to computational fitting. We however 
assume that it is mainly due to variations in actuator fabrication [105], since we are 
working with a permanent setup with stable lighting and the length of the strip 
inside the flow cell is not crucial, since we readout the curvature, which is length-
independent. 
 
 

2.5.3 Actuator response to the hexacyanoferrate(III/II) 

redox couple 

 
To study the effects of redox agents on the PPy(ClO4) films, we first employed the 
hexacyanoferrate(III/II) pair. As displayed in Equation (2.5), hexacyanoferrate(III) 
can be reduced to hexacyanoferrate(II), which simultaneously oxidises a substrate, in 
our case PPy (Equation (2.6)). If hexacyanoferrate(II) is predominant in the solution, 
the reaction proceeds to the left of equation 2.6 and PPy is reduced, whereby its 
potential is lowered. 
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( ) ( )Fe CN PPy Fe CN PPy− − ++ ↔ +                                              (2.6) 

 
The electrochemical potential of a redox pair in solution can be described by the 
Nernst equation 
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where E0 is the standard electrode potential, R the universal gas constant, T the 
absolute temperature, F the Faraday constant, z the number of electrons transferred 
in the reaction and ared and aox are the chemical activities for the reducing and 
oxidising agent. The potential E is established at a metal electrode in a redox 
solution and a similar potential is established at PPy (see Fig. 2.15 for further 
explanation).  
The change in potential due to the reactions of reducing and oxidising agents leads 
to a related change in strain of the bending actuator.  
For the subsequent measurements the polymerised and conditioned actuators were 
clamped into the flow cell, which was flushed with a constant liquid flow. The 
aqueous solutions contained 0.5 M NaClO4 and the corresponding redox chemicals. 
For each new step, the actuation solutions were fully replaced. The pH of the 
measurement solutions was measured with a pH meter (SevenEasy, Mettler Toledo) 
and showed a value of pH 6.1 ± 0.2. Temperature was measured with a digital 
thermometer (TES-1303, TES Electrical Electronic Corp.) by positioning the sensor 
next to the strip. The temperature close to the actuator stayed stable at 21.6 ˚C ± 
0.1 ˚C during experiments.  
Fig. 2.14a displays the potential and the corresponding strain of an actuator, which 
is established under the effect of different ratios of the hexacyanoferrate(III/II) 
couple (hereafter referred to as CFe(III)/CFe(II)) at a total molarity of 10 mM. Higher 
molarities can not be used due to the low solubility of KClO4 (1.5g/100ml at 25˚C). 
At the beginning, when hexacyanoferrate(II) is predominant, PPy is being reduced 
and the potential drops from the rest potential of about 265 mV to 168 mV. The 
potential drop triggers anion efflux and thus a decrease in strain. As expected, when 
increasing the concentration of K3Fe(CN)6 relative to that of K4Fe(CN)6, the 
potential and strain response is reversed, i.e. PPy is oxidised which results in a 
positive strain. The potentials adjusted by CFe(III)/CFe(II) at 1:9, 5:5, 9:1 and 9.9:0.1 
mixtures were 202 mV, 253 mV, 304 mV, and 343 mV, respectively. The potentials 
established at the polypyrrole follow a quasi-Nernstian behaviour with a slope of 
46 mV for potential vs. log(CFe(III)/CFe(II)). On a gold surface, the potentials 
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established with the same redox ratios yield a slope of 59 mV (Fig. 2.15), which 
means that the PPy actuator does not behave like a normal metal electrode [166]. 
For steps 2 to 5, the times to reach 95 % of the final asymptotic values were 140, 80, 
130 and 280 seconds, respectively. The shortest response time is gained with 
CFe(III)/CFe(II) of 5:5 during step 3. Step no. 2 might be slower since the concentration 
of hexacyanoferrate(III) is lower. On the other hand, steps 4 and 5 are expected to be 
faster, due to the higher concentration of the oxidising agent. A possible explanation 
why steps 4 and 5 are not faster is that charging the PPy film away from its rest 
potential results in slower kinetics.  
 

 

Fig. 2.14 PPy(ClO4) bending actuator in 0.5 M NaClO4 actuated with different 
ratios of the hexacyanoferrate(III/II) couple at a total molarity of 10 mM. The ratios 
of CFe(III)/CFe(II) are (1) 0.1:9.9, (2) 1:9, (3) 5:5, (4) 9:1, (5) 9.9:0.1, (6) 5:5, and (7) 1:9. 
Arrows denote the exchange of solutions inside the flow cell. The new solution always 
fully replaces the previous solution and liquid exchange rate is 2.5 ml/min. (a) 
Potential and strain as a function of time and (b) strain versus potential to visualise 
the linearity; the dotted line corresponds to the measurement from Fig. 2.11b. 

 
The response time might also be influenced by the exchange rate of the liquid inside 
the flow cell. Measurements with PI/Au strips, as described on the next page, 
however showed that delays due to liquid exchange were negligible in comparison to 
the reaction kinetics of polypyrrole (Fig. 2.16). It is assumed that the limiting factor 
for the response time is the reaction of redox agents at PPy since strain change and 
thus ion exchange can be driven at faster rates (Fig. 2.11). 
The 5:5 and 1:9 mixtures lower the potential and strain again to the same values as 
during the forward passage. As demonstrated in Fig. 2.14b the linearity pointed out 
in section 2.4.1 is also achieved when the actuator is driven by redox reactions and 
the strain vs. potentiometric response does not show relevant hysteresis. The direct 
comparison to the actuator performance using an external power source as depicted 
in Fig. 2.14b indicates that the strain values from both actuation mechanisms 
coincide. 
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Fig. 2.15 Potentiometric responses of PPy and gold electrodes vs. the concentration 
ratios of oxidising to reducing agent CFe(III)/CFe(II). The gold sample shows a Nernstian 
response with a slope of 59 mV, which is in contrast to the quasi-Nernstian response 
of the PPy sample where the mean slope is only 46 mV. This indicates that PPy does 
not behave like a normal metal electrode. 

 
To get a feeling for the characteristics of the response times inside the flow cell, the 
same measurements as seen in Fig. 2.14 were conducted with PI/Au strips without 
the PPy layer. Hexacyanoferrate shows fast kinetics on Au, therefore the time 
response will be largely influenced by the liquid exchange in the flow cell. Fig. 2.16 
displays the potentiometric responses towards different ratios CFe(III)/CFe(II). The 
response times (95% of the final asymptotic values) of the PI/Au strip were much 
faster compared to the PI/Au/PPy strip, namely 28 sec, 32 sec, 45 sec, and 58 sec 
for steps 2 to 5, respectively. The liquid exchange is repeatable and reproducible, as 
shown by the second forward passage in Fig. 2.16 and by additional measurements, 
which are not displayed here. Thus we can conclude, that the kinetics of the 
PI/Au/PPy actuators are fully dependent on the PPy layer.  
 

 

Fig. 2.16 Potentiometric response of a PI/Au strip without PPy layer in the flow cell 
under the influence of different CFe(III)/CFe(II) ratios as in Fig. 2.14 at a total molarity 
of 10 mM. Arrows denote the exchange of 0.5 M NaClO4 solutions with redox agents 
inside the flow cell. The new solution always fully replaces the previous solution and 
liquid exchange rate is 2.5 ml/min.  
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The repeatability of the PPy actuator was measured by continually cycling between 
two solution potentials, i.e., CFe(III)/CFe(II) of 9:1 and 1:9 at a total molarity of 10 mM. 
The potential and strain return to the same values for every cycle as can be observed 
in Fig. 2.17, thus the system shows high repeatability and a cycled elastic actuation 
without irreversible component, i.e. drift, superimposed on the response. The 
hysteresis of 14.2 % is higher than what was observed in Fig. 2.14b. As experiments 
with the potentiostat showed (Fig. 2.11 and Fig. 2.12), hysteresis was higher for 
smaller scan ranges as well as for faster scan rates. These observations can explain 
the behaviour in the redox-induced actuation. In Fig. 2.14, the total potential range 
is larger and the transitions occur stepwise, which overall corresponds to a slower 
transition.  
 

 

Fig. 2.17 Repeatability of the system - PPy(ClO4) bending actuator in 0.5 M 
NaClO4 actuated with CFe(III)/CFe(II) of (1) 9:1 and (2) 1:9 at a total concentration of 
10 mM. Arrows denote the exchange of solutions inside the flow cell. The new 
solution always fully replaces the previous solution and liquid exchange rate is 2.5 
ml/min. (a) Potential and strain as a function of time and (b) strain versus potential 
to visualize linearity, the crosses mark potentials which were applied by the 
potentiostat. 

 
 

2.5.4 Hexacyanoferrate(III) concentration dependence 

 
 
The actuator response cannot only be established with redox couples in solution, 
which change the potential and strain corresponding to their relative ratio, but also 
using redox moieties, which establish a potential dependent on their oxidation 
capability. Thus polypyrrole was subjected to varying concentrations of 
hexacyanoferrate(III). Fig. 2.18a displays the strain and potential variations in time, 
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when CFe(III) changes from 100 uM to 10 mM. Again, transitions are clearly visible 
and the strain is linearly correlated to the potential, as illustrated in Fig. 2.18b. 
 
 

 

Fig. 2.18 (a) Potentiometric and strain responses of a PPy(ClO4) bending actuator 
to hexacyanoferrate(III) of concentrations (1) 100 µM, (2) 1 mM, (3) 10 mM in 0.5 M 
NaClO4 as a function of time. Arrows denote the exchange of solutions inside the flow 
cell. The new solution always fully replaces the previous solution and liquid exchange 
rate is 2.5 ml/min. (b) Strain versus potentiometric response for the visualisation of 
linearity. (c) Potential values consecutively established after 470 seconds in 
dependence of the analyte concentration K3Fe(CN)6. The leftmost data point 
corresponds to the rest potential. 

 
Kinetics are, however, rather slow and a stable potential is only reached after about 
900 seconds for 10 mM of redox analyte, while  the time to reach 95 % of the final 
asymptotic value is about 570 seconds.  The transition speed in these measurements 
is overall much slower than for a redox couple, as we have seen in Fig. 2.14.  With 
only one redox agent, the potential reaches a quasi-equilibrium state after a longer 
period of time compared to a redox pair, because the redox moiety in solution is far 
from an electrochemical equilibrium. In this case, a thinner polypyrrole film would 
help decreasing the response time [166], due to the lower charge needed to load the 
polymer to the final potential. The CVs in Fig. 2.19 indicate that a PPy film 
fabricated with 0.23 C/cm2 total charge displays a much lower current during cycling 
than the film fabricated with 2.3 C/cm2 total charge, when all the other fabrication 
parameters are equal. The peaks in the CV of the thicker film are broader and less 
characteristic compared to the thin film since the redox processes do not occur 
simultaneously throughout the whole film. In experiments, where the polymers were 
externally charged from 150 mV to 350 mV and back (Fig. 2.19c), a 13.1 µm thick 
film (which corresponds to a total charge of 2.3 C/cm2) consumed about 7.1 mC and 
6.6 mC whereas for a film polymerized with 10 times less total charge about 0.45 mC 
and 0.57 mC was used respectively.  
 



2  STRAIN RESPONSE TO REDOX AGENTS IN SOLUTION 

 44 

 

 
 

 

Fig. 2.19 Cyclic voltammograms taken at 150 mV/s in 0.5 M NaClO4 of PPy(ClO4) 
actuators with total charges used for polymerisation of (a) 2.3 C/cm2 and (b) 0.23 
C/cm2. 9th and 10th cycle of conditioning cycles are displayed. (c) Step answers of the 
films as in (a) and (b) for potential steps from 150 mV to 350 mV and back. 

 
 
As displayed in Fig. 2.20, the responses of PPy actuators with thinner films to 
different concentrations of hexacyanoferrate(III) are faster compared to 13.1 µm thick 
films in Fig. 2.18. The time to reach 95 % of the final asymptotic value is roughly 
200 seconds for 10 mM of redox analyte. For Au without PPy layer, this value is 
about 50 seconds, which is largely defined by the flow cell. During the time used for 
reaction, the thinner PPy actuator is charged up to higher potentials. If both films 
are left in the redox solutions for longer times, the potentials of the actuators reach 
equal values. In this situation, the thickness is irrelevant for the established potential.  
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Fig. 2.20 Potentiometric responses of a PPy(ClO4) bending actuator fabricated with 
0.23 C/cm2 total charge to hexacyanoferrate(III) of concentrations (1) 100 µM, 
(2) 1 mM, (3) 10 mM in 0.5 M NaClO4 as a function of time. Arrows denote the 
exchange of solutions inside the flow cell. The new solution always fully replaces the 
previous solution and liquid exchange rate is 2.5 ml/min.  

 
Fig. 2.18c illustrates the potentials that are established with the different 
concentrations after 470 seconds. Since K3Fe(CN)6 is an oxidising agent, only values 
above the intrinsic potential of the PPy(ClO4) actuator of 265 mV can be established. 
Hence it is supposed that in this system for concentrations lower than about 100 µM 
the slope of both potential and strain versus concentration is not linear and depends 
on the polymer’s intrinsic potential. 
 

2.5.5 Principle of redox reaction and strain change 

 
 
We have considered the strain of the PPy actuators in relation with the potential 
that is established in response to the redox active species. This behaviour was 
interpreted as the result of the redox reaction at the polymer surface accompanied by 
a change in potential which induces ClO4

- ion in- or efflux and thus swelling or 
shrinking of the polymer (Fig. 2.21a). However, polypyrrole can function both as 
ionic and electric conductor [196] and shows an open-circuit potential that depends 
on both the concentration of electrolyte ions and redox ions in solution [166, 197].  
In case of an electronic and ion-exchange equilibrium the potential of a PPy film can 
be described by equation (2.7) [70, 197-200]: 
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RT Poly
E E

F Poly
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 (2.8) 
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where E0 is the standard potential of the Poly+/Poly system at the equilibrium 
concentrations of the oxidised and reduced forms, Poly+ and Poly, respectively. The 
Donnan potential, which is the potential drop across the polymer-electrolyte interface, 
is given by 

 

1
2 2

ln 1
2 2D

RT x x

F a a
ϕ

        ∆ = ± + +           

 (2.9) 

for a (1,-1)-valent electrolyte with x being the concentration of polymer backbone 
charges and a the activity of ions in the electrolyte solution. In the case of 
PPy(ClO4) the Donnan potential is positive, while for a cation exchanging PPy film 
it is negative. 
 

 

Fig. 2.21 Schematic illustrations of the different reaction pathways: (a) the potential 
is established by the reaction of the redox agents at the PPy film which induces 
electrolyte ion exchange, (b) the potential as well as to some extent the strain of the 
PPy actuator are defined by the concentration change of the redox agents due to 
influence on the Donnan potential and (c) the redox reaction takes place at the gold 
electrode with subsequent ion exchange. 

 
Since the open circuit potential of PPy can depend on the concentration of the 
electrolyte ions and/or the redox couples in solution, it is important to show that the 
potential changes are not produced by the simple concentration change of the redox 
agents and are thus not induced by changes of the Donnan potential at the polymer 
solution interface [70, 201] (Fig. 2.21b), but are rather induced by the charge transfer 
at the PPy surface.  
Bockris and Diniz [196] showed that in a polypyrrole membrane immersed in a 
solution of the hexacyanoferrate(III/II) couple an electric current can be induced by 
applying a potential difference over the membrane, which displays the possibility of a 
redox reaction at the polymer. Redox sensitivity of PPy and its derivatives was also 
shown in several other publications [166, 197, 202-204]. If the potential change would 
result from the increased activity of ions in the electrolyte solution, the potential 
would decrease with an increase in concentration, due to the definition of the Donnan 
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potential. This is not the case as can be seen in Fig. 2.18. Additionally, we have 
verified that total concentrations of the hexacyanoferrate redox couple of 1 mM and 
10 mM with CFe(III)/CFe(II) of 5:5 result in the same potential and strain, only the 
kinetics are different.  
 
Another possible process, which we however consider an unlikely route of reaction, is 
that redox ions first move into the membrane and then react at the gold electrode to 
establish a potential (Fig. 2.21c). Firstly, Curtin et al. [205] showed that the 
replacement of ClO4

- by [Fe(CN)6]3- in a PPy(ClO4) film is virtually negligible. 
Secondly, an ion exchange of the dopant with the redox anion results in most cases 
in a different electrochemical behaviour, in the case of [Fe(CN)6]3- as dopant the 
actuator exhibits mixed anion- and cation exchange during CV in NaCl as well as in 
NaClO4/K3Fe(CN)6 solutions [111]. The CVs of PPy(ClO4) in 0.5 M NaClO4 before 
and after measurements with K3Fe(CN)6 added do not vary, as shown in Fig. 2.22a. 
CVs of PPy(Fe(CN)6) in 0.5 M NaClO4 or in 0.5 M NaClO4 with 0.01 M K3Fe(CN)6 
added exhibit totally different CV results as compared to PPy(ClO4). 
 
 

 

Fig. 2.22 Cyclic voltammograms taken at 150 mV/s of (a) PPy(ClO4) in 
0.5 M NaClO4 before and after measurements with K3Fe(CN)6 and of (b) 
PPy(Fe(CN)6) in 0.5 M NaClO4 and 0.5 M NaClO4 + 10 mM K3Fe(CN)6. 

 
Since the PPy actuators display constant actuation performance and the CV curves 
before and after the experiments do not display variations, we presume that no 
replacement of ClO4

- by [Fe(CN)6]3- occurs. Hence it is not likely that the redox 
reaction takes place at the gold electrode after hexacyanoferrate ions have diffused 
into the polymer layer, which was also concluded for poly(N-methylpyrrole) 
(PMPy)[204, 206].  
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The redox agents could also, instead of diffusing through the PPy film, directly react 
at the gold electrode at places where the polymer film is disrupted or has holes. We 
therefore analysed the integrity of each PPy film and did not observe any disruptions 
or holes (Fig. 2.23b). Only at the clamping positions, some films showed cracks due 
to the high mechanical stresses at these points (Fig. 2.23a). The solution however did 
not get in contact with these clamped parts. Hence we assume that the reactions we 
measured did not originate from redox reactions at the gold electrode. 
 
 

 

Fig. 2.23 Light microscopy images of PPy(ClO4) film surface with (a) a disruption 
due to mechanical clamping and (b) with an intact surface. The length scale is the 
same in both images. 

 
Considering all of the above-mentioned arguments, we infer that the strain changes 
observed during the measurements in the previous sections result from the ion 
exchange due to a change in potential of the PPy film, which is caused by the 
reaction of the redox agents at the polymer film surface. 
 
Various other redox species possibly can not be used in this system due to possible 
interferences with the polymer matrix besides the redox reaction. Redox ions that are 
prone to replace ClO4

- can behave differently than hexacyanoferrate. Sulphate (SO4
2-) 

for example, which acts as anion of various redox salts and can be a product of 
different redox agents, has a considerable impact on PPy(ClO4) and therefore the 
redox-induced actuation could be interfered by other effects [205, 207]: possible 
interference of sulphate(IV) ions with PPy can be the replacement of ClO4

- or Cl- 
with SO4

2- [205, 207] or steric/electrostatic interactions, due to which Cl- ions remain 
in the film if SO4

2- is present in the solution [78]. Redox salts with SO4
2- as anion or 

other redox ions that are prone to replace ClO4
- have to be dealt with. It is therefore 

important to note that no general statements can be made whether redox agents are 
able to properly influence PPy actuators. 
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2.5.6 Ascorbate concentration dependence 

 
 
To assure that PPy cannot only be actuated with the hexacyanoferrate couple, we 
analysed the responses to L-ascorbic acid (L-AA), a biologically relevant agent. Fig. 
2.24 shows the reaction mechanism from L-AA to dehydro-L-ascorbic acid (DHA). 
The oxidation reaction of L-AA is pH dependent, i.e. the first step of reaction to the 
ascorbyl radical (not shown in Fig. 2.24), which involves the release of one proton, is 
favoured by a more alkaline pH. The increase of L-AA concentration in an 
unbuffered solution leads to a more acidic pH, whereby the oxidation process is 
slowed down, i.e., the potential at the electrode is not linearly correlated to the L-AA 
concentration Thus, the measurement solution was buffered to maintain the activity 
of L-AA with a 20 mM acetic acid/sodium acetate buffer, pH 4.5 at 21˚C.  
 

 

Fig. 2.24 Reaction of L-ascorbic acid to dehydro-L-ascorbic acid (which is not an 
acid). The intermediate step af ascorbyl radical formation is not included [208].  

 
The polypyrrole actuator was subjected to different concentrations of ascorbic acid in 
acetate buffer and perchlorate electrolyte. Fig. 2.25a and b indicate a linear response 
of strain proportional to the PPy film potential, which is established by the reducing 
agent. Hence, L-AA is also able to influence the strain in the actuator by changing 
the oxidation level of polypyrrole through reaction at the polymer. When low 
concentrations of redox analyte are used, the reaction rate is slow and during the 
time used for measurements, a stable potential is not yet fully established. Thus in 
Fig. 2.25c it can be observed that for the reaction time of 430 seconds, the slope of 
potential versus concentration is not linear until a concentration of about 500 µM is 
reached. With lower concentrations the established potential might still be partially 
dependent upon the polymer’s rest potential. For normal L-AA levels (0.03-0.085 mM 
in serum and 0.07-0.15 mM in urine) in the human body, the intrinsic potential of 
the actuator therefore has to be increased or the actuation has to be carried out in 
solutions with higher pH. Higher pH can be used to decrease the reduction potential 
and increase the reactivity of L-AA, since the first step of reaction is favoured in 
more alkaline solutions, as mentioned above. We tried to use phosphate buffer to 
control the pH to between 7 and 9 and to achieve lower reaction potentials. The 
phosphate buffered solution however resulted in a slight variation of the CV (a small 
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second cathodic peak appeared) and therefore we could not be sure if there were 
changes inside the PPy film. Ion exchange is not expected when using phosphate 
buffer [205], which is why not the ions but rather the pH is assumed to be the cause. 
Although pH was reported not to influence the volume change in PPy during CV [77], 
changes in the oxidation state of the PPy, which could affect the CV [209, 210], can 
not be excluded. This phenomenon however needs further analysis.  
 
 

 

Fig. 2.25 (a) Potential and strain responses of a PPy(ClO4) bending actuator in 
0.5 M NaClO4 and 20 mM acetate buffer pH 4.5 as a function of time actuated with 
L-ascorbic acid of concentrations (1) 10 µM, (2) 100 µM, (3) 1 mM. Arrows denote 
the exchange of solutions inside the flow cell. The new solution always fully replaces 
the previous solution and liquid exchange rate is 2.5 ml/min. (b) Strain versus 
potentiometric response for the visualisation of linearity. (c) Potential values 
consecutively established after 430 seconds in dependence of the analyte concentration 
for two samples. The leftmost data point corresponds to the rest potential. 

 
 

 

Fig. 2.26 Cyclic voltammograms taken at 150 mV/s in 0.5 M NaClO4 of PPy(ClO4) 
actuators before and after the actuation measurements using L-AA in acetate buffer.  
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In PPy(Cl) films - which are very similar to PPy(ClO4) films with respect to ion 
exchange behaviour [186] and morphology [211] - it was shown that ascorbic acid 
does not replace the dopant anions [212]. The CVs in Fig. 2.26 indicate that the 
electrochemistry of the films is not changed after measurements with L-AA in acetate 
buffer. Thus also in the case of L-AA we assume that the strain and potential 
changes result from the redox reaction at the PPy surface and not from redox 
reaction at the Au electrode or actuation through a change ion activity. 
 

2.5.7 Influences of electrolyte pH, concentration, and 

temperature on PPy(ClO4) 

 
 
So far the responses of the PPy actuators towards redox chemicals were considered. 
Variations in pH, electrolyte concentration and temperature could however also effect 
a strain response. Although these parameters were measured to be or held constant 
during the redox measurements, it is important to see the influence of pH, 
temperature and electrolyte concentration.  
Various groups have already shown the effects of pH changes on actuation properties 
of polypyrrole [77, 172, 213]. In this section, the influence of pH on potential and 
actuation of PPy is presented in our system using the flow cell. Treatment in acidic 
solutions leads to protonation of the nitrogen atoms in PPy [214, 215] and therefore 
an increase in potential and influx of anions for charge neutrality. It has been 
reported that anion content-pH curves showed that with increasing pH from 0 to 13 
two stages of Cl- expulsion from the film exist [215]  – one in the range of pH 2-4 and 
one in the pH range 9-11. This led to the consideration of two proton transfer steps: 
  

 PPy HA H A PPy HH A2+ − + − + + −+ + ↔           (pKa ~ 2-4) (2.10)  

 PPy HA OH PPy H O A2
+ − − −+ ↔ + +           (pKa ~ 9-11) (2.11) 

 
where PPy represents a PPy chain segment of 3-4 pyrrole rings. Schematically, the 
process of protonation, deprotonation can be presented as follows: 
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Fig. 2.27 Acid – base transitions of PPy film [216]. 

 
Fig. 2.28 displays pH induced responses of the potential as well as the strain in a 
0.5 M NaClO4 solution. The pH was adjusted with appropriate amounts of NaOH 
and HClO4, respectively. Acidic solutions lead to a higher potential and strain, 
whereas the opposite effect is found in more alkaline solutions. It is visible that a 
hundredfold increase or decrease of hydrogen ion concentration does by far not 
influence the actuator as much as either hexacyanoferrate or ascorbate. We noticed 
that the potential and strain responses of PPy in our system are slightly smaller 
compared to reported values in the literature [210, 213]. Possible reasons involve the 
following parameters: differences in electrolyte concentrations, the thickness of the 
polymer and the extent of pH. The sensitivity of the potential towards pH decreased 
when the film thickness was increased from a few hundred nanometers to some tens 
of micrometers [77, 210]. Since potential is related to strain or volume changes also in 
the case of protonation/deprotonation, decreased sensitivity is also expected for 
strain in our system since the thickness of the film is 13 µm. This decrease in 
sensitivity was explained by the fact that protonation or deprotonation is not likely 
to proceed throughout the whole film for thicknesses larger than about 10 µm [210]. 
Therefore also strain is comparably small. 
 

 

Fig. 2.28 Influence of pH changes on the potential and strain of the PPy(ClO4) 
bending actuator which was fabricated as for the previous measurements. Arrows 
denote the exchange of solutions inside the flow cell. The new solution always fully 
replaces the previous solution and liquid exchange rate is 2.5 ml/min.  
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For electrolyte concentration and -temperature changes, the PI strips had to be 
coated with gold on both sides, to minimise contact of the PI with the solution (refer 
to section 2.4.8 for more details) and to introduce more symmetry in the backing 
substrate. The second gold layer was included into the strain calculations (see 
Appendix A).  
 
As already elaborated in section 2.5.5, PPy is an ionic conductor and therefore its 
potential as well as the volume depend on the concentration of electrolyte ions. We 
see in Fig. 2.29a that at high molarities an increase in concentration leads to a 
decrease in potential and simultanously an increase in strain. This behaviour is 
different from the redox agent driven potential- and strain changes we have observed 
in the previous chapters. Here, the increase in electrolyte concentration leads to a 
change of the Donnan potential of the polymer film, but not the redox state of the 
film [197]. Fig. 2.29b shows that at low molarities, the slope of strain to 
potentiometric response is very small [198], since the polymer becomes more 
impermeable to the electrolyte.  
 
 

 

Fig. 2.29 Influence of electrolyte concentration changes on the potential and strain of 
the PPy(ClO4) bending actuator which was fabricated with an additional Au backing 
layer. Arrows denote the exchange of solutions inside the flow cell with concentrations 
of (1) 1 M, (2) 0.5 M, (3) 0.45 M, (4) 0.25 M, (5) 0.1 M.. The new solution always 
fully replaces the previous solution and liquid exchange rate is 2.5 ml/min.  

 
Temperature was measured with a digital thermometer (TES-1303, TES Electrical 
Electronic Corp.) by positioning the sensor next to the strip. The temperature close 
to the actuator stayed stable at 21.6 ˚C ± 0.1 ˚C during experiments. For 
temperature response measurements, the temperature was controlled by pre-cooling 
or heating of the measurement solution which was then flowed into the fluid cell. Fig. 
2.30 displays the transitions in potential and strain when colder (17 ˚C) and warmer 
(29 ˚C) solutions are flushed into the system. What is mostly discussed in literature 
about temperature is its effect on the polymer properties when it is varied during 
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polymerisation [217]. We assume that variations in strain result from different 
thermal expansion coefficients in PPy and the backing layer. 
 
 

 

Fig. 2.30 Influence of temperature changes on the potential and strain of the 
PPy(ClO4) bending actuator which was fabricated with an additional Au backing 
layer. Arrows denote the exchange of solutions inside the flow cell with temperatures 

of (1) 17 °C and (2) 29 °C with a temperature at the start of 21,6 °C. The new 

solution always fully replaces the previous solution and liquid exchange rate is 
2.5 ml/min.  

 
Considering the results above, we re-emphasize that neither pH, nor electrolyte 
concentration and temperature can be the sources for strain change we have observed 
with the redox agents. 
 

2.5.8 Control measurements with PI/Au strips 

 
 
To be able to fully exclude any influences of the PI/Au strip itself we did several 
control measurements. The strain mentioned in the following section is calculated 
with the same constants as above, as if the strip had an additional PPy layer, to 
enable a straightforward comparison of the results.  
It is well known from literature, that strain changes in PPy are induced by applied 
potentials. Therefore, compared to Fig. 2.11 in section 2.5.1 we see in Fig. 2.31a 
using a PI/Au/PPy bending beam actuator that application of potentials to the bare 
PI/Au strip does not yield any strain change. Also in the case of redox agents, e.g. 
hexacyanoferrate(II/III), the bare strip does not show a response in strain, as visible 
in  Fig. 2.31b. The results for changes in temperature, electrolyte concentration, and 
pH are given in Fig. 2.31c-e. Variations in both concentration and temperature lead 
to movements of the bare strip, probably due to ion diffusion and water uptake and 
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due to the different thermal expansion coefficients in PI and Au, respectively. On the 
other hand, pH does not visibly influence the strain. Due to these influences, the 
concentration and temperature changes for PPy bending beam actuators in the 
previous section were analysed with PI films covered on both sides with Au layers of 
40 nm thickness, which suppresses the influences of the substrate. 
 
 
 
 

 

Fig. 2.31 Influences of (a) applied potential, (b) hexacyanoferrate(II/III), (c) 
temperature, (d) electrolyte concentration, and (e) pH on a bare PI/Au strip in the 
flow cell in 0.5 M NaClO4. 
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2.6 Characterisation of cation exchanging PPy 

 
To show the possibility of redox agent driven actuation in the reverse direction (Fig. 
2.32), dodecylbenzenesulfonate (DBS-) is the counter ion of choice. Besides its linear 
actuation properties [81, 104], PPy(DBS) is known to be biocompatible [218] and can 
be operated in NaCl and KCl solutions as well as other electrolytes with small 
cations.  

 

Fig. 2.32 Schematic illustration of the redox processes at a cation exchanging 

polypyrrole actuator. The reducing (Red) and oxidising (Ox) agents react at the 
polymer surface to induce cation in- and efflux by changing the oxidation state of the 
polymer (adapted from [25]). 

 
Usually, in-plane strain values around 1-2%, 0.5 to 1 cm tip movement for 1.5 cm 
long bilayer strips or bending angles of 10° to 30° for 2 cm long bilayers were 
reported [77, 81, 104, 105, 219]. A comparison of strain, tip movement and bending 
angle is rather difficult. Several improvements in strain were reported for PPy(DBS) 
films, for instance strains up to 3.5% in PPy/PEDOT/PPy actuators [220], 2-7% for 
tubular linear actuators [81] and up to 20-30% out-of-plane strain for layer 
thicknesses around 1 µm were reported [82].  
 

 

Fig. 2.33 Structures of dodecylbenzenesulfonate (DBS) ions in their idealised form 
and the actual structures of the commercially available product, as analysed in [91].  
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DBS- is a surfactant, also called amphiphilic molecule, which means that is has a 
hydrophobic and a hydrophilic end. It is made up of a carbon-alkyl chain attached to 
a benzene ring. The structures of idealised and commercially available DBS, which 
consists of structural isomers, are given in Fig. 2.33.  
The actuators for the cation-exchanging PPy were fabricated as described in 
section 2.2 with polymerisation conditions as given in the next section. The 
parameters used for calculations of the strain of PPy(DBS) from the curvature 
measurements are as follows: the E modulus and Poisson ratio of the polyimide are 
as in section 2.5 given as 2.9 GPa and 0.34, respectively, while the thickness hPI is 
25 µm. Literature estimates for the modulus of PPy(DBS) are 0.15-0.25 GPa in the 
reduced state and 0.45 GPa in the oxidised state [219]. For a PPy tube the reported 
moduli are 0.15 and 0.26 GPa for reduced and oxidised states respectively [108]. We 
used a modulus of 0.25 GPa for our calculations, since we are working with both 
states, i.e., oxidised and reduced PPy. Christophersen et al. for example [103] used 
values of 0.12, 0.2, and 0.4 GPa for their modelling of PPy(DBS) microactuators. 
The tensile modulus of the PPy(DBS) films was not measured, because the gold 
backing could not be fully removed from the PPy film and the fims coiled up. The 
strain calculations with a modulus of 0.25 GPa are comparable to the strain 
measured for a freestanding PPy(DBS) film [81]. The tubular linear actuators 
analysed in this publication showed higher total strains from 2% up to 7%, which 
was accounted for by the cylindrical structure and presumably the larger surface to 
volume ratio. The choice of the modulus for model calculations could introduce 
inaccuracies on the total strain. We are however mainly interested in the strain 
behaviour and changes in strain, where the total strain extent plays a minor role. 
The thicknesses hPPy are taken as 14.4 µm or 6.3 µm which correspond to charge 
densities during polymerisation of 2.3 C/cm2 or 1 C/cm2, respectively, using a 
conversion factor of 6.25 µmC-1cm2 [83, 219]. 
 
 

2.6.1 PPy(DBS) actuator performance using an 

external power source 

 
 
The fabrication method for PPy(DBS) was also adjusted to the different actuation 
properties needed. During polymerisation with NaDBS, fabrication parameters other 
than those for the PPy(ClO4) actuators have to be chosen, because the two anions - 
ClO4

- and DBS- - behave differently.  
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At first, the fabrication parameters were selected to achieve a large strain and low 
charge consumption during switching (Fig. 2.34a). As reported earlier for PPy(DBS) 
[104] and also for PPy(pTS) [221], lower deposition current density and thus lower 
polymerisation voltage leads to higher net strain. One disadvantage however of low 
deposition current is the increased charge consumption during actuation [104]. The 
deposition current was set to 2 mA/cm2, which results in a voltage of 0.67 V for 0.2 
M NaDBS and 0.1 M pyrrole. Here, the pyrrole concentration was not set to a value 
higher than 0.1 M to reduce the charge consumption during actuation [105]. 
The strain vs. potential thus resulting exhibits two linear regions, the first with a 
larger slope between -0.5 V and -0.2 V and the second one with a smaller slope 
between -0.2 V and 0.2 V (Fig. 2.34a). At negative potential, the slope tends towards 
zero. The transition in hysteresis experienced at 10 mV/s shifts to a different range 
at 2 mV/s. To see the influences on the hysteresis, linearity, and charge consumption, 
several fabrication parameters were varied one by one (Fig. 2.34b-e). The 
polymerisation current density, which is known to largely influence the net strain as 
well as the charge during actuation [104], was increased from 2 mA/cm2 to 
15 mA/cm2 (Fig. 2.34b). Higher current densities resulted in rising of the potentials 
to values above 3 V and to actuators which barely moved. As expected, the current 
during cycling for this fabrication method is lowered, especially the capacitive current 
at higher oxidative potentials (Fig. 2.35b), while the net strain is smaller.  
The inset of Fig. 2.34b shows an actuator which was also fabricated with 15 mA/cm2 
but due to the high current in the system, the normal 1 cm2 Pt CE evolved large 
bubbles, which largely decreased the active surface area whereby the potential was 
increased up to 2.5 V. This was not the case when we used a coiled Pt wire electrode 
with an active surface area of about 2.5 cm2. Generally, such high potentials are 
assumed to lead to overoxidation of the polypyrrole, but seemingly the overall 
actuation performance as well as the CV are not remarkably deteriorated. Maw. et al 
[104] analysed the polymerisation at current densities up to 40 mA/cm2 without 
mentioning overoxidation of their actuators. The linearity behaviour of the high 
voltage sample is improved to one linear region, which even expands to values above 
0.2 V as indicated in Fig. 2.36b and also the peaks in the CV shifted to more positive 
values (Fig. 2.35a). The exact reasons for this straightening are not known and have 
not been further analysed. It is however assumed that the film density is a relevant 
parameter. Since an increased current density and thus an increased polymerisation 
potential lead to an improved linearity and hysteresis behaviour, lower Py and 
electrolyte concentrations, which also result in a higher potential, were analysed.  
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Fig. 2.34 Linearity and hysteresis measurements of PPy(DBS) actuators. Several 

parameters are varied during polymerisation, where the unchanged parameters are as 
in (a) 0.1 M Py, 0.2 M NaDBS, 2 mA/cm2, 2.3 C/cm2, and cycling electrolyte 
concentration 0.5 M NaCl. Increase in current density to 15 mA/cm2 (b), decrease in 
Py concentration to 0.05 M (c), decrease in NaDBS concentration to 0.05 M (d), 
decrease in total charge used during polymerisation to 1 C/cm2 (e), and cycling 
electrolyte concentration of 0.1 M (f). The voltage is applied by a potentiostat vs. an 
Ag/AgCl reference electrode with a scan rate of 10 mV/s and 2 mV/s. Inset in (b) 
shows measurements of a sample produced with 15 mA/cm2 with a smaller active 
counter electrode surface and thus higher potential.  
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The linearity, was slightly improved for lower Py concentrations (Fig. 2.34c) while 
the net strain was as high as in Fig. 2.34a. The potential range over which actuation 
is observed is smaller and more hysteresis occured. As expected, the charge 
consumption during actuation is smaller (Fig. 2.35c) [105]. The decrease of NaDBS 
concentration during synthesis worsened both the linearity and hysteresis, as well the 
total strain (Fig. 2.34d). Lower electrolyte concentrations during CV did not show 
improvements for neither linearity, nor strain. Instead, larger hysteresis occurred 
during the potential scan, probably since the redox processes of the films in less 
concentrated electrolytes are slower [222]. 
 

 

Fig. 2.35 CVs of the samples as in Fig. 2.34a-f taken at 10 mV/s in the flow cell vs. 
Ag/AgCl. 

 

Fig. 2.36 Hysteresis measurements of PPy(DBS) actuators in 0.5 M NaCl at higher 
potentials. The fabrication parameters correspond to Fig. 2.34(a) and Fig. 2.34(b) 
(inset). The voltage is applied by a potentiostat vs. an Ag/AgCl reference electrode 
with a scan rate of 2 mV/s. 

 
Also in the case of PPy(DBS), not much is known about linearity and hysteresis 
dependence on fabrication parameters. The tip displacement at -1.1 V and +0.4 V 
and charge consumptions were analysed for different polymerisation currents and 
electrolyte concentrations by Maw et al. [104, 105]. They however have not analysed 
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the strain during potential cycling and have therefore no data on linearity or 
hysteresis. Yamato et al. [81] have analysed the strain response of tubular PPy(DBS) 
actuators with different diameters as well as the influence of different salts in the 
measurement solution. Shimoda et al. [77] looked at pH dependence of strain where 
they however use a much thinner PPy(DBS) layer and did not consider different 
fabrication parameters. The strain during cycling was compared for PPy(OBS) and 
PPy(BBS) freestanding films loaded with a constant stress of 0.5 MPa in 0.1 M 
NaCl [219]. They also showed the mass changes of 0.2 µm thin PPy films with several 
alkyl benzenesulfonates. Optical beam deflection technique (also called ‘mirage effect’ 
technique or probe beam deflection) has been used to research ionic diffusion 
processes in PPy(DBS) in different electrolytes (KCl, KClO4, CsCl, NaCl, LiClO4, 
LiCl) during cycling [223]. The mirage deflection signal showed most linearity with 
NaCl, LiCl, and LiClO4 while least hysteresis was achieved with KCl, KClO4, and 
CsCl. EQCM measurements of PPy(DBS) mass changes were performed in various 
electrolytes (KClO4, KCl, CsCl), where KCl and CsCl show the most linearity, while 
in KClO4 additional anionic exchange appears at voltages higher than -0.25 V [224]. 
Baker et al. [194] analysed the mass transport by EQCM of PPy(PSS), which also 
exhibits cation transport similar to PPy(DBS), in various different electrolytes and 
analysed the linearities and hystereses. 
Our results provide more insight on strain behaviour during cycling when certain 
fabrication parameters, like current density, dopant- or pyrrole concentrations, are 
altered. The current density was found to have the biggest influence on linearity and 
extent of strain. 
 

2.6.2 Actuator response to redox agents 

 
 
Also in the PPy(DBS) system we chose the hexacyanoferrate couple as well as L-AA 
to actuate the system. Fig. 2.37 displays the results measured with an actuator of the 
type as in Fig. 2.34e, i.e. 0.2 M NaDBS, 0.1 M Py, current density 2 mA/cm2 and a 
total charge density during polymerisation of 1 C/cm2. The potential and strain are 
analysed in response to different concentrations of hexacyanoferrate(III) as well as 
the redox couple. In the beginning of the measurements, the strain nicely follows the 
potentiometric response, which is given by the different concentrations CFe(III). Above 
300 mV however the strain goes into saturation and does not increase any further, as 
can be observed in Fig. 2.37b. When the actuator is subjected to a lower 
concentration CFe(III) of 10 µM, the potential decreases as expected but the strain does 
not change. This is also the case when the redox couple with CFe(III)/CFe(II) of 1:9 and 
9:1 is repeatedly flushed into the flow cell. When comparing to Fig. 2.36a, it is 
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obvious that the actuators also feature this hysteresis behaviour when actuated with 
an external power source. Since the potentials of the hexacyanoferrate(III/II) couple 
fall into the range where the slope of the strain is zero, the actuators as used for 
these measurements are not suited for these redox agents. The same effects are also 
observed with PPy actuators fabricated with higher current densities. Yet, this does 
not mean that these actuators cannot be used at all for redox-induced actuation. 
Redox agents with a lower standard potential, such as L-ascorbic acid, nicotinamide 
adenine dinucleotide (NADH), methylene blue or cysteine, for instance, can work in 
the linear region of the actuator. 
 

 

Fig. 2.37 (a) Potentiometric and strain responses of PPy(DBS) bending actuator to 
hexacyanoferrate(III) with concentrations of 10 µM, 100 µM, 1 mM, and 10 mM and 
to the hexacyanoferrate(III/II) redox couple with CFe(III)/CFe(II) of (1) 1:9 and (2) 9:1 at 
a total concentration of 10 mM in 0.5 M NaCl as a function of time. The fabrication 
parameters are as in Fig. 2.34e. Arrows denote the exchange of solutions inside the 
flow cell. The new solution always fully replaces the previous solution and liquid 
exchange rate is 2.5 ml/min. (b) Strain versus potentiometric response for the 
visualisation of linearity.  

 
Another issue which is addressed with these measurements is the recovery time. 
When the actuator is exposed to a lower concentration, in this case CFe(III) is lowered 
from 10 mM to 10 µM (Fig. 2.37), the potential decreases very slowly. Further 
analysis of this effect is shown in Fig. 2.38, which displays the potentiometric 
response with different concentrations CFe(III). The decrease to 1 mM from 10 mM 
results in a stable value after about 160 seconds. If however the concentration is 
further decreased, no stable potential is reached within the same time. 
Concentrations of 10 µM up to 100 µM exhibit a very slow response for both 
concentration increases and decreases, which indicates that these actuator types are 
best suited for concentrations CFe(III) above 100 µM. Also here, thinner films might 
improve kinetics of responses to lower concentrations of redox agents. 
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Fig. 2.38 Potentiometric responses of PPy(DBS) to different concentrations of 
hexacyanoferrate(III) inside the flow cell. The dashed line marks the potentiometric 
response for 1 mM reagent. The arrows denote the exchange of solutions inside the 
flow cell. The new solution always fully replaces the previous solution and liquid 
exchange rate is 2.5 ml/min. 

 
The response to reducing agents is tested with L-AA. Since the rest potential of 
PPy(DBS) actuators is much lower than for PPy(ClO4) actuators, the pH of the 
solution had to be increased up to pH 9.1 with a phosphate buffer to increase the 
reactivity of L-AA. Transitions were not detected for 1 mM or 10 mM L-AA in 
pH 4.5 solutions. The strain- and potentiometric responses to 10 mM L-AA in 
phosphate buffer are shown in Fig. 2.39, which demonstrates that the actuation of 
PPy(DBS) can be induced in the direction of more negative potentials. 
 

 

Fig. 2.39 (a) Potentiometric and strain responses of PPy(DBS) bending actuator to 

L-AA with a concentration of 10 mM in 0.5 M NaCl and 0.1 M phosphate buffer (pH 

9.1 at 21°C) as a function of time. The arrow denotes the exchange of solutions inside 

the flow cell. The new solution always fully replaces the previous solution and liquid 
exchange rate is 2.5 ml/min. (b) Strain versus potentiometric response for the 
visualisation of linearity.  
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2.7 Conclusion 

 
In this chapter we demonstrated that PPy can be actuated by redox agents in 
solution and shows a strain response which is directly related to the established redox 
potential of the polymer. To visualise the actuation of the PPy films, a bending beam 
setup was designed, which enables simple and low-cost fabrication and measurements. 
First, the behaviour of PPy(ClO4), an anion exchanging polymer film, was analysed. 
The actuators could be used in a certain potential window where the strain response 
of forward and reverse scans is linear and, depending on the scan window size, 
hysteresis is as low as 6.5%. Two types of redox species were employed, namely 
hexacyanoferrate and L-ascorbic acid. It was demonstrated that the potential can be 
established using either a redox couple or a redox moiety. Furthermore, the actuator 
performance in a redox-driven system displayed linear behaviour in forward and 
reverse transitions, high repeatability and hysteresis values of 14.2% and lower. The 
redox-driven strain changes were comparable to the electrically driven actuation. 
This opens up the opportunity to ease the design and characterisation steps of 
chemically powered actuators by simply using an external power source. The strain 
induced by the different redox agents ranged from -0.2% to 0.2%, values which are a 
multiple smaller than the total strain that can be achieved. This is due to the fact 
that the potential range where strain is linear – from about -200 mV to above 650 
mV – is much larger than the potential range served by the redox agents. Refined 
fabrication parameters might eventually result in further improved actuator 
characteristics. For a particular redox agent with its characteristic potential range, 
the actuator properties could be modified to exhibit improved sensitivity as well as 
maximum strain and minimum hysteresis in this specific potential window. Several 
teams demonstrated that fabrication parameters or dopant ions can influence the ion 
exchange behaviour, potential dependent PPy mass change or actuation [78, 105, 202, 
225]. Response times for redox couples – in the range of 80 to 280 seconds – were 
shorter than those for redox moieties. Depending on the concentration, potentials 
induced by redox moieties approached a stable value only after several minutes. 
When the film thickness was tenfold smaller, the response times for molarities of 
1-10 mM were reduced to the range of 100 seconds. Freestanding films with the same 
thickness of 1-2 µm are expected to demonstrate even faster kinetics, because of the 
larger surface to volume ratio.  
We analysed the different pathways that a redox agent could take to induce the 
responses we have observed and concluded that the most probable route is the 
potential-dependent anion exchange after reaction of redox ions at the PPy. We also 
showed that in our measurements, electrolyte concentration-, pH- and temperature 
changes were not the driving factors for the actuation of PPy.  



2.7  CONCLUSION 

 65 

By replacing ClO4
- with DBS- dopant ions for PPy polymerisation, the actuation 

direction was inverted. We demonstrated that the strain behaviour of PPy(DBS) can 
be customised to a certain extent by choosing different fabrication parameters. For 
instance, the strain range was expanded to more positive values when a higher 
current density was used for polymerisation. With these actuators, strain responses 
were achieved with hexacyanoferrate(III) as well as L-ascorbic acid. It is possible that 
PPy(PSS), which is also a cation-exchanging film, could be used in more positive 
potential windows, as indicated in EQCM measurements [78]. 
One issue with this way of actuation is the slow recovery time when concentrations 
of redox agents are decreased. A possible approach to solve this difficulty if the 
recovery time is more important than the rise time, is to increase the leakage current 
from the PPy such that the rest state of the PPy can be reached faster. This 
however slightly slows down the reaction time. 
If the PPy actuators ought to be used in a system, where a fast response is much 
more important than concentration dependence of the strain, another principle may 
provide a better solution. The next chapter treats such an approach where the PPy 
actuator functions as artificial muscle with one chemical and one electrochemical 
half-cycle. 
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3 Fuel-powered artificial muscle 
 
 
 
So far the work has focused on the strain responding linearly to different redox 
agents in solution. This principle can find its applications in actuators which have to 
respond to their environment in dependence of molecule concentrations. Another 
possible implementation of PPy actuators which are responding to their environment 
is the direct use of two fuels which react at two different electrodes, just as in a fuel 
cell, to actuate an artificial muscle at a faster pace. This principle veers toward 
biological muscles, where a fuel (i.e. glucose, ATP) is constantly delivered to the 
muscle while a single electric twitch can make the muscle contract [13]. 
 

3.1 Introduction 

 
We have shown in the previous section that it is possible to chemically actuate PPy 
with redox agents in solution. Although the actuation can be effected at a faster rate 
when a potentiostat is used, the strain rate in the redox actuated system is low. In 
hydrogels, which exhibit volume changes when triggered by changes in pH, 
temperature or specific interactions to a molecule, low actuation rate is also an issue 
[6]. Porous composites [121], graft-type gels [122] or smaller structures [123] have 
been developed to improve transition speed to a few minutes. Other smart actuators 
like piezoelectric materials or liquid crystal elastomers can respond much faster, but 
are usually actuated by electrical energy. Ionic electroactive polymers (EAPs) such as 
carbon nanotubes or conducting polymers show moderate to high strain rates, 
depending on the applied potential [16]. PPy has the attractive properties of being 
actuatable with a potential from an external power source as well as from redox 
agents in a solution. In the proposed system, we take advantage of combining these 
mechanisms. The PPy actuator is inserted into a fuel cell in the function of an anode. 
During one half-cycle, the potential at the PPy film is established by the redox agent 
in the anodic compartment. In the second half cycle, the actuator is shortcut to the 
cathode, which electrochemically charges the PPy to a more positive potential. 
Although in the second half-cycle, electrochemical instead of purely chemical energy 
is transferred to the PPy, no external power source is needed.  
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3.2 Fabrication Process 

 
The fabrication of the strip is equal as in section 2.5  for the PPy(ClO4) actuator, 
since the actuation behaviour for these samples is well known due to the previous 
measurements. The PPy film is used as the anodic part of a fuel cell whereas a self-
breathing oxygen cathode completes the system. This cathode consists of a E-TEK 

ELAT® gas diffusion layer with Pt particles as catalyst, a stainless steel mesh as 

current collector, as well as an air-diffusion PMMA piece to enable air flow to the gas 
diffusion layer. The two electrodes are separated by a Nafion 212 proton exchange 
membrane (DuPont). A reference electrode (RE) is placed inside the anodic 
compartment to measure the potential of the PPy film. The inter-electrode-circuit is 
opened and closed with a switch. Images can be acquired from the side with an 
illuminated background for good contrast. The whole setup is displayed in Fig. 3.1. 
 

 

Fig. 3.1 Illustration (a) and picture (b) of setup for fuel-cell actuator. The 
illustration shows the anodic and cathodic sides, which are ionically connected to each 
other by a Nafion membrane and electronically by a circuit. The anode consists of a 
chamber with electrolyte and the fuel while the cathode is a gas diffusion layer in 
direct contact with the membrane. The electrical connection is made through a 
stainless steel mesh, which is pressed against the gas diffusion layer and which enables 
air diffusion. 
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3.3 Experimental results 

 
We saw in previous sections, that PPy can be oxidised and reduced by redox agents 
in solution. In analogy to a fuel cell, PPy can thus work as a cathode as well as an 
anode, when the chemical environment is switched. In this setup, the PPy actuator is 
kept as the anodic side, separated from an oxygen-cathode. The bending beam 
actuator was immersed in 0.5 M NaClO4 in 20 mM acetate buffer (pH 4.5 at 21˚C) 
and 1 mM L-AA.  
Both electrodes, anode and cathode, are electrically charged by the fuels inside the 
chambers while the circuit is open. L-AA in the anodic compartment reduces the 
polymer. During this reduction, the dopant anions (ClO4

-) inside the polymer matrix 
are expelled to maintain the charge neutrality in the film. This leads to a decrease in 
volume and thus bending of the actuator towards the PPy. The actuator is 
chemically powered and generates a potential by acting as a fuel-cell electrode. It 
generates and capacitively stores electrical energy, and at the same time causes 
actuation. Unlike an ordinary fuel cell, the charge is stored on the electrode and not 
transferred to the second electrode to establish current in an electronic circuit. On 
the cathodic side, oxygen in air is reduced in the presence of Pt. Use of this oxygen 
cathode with a hydrogen anode in a fuel cell setup resulted in an overall open-circuit 
potential of 0.9 V. The direct measurement of the cathode potential vs. a reference 
electrode is however difficult, because the cathode is not inside a compartment filled 
with a solution. The value depends on the connection of the Nafion membrane to the 
carbon cloth as well as the pH of the anodic electrolyte. In our system, the potential 
established at the PPy when it is shortcut to the cathode is 410 mV vs. Ag/AgCl, 
which corresponds to a value of roughly 610 mV vs. NHE. The reactions ideally 
taking place at the anode and cathode are indicated in equations 3.1 and 3.2, 
respectively.  
 

 2 2L AA DHA e H− +− → + +  (3.1) 

 2 24 4 2O H e H O+ −+ + →  (3.2) 

 
So far, the processes described herein take place under open-circuit conditions. When 
the inter-electrode circuit is closed, current can freely flow and the anodic side is 
driven towards a more positive potential (Fig. 3.2). While electrons are recombined 
with holes in the electronic circuit, protons (H+) are exchanged through the Nafion-
membrane from the anodic to the cathodic compartment. The artificial muscle thus 
works in part chemical and electrochemical, depending on the actuation cycle.   
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When the connection between the electrodes is broken again, the fuel-cell muscle is 
recharged and returns to the deflection of the initially charged state. These cycles are 
presented in Fig. 3.2. The kinetics during the reaction with L-AA are slow. However, 
when the actuator is connected to the cathode, a fast transition takes place and 
drives the actuator’s potential up 100 mV within one second (the values reached 
within milliseconds are not indicated here because the measurement setup was 
designed for seconds as the lowest resolution). Only after that, equilibration to the 
final potential takes place at a slower pace. The strain of the muscle (calculated as in 
the previous section) corresponds the potential transitions (Fig. 3.2b). The half-cycle 
where PPy is reduced does not display the same kinetics or values as experienced 
before with L-AA in the flow cell (Fig. 2.25). A possible reason is that the anodic 
compartment in these measurements was not stirred, while inside the flow cell the 
continuous flow can be compared to stirring of a solution. Depletion of L-AA is not 
considered due to the large size of the anodic compartment. 
 
 

 

Fig. 3.2 (a) Potential and strain responses of a PPy(ClO4) fuel-cell bending actuator 
in 0.5 M NaClO4, 20 mM acetate buffer pH 4.5, 1 mM L-AA as a function of time. 
Arrows denote the points where the electrical circuit to the oxygen cathode is opened 
and closed. (b) Strain versus potentiometric response for the visualisation of linearity. 

 

3.4 Conclusion 

 
We demonstrated an approach to improve the response time of a PPy actuator by 
using it as an anode in a fuel cell. A strain response of 0.23% was reached within one 
second. The process of recharging is still comparably slow (several minutes). Also 
here, improvements in the reaction kinetics for instance by making the surface to 
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volume ration larger or by catalysing the chemical reaction have to be envisaged. In 
one cycle, chemical energy is directly converted to mechanical energy on the polymer 
itself while in the second half-cycle the actuator is powered electrochemically over the 
cathode. So far, the two compartments are separated by a proton exchange 
membrane. Several approaches for membrane-less fuel cells to be directly used inside 
or near the human body were reported during the last years [226]. Such specific 
electrode reactions can also be employed in our system to avoid the use of a 
membrane. 
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4 Conclusion and Outlook 
 
 

4.1 Conclusion 

 
For future applications, ways of driving conducting polymer actuators different than 
by an external power source directly connected to the polymer might become 
important, e.g. if batteries and external power sources should be avoided for internal 
prostheses or biological applications in general. To this end, we have studied the 
principle of actuating polypyrrole (PPy) with redox agents in solution, i.e. 
hexacyanoferrates and L-ascorbic acid. Actuation of anion-exchanging films, 
PPy(ClO4), and cation-exchangin films, PPy(DBS), was achieved and investigated 
with different redox agents in solution and further compared to actuation by a 
potentiostat. To improve the strain rates of chemical actuation we showed that it is 
possible to employ the PPy actuators in a fuel cell setup. 
The actuation behaviour of anion exchanging PPy with perchlorate (ClO4

-) dopant 
ions was first measured with an external potential applied from a potentiostat. These 
results then served as a reference for comparing the chemical and electrochemical 
actuation methods. PPy(ClO4) showed a strain response with a broad active 
potential window. The actuators can be used between -100 mV and 650 mV vs. 
Ag/AgCl where the strain response in forward and reverse scans is linear and, 
depending on the scan window size, hysteresis is as low as 6.5%. The redox-induced 
strain responses were analysed with hexacyanoferrate, a redox pair with a well-
defined stable potential, and L-ascorbic acid, a biologically relevant molecule, also 
known as Vitamin C. Strain and potential were established using either a redox 
couple or a redox moiety. Except for kinetics, the actuator performance in the redox-
driven system and the system with an external power source connected is comparable. 
Response times for redox couples, which are in the range of 80 to 280 seconds, are 
shorter than those of redox moieties. It was shown that a thinner film can help 
reducing the reaction time. Using the hexacyanoferrate couple, a transition in strain 
from -0.2% to 0.2% is achieved with high repeatability and no drift. The strain is 
rather small, because we did not fully exploit the total strain available from the 
actuator when it is driven in a larger potential window, which can be a goal of future 
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research. Besides redox-driven chemical actuation, we also considered influences of 
pH, electrolyte concentration, and temperature on the strain, which did not result in 
comparable actuation performances. Additionally to these measurements of possible 
side-effects, the pathway of actuation by redox agents was examined. We concluded 
that neither the exchange of redox ions with dopant ions nor the reaction at gold are 
probable mechanisms in our system. 
Since several applications might depend on the reverse actuation with certain 
chemical species, we also examined the possibility to chemically actuate PPy(DBS). 
Following the analysis of strain vs. potential dependent on different fabrication 
parameters, we showed that actuation with hexacyanoferrate(III) and L-ascorbic acid 
is possible. Due to strain saturation at high potentials hexacyanoferrate(II) could not 
be used for this polymer. Generally, kinetics either in forward or reverse transitions 
were slow and therefore need to be addressed. One solution was indicated with 
thinner films, another solution for fast actuation was presented in the third chapter, 
where a PPy actuator was used in a fuel cell setup. 
PPy(ClO4) was operated as anode in a fuel cell with an oxygen cathode. The polymer 
was reduced by L-ascorbic acid in the compartment when the electrical circuit 
between anode and cathode was opened. As soon as the two electrodes were 
connected, the cathode charged the PPy up, which resulted in a corresponding strain 
change within one second. This setup with one chemical and one electrochemical 
cycle also demonstrates the versatility of PPy. 
 

4.2 Outlook 

 
We showed in this work that it is possible to chemically power biomimetic actuators 
in liquid, where the actuation depends on the concentration of chemical agents in 
solution. Certain limitations were experienced in this system and therefore we list 
potential follow-up research.  
For a particular redox agent to be used in the system, a larger total strain, and 
concomitantly improved sensitivity, should be achieved. In this thesis it was shown 
that actuation behaviour is related to the fabrication, and strain in a larger potential 
window was gained with higher polymerisation currents. Additionally, several teams 
demonstrated the influences of fabrication parameters or dopant ions on the ion 
exchange, PPy mass or actuation [78, 105, 225]. The co-polymerisation of PPy with 
another conducting polymer might lead to a shift of the active strain windows [202].  
The response rates for the films used in our measurements were in the range of 
several minutes. We saw however when a potentiostat was used, that much faster 
rates for strain changes can be gained. So the strain rates in the chemically actuated 
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system are not restricted by the ion-exchange but rather by the redox reaction at the 
PPy. We demonstrated that charging kinetics are faster with a thinner PPy film. 
Therefore, PPy actuators with larger surface to volume ratios should help enable 
faster reactions. Nanofiber structures with a high surface to volume ratio can 
supposedly be charged and actuated at a faster pace. The fabrication of nanofibers 
was demonstrated for PANI [227] and could also be thought for PPy. Generally, 
nanostructured CPs could yield similar characteristics to CNT actuators with higher 
strains [3]. 
In this work, we utilised hexacyanoferrate and L-ascorbic acid as redox pair and 
redox moieties. This kind of chemical actuation is however not limited to redox 
active species. The addition of enzymes to the system could expand the actuation 
mechanism to various chemical molecules, like glucose for instance. We have 
analysed the strain response to glucose with glucose oxidase (GOx) as enzyme and 
benzoquinone (BQ) as mediator in solution. As displayed in Fig. 4.1, a contractive 
strain is experienced on the addition of glucose, which leads to reduction of the PPy. 
These preliminary results indicate that it is possible to use the chemical energy of 
glucose, which is abundantly present in the human body (biological concentrations 
are 0.4 mM to 26.7 mM), to power the actuation of PPy. In further steps, the 
incorporation of GOx and a mediator into the polymer film has to be implemented. 
This was already accomplished for glucose sensors or fuel cells with PPy films [228-
230].  
 
 

 

Fig. 4.1 Potential and strain responses of a PPy(ClO4) bending actuator in 0.5 M 
NaCl and 50 mM phosphate buffer pH 7, with (1) glucose oxidase (GOx) and (2) 
GOx and benzoquinone (BQ) added, as a function of time actuated with glucose of 
concentrations (3) 1 mM, (4) 10 mM. Arrows denote the exchange of solutions inside 
the flow cell. The observed drift in strain might be due to side-reactions of the 
chemicals in solution. 
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On one hand, the energy from glucose could be used in systems such as the fuel cell 
actuator we presented in chapter 3, where mechanical strength and faster kinetics are 
relevant. On the other hand, the PPy actuator could be designed to sense different 
glucose concentrations, and convert this information into a certain strain. Thereby, 
chemically actuated PPy may broaden the choice towards stronger actuators with 
various design possibilities for integrated medical feedback systems, which are so far 
mostly approached by hydrogels. Although several approaches exist e.g. for glucose 
controlled closed-loop insulin delivery with hydrogels [231], problems like wrong 
polarity [24, 232], leakage [233], or cross reactivity of other saccharides [231] are still 
present.  
Overall, the chemical actuation of PPy, or even conducting polymers in general, can 
open up new possibilities to directly use the available fuels in biological systems [3].  
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Appendix A – Model formulation for 

strain calculation 
 
 
 
To calculate the strain from the curvature that is measured during experiments, 
classical beam theory was used. The bending of a beam consisting of two or three 
composite materials can be applied to model the system [103, 168, 234]. The only 
difference to several similar mechanical systems is that the bending is not evoked by 
external forces but rather by an intrinsic actuation strain. 
 
The model has the following assumptions: 
 

• The total beam thickness is small compared to the radius of curvature. 
• The plane cross-section remains a plane. 
• The profile of the beam has to be symmetrical in the z axis. 
• The different materials are firmly connected to each other such that no 

sliding takes place. 
• The change in the PPy thickness is much smaller than the lateral 

dimensions of the strip and the curvature along the width of the bilayer 
can be neglected. 

• All layers are elastic, such that the relationship between stress and strain 
is given by the elastic or Young’s modulus.  

• Strains and stresses are isotropic in the x- and y-directions. 
 
 
Fig. A.1a illustrates the two layers of PPy and PI. The PPy layer exhibits an 

actuation strain αPPy, which is the relative change in length ∆l/l when the layer is not 

laminated to the PI. The PI layer shows no active change in length, thus αPI = 0. 
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Fig. A.1 Schematic illustration of the bending beam in a sideview of the beam: (a) 

Actuation strain αPPy in the PPy layer upon electrochemical oxidation for ClO4
- 

doping and reduction for DBS- doping, respectively, when it is free-standing and not 
laminated to the polyimide layer. (b) Laminating the two layers together results in a 

bending strain εb(z) which is linearly dependent on z. The dimensions are not to scale. 

 
The thin gold layer (40nm) can be neglected in the calculations, which will be shown 

later in this section. Due to the actuation strain αPPy the beam displays a bending 

motion when the two layers are connected, which is shown in Fig. A.1b. At 
equilibrium the net forces Fnet at any cross section A must be zero 
 

 ( ) 0net

A

F z dAσ= =∫  (4.1) 

The stress σ(z) is isotropic in the x- and y-directions, as already mentioned in 

assumption no. 8. This equation can further be split into the contributions of the 
PPy and the PI layers 
 
   

 ( ) ( ) 0

PPy PI

net PPy PI

A A

F z dA z dAσ σ∫ ∫= + =  (4.2) 

Due to the elastic behaviour of both layers, the stresses can be written as a function 
of the strains. In the PI layer, the stress is only dependent on the geometric bending 

strain εb,PI(z), while in the PPy layer, the stress depends on the the actuation strain 

αPPy in addition to the bending strain εb,PPy(z). 
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 ,( ) ( ) ( )PPy PPy b PPy PPyz E zσ ε α= ⋅ −  (4.3) 

 ,( ) ( )PI PI b PIz E zσ ε= ⋅  (4.4) 

 

with the geometric strain εb(z), which increases linearly from the line of zero strain at 

z0 as shown in Fig. A.1b. EPPy and EPI are the elastic moduli of the PPy and PI layers, 

respectively. The bending strain εb(z) is the normalized difference of the segment 

length at z and the segment length of the line of zero strain, i.e. the length of the 
beam when no bending is present 
 
 0L R θ= ⋅  (4.5) 

 0( )zL R z z θ= + − ⋅  (4.6) 

 
0 0

0

( ) z
b

L L z z
z

L R
ε

− −
= =  (4.7) 

where θ is the angle that encloses the segment (Fig. A.1b). This means that the 

strain is always relative to the length of the PPy layer in the straight position. We 
can rewrite this equation to 
 

 0 0( )b z z

z
z z

R
ε ε ε κ= + = + ⋅

= =
 (4.8) 

Here, εz=0 is the strain at z=0, which arises due to definition of z to be zero at the 

interface rather than at the line of zero strain z0 and κ = R-1 is the curvature of the 

beam. 
 
The net moments Mnet also have to be zero at equilibrium just as the net forces in 
eq. 4.1. 
 

 

PPy PI

net PPy PI

A A

M zdA zdA0 σ σ= = ⋅ + ⋅∫ ∫  (4.9) 

Expanding and rearranging the two equations for Fnet and Mnet, while the moduli for 

both layers as well as αPPy are assumed to be constant over z 
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( ) ( )0 00

PPy PI

net PPy z PPy PI z

A A

F E z dA E z dAε κ α ε κ= =
 = = + ⋅ − + + ⋅ ∫ ∫  (4.10) 

2 2
0 0

1 1

2 2z PPy PPy z PI PI PPy PPy PI PI

PPy PPy PPy

E b h E b h E b h E b h

E b h

ε ε κ κ

α

= =⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅

= ⋅ ⋅ ⋅
 (4.11) 

 

( ) ( )0 00

PPy PI

net PPy z PPy PI z

A A

M E z zdA E z zdAε κ α ε κ= =
 = = + ⋅ − ⋅ + + ⋅ ⋅ ∫ ∫  (4.12) 

2 2 3 3
0 0

2

1 1 1 1

2 2 3 3
1

2

z PPy PPy z PI PI PPy PPy PI PI

PPy PPy PPy

E b h E b h E b h E b h

E b h

ε ε κ κ

α

= =⋅ ⋅ ⋅ − ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅

= ⋅ ⋅ ⋅
 (4.13) 

 
with b as the width of the beam, which can be cancelled. The resulting matrix form 
is 
 

 

2 2

0

2
2 2 3 3

1 1

2 2
11 1 1 1
22 2 3 3

PPy PPy PPyPPy PPy PI PI PPy PPy PI PI z

PPy PPy PPy
PPy PPy PI PI PPy PPy PI PI

E b hE b h E b h E b h E b h

E b h
E b h E b h E b h E b h

α
ε

κ α

=

   ⋅ ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ − ⋅ ⋅         ⋅ =     ⋅ ⋅ ⋅    ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅      

 (4.14) 

The two unknowns εz=0 and κ can be found by solving the two equations with a 

matrix division. When the left-hand matrix is A and the right-hand matrix is B,  
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The calculations were performed using Mathematica and the resulting equation was 
transformed using the variables m, n, and h,   
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which is also known as the Timoshenko equation for actuation strain due to thermal 
expansion. From this formula, the strain can be easily calculated, when the curvature 
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of the beam is available from measurements. Here Rr and κr denote the radius and 

curvature of the beam at the rest state before actuation. 
 
As already mentioned above, the calculations for the conversion from curvature to 
strain were carried out without taking into account the third (gold) layer. By adding 
a third term to the equations for equilibrium force and momentum 
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and further rearranging as well as solving the matrix equation with Mathematica 
again, we gain 
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It can be shown, that the error thus included is around five percent and does not 
vary from sample to sample. In our system, we had a gold thickness of 40 nm and 
assumed a bulk modulus of 53 GPa as reported in literature for thin gold films [235]. 
For samples with gold layers deposited on both sides of the PI substrate, the gold 
layers were included in the calculations of the strain. This case was used during the 
measurements for responses to temperature and electrolyte concentration changes, to 
introduce more symmetry in the backing substrate (see section 2.5.8).  
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Appendix B – PPy microfluidic valve 

 
 
 
The design and fabrication of a microfluidic valve was considered for future 
application as chemically driven responsive valve system. Several microvalve designs 
have been researched in the literature using conducting polymers as 
electrochemically-driven active material.  

 

Fig. B.1 Various implementations of microvalves where (a) a liquid channel is 
opened and closed by the out-of-plane volume change of PPy in a second channel 
below, (b) schematic illustration [236], (c) the pore sizes in a Pt/PPy coated 
polyvinylidenefluoride (PVDF) membrane can be switched [237], and (d) in 
microfabricated structures, the volume of polyaniline influences the sizes of orifices (e) 
[238]. 
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The out-of-plane volumetric expansion was applied to close and open a channel, 
which is separated from the channel containing the PPy actuator by an elastomer 
membrane [236] (Fig. B.1a-b). In another work, instead of opening and closing one 
channel, a filter membrane was employed [237]. The PPy on the surface of the 
membrane can be switched between swollen and contracted forms, which closes and 
opens the pores (Fig. B.1c).  
Another approach was implemented with a PANI/hydrogel blend (Fig. B.1d-e). The 
conducting polymer was polymerised onto orifices to modify the orifice diameter [238]. 
In-plane strain was used to actuate flaps, which released drugs contained in drug 
reservoirs [150]. The drawback of this implementation was however that once opened, 
the drug was released and could not be reversibly controlled. A pulsed release with 
several reservoirs might be achieved with this mechanism. 
We chose a simple but promising fabrication method for our PPy microfluidic valve. 
A filter membrane was used as a substrate for deposition of PPy, which changes its 
volume when different potentials are applied. In this way, the pores surrounded by 
PPy are opened and closed and control the flow through the filter membrane. Instead 
of sputter-coating the membrane with a metal before electrochemically polymerising 
PPy, we chose to directly coat the filter structure with PPy by chemical 
polymerisation. This polymerisation method improves the surface coverage since 
chemical polymerisation can take place throughout the whole filter and not only on 
the surface where the metal was deposited. This work was carried out together with 
Lukas Schlagenhauf in the scope of a student project. 
 
 

B.1 Fabrication process 

 
Different filter membranes were analysed to be used as substrate for the chemical 
polymerisation of PPy. A cellulose filter with a pore size of about 8 µm (average 
retention capacity 4 – 12 µm particle size) and a thickness of 160 µm (Macherey-
Nagel, MN 615) did not show substantial reduction of the flow after coating with 
PPy. This is why we focused on filter membranes with smaller pores. For the 
fabrication of the PPy membrane valves we used two different kinds of substrates, a 
mixed cellulose esters filter (MCE) with a pore size of 0.8 µm and 180 µm thickness 
(AAWP, Millipore) and a polycarbonate track-etch membrane (PCTE) with a pore 
size of 0.2 µm and 10 µm thickness (Sartorius Type 230). The filters have different 
pore sizes as well as different structures, as can be seen in Fig. B.2.  
The PPy was polymerised chemically onto the membranes instead of 
electrochemically as it was done for the bending-beam actuators. Chemical 
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polymerisation requires an oxidant inside the solution, which oxidises the pyrrole 
monomer similar to the positive potential applied at an electrode. FeCl3 is an oxidant 
used very often during chemical synthesis [239-242]. Besides the oxidant also a 
dopant is needed during synthesis, just as in electrochemical polymerisation. We 
employed ClO4

- as small dopant and PSS- as large dopant ion. Two different 
fabrication processes, which are explained below, were chosen to be compared for 
their polymerisation behaviour. For both methods the pyrrole monomer was first 

passed over neutral alumina until colourless before use and stored under 4°C.  

 
 

 

Fig. B.2 SEM images of the two different filter membranes, mixed cellulose esters 
(MCE) (a), (b), and polycarbonate track-etch membrane (PCTE) (c), (d). Images are 
taken with two different magnifications, 3100x (a), (c) and 10000x (b), (d). The filters 
were sputter-coated with an Au layer of 10 nm before imaging. Images were taken at 
11 kV and 2 kV, respectively, for MCE and PCTE membranes. 
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B.1.1 One-step process with pyrrole in solution 

 
The PPy in this process is synthesized directly in the polymerisation solution, which 
consists of  pyrrole, the dopant ions as well as the oxidant FeCl3 in water [240]. Since 
best conductivities were obtained at low temperatures [239], the synthesis was done 

at approx. 4°C. High conductivities are required such that the films can be 

electrically connected on the outside and the whole volume is actuated. The 
molarities were 0.043 M for pyrrole, 0.013 M for the dopant (either NaClO4 or 
NaPSS), and 0.1 M for FeCl3. The filter paper was immersed into the solution with 
pyrrole and dopant, before the oxidant solution was added to start the reaction (Fig. 
B.3a). After the synthesis, the membrane was cleaned by ethanol and deionized 
water, and then kept in a 0.1 M NaClO4 solution.  
 
 

 

Fig. B.3 Schematic illustrations of the two different processes for fabrication of the 
PPy filter membranes. (a) One-step process where the filter is immersed into the 
solution with dopant and pyrrole before the oxidant solution is added to initiate the 
polymerisation. (b) Two-step process where the filter is impregnated with a solution 
containing the dopant and pyrrole and in a second step, the impregnated film is 
immersed into a solution with dopant and oxidant. 

 

B.1.2 Two-step process 

 
This method, which is similar to that reported by Thiéblemont et al. [240], was 
employed since the PPy film produced during the one-step processes was rather thin, 
such that the flow through the MCE filters was not largely reduced (Table B.1). The 
first step included impregnation of the sample with 0.6 M pyrrole and 0.18 M dopant 
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in ethanol or in water (NaPSS could harly be dissolved in ethanol and therefore 
water was used instead). Alcohols are usually added to the polymerisation solution to 
slow down the process because alcohols are reported to partly deactivate the oxidant 
FeCl3. Secondly, the sample was dipped into the aqueous solution with 0.18 M 
dopant and 2.4 M FeCl3 for 15 minutes without agitation. After a rinsing step in a 
water bath and letting the sample dry for a short time, the steps are performed again 
and repeated several times. The different steps are illustrated in Fig. B.3b. The two-
step process was only applied for MCE filters, since the PCTE filter coated with the 
one-step method already yielded very low flow rates (Table B.2). 
 

B.2 Experimental results 

 

B.2.1 Visual inspection 

 
In a first step, the fabricated filter membranes were analysed in a scanning electron 
microscope (SEM) to see the surface coverage and structure. The samples were not 
coated with gold because they were already inherently conducting. In Fig. B.4 an 
MCE filter coated with PPy after one-step synthesis for 360 minutes with NaClO4 is 
shown.  
 

 

Fig. B.4 SEM pictures of MCE filters after coating with PPy using the one-step 
method, with NaClO4 as dopant. Different magnifications of the film surface: (a) 
3100x and (b) 7500x. Images were taken at 25 kV.  

 
When comparing to the untreated filter in Fig. B.2, no remarkable changes are 
visible. We however still expect an increase in thickness of the branches, since the 
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flow rate decreased after this treatment, as we can see in the next section (Table 
B.1). 
Fig. B.5 shows the SEM images of a filter fabricated with 10 cycles of the two-step 
method and NaClO4 as dopant. Here a substantial difference to the untreated 
membrane is visible at all magnifications. The branches increased in thickness and 
the appearance of the surface resembles a filtrate of nanoparticles, just as it would be 
obtained through chemical polymerisation [242]. Either nanoparticles have formed 
directly at the surface of the MCE branches or the nanoparticles have developed 
inside the solution and subsequently attached to the filter surface, building their own 
mesh.  
 

 

Fig. B.5 SEM pictures of MCE filters after coating with PPy using the two-step 
method, 10 cycles, with NaClO4 as dopant. Different magnifications of the film 
surface: (a) 3100x, (b) 7500x, and (c) 470x. (d) shows the structure in the center of 
the film at a cross-section at a magnification of 7500x. Images were taken at 11 kV. 

 
Fig. B.5d displays the structures in the center of the film by imaging a cross-section. 
The PPy coverage seems much lower than on the surface. We however checked the 
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colour of the cross-section under the microscope and could not detect brighter regions 
in the center of the film (MCE filters are white while PPy tends to black). The small 
dots which are discernible could indicate, that PPy nanoparticles are developing on 
the surface, instead of adsorbing onto the filter branches after formation in the 
solution.  
The surface of the coated membranes is not totally homogeneous, as can be seen in 
Fig. B.5c. Still, the flow rate measurements are taken over an area of 1.3 cm2 and 
thus we expect that these variations do not influence the flow rate to a large extent. 
 

 

Fig. B.6 SEM pictures of PCTE filters after coating with PPy using the one-step 
method, with NaClO4 as dopant for sample 1 (a-b) and sample 2 (c) and NaPSS as 
dopant for sample 3 (d). Sample 1 and 3 are fabricated with 15 minutes 
polymerisation time while sample 2 was left in solution for 120  minutes. Different 
magnifications of the films : (a) 3100x, (b-d)10000x. Images were taken at 11 kV. 

 
For the PCTE filter, three different samples are shown in Fig. B.6. Sample 1 (Fig. 
B.6a and b) was fabricated with NaClO4 in solution for 15 minutes. We assume that 
a thin layer of PPy has been formed on the surface of the PCTE membrane, slightly 
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reducing the pore size. In sample 2 (Fig. B.6c) this reduction in pore size is even 
more distinct due to the longer polymerisation time of 120 minutes. These 
assumptions are also supported by the flow rate measurements mentioned in the next 
paragraph. In the third sample polymerised with NaPSS as dopant during 15 minutes, 
the pore size lies approximately between the sizes of sample one and two. 
 
 

B.2.2 Flow rate measurements  

 
 
The flow rates through the filter valves were measured in the setup illustrated in Fig. 
B.7. A liquid column exerts constant pressure maintained by gravity which leads to a 
liquid flux through the filter membrane. For the assembly, the sample is placed 
between two rubber sealings, with an extra o-ring on top to avoid leakage, and 
between two PMMA-plates, which are attached to the liquid column and output 
tubing, respectively (Fig. B.7a). The o-ring inner-diameter of 0.65 cm defines the 
flow rate. Efflux is collected in a beaker on a scale (Delta Range AG204) to detect 
the amount of collected liquid. To quantify the flow rate, the change of weight of the 
beaker content is measured over time, taking into account the evaporation of liquid 
(about 0.1 µL/sec).  
For the electrochemical measurements where a potential is applied to the PPy, the 
filter is electrically connected with adhesive copper-tape attached to the borders on 
both surfaces. To actuate the PPy in the valve, a three-electrode configuration is 
used, where the filter functions as working-electrode (WE). An Ag/AgCl reference-
electrode (RE, World Precision Instruments, Flexref) and a platinum counter-
electrode (CE) are placed into the liquid column. The potentials are applied by a 
Model 283 Princeton Applied Research (EG&G) potentiostat/galvanostat. For 
reduction and oxidation of the PPy valves, potentials of -0.8 V and +0.6 V vs. 
Ag/AgCl were applied to properly oxidise and reduce the PPy coating. 
The height of the liquid column on top of the filter was constantly re-adjusted to 
3.2 cm to have a constant cross-membrane pressure. Slight variations in the height 
can be neglected. The outlet tubing had an overall length of 10.2 cm, while the 
tubing outlet was positioned to touch the liquid surface inside the beaker. A free-
hanging tubing outlet led to drop formation and thus irregular flow rates. 
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Fig. B.7 Illustrations of (a) the measurement assembly and (b) the setup for flow 

rate measurements with or without electrochemical potential applied. For 
electrochemical actuation, a potential between sample (WE) and RE can be applied 
by a potentiostat. 

 
The pressure onto the filter can thus be calculated through the hydrostatic pressure 
equation 
 h aP hg Pρ= +  (4.20) 

with Ph the pressure inside the column at depth h from the top surface, g the 

gravitational constant (9.81 m/s2), ρ the density of the liquid, in this case 0.998 

kg/m3 for water, and Pa the atmospheric pressure. On top and below the filter the 
established pressure is  
 
 top top aP h g Pρ= +  (4.21) 

 bottom a bottomP P h gρ= −  (4.22) 

 
which yields a pressure difference over the filter of 
 
 top bottom top bottom totP P P h g h g h gρ ρ ρ= − = + =  (4.23) 
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This pressure is not dependent on the volume of the column or the area of the filter 

and results with the mentioned constants to 1312 Pa (190⋅10-3 psi).  

 
Table B.1 lists the flow rates of MCE membrane filters. A general decrease in flow 
rate can be observed with either longer deposition time in the one-step method or 
more deposition cycles in the two-step method. For the electrochemical 
measurements we applied the filters coated with the two-step method due to the 
thicker PPy coatings. 
 

Table B.1 Flow rate measurements of coated MCE filter membranes using the one- 
or two-step method with either NaClO4 or NaPSS as electrolyte. 

Fabrication Flow rate (µL/sec) 

MCE uncoated 9.68±0.2 

NaClO4, 60 minutes (1-step) 8.14±0.11 

NaClO4 360 minutes (1-step) 6.85±0.06 

NaClO4 5x 2-step 4.66±0.14 

NaClO4 10x 2-step 3.22±0.15 

NaPSS 4x 2-step 1.0±0.03 

 
 
Measurements with a 4x two-step method PPy(PSS) MCE filter in 0.1 M NaPSS are 
shown in Fig. B.8a. By application of a positive potential to the coated membrane 
filter, the flow rate is increased and vice versa. We have made the assumption, that 
these changes in flow rate are caused by the PPy bulk volume changes due to ion-
exchange. When a positive potential is applied, cations leave the polymer, which 
leads to a decrease in thickness and to an opening of the pores and therefore an 
increased flow rate. The opposite happens at negative potentials. The same effects 
were measured to be evoked with an electrolyte of 0.1 M NaClO4 instead of NaPSS. 
The difference of mean values at positive and negative potentials is 0.11 µL/sec. At 
the beginning of the measurements in Fig. B.8a, when a negative potential is applied, 
an increase in flow rate can be observed, which indicates shrinking of the PPy 
volume instead of expansion. This effect was reported several times for cation-
exchanging PPy actuators [77, 93] and is therefore not considered irregular behaviour. 
Control measurements in water (Fig. B.8b) did not show a general tendency for 
applied potentials, which means that ions are needed to effect a response. To 
investigate the effect of large cations on the valve behaviour, the 0.1 M NaPSS 
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solution was replaced by a 0.1 M Tris base solution. With large cations in solution, 
the cation-exchanging PPy should not be able to change its volume. Tris is an 
abbreviation for tris(hydroxymethyl)aminomethane with the formula (HOCH2)3CNH2, 
a molecule with a large cation and a hydroxide ion OH-. As indicated in Fig. B.8b, no 
effects were observed on the flow rate with Tris as electrolyte when positive and 
negative potentials were applied to the PPy film. 
 
 
 

 

Fig. B.8 Flow rate measurements of a 4x two-step method PPy(PSS) MCE filter 

with alternating potentials of +0.6 V and -0.8 V applied (a) in 0.1 M NaPSS and (b) 
in pure water and 0.1 M Tris buffer. (c) Flow rate through an uncoated MCE filter 
membrane in 0.1 M NaClO4 solution with alternating potentials applied. 

 
A 5x two-step NaClO4 MCE filter was also analysed under alternating potentials. 
The average flow rate at a potential of +0.6 V was 4.71 µL/sec, while at -0.8 V it 
was 4.41 µL/sec. It is obvious that the behaviour is not as expected from an anion 
exchanging PPy film because the polarity of pore opening and closing is the same as 
in the NaPSS valve. To make sure that the influence on the flow rate for either 
NaClO4 as well as NaPSS does not originate from the MCE membrane itself, we 
analysed the uncoated membrane in a 0.1 M NaClO4 solution (Fig. B.8c), which did 
not show these tendencies. It was reported by Inzelt et al. [186] that PPy(Cl) and 
PPy(ClO4) films can exhibit cation transport, if the films are very thin, i.e. < 0.5 µm. 
Such a small film thickness can indeed be assumed for our PPy films, due to the 
small pore size of the membrane (0.8 µm). Considering the above mentioned results 
and control measurements, we conclude that the flow rate is influenced by the PPy 
coating, most likely due to ion in- and efflux and with this PPy volume and pore size 
change. 
SEM images (Fig. B.6) as well as flow rate measurements without applied potential 
(Table B.2) of coated PCTE membranes showed the successful formation of PPy in 
both dopant solutions. Polymerisation times of 15 or 30 minutes for either NaClO4 or 



APPENDIX B 

 92 

NaPSS on the PCTE filter membranes however resulted in too low conductivities of 
the PPy films (Table B.2), especially for the PPy(PSS) films [241] (2-step MCE 

filters showed resistances of around 100-500 Ω / □). Thicker films posed problems on 

the exact flow rate measurement in our setup. Using membranes with pore sizes as 
small as 0.2 µm and as flat as PCTE we therefore expect that a thin metallic layer is 
beneficial for the fabrication of filter valves or the fabrication parameters have to be 
further optimised, to achieve a high conductivity while maintaining the volume 
change characteristics of the PPy. 
 

Table B.2 Flow rate measurements as well as sheet resistances of coated PCTE filter 
membranes using the one-step method with either NaClO4 or NaPSS as electrolyte. 

Fabrication Flow rate (µL/sec) Rs (Ω / □) 

PCTE uncoated 1.24±0.016 - 

NaClO4, 15 minutes (1-step) 0.36±0.012 3.3 ± 0.3 kΩ 

NaClO4 30 minutes (1-step) 0.23±0.005 930 ± 40 Ω 

NaClO4 120 minutes (1-step) n.a. 470 ± 40 Ω 

NaPSS 15 minutes (1-step) 0.31±0.012 14.8 ± 0.5 kΩ 

NaPSS 30 minutes (1-step) 0.23±0.007 12.4 ± 0.7 kΩ 

NaPSS 120 minutes (1-step) n.a. 8.1 ± 1.7 kΩ 

 
 

B.3 Conclusion and Discussion 

 
In this chapter we demonstrated a simple and low-cost fabrication method of PPy 
valves with membrane filters by chemical polymerisation, without additional metal 
coating. Coating of PCTE membranes lead to either low conductivities if the PPy 
films were very thin or to hardly measurable flow for PPy films nearly closing the 
0.2 µm pores. With MCE membranes we demonstrated that it is indeed possible to 
influence the flow rate through the valve by an applied potential. 4x two-step PSS 
valves yielded a mean flow rate difference during electrochemical switching of 
0.11 µL/sec (a 12 % reduction of the 0.94 µL/sec flow rate), while with 5x two-step 
ClO4 valves a mean difference of 0.3 µL/sec was achieved, which is a 6.5 % reduction 
of 4.71 µL/sec. A flow rate modulation of around 10%, as it was gained with the PPy 
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filter valves, is rather low for direct use in an application, where for instance a 
certain drug efflux should be controlled. A full on-off response would be desirable [24]. 
Due to the quadratic dependence of flow rate to volume change, better flow rate 
modulations might be achieved. A valve made of a polyvinylidenefluoride (PVDF) 
membrane coated with platinum and electrochemically synthesised PPy for instance 
showed a 32 % reduction of 0.52 mg/sec flow rate [237]. Out-of-plane volume change 
of PPy films was reported to achieve several tens of percent [82]. Improvements in 
PPy thickness to pore size ratios can help addressing a larger range of flow rate 
values. Thereby, on-off reponses might be approached with flow rates in the on-state 
around 0.1 - 1 µL, depending on the active surface area. We suggest that the use of a 
branched membrane matrix like PCTE or PVDF helps to improve the flow rate 
modulation.  
Despite the unexpected polarity of the PPy(ClO4) valve, we understand the change 
in flow rate in response to applied potentials as the alteration of pore diameter due 
to ion-transport induced PPy volume change. Analysis of the flow rate dependency 
on a potential scan and measurements with different dopants and electrolytes [243] 
can yield further insight into the working principles of such valves and confirm that 
the flow rate is not controlled through surface energy changes or 
electrohydrodynamic effects [244-246].  
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