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Abstract 

 

This project focus on t

an electrolyte in the creation of Ionic P

polymer electrolyte is coated with a noble metal (gold

actuation, that is, inducing a change in the shape of the material by the application of an 

electric current. 

Firstly a review in EAP actuators is provided, 

of actuation, their applications and their potential improvements for future research and 

work. Later on, it is explained how we built an IPMC and how we implemented 

actuation in it. 

Different techniques were used in ord

Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) or 

Scanning Electron Microscopy (SEM). The material was also subjected to tensile tests 

in an INSTRON machine to evaluate their strength and Y

This work intends to demonstrate a simple and cheap method to build EAP 

actuators with adequate properties in terms of stress, strain, actuation fatigue life and 

efficiency for application in some fields as a safer, cheaper and suitable alt

conventional actuators. 
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roject focus on the investigation of ionic Electroactive Polymers (EAPs) as 

an electrolyte in the creation of Ionic Polymer-Metal Composites (IPMCs). The 

is coated with a noble metal (gold) and used for the study of 

actuation, that is, inducing a change in the shape of the material by the application of an 

Firstly a review in EAP actuators is provided, explaining the different mechanisms 

of actuation, their applications and their potential improvements for future research and 

work. Later on, it is explained how we built an IPMC and how we implemented 

Different techniques were used in order to characterize our material such as 

Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) or 

Scanning Electron Microscopy (SEM). The material was also subjected to tensile tests 

in an INSTRON machine to evaluate their strength and Young’s modulus.

This work intends to demonstrate a simple and cheap method to build EAP 

actuators with adequate properties in terms of stress, strain, actuation fatigue life and 

in some fields as a safer, cheaper and suitable alt

 

he investigation of ionic Electroactive Polymers (EAPs) as 

tes (IPMCs). The 

) and used for the study of 

actuation, that is, inducing a change in the shape of the material by the application of an 

explaining the different mechanisms 

of actuation, their applications and their potential improvements for future research and 

work. Later on, it is explained how we built an IPMC and how we implemented 

er to characterize our material such as 

Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) or 

Scanning Electron Microscopy (SEM). The material was also subjected to tensile tests 

oung’s modulus. 

This work intends to demonstrate a simple and cheap method to build EAP 

actuators with adequate properties in terms of stress, strain, actuation fatigue life and 

in some fields as a safer, cheaper and suitable alternative to 
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1. Introduction 

1.1. Project organization

This project is structured in six chapters followed by a list of references used and 

the appendices mentioned throughout the report. The chapters which this report is 

composed by are: 

� Chapter 1: brief introduction to the project and it

� Chapter 2: literature review about EAPs, actuators, fabrication processes 

and experimental data of previous researchers, new challenges regarding 

material properties of actuators and a rough anticipation of the results that 

are going to be attained.

� Chapter 3: description of the project.

� Chapter 4: characterization of the material needed for fabrication and 

preparation of samples.

� Chapter 5: fabrication and preparation prior to the actuation phenomenon

� Chapter 6: experimental set 

� Chapter 7: conclusion and last observations and recommendations for future 

work. 

1.2. Background 

Actuators are used for a wide range of purposes in technology. Going from 

mechanical moving parts to very high technological applications such as walking 

robots, prosthetics or in the aerospace field for a more accurate utilization of the flight 

control surfaces of an aircraft. 

actuators to better fulfil the requirements and the safety conditions for these 

applications. Current challenges for this technology includes safer interaction with 

humans, energy density optimization, ability to better withstand large forces and lighter 

devices.  

In recent years the investigation in

potential applications and 

materials. Their ease to combine with other materials showing pleasing and attractive 
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Project organization 

This project is structured in six chapters followed by a list of references used and 

the appendices mentioned throughout the report. The chapters which this report is 

brief introduction to the project and its theoretical background.

literature review about EAPs, actuators, fabrication processes 

and experimental data of previous researchers, new challenges regarding 

material properties of actuators and a rough anticipation of the results that 

ing to be attained. 

description of the project. 

characterization of the material needed for fabrication and 

preparation of samples. 

fabrication and preparation prior to the actuation phenomenon

experimental set up and procedures of actuation. 

conclusion and last observations and recommendations for future 

Actuators are used for a wide range of purposes in technology. Going from 

mechanical moving parts to very high technological applications such as walking 

robots, prosthetics or in the aerospace field for a more accurate utilization of the flight 

rfaces of an aircraft. Effort is being put in the development of new types of 

actuators to better fulfil the requirements and the safety conditions for these 

applications. Current challenges for this technology includes safer interaction with 

y density optimization, ability to better withstand large forces and lighter 

In recent years the investigation in polymers has been augmented due to 

potential applications and their exceptional properties when compared to other 

Their ease to combine with other materials showing pleasing and attractive 

 

This project is structured in six chapters followed by a list of references used and 

the appendices mentioned throughout the report. The chapters which this report is 

s theoretical background. 

literature review about EAPs, actuators, fabrication processes 

and experimental data of previous researchers, new challenges regarding 

material properties of actuators and a rough anticipation of the results that 

characterization of the material needed for fabrication and 

fabrication and preparation prior to the actuation phenomenon. 

 

conclusion and last observations and recommendations for future 

Actuators are used for a wide range of purposes in technology. Going from 

mechanical moving parts to very high technological applications such as walking 

robots, prosthetics or in the aerospace field for a more accurate utilization of the flight 

Effort is being put in the development of new types of 

actuators to better fulfil the requirements and the safety conditions for these 

applications. Current challenges for this technology includes safer interaction with 

y density optimization, ability to better withstand large forces and lighter 

has been augmented due to their 

when compared to other 

Their ease to combine with other materials showing pleasing and attractive 
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properties as well as their high

very attractive materials.  

The focus of this 

electromechanically to specific stimuli. 

polymers (EAPs). This kind of material has the very interesting property of 

actuators and sensors: responding mechanically to an electric 

mechanical motion to an electric field respectively. 

conventional mechanisms and devices that require

of bearings, gears and other components. 

alternative to the conventional actuator or sensor in the sense that with a much lower 

electrical consumption, they show compliant properties such as light weight, 

considerable shape change

significant mechanical energy density and so on

Table 1 some properties of EAPs are compared to other conventional actuators

shape memory alloys and electroactive c

currently being carried out in improving the strain capability, 

of the material, among other characteristics. EAPs are believed to mean

advantage in several engineering and scientific fields

applications and systems that nowadays are just fantasy

Table 1: Comparison among various actuator materials 
and Smith, 1998; Uchino, 1995).  
increasing the temperature or by Joule effect, that is to say that heat is produced as a consequence of current 
passing through a conductor. This heat induces the shape change and therefore actuation 
Lakshmi, 2013). 

Property Shape Memo

Actuation 

Mechanism 

Change of 

temperature

Actuation voltage 

[V] 

Actuation strain Up to 8%

Actuation time 

Density [g/cc] 

Force [MPa] 
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properties as well as their high-level compliance in different situations make polymers 

The focus of this project is on polymers that are able to respond

specific stimuli. These polymers are also known as electroactive 

polymers (EAPs). This kind of material has the very interesting property of 

responding mechanically to an electric current

motion to an electric field respectively. There are a great amount of 

anisms and devices that require and are driven by actuators and sets 

of bearings, gears and other components. However, EAPs are thought to be an 

e to the conventional actuator or sensor in the sense that with a much lower 

electrical consumption, they show compliant properties such as light weight, 

considerable shape change, noiseless, fracture tolerant, low power consumption, 

energy density and so on (Bhandari, Lee, and Ahn

properties of EAPs are compared to other conventional actuators

shape memory alloys and electroactive ceramics. A lot of research has recently and is 

currently being carried out in improving the strain capability, the strength and stiffness 

of the material, among other characteristics. EAPs are believed to mean

advantage in several engineering and scientific fields, thought to be able to create 

applications and systems that nowadays are just fantasy. 

: Comparison among various actuator materials (Bar-Cohen and Leary, 2000; Shahinpoor, Simpson, 
.  *Shape memory alloys produce actuation due to either thermal effect by 

increasing the temperature or by Joule effect, that is to say that heat is produced as a consequence of current 
passing through a conductor. This heat induces the shape change and therefore actuation 

Shape Memory Alloys Electroactive Polymer 

Change of 

temperature 

Electrostatic forces of ion 

diffusion 

~5* 
Ionic EAP: 1-7 

Field-activated: 10-150 V/µm

Up to 8% ~300% 

s to min µs to min 

5-6 1-2.5 

700 0.1-25 

 

level compliance in different situations make polymers 

is on polymers that are able to respond 

These polymers are also known as electroactive 

polymers (EAPs). This kind of material has the very interesting property of acting as 

current or converting 

There are a great amount of 

and are driven by actuators and sets 

However, EAPs are thought to be an 

e to the conventional actuator or sensor in the sense that with a much lower 

electrical consumption, they show compliant properties such as light weight, 

noiseless, fracture tolerant, low power consumption, 

(Bhandari, Lee, and Ahn, 2012). In 

properties of EAPs are compared to other conventional actuators, such as 

lot of research has recently and is 

the strength and stiffness 

of the material, among other characteristics. EAPs are believed to mean a huge 

, thought to be able to create 

Cohen and Leary, 2000; Shahinpoor, Simpson, 
*Shape memory alloys produce actuation due to either thermal effect by 

increasing the temperature or by Joule effect, that is to say that heat is produced as a consequence of current 
passing through a conductor. This heat induces the shape change and therefore actuation (Kumar and 

Electroactive 

Ceramic 

Change of 

phase 

µm 
50-800 

0.1-0.4% 

µs to s 

6-8 

30-40 
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1.2.1. State of the art 

The origins of the discovery of some polymers being able to behave as actuators or 

sensors go back to the 1880s. Wilhem 

electromagnetic radiation in the X

of a rubber band subjected to an electrical charge. Nineteen years later, in 1899, the first 

theory on strain response to an applied curr

and Zhang, 2008). However,

1925 thanks to the work 

polymer was obtained by solidifying c

as a DC current was applied.

piezoelectric activity of poly(vinylidene fluoride) PVDF

After this discovery, other authors have been inv

properties and their improve

mainly focused on biomedical applications as artificial muscles due to the similar 

motion of the activation phenomenon to that of animal or human muscles

 EAPs can be classified into two main groups based on the method in which they are 

activated, field-activated and ionic electroactive polymers. 

 Field-activated EAP requires Coulomb electrostatic forces

field in between the electrodes on films

field-activated EAPs it is possible to find ferroelectric polymers, dielectric or 

electrostatically stricted polymers and electrostrictive graft elast

at room-temperature for a relatively long time inducing large actuation forces in a fast 

manner. However, large strains require high activation fields of values sometimes close 

to the electric breakdown of the material

resistance and thus the transition of the material to a conductor 

 In contrast to field-activat

by transport or diffusion of ions within the material membrane. Normally the actuation 

comes in form of bending of the material at low voltage and activation energy. They 

                                                
1 “The direct piezoelectric effect is present when a mechanical deformation of the material produces a 
proportional change in the electric polarizat
opposite faces of the piezoelectric material when it is mechanically loaded” 
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The origins of the discovery of some polymers being able to behave as actuators or 

sensors go back to the 1880s. Wilhem Röntgen, a German physicist who first detected 

electromagnetic radiation in the X-ray range (0.01-10 nm), observed the length variation 

subjected to an electrical charge. Nineteen years later, in 1899, the first 

o an applied current was postulated by Sacerdote

However, the first piezoelectric1 polymer, was not discovered until 

 of Eguchi (Kestelman, Pinchuk, and Goldade

polymer was obtained by solidifying carnauba wax, beeswax and rosin 

as a DC current was applied. Some years later, in 1969, Kawai achieve

piezoelectric activity of poly(vinylidene fluoride) PVDF (Bar-Cohen and Zhang

After this discovery, other authors have been investigating on new EAP materials, their 

ovement. Since the 1990s the research on EAPs have been 

mainly focused on biomedical applications as artificial muscles due to the similar 

motion of the activation phenomenon to that of animal or human muscles

EAPs can be classified into two main groups based on the method in which they are 

activated and ionic electroactive polymers.  

requires Coulomb electrostatic forces created by an electric 

field in between the electrodes on films (Bar-Cohen and Zhang, 2008)

activated EAPs it is possible to find ferroelectric polymers, dielectric or 

electrostatically stricted polymers and electrostrictive graft elastomers. They can operate 

temperature for a relatively long time inducing large actuation forces in a fast 

manner. However, large strains require high activation fields of values sometimes close 

to the electric breakdown of the material, which will produce a drop in the material 

resistance and thus the transition of the material to a conductor (Ieda, 1980)

activated EAPs, ionic EAPs produce the actuation phenomenon 

by transport or diffusion of ions within the material membrane. Normally the actuation 

comes in form of bending of the material at low voltage and activation energy. They 

         
“The direct piezoelectric effect is present when a mechanical deformation of the material produces a 

proportional change in the electric polarization of that material, i.e. electric charge appears on certain 
opposite faces of the piezoelectric material when it is mechanically loaded” (Gautschi,

 

The origins of the discovery of some polymers being able to behave as actuators or 

Röntgen, a German physicist who first detected 

10 nm), observed the length variation 

subjected to an electrical charge. Nineteen years later, in 1899, the first 

ent was postulated by Sacerdote (Bar-Cohen 

polymer, was not discovered until 

(Kestelman, Pinchuk, and Goldade, 2000). This 

arnauba wax, beeswax and rosin at the same time 

Some years later, in 1969, Kawai achieved to show the 

Cohen and Zhang, 2008). 

estigating on new EAP materials, their 

. Since the 1990s the research on EAPs have been 

mainly focused on biomedical applications as artificial muscles due to the similar 

motion of the activation phenomenon to that of animal or human muscles. 

EAPs can be classified into two main groups based on the method in which they are 

created by an electric 

2008). Among the 

activated EAPs it is possible to find ferroelectric polymers, dielectric or 

omers. They can operate 

temperature for a relatively long time inducing large actuation forces in a fast 

manner. However, large strains require high activation fields of values sometimes close 

roduce a drop in the material 

1980). 

ed EAPs, ionic EAPs produce the actuation phenomenon 

by transport or diffusion of ions within the material membrane. Normally the actuation 

comes in form of bending of the material at low voltage and activation energy. They 

“The direct piezoelectric effect is present when a mechanical deformation of the material produces a 
ion of that material, i.e. electric charge appears on certain 

, 2002). 
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require two electrodes and an el

drawbacks they are characterized by are low durability and efficiency, slow response as 

ion diffusion takes longer to occur and

force2 (Tiwari and Garcia, 2011)

  Advances are needed in the field for increasing the response to the electrical 

current, expanding lifetime and their p

important industries such as 

mechanical or textile, among others. 

 

1.3. Objective 

In this project we are going to build an actuator from an ionic EAP

actuators in comparison to others are lighter and simpler to build and use. Good overall 

performance as artificial muscles and the possibility of implementation in robotics as a 

safe alternative to conventional mechanical actuators is another reaso

material, though more investigation is needed in the topic

We are going to design and build an

actuator composed by a polymer membrane capable of ion exchange in aqueous media 

and two metal electrodes coating both faces of the polymer membrane. This material is 

going to be mechanically and electrically characterized to observe the pr

influencing the actuation process and understand the principles behind it.

actuation mechanism in going to be observed and tip deflection in a cantilever 

configuration is going to be measured as a function of the electric field 

                                                
2 Blocking force or generative force is the maximum force exhibited by the tip of a bending actuator in a 
cantilever beam set up with showing no displacement 
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require two electrodes and an electrolyte to function. Nevertheless, some of the major 

drawbacks they are characterized by are low durability and efficiency, slow response as 

ion diffusion takes longer to occur and, normally, relatively low stiffness and blocking 

2011). 

Advances are needed in the field for increasing the response to the electrical 

current, expanding lifetime and their performance in general to make them suitable for 

industries such as the biomedical, electrical, electronic

mechanical or textile, among others.  

In this project we are going to build an actuator from an ionic EAP

actuators in comparison to others are lighter and simpler to build and use. Good overall 

performance as artificial muscles and the possibility of implementation in robotics as a 

safe alternative to conventional mechanical actuators is another reaso

, though more investigation is needed in the topic.  

We are going to design and build an Ionic Polymer-Metal Composite (IPMC) 

actuator composed by a polymer membrane capable of ion exchange in aqueous media 

and two metal electrodes coating both faces of the polymer membrane. This material is 

going to be mechanically and electrically characterized to observe the pr

influencing the actuation process and understand the principles behind it.

actuation mechanism in going to be observed and tip deflection in a cantilever 

configuration is going to be measured as a function of the electric field 

         
Blocking force or generative force is the maximum force exhibited by the tip of a bending actuator in a 

cantilever beam set up with showing no displacement (Yun, Kim, and Kim, 2008). 

 

ectrolyte to function. Nevertheless, some of the major 

drawbacks they are characterized by are low durability and efficiency, slow response as 

relatively low stiffness and blocking 

Advances are needed in the field for increasing the response to the electrical 

erformance in general to make them suitable for 

electronical, aerospace, 

In this project we are going to build an actuator from an ionic EAP. This kind of 

actuators in comparison to others are lighter and simpler to build and use. Good overall 

performance as artificial muscles and the possibility of implementation in robotics as a 

safe alternative to conventional mechanical actuators is another reason to chose this 

omposite (IPMC) 

actuator composed by a polymer membrane capable of ion exchange in aqueous media 

and two metal electrodes coating both faces of the polymer membrane. This material is 

going to be mechanically and electrically characterized to observe the properties 

influencing the actuation process and understand the principles behind it. Finally, the 

actuation mechanism in going to be observed and tip deflection in a cantilever 

configuration is going to be measured as a function of the electric field passing through.

Blocking force or generative force is the maximum force exhibited by the tip of a bending actuator in a 
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2. Literature review

 

This chapter starts with a general review of what an Electroactive polymer (EAP) is, 

explaining the two different types of EAPs

driven by. Examples of materials from each classif

sections on this chapter include an overview of applications where EAPs have been 

shown to be useful and mean a huge advance 

the actuation mechanism of EAPs is going to be explained a

technologies. 

 

2.1. Electroactive polymers (EAPs)

Electroactive polymers are materials, as aforesaid, that are shown to be able to 

behave as actuators and sensors

electrical stimulation. Their 

natural tissues by exhibiting large strains when subjected to an electrical stimulus

positioned the investigation on EAPs as target in many scientific fields, as well as their 

properties and the potential improvements on them

materials, EAPs present several attractive properties such as lightweight, easy to 

manufacture, large strain when exposed to an electric current, etc. 

polymers can be classified in two different groups attending their type of actuation: 

field-activated and ionic EAPs.

2.1.1. Field-activated EAPs

Field-activated or electronic EAPs are a type of electroactive polymer that shows 

dipole formation and Coulomb interaction whe

main features, apart from their high efficiency, is the fast response speed, which indeed 

is determined by the polymer dielectric and the elastic relaxation time. Strain can be 

visible as a reaction to the elect

and molecular. The conformation of the latter
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eview 

This chapter starts with a general review of what an Electroactive polymer (EAP) is, 

explaining the two different types of EAPs based on the actuation mechanism they are 

driven by. Examples of materials from each classification are also provided. Later 

sections on this chapter include an overview of applications where EAPs have been 

shown to be useful and mean a huge advance in science and technology. To end with, 

the actuation mechanism of EAPs is going to be explained and compared to prior 

Electroactive polymers (EAPs) 

Electroactive polymers are materials, as aforesaid, that are shown to be able to 

ehave as actuators and sensors because of their ability to respond mechanically to 

heir operational resemblance to animal muscles and other 

by exhibiting large strains when subjected to an electrical stimulus

positioned the investigation on EAPs as target in many scientific fields, as well as their 

potential improvements on them. In comparison to other inorganic 

, EAPs present several attractive properties such as lightweight, easy to 

manufacture, large strain when exposed to an electric current, etc. 

d in two different groups attending their type of actuation: 

activated and ionic EAPs. 

activated EAPs (FEAPs) 

activated or electronic EAPs are a type of electroactive polymer that shows 

dipole formation and Coulomb interaction when an electric field is applied. 

main features, apart from their high efficiency, is the fast response speed, which indeed 

is determined by the polymer dielectric and the elastic relaxation time. Strain can be 

visible as a reaction to the electric current in various scales: macroscopic, microscopic 

The conformation of the latter can be changed when applying a voltage 

 

This chapter starts with a general review of what an Electroactive polymer (EAP) is, 

based on the actuation mechanism they are 

ication are also provided. Later 

sections on this chapter include an overview of applications where EAPs have been 

in science and technology. To end with, 

nd compared to prior 

Electroactive polymers are materials, as aforesaid, that are shown to be able to 

because of their ability to respond mechanically to 

operational resemblance to animal muscles and other 

by exhibiting large strains when subjected to an electrical stimulus have 

positioned the investigation on EAPs as target in many scientific fields, as well as their 

In comparison to other inorganic 

, EAPs present several attractive properties such as lightweight, easy to 

manufacture, large strain when exposed to an electric current, etc. Electroactive 

d in two different groups attending their type of actuation: 

activated or electronic EAPs are a type of electroactive polymer that shows 

n an electric field is applied. One of their 

main features, apart from their high efficiency, is the fast response speed, which indeed 

is determined by the polymer dielectric and the elastic relaxation time. Strain can be 

ric current in various scales: macroscopic, microscopic 

when applying a voltage 



Ionic Polymer
                    manufacturing and characterization
 Literature review

 

as the dipoles within the polymer arrange with the direction of the current

and Zhang, 2008).  

Field-activated EAPs are light, easy to manufacture 

and impact resistance. Examples of field

among others. Most of these kind

daily life for insulators or coatings but they can also be thought to produce electroactive 

molecular devices in the nano and microscale

due to their high glass transition temperature

temperature actuation (below the T

muscles or room temperature applicat

specified. The higher the T

occurs because the material can only change size or shape with a temperature beyond its 

Tg (Harwin et al., 2004). The ideal case for an actuator would therefore be a low T

material with high molecular mobility.

Table 2: Data for glass transition temperature T
be efficient should occur at higher temperature than the T
room or low temperature and thus not suitable either for biomedical engineering applications.

Material

Polyvinyl chloride (

Polyvinylidene fluoride (

Polyamide (Nylon

Poly(chlorofluoroethylene) P(

 

Field-activated EAPs can

different ways of classification.

piezoelectric, electrostrictive,

2008). In the following lines each of these types are going to be briefly described.

� Piezoelectric and ferroelectric 

some materials that present spontaneous electric polarization that can be 

reversed. Spontaneous electric polarization is a phenomenon th
                                                
3 Temperature below which a polymer has a hard and brittle behaviour. Above the T
rubbery, soft and flexible. The T
heat capacity of the material but not in latent 
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as the dipoles within the polymer arrange with the direction of the current

s are light, easy to manufacture and manifest high flexibility 

Examples of field-activated EAPs are PVC, PVDF and silicone, 

Most of these kinds of electroactive polymers are actually widely used in 

e for insulators or coatings but they can also be thought to produce electroactive 

molecular devices in the nano and microscale (Cheng and Zhang, 2008)

due to their high glass transition temperature3 Tg, they are inadequate for low 

(below the Tg of the material) as it would be the case for artificial 

muscles or room temperature applications. In Table 2 some field-activated EAPs’ T

The higher the Tg, the narrower the temperature range in which ac

because the material can only change size or shape with a temperature beyond its 

. The ideal case for an actuator would therefore be a low T

material with high molecular mobility. 

lass transition temperature Tg for different field-activated EAPs (Scott, 2001)
be efficient should occur at higher temperature than the Tg. Most of these materials are therefore inefficient at 
room or low temperature and thus not suitable either for biomedical engineering applications.

Material Glass Transition Temperature T

Polyvinyl chloride (PVC) 80 

Polyvinylidene fluoride (PVDF) -35 

Nylon) 50 

Poly(chlorofluoroethylene) P(CFE) 45 

EAPs can be sometimes difficult to classify and authors offer 

different ways of classification. Cheng and Zhang divided them into four categories: 

piezoelectric, electrostrictive, electrostatic and electrets-based (Cheng and Zhang

In the following lines each of these types are going to be briefly described.

and ferroelectric EAP: the ferroelectric effect is a property of 

some materials that present spontaneous electric polarization that can be 

Spontaneous electric polarization is a phenomenon th
         

Temperature below which a polymer has a hard and brittle behaviour. Above the T
rubbery, soft and flexible. The Tg is a second order transition, which means that it involves a change in the 
heat capacity of the material but not in latent heat. 

 

as the dipoles within the polymer arrange with the direction of the current (Bar-Cohen 

manifest high flexibility 

activated EAPs are PVC, PVDF and silicone, 

of electroactive polymers are actually widely used in 

e for insulators or coatings but they can also be thought to produce electroactive 

2008). In most cases, 

they are inadequate for low  

as it would be the case for artificial 

activated EAPs’ Tg are 

, the narrower the temperature range in which actuation 

because the material can only change size or shape with a temperature beyond its 

. The ideal case for an actuator would therefore be a low Tg 

(Scott, 2001). Actuation to 
of these materials are therefore inefficient at 

room or low temperature and thus not suitable either for biomedical engineering applications. 

Glass Transition Temperature Tg [ºC] 

be sometimes difficult to classify and authors offer 

into four categories: 

(Cheng and Zhang, 

In the following lines each of these types are going to be briefly described. 

effect is a property of 

some materials that present spontaneous electric polarization that can be 

Spontaneous electric polarization is a phenomenon that is 

Temperature below which a polymer has a hard and brittle behaviour. Above the Tg polymers become 
is a second order transition, which means that it involves a change in the 
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characterized by parallel orientations of electric dipole moments in the 

absence of an ex

To obtain piezoelectrics 

the polarization of 

consists of an electric curre

development of its spontaneous polarization and the single direction 

alignment of its dipoles 

 

Figure 1: In A, a ferroelectric material with its spontaneous dipole orientation. In B, the piezoelectric material 

obtained from the ferroelectric by poling .In the poling process an electric current is passed through the 

ferroelectric material, changing its spontan

If stress is applied to 

current is generated. Polymers in this category are normally present in 

semicrystalline form, 

surrounding. 
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characterized by parallel orientations of electric dipole moments in the 

absence of an external electric field.  

To obtain piezoelectrics from ferroelectric materials it is needed a

the polarization of the material. This process is known as poling, and it 

an electric current passing through the material

development of its spontaneous polarization and the single direction 

alignment of its dipoles (see Figure 1) (Shaw, 2014).        

In A, a ferroelectric material with its spontaneous dipole orientation. In B, the piezoelectric material 

obtained from the ferroelectric by poling .In the poling process an electric current is passed through the 

ferroelectric material, changing its spontaneous polarization and aligning all its dipole moments to the same 

direction  (Shaw, 2014).  

f stress is applied to a piezoelectric material, as in Figure 

current is generated. Polymers in this category are normally present in 

semicrystalline form, and their crystallites are enclosed to an amorphous 

 

characterized by parallel orientations of electric dipole moments in the 

ferroelectric materials it is needed a change in 

the material. This process is known as poling, and it 

the material, causing the 

development of its spontaneous polarization and the single direction 

 

In A, a ferroelectric material with its spontaneous dipole orientation. In B, the piezoelectric material 

obtained from the ferroelectric by poling .In the poling process an electric current is passed through the 

eous polarization and aligning all its dipole moments to the same 

Figure 2, an electric 

current is generated. Polymers in this category are normally present in 

their crystallites are enclosed to an amorphous 
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Figure 2: Piezoelectric material as a current generator. (a) shows the piezoelectric material with no current 

supply and no strain applied. If a tension force is exerted to the material as in (b), an electric current appears 

on the surfaces of the crystal. Polarity of this current can be changed by inverting the force to a compression, 

as in (c)

Some examples of piezoelectric EAPs are PVC, PVDF or P(VDF

copolymer (NASA

largest electromechanical response at room temperature, which is important 

for artificial muscles and biomimetics applications

2008). Yet piezoelectric EAPs, although they manifest low power 

consumption, have very high stiffness

many applications at low frequency or large impact excitations 

al., 2004)(Goulbourne

� Electrostrictive EAPs

and pressures up to 1.9MPa and are based on the principle of dipole 

variation in a material. For polymers that are isotropic, polarization in one 

direction produces an extension in the perpendicular direction and a 

contraction in the parallel
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: Piezoelectric material as a current generator. (a) shows the piezoelectric material with no current 

supply and no strain applied. If a tension force is exerted to the material as in (b), an electric current appears 

of the crystal. Polarity of this current can be changed by inverting the force to a compression, 

as in (c)  (Vatansever, Siores, and Shah, 2012). 

Some examples of piezoelectric EAPs are PVC, PVDF or P(VDF

(NASA, 2014). This latter one is shown to behave with the 

largest electromechanical response at room temperature, which is important 

icial muscles and biomimetics applications (Cheng and Zhang

. Yet piezoelectric EAPs, although they manifest low power 

consumption, have very high stiffness and low strain abilities

many applications at low frequency or large impact excitations 

(Goulbourne, 2005).  

Electrostrictive EAPs: these polymers have withstood strains of up to 30% 

and pressures up to 1.9MPa and are based on the principle of dipole 

variation in a material. For polymers that are isotropic, polarization in one 

direction produces an extension in the perpendicular direction and a 

contraction in the parallel, shown in Figure 3 (Cheng and Zhang

 

 

: Piezoelectric material as a current generator. (a) shows the piezoelectric material with no current 

supply and no strain applied. If a tension force is exerted to the material as in (b), an electric current appears 

of the crystal. Polarity of this current can be changed by inverting the force to a compression, 

Some examples of piezoelectric EAPs are PVC, PVDF or P(VDF-TrEE) 

. This latter one is shown to behave with the 

largest electromechanical response at room temperature, which is important 

(Cheng and Zhang, 

. Yet piezoelectric EAPs, although they manifest low power 

strain abilities (~0.1%) for 

many applications at low frequency or large impact excitations (Cottinet et 

these polymers have withstood strains of up to 30% 

and pressures up to 1.9MPa and are based on the principle of dipole density 

variation in a material. For polymers that are isotropic, polarization in one 

direction produces an extension in the perpendicular direction and a 

(Cheng and Zhang, 2008). 
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Figure 3: On the left, a material with spontaneous polarization in the absence of an electric field. Electric 
dipoles are randomly oriented. On the right, an electric field is applied on the material and subsequent 

rearrangements of electric dipoles occur, and as 

Electrostrictive polymers  present a general performance similar to those of 

biological muscles. Though it is not the best performance when compared to 

other actuator tech

properties and functions accurately. For in

have a strain close to 32%, 0.21MPa of maximum pressure, and a maximum 

energy density of 0.034 J/cm

>40%, 0.35MPa and 0.07 J/cm

� Electrostatic force EAPs

dielectric elastomers

the square of the 

are formed by a soft dielectric elastomer between two electrodes. An 

electric field passing through the elastomer polarizes it and generates a 

stress within the dielectric material called Maxwell stress. The dielectric 

material tights in directions parallel to the force and stretch in the directions 

perpendicular to it

electrostrictive EAPs  it is necessary to bear in mind that the square

electric displacement in

electrostatic EAPs this is not true 

the origin for electrostriction falls on an atomic or molecular level while the 

Maxwell stress effect is an elastic event.

Elastomers are obtained by the vulcanization of polymers with a non

crystalline structure and heating with sulphur, traditionally. Their pr

depend highly on its cross
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: On the left, a material with spontaneous polarization in the absence of an electric field. Electric 
dipoles are randomly oriented. On the right, an electric field is applied on the material and subsequent 

rearrangements of electric dipoles occur, and as a result, shape changes take place (Adapted from Cheng and 
Zhang, 2008). 

Electrostrictive polymers  present a general performance similar to those of 

biological muscles. Though it is not the best performance when compared to 

other actuator technologies, it is the one that, in general, matches

properties and functions accurately. For instance, silicone was reported to 

have a strain close to 32%, 0.21MPa of maximum pressure, and a maximum 

energy density of 0.034 J/cm3, whereas the same values for

>40%, 0.35MPa and 0.07 J/cm3(Kornbluh et al., 1998).  

force EAPs or Maxwell stress polymers:

dielectric elastomers stand out, can be sustained to strains proportional to 

the square of the electric field applied (Goulbourne, 2005). 

are formed by a soft dielectric elastomer between two electrodes. An 

electric field passing through the elastomer polarizes it and generates a 

stress within the dielectric material called Maxwell stress. The dielectric 

s in directions parallel to the force and stretch in the directions 

perpendicular to it (Goulbourne, 2005). To differe

electrostrictive EAPs  it is necessary to bear in mind that the square

electric displacement in the latest is proportional to the strain, whereas in 

electrostatic EAPs this is not true (Cheng and Zhang, 2008)

igin for electrostriction falls on an atomic or molecular level while the 

Maxwell stress effect is an elastic event. 

Elastomers are obtained by the vulcanization of polymers with a non

crystalline structure and heating with sulphur, traditionally. Their pr

depend highly on its cross-linking level. 

 

 

: On the left, a material with spontaneous polarization in the absence of an electric field. Electric 
dipoles are randomly oriented. On the right, an electric field is applied on the material and subsequent 

(Adapted from Cheng and 

Electrostrictive polymers  present a general performance similar to those of 

biological muscles. Though it is not the best performance when compared to 

matches muscles 

ilicone was reported to 

have a strain close to 32%, 0.21MPa of maximum pressure, and a maximum 

, whereas the same values for muscles are 

: among which 

stand out, can be sustained to strains proportional to 

 These polymers 

are formed by a soft dielectric elastomer between two electrodes. An 

electric field passing through the elastomer polarizes it and generates a 

stress within the dielectric material called Maxwell stress. The dielectric 

s in directions parallel to the force and stretch in the directions 

To differentiate it with 

electrostrictive EAPs  it is necessary to bear in mind that the square of the 

the latest is proportional to the strain, whereas in 

. This is because 

igin for electrostriction falls on an atomic or molecular level while the 

Elastomers are obtained by the vulcanization of polymers with a non-

crystalline structure and heating with sulphur, traditionally. Their properties 
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Electrostatic elastomeric EAPs, such as silicone rubbers, operates at high 

voltages of MV/m and

100%. Wide oper

vibration and noise

estimated to 80

(10-50% without charge recovery)

Goulbourne, 2005)

structural or mechanical applications that need to withstand certain weight

� Electret-based EAPs

elastomers actuators and the high b

of high importance because of its applications as 

transducers and so on. They are normally composed by an electrets 

diaphragm next to a pierced metal plate and 

can be seen in 

construction, high efficiency and frequency response 

Figure 4: EAP configuration for loud

shown: electrets diaphragm covered by 

 

2.1.2. Ionic EAPs (I-EAPs)

Since the 1960s, ionic 

cells but it was not until the 1990s that researchers found the actuating and sensing 

                                                
4 An electrets its “a dielectric material that conserves a permanent electric polarization after an external 
field vanishes, and that plays in electrostatics the same role as permanent magnets in 
magnetostatics”(Lévy, 2008).  
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Electrostatic elastomeric EAPs, such as silicone rubbers, operates at high 

MV/m and are capable of resist very high strains 

ide operating temperature range (-100ºC to 250ºC) 

vibration and noise are other advantages. The efficiency of this materials is 

estimated to 80-90% at actuation rates of 1-20Hz assuming charge recovery 

50% without charge recovery) (Pelrine, Kornbluh, and Joseph, 

2005). However, low stiffness is a problem when considering 

structural or mechanical applications that need to withstand certain weight

based EAPs: arose as a combination of the dielectric properties of 

stomers actuators and the high bipolar nature of electrets

of high importance because of its applications as microphones, speakers, 

transducers and so on. They are normally composed by an electrets 

diaphragm next to a pierced metal plate and separated by some spacers

can be seen in Figure 4. Some advantages they present are simplicity in 

construction, high efficiency and frequency response (Ko et al.,

: EAP configuration for loud-speaker application. The typical layers of an electrets

shown: electrets diaphragm covered by spacers and perforated electrodes  (Ko et al.

EAPs) 

ionic EAPs  have been used in proton exchange m

cells but it was not until the 1990s that researchers found the actuating and sensing 

         
An electrets its “a dielectric material that conserves a permanent electric polarization after an external 

field vanishes, and that plays in electrostatics the same role as permanent magnets in 

 

Electrostatic elastomeric EAPs, such as silicone rubbers, operates at high 

very high strains even above 

250ºC) and low 

The efficiency of this materials is 

20Hz assuming charge recovery 

uh, and Joseph, 1998; 

when considering 

structural or mechanical applications that need to withstand certain weight. 

arose as a combination of the dielectric properties of 

ipolar nature of electrets4. They became 

microphones, speakers, 

transducers and so on. They are normally composed by an electrets 

separated by some spacers, as 

. Some advantages they present are simplicity in 

et al., 2012). 

 

speaker application. The typical layers of an electrets-based EAP are 

(Ko et al., 2012). 

proton exchange membrane fuel 

cells but it was not until the 1990s that researchers found the actuating and sensing 

An electrets its “a dielectric material that conserves a permanent electric polarization after an external 
field vanishes, and that plays in electrostatics the same role as permanent magnets in 
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capabilities of this kind of materials.

electrical energy as a result of a chemical reaction between hydrogen (anode) and 

oxygen (cathode) instead of a direct combustion of both gases to deliver thermal energy

(J. S. Lee et al., 2006). The membrane must be able to let the hydrogen protons from 

one electrode through but not the electrons, w

oxygen of the other electrode to create water, as pictured in 

Figure 5: Operational scheme of PEM

In the case of ionic EAPs, diffusion or mobility of ions 

membrane is the basis for actuation, which can be obtained at lower voltages than field

activated EAPs, though  it is difficult 

period. They normally need to be formed by an electrolyte

electrodes, what is known as Ionic Polymer

appears from two different origins: aqueous electrolyte or ionic liquid electrolyte, being 

these lasts preferred as they present 

are extent of the hydrolysis exhibited in aqueous systems.

as electrodes such as carbon or metals (noble metals i.e. Pt or Au, as in this case)

(Bhandari, Lee, and Ahn, 2012)

an example of an Ionic EAP is shown.
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capabilities of this kind of materials. Proton exchange membrane fuel cell produces 

result of a chemical reaction between hydrogen (anode) and 

oxygen (cathode) instead of a direct combustion of both gases to deliver thermal energy

. The membrane must be able to let the hydrogen protons from 

one electrode through but not the electrons, which induces a current that reacts with the 

oxygen of the other electrode to create water, as pictured in Figure 5.  

: Operational scheme of PEM fuel cells (J. S. Lee et al., 2006).

onic EAPs, diffusion or mobility of ions within the polymer 

is the basis for actuation, which can be obtained at lower voltages than field

it is difficult to maintain a constant strain 

need to be formed by an electrolyte, coated in both surfaces by 

, what is known as Ionic Polymer-Metal Composite (IPMC)

appears from two different origins: aqueous electrolyte or ionic liquid electrolyte, being 

these lasts preferred as they present very low vapour pressure, operation voltages and 

are extent of the hydrolysis exhibited in aqueous systems. Various materials can be used 

as electrodes such as carbon or metals (noble metals i.e. Pt or Au, as in this case)

2012) (Hong, Almomani, and Montazami, 2014)

an example of an Ionic EAP is shown. 

 

fuel cell produces 

result of a chemical reaction between hydrogen (anode) and 

oxygen (cathode) instead of a direct combustion of both gases to deliver thermal energy 

. The membrane must be able to let the hydrogen protons from 

hich induces a current that reacts with the 

 

. 

within the polymer 

is the basis for actuation, which can be obtained at lower voltages than field-

constant strain during a certain 

ted in both surfaces by 

Metal Composite (IPMC). Ion diffusion 

appears from two different origins: aqueous electrolyte or ionic liquid electrolyte, being 

re, operation voltages and 

Various materials can be used 

as electrodes such as carbon or metals (noble metals i.e. Pt or Au, as in this case) 

2014). In Figure 6 
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Figure 6: Example of ionic EAP actuator

field, the material’s ions are randomly distributed within the 

to the metal surfaces, cations are shifted towards the anode and bending occurs

Whereas field EAPs change 

an anisotropic volume alteration, triggering 

in Figure 7. In other words, 

anions and cations at the opposite

of volume on the polymer which bends the IPMC

smaller size of anions compared to cations. As a result of this, the actuator bends 

towards the anode (Hong, Almomani, and Montazami 2014)

Figure 7: Comparison between a field EAP and an ionic EAP

left an example of field EAP actuation 

applied. The intrinsic force created when actuating (blue arrows) compress the material. On the 

EAP actuation: intrinsic forces (blue arrows) provoke the material bending (red arrow)

to a differential in length of both ele
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onic EAP actuator of IPMC (Doam and Ahn, 2012). Left: in the absence of an electric 

are randomly distributed within the polymer layer. Right: when a current is applied 

to the metal surfaces, cations are shifted towards the anode and bending occurs

EAPs change size or shape when actuating, ionic EAPs response is 

an anisotropic volume alteration, triggering the bending of the material

In other words, when subjected to an electric field, the 

anions and cations at the oppositely charged electrode produces an asymmetric cha

of volume on the polymer which bends the IPMC. This is because of 

smaller size of anions compared to cations. As a result of this, the actuator bends 

(Hong, Almomani, and Montazami 2014).  

Comparison between a field EAP and an ionic EAP (Adapted from MacFarlane et al., 2014)

EAP actuation : the material expands (red arrows) as a result of an electric field 

ied. The intrinsic force created when actuating (blue arrows) compress the material. On the 

ntrinsic forces (blue arrows) provoke the material bending (red arrow) towards the anode due 

to a differential in length of both electrode layers. 

 

 

Left: in the absence of an electric 

. Right: when a current is applied 

to the metal surfaces, cations are shifted towards the anode and bending occurs. 

EAPs response is 

of the material, as can be seen 

the accumulation of 

ly charged electrode produces an asymmetric change 

the considerably 

smaller size of anions compared to cations. As a result of this, the actuator bends 

 

(Adapted from MacFarlane et al., 2014). On the 

material expands (red arrows) as a result of an electric field 

ied. The intrinsic force created when actuating (blue arrows) compress the material. On the right, an ionic 

towards the anode due 
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 Among ionic EAPs, one can find ionic polymer gels, conductive polymers, 

polymer-metal composites 

� Ionic polymer gels

or may not be reinforced

Gels actuating mechanism can be driven by different factors

in the following lines.

Electrically driven actuators are formed by two electrodes that are placed in 

a salt solution, producing hydrolysis, generating hydrogen on the cathode 

(decrease of pH) and oxygen on the anode (increase of pH). Due to this 

differential in acidity, some gel

gels, however, has

The gels activated thermally normally show a quick switch from the 

enlarged state to the shrunk one

values for Young’s modulus

Chemically driven gels produce good force and strain capabilities when 

subjected to pH variations

to biological muscles, they quite resemble to them. 

being catching scientists interest

classification as I

redox reactions of the material, 

magnetorheological driven gels 
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one can find ionic polymer gels, conductive polymers, 

metal composites (IPMC) and carbon nanotubes. 

Ionic polymer gels: are cross-linked polymers dispersed in water that may 

or may not be reinforced. (Calvert, 2008). 

Gels actuating mechanism can be driven by different factors

in the following lines. 

Electrically driven actuators are formed by two electrodes that are placed in 

a salt solution, producing hydrolysis, generating hydrogen on the cathode 

(decrease of pH) and oxygen on the anode (increase of pH). Due to this 

differential in acidity, some gels will enlarge, shrink or bend. This kind of 

has not provided good results for stiffness and actuation rate.

gels activated thermally normally show a quick switch from the 

enlarged state to the shrunk one when temperature rises. They pre

for Young’s modulus. 

Chemically driven gels produce good force and strain capabilities when 

pH variations. Although actuation time is quite large compared 

to biological muscles, they quite resemble to them. Other types of gel

being catching scientists interest in the last few years, although their 

classification as I-EAP is not clear yet: oscillating reactions

redox reactions of the material, Figure 8) and electro

magnetorheological driven gels (Calvert, 2008). 

 

one can find ionic polymer gels, conductive polymers, ionic 

linked polymers dispersed in water that may 

Gels actuating mechanism can be driven by different factors, as we will see 

Electrically driven actuators are formed by two electrodes that are placed in 

a salt solution, producing hydrolysis, generating hydrogen on the cathode 

(decrease of pH) and oxygen on the anode (increase of pH). Due to this 

s will enlarge, shrink or bend. This kind of 

not provided good results for stiffness and actuation rate. 

gels activated thermally normally show a quick switch from the 

. They present small 

Chemically driven gels produce good force and strain capabilities when 

. Although actuation time is quite large compared 

types of gels are 

, although their 

: oscillating reactions (by periodic 

and electro- and 
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Figure 8: Motion of a self-oscillating actuator immersed in  a solution 

behaves as a worm, the front edge can move forward when elongating (due to oxidation) while the rear one 

stays still, and the other way round when reduction takes place: the rear edge moves forward while the front 

one is prevented from sliding. The backwards motion of each edge is prevented by a saw surface at the bottom. 

For the asymmetrical swelling of the actuator a hydrophilic acid is 

� Conductive EAPs

conductive polymers. In response to an applied voltage, these polymers 

swell due to a red

well in Figure 

solved. The first conductive EAP

properties are derived due to the existence of alternating C

on the polymer backbone followed by ion doping. However, polyacetylene 

is not useful as an actu

been explored a

polypyrrole, polyaniline or polythiophenes
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oscillating actuator immersed in  a solution (R. Yoshida et al., 2009)

rm, the front edge can move forward when elongating (due to oxidation) while the rear one 

round when reduction takes place: the rear edge moves forward while the front 

The backwards motion of each edge is prevented by a saw surface at the bottom. 

For the asymmetrical swelling of the actuator a hydrophilic acid is copolymerized into the polymer.

Conductive EAPs: it has also been investigated the possibility of employing 

conductive polymers. In response to an applied voltage, these polymers 

swell due to a red-ox reaction, depending on the polarity, as explained as 

Figure 9. Thus, it causes inclusion or removal of ions that are 

he first conductive EAP was polyacetylene, which conduction 

properties are derived due to the existence of alternating C-

on the polymer backbone followed by ion doping. However, polyacetylene 

is not useful as an actuator. For this purpose, other conductive EAP

been explored and synthesised (Pillai, 2011). Some examples are 

rrole, polyaniline or polythiophenes. 

 

(R. Yoshida et al., 2009). Actuator 

rm, the front edge can move forward when elongating (due to oxidation) while the rear one 

round when reduction takes place: the rear edge moves forward while the front 

The backwards motion of each edge is prevented by a saw surface at the bottom. 

copolymerized into the polymer. 

it has also been investigated the possibility of employing 

conductive polymers. In response to an applied voltage, these polymers 

ox reaction, depending on the polarity, as explained as 

. Thus, it causes inclusion or removal of ions that are 

, which conduction 

-C double bonds 

on the polymer backbone followed by ion doping. However, polyacetylene 

ator. For this purpose, other conductive EAPs have 

Some examples are 
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Figure 9: Schematic of a conductive polymer actuator

polymer, in this case polypyrrole, is not actuating. The material is submerged in an electrolyte solution in the 

presence of ions. When a current is applied to the material, these ions are attracted to the po

In order for conductive EAP

stable in air as a bulk material. Physical properties of the material 

conductivity, porosity, dopant ion...) 

environment (ion concentrat

for the material strain capabilities

 

� Ionic polymer-metal composites (IPMC):

metallic electrodes sandwiching a polymer electrolyte. Normally, the 

material needs to be hydrated to perform actuation, which occurs in the 

form of bending. This type of actuator is going to be 

section 2.2, as it is the focus of this project.  

 

� Carbon Nanotube based actuators (CNT

themselves are not ionic 

CNTs can be mixed and processed together with other EAPs. In this way 

the strain capabilities of these 

properties of CNTs, making evident some improvements in actuation in 

terms of stress generation. 

generated by different factors: doubl

photothermal or electrostatic actuation. 
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Schematic of a conductive polymer actuator (McGill University, 2014). On the left the conducting 

polymer, in this case polypyrrole, is not actuating. The material is submerged in an electrolyte solution in the 

presence of ions. When a current is applied to the material, these ions are attracted to the po

it producing a volumetric expansion. 

In order for conductive EAPs to be useful for actuation they need to be 

stable in air as a bulk material. Physical properties of the material 

conductivity, porosity, dopant ion...) or chemical properties of the 

environment (ion concentration, temperature, electrolyte... ) are determinant 

for the material strain capabilities (Pillai, 2011). 

metal composites (IPMC): these are materials formed by two 

metallic electrodes sandwiching a polymer electrolyte. Normally, the 

material needs to be hydrated to perform actuation, which occurs in the 

form of bending. This type of actuator is going to be further explained in 

, as it is the focus of this project.   

Carbon Nanotube based actuators (CNT-based actuators):

themselves are not ionic EAPs and cannot work as actuators. Nonetheless, 

CNTs can be mixed and processed together with other EAPs. In this way 

strain capabilities of these polymers are coupled with the outstanding 

properties of CNTs, making evident some improvements in actuation in 

terms of stress generation. Actuation mechanism for this kind of actuators is 

generated by different factors: double-layer charge injection and 

photothermal or electrostatic actuation. In recent years, CNTs have been 

 

 

On the left the conducting 

polymer, in this case polypyrrole, is not actuating. The material is submerged in an electrolyte solution in the 

presence of ions. When a current is applied to the material, these ions are attracted to the polymer and get into 

s to be useful for actuation they need to be 

stable in air as a bulk material. Physical properties of the material (electrical 

ical properties of the 

) are determinant 

these are materials formed by two 

metallic electrodes sandwiching a polymer electrolyte. Normally, the 

material needs to be hydrated to perform actuation, which occurs in the 

further explained in 

based actuators): CNTs by 

EAPs and cannot work as actuators. Nonetheless, 

CNTs can be mixed and processed together with other EAPs. In this way 

are coupled with the outstanding 

properties of CNTs, making evident some improvements in actuation in 

Actuation mechanism for this kind of actuators is 

layer charge injection and 

In recent years, CNTs have been 
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mixed with other EAPs in order to improve actuation performance of 

material characteristics 

Also studies were carried out to compare actuation and electrochemical 

properties of an actuator using the same bucky gel electrolyte as in 

10 but varying the electrodes using Single Walled Nanotubes (SWNT)/Ionic 

Liquid (IL)/polymer electrode, SWNT/IL electrode or a simple gold coating 

electrode by Terasawa and Take

using SWNT/IL performance when actuating 

applications. 

Figure 10: EAP actuator formed by 

and two polymer-supported bucky

liquid (Terasawa et al., 2011). When the actuator is connected to an electric field, ions in the gel electrolyte 

layer are transferred to the anode and cathode and thus 

charged nanotubes. Swelling occurs in the cathode 

As another example of using 

reported the electromechanical performance improvement arose when 

implementing Vertically Aligned CNTs 
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mixed with other EAPs in order to improve actuation performance of 

material characteristics (Kosidlo et al., 2013), as Figure 10 shows

Also studies were carried out to compare actuation and electrochemical 

properties of an actuator using the same bucky gel electrolyte as in 

but varying the electrodes using Single Walled Nanotubes (SWNT)/Ionic 

Liquid (IL)/polymer electrode, SWNT/IL electrode or a simple gold coating 

electrode by Terasawa and Takeuchi. Results concluded that electrodes 

using SWNT/IL performance when actuating was superior for low voltage 

 

: EAP actuator formed by a poly(vinylidene fluoride-hexafluoropropylene) PVdF(HFP) 

supported bucky-gel electrode layer with single walled nanotubes in the presence of ionic 

. When the actuator is connected to an electric field, ions in the gel electrolyte 

layer are transferred to the anode and cathode and thus create a double layer with negatively and positively 

charged nanotubes. Swelling occurs in the cathode layer while the anode layer shrinks, leading to the actuator 

bending. 

As another example of using ionic EAPs with CNTs, studies have also 

reported the electromechanical performance improvement arose when 

implementing Vertically Aligned CNTs (VA-CNTs) as a

 

mixed with other EAPs in order to improve actuation performance of 

shows.  

Also studies were carried out to compare actuation and electrochemical 

properties of an actuator using the same bucky gel electrolyte as in Figure 

but varying the electrodes using Single Walled Nanotubes (SWNT)/Ionic 

Liquid (IL)/polymer electrode, SWNT/IL electrode or a simple gold coating 

uchi. Results concluded that electrodes 

was superior for low voltage 

hexafluoropropylene) PVdF(HFP) electrolyte 

n the presence of ionic 

. When the actuator is connected to an electric field, ions in the gel electrolyte 

a double layer with negatively and positively 

shrinks, leading to the actuator 

with CNTs, studies have also 

reported the electromechanical performance improvement arose when 

as a conducting 
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network composite

structure can be seen in 

fast ion conduction through parallel channels created in between the VA

CNTs and the decrease of electrical conduction resistance.

Figure 11: Scheme of an actuator formed by VA

electrodes (Liu et al., 2010). On the left, an actuator with no voltage applied. On the right, a bent actuator with 

a voltage applied showing the mobility of cations with respect t

In Table 3 some important

Madeen and Bennett (J. D. W. Madden

the types of EAPs described above.

electrostrictive polymers can be a very good option for an actuator material, as its strain 

capabilities are  outstanding, i

CNT-based EAPs can sustain bigger stresses, their efficiency is low as stiffness is 

increased due to the presence of the CNTs. According to the data listed here, IMPCs 

present adequate strain and stress capacities coupled with high number of cycles until 

failure. These properties together with low operating voltage, low energy consumption, 

and safety when implementing them, make IMPCs suitable and recommended for most 

applications, including artificial muscles.
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omposite electrode (Liu et al., 2010). A picture showing this 

structure can be seen in Figure 11. The advance in actuation came due to the 

fast ion conduction through parallel channels created in between the VA

CNTs and the decrease of electrical conduction resistance. 

: Scheme of an actuator formed by VA-CNTs within the conducting network composite

. On the left, an actuator with no voltage applied. On the right, a bent actuator with 

a voltage applied showing the mobility of cations with respect to the previous one.

some important typical values for actuation are summarized according to

(J. D. W. Madden et al., 2004; Bennett and Leo, 2003)

the types of EAPs described above. As can be seen by looking comparatively the data, 

electrostrictive polymers can be a very good option for an actuator material, as its strain 

ing, if no stress need to be withstood by the structure. Although 

based EAPs can sustain bigger stresses, their efficiency is low as stiffness is 

increased due to the presence of the CNTs. According to the data listed here, IMPCs 

n and stress capacities coupled with high number of cycles until 

These properties together with low operating voltage, low energy consumption, 

when implementing them, make IMPCs suitable and recommended for most 

artificial muscles. 

 

. A picture showing this 

. The advance in actuation came due to the 

fast ion conduction through parallel channels created in between the VA-

 

conducting network composite layers as 

. On the left, an actuator with no voltage applied. On the right, a bent actuator with 

o the previous one. 

for actuation are summarized according to 

2003) for most of 

As can be seen by looking comparatively the data, 

electrostrictive polymers can be a very good option for an actuator material, as its strain 

by the structure. Although 

based EAPs can sustain bigger stresses, their efficiency is low as stiffness is 

increased due to the presence of the CNTs. According to the data listed here, IMPCs 

n and stress capacities coupled with high number of cycles until 

These properties together with low operating voltage, low energy consumption, 

when implementing them, make IMPCs suitable and recommended for most 
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Table 3: Mechanical properties of several EAPs.

Property Piezoelectric

Max. Strain [%] 3.5-7 

Strain rate [%/s] 2,000 

Density [kg/m3] 1,870 

Max Stress 

[MPa] 
45 

Life [cycles] - 

 

2.2. Ionic Polymer

The focus of this project is to develop an IPMC 

strain abilities and low driving voltages when actuating, IPMC

great advantages in the future of material science applied to bioengineering. In general, 

an IPMC is formed by a polyelectrolyte membr

in both faces by an electrode

(Au, Pt, etc) (Bhandari, Lee

Figure 12: Simplified sketch of an IPMC material composed by an electrolyte membrane coated in both sides 

These polyelectrolyte membranes present ionisable groups covalently bonded to 

their backbone structure, as can be seen in 

through while impeding others diffusion. In turn, the large polymer backbones 

determine their mechanical strength.
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: Mechanical properties of several EAPs. 

Piezoelectric 
Electrostrictive 

(silicone) 

Conductive 

Polymer 
IPMC

 120 12 3.3 

 34,000 1 3.3 

 1,100 - 1,500 

3.2 34 15 

107@5% strain 28,000 250,000

Ionic Polymer-Metal Composites (IPMCs): 

The focus of this project is to develop an IPMC actuator. Due to their light weight, 

strain abilities and low driving voltages when actuating, IPMCs are believed to mean 

great advantages in the future of material science applied to bioengineering. In general, 

an IPMC is formed by a polyelectrolyte membrane, such as Nafion or Flemion, covered 

in both faces by an electrode (see sketch in Figure 12), which used to be a noble metal 

(Bhandari, Lee, and Ahn, 2012).  

: Simplified sketch of an IPMC material composed by an electrolyte membrane coated in both sides 
with noble metals serving as electrodes. 

These polyelectrolyte membranes present ionisable groups covalently bonded to 

their backbone structure, as can be seen in Figure 13, that allow specific ions to pass 

through while impeding others diffusion. In turn, the large polymer backbones 

eir mechanical strength. 

 

IPMC CNT-based 

~1 

0.6 

 230 

27 

250,000 
-33% strain after 

140,000 cycles 

ue to their light weight, 

are believed to mean 

great advantages in the future of material science applied to bioengineering. In general, 

ane, such as Nafion or Flemion, covered 

, which used to be a noble metal 

 

: Simplified sketch of an IPMC material composed by an electrolyte membrane coated in both sides 

These polyelectrolyte membranes present ionisable groups covalently bonded to 

, that allow specific ions to pass 

through while impeding others diffusion. In turn, the large polymer backbones 
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Figure 13: Scheme of a fluoropolymer chain with ionisable groups SO

In a dry state, cations are not able to move since they are cross

chains. Nevertheless, in hydrated conditions, 

molecules, enabling their mobilit

submerged into liquids or used along with ionic liquids for efficiency improvement. 

Thus, when an electric field is applied to the material, associated electrostatic 

interactions provoke the IPMC material 

Figure 14: Scheme of a structure of an IPMC in a wet media 
cations that were previously joint to the polymer backbone and enable them to move t

For electroding the membrane surfaces, chemical processes are ideally preferred 

due to their better adhesion but in turn they are normally more expensive. A more 

simple and fast way for plating the IMPCs is mechanical electroding, including 

techniques as solution casting, physical vapour deposition method as sputtering or direct 

manufacturing. Sputtering has indeed showed better performance in tip displacement 

and force though they are subjected to surface deterioration 

When alternating voltage is applied, each time the voltage is reversed so is the 

bending direction. The distance the tip deflects in a cantilever configuration (see 
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: Scheme of a fluoropolymer chain with ionisable groups SO3
- and H+ (Park et al., 2008)

In a dry state, cations are not able to move since they are cross-linked to polymer 

chains. Nevertheless, in hydrated conditions, cations are surrounded by water 

molecules, enabling their mobility (Figure 14). For this reason, normally IPMCs are 

submerged into liquids or used along with ionic liquids for efficiency improvement. 

Thus, when an electric field is applied to the material, associated electrostatic 

interactions provoke the IPMC material to bend towards the anode. 

 

: Scheme of a structure of an IPMC in a wet media (Park et al., 2008). Water molecules surround 
cations that were previously joint to the polymer backbone and enable them to move through the membrane.

For electroding the membrane surfaces, chemical processes are ideally preferred 

ue to their better adhesion but in turn they are normally more expensive. A more 

simple and fast way for plating the IMPCs is mechanical electroding, including 

techniques as solution casting, physical vapour deposition method as sputtering or direct 

cturing. Sputtering has indeed showed better performance in tip displacement 

and force though they are subjected to surface deterioration (Tiwari and Garcia

When alternating voltage is applied, each time the voltage is reversed so is the 

bending direction. The distance the tip deflects in a cantilever configuration (see 

 

(Park et al., 2008). 

linked to polymer 

cations are surrounded by water 

For this reason, normally IPMCs are 

submerged into liquids or used along with ionic liquids for efficiency improvement. 

Thus, when an electric field is applied to the material, associated electrostatic 

. Water molecules surround 
ough the membrane. 

For electroding the membrane surfaces, chemical processes are ideally preferred 

ue to their better adhesion but in turn they are normally more expensive. A more 

simple and fast way for plating the IMPCs is mechanical electroding, including 

techniques as solution casting, physical vapour deposition method as sputtering or direct 

cturing. Sputtering has indeed showed better performance in tip displacement 

(Tiwari and Garcia, 2011). 

When alternating voltage is applied, each time the voltage is reversed so is the 

bending direction. The distance the tip deflects in a cantilever configuration (see Figure 
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15) does not only depend on the voltage but also on the frequency it is changed if 

alternating voltage is considered. The smaller the frequency, the higher the 

displacement from the original position (dashed line in 

value is reached. 

Figure 15: IPMC actuator scheme showing a cantilever configuration. In the fixed side an electric current is 
applied directly to the electrode layers while the other side is free to move.

Interesting characteristics a

displacement and blocking force, as they act much alike composite beams. The b

force is the maximum force exerted by the actuator when its displacement is completely 

blocked, i.e. force needed to

come back to their equilibrium position (at 0V).

One of the main disadvantages of these EAPs is that bending relaxation occurs due 

to  water diffusion out of the areas where more cations are present

blocking force (Tiwari and Garcia

When trying to overcome these drawbacks, several scientists have tried with using 

ionic liquid instead of an aqueous medium and obtained higher stability but slower 

response (Hong, Almomani, and Montazami

addition of uniformly distributed multi

filling the polymer matrix with materials that provide additional cations to the 

membrane such as montmorillon

force (Nguyen, Lee, and Yoo

optimizing the IPMC fabrication (metal reduction, surface treatments and so on). 
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) does not only depend on the voltage but also on the frequency it is changed if 

alternating voltage is considered. The smaller the frequency, the higher the 

displacement from the original position (dashed line in Figure 15) can be, until a critical 

 

: IPMC actuator scheme showing a cantilever configuration. In the fixed side an electric current is 
applied directly to the electrode layers while the other side is free to move.

Interesting characteristics also arise for IPMC in static test results in terms of 

displacement and blocking force, as they act much alike composite beams. The b

rce exerted by the actuator when its displacement is completely 

blocked, i.e. force needed to be applied to an actuator at a given voltage in order to 

come back to their equilibrium position (at 0V). 

main disadvantages of these EAPs is that bending relaxation occurs due 

to  water diffusion out of the areas where more cations are present. Another one is low 

(Tiwari and Garcia, 2011). 

When trying to overcome these drawbacks, several scientists have tried with using 

ionic liquid instead of an aqueous medium and obtained higher stability but slower 

(Hong, Almomani, and Montazami, 2014). Also, making specimens thicker, 

addition of uniformly distributed multi-walled carbon nanotubes (Lee 

filling the polymer matrix with materials that provide additional cations to the 

membrane such as montmorillonite or modified silica was tried to improve the blocking 

(Nguyen, Lee, and Yoo, 2007). Improvements in the bending response arose by 

optimizing the IPMC fabrication (metal reduction, surface treatments and so on). 

 

) does not only depend on the voltage but also on the frequency it is changed if 

alternating voltage is considered. The smaller the frequency, the higher the 

) can be, until a critical 

: IPMC actuator scheme showing a cantilever configuration. In the fixed side an electric current is 
applied directly to the electrode layers while the other side is free to move. 

lso arise for IPMC in static test results in terms of 

displacement and blocking force, as they act much alike composite beams. The blocking 

rce exerted by the actuator when its displacement is completely 

be applied to an actuator at a given voltage in order to 

main disadvantages of these EAPs is that bending relaxation occurs due 

. Another one is low 

When trying to overcome these drawbacks, several scientists have tried with using 

ionic liquid instead of an aqueous medium and obtained higher stability but slower 

. Also, making specimens thicker, 

(Lee et al., 2007) or 

filling the polymer matrix with materials that provide additional cations to the 

ite or modified silica was tried to improve the blocking 

. Improvements in the bending response arose by 

optimizing the IPMC fabrication (metal reduction, surface treatments and so on).  
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2.3. EAP applications

Electroactive polymers have been studied in

material to produce artificial muscles and develop robots inspired in nature that are able 

to walk, swim, fly or dive as animals or humans can do. Nevertheless, those are just a 

few applications of what EAPs can be 

some EAP materials which include fracture tolerance, resilience or similarity to 

biological muscles, some other areas are being investigated. 

smart structures, noise isolation, electro

the biomedical, the aerospace or the automotive are investigating in how to implement 

and take advantage of EAP materials characteristics.

Beginning with nature inspired robots

by a fluoropolymer electrolyte was developed in 2009 taking into consideration the 

motion of this animal as well as the fluid vortices that characterized jellyfish’ diving. 

Thrust came for the body shape change fr

shape of the jelly fish. This shape change was imitated using IPMC actuators

seen in Figure 16 (Yeom and Oh

reproduced such as fish, corals or eels 

Shahinpoor, 1991). 

Figure 16: Jellyfish robot (Adapted from 

each other as the jellyfish’ arms. Cellophane was used to prevent a decrease in thrust due to water leakage in 

between the actuators. All actuators are connected to the electrode driving part, providing in this way an in
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EAP applications 

Electroactive polymers have been studied in the past decade as a state

material to produce artificial muscles and develop robots inspired in nature that are able 

to walk, swim, fly or dive as animals or humans can do. Nevertheless, those are just a 

few applications of what EAPs can be used for. Thanks to the exceptional properties of 

some EAP materials which include fracture tolerance, resilience or similarity to 

biological muscles, some other areas are being investigated. Toys, power generators, 

smart structures, noise isolation, electronic and optical devices and industries such as 

the biomedical, the aerospace or the automotive are investigating in how to implement 

and take advantage of EAP materials characteristics. 

Beginning with nature inspired robots, a jellyfish robot using an IPMC composed 

electrolyte was developed in 2009 taking into consideration the 

motion of this animal as well as the fluid vortices that characterized jellyfish’ diving. 

Thrust came for the body shape change from an elongated shape to the normal bell 

shape of the jelly fish. This shape change was imitated using IPMC actuators

(Yeom and Oh, 2009). Other swimming animals have also been 

reproduced such as fish, corals or eels (Shahinpoor, Simpson, and Smith

Adapted from Yeom and Oh, 2009)using curved IMPC actuators separated from 

each other as the jellyfish’ arms. Cellophane was used to prevent a decrease in thrust due to water leakage in 

he actuators. All actuators are connected to the electrode driving part, providing in this way an in

 

the past decade as a state-of-the-art 

material to produce artificial muscles and develop robots inspired in nature that are able 

to walk, swim, fly or dive as animals or humans can do. Nevertheless, those are just a 

Thanks to the exceptional properties of 

some EAP materials which include fracture tolerance, resilience or similarity to 

Toys, power generators, 

nic and optical devices and industries such as 

the biomedical, the aerospace or the automotive are investigating in how to implement 

, a jellyfish robot using an IPMC composed 

electrolyte was developed in 2009 taking into consideration the 

motion of this animal as well as the fluid vortices that characterized jellyfish’ diving. 

om an elongated shape to the normal bell 

shape of the jelly fish. This shape change was imitated using IPMC actuators as can be 

Other swimming animals have also been 

(Shahinpoor, Simpson, and Smith, 1998; 

 

using curved IMPC actuators separated from 

each other as the jellyfish’ arms. Cellophane was used to prevent a decrease in thrust due to water leakage in 

he actuators. All actuators are connected to the electrode driving part, providing in this way an in-
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phase actuation. On top, a balloon was used in order than the buoyancy of the jellyfish is controlled by 

Birds, flies and other flying animals have also been imitated using actuators. 

Flapping actuators are thought to transfer the bending deformation to the wing

Figure 17) and actuation comes because of the first natural frequency, which can be 

varied to optimize flapping angle or flapping frequency

flapping angle of 85º can be achieved at low frequencies of 3

2006).  

Figure 17: Scheme of a flapping mechanism driven by and IPMC actuator that resembles flying animals wing 

motion (Adapted from S. Lee et al., 2006)

transferred to pinions that rotate and consequently move a wing attached to them amplifying

Several EAPs have been case of study for applications in motors and combustion 

engines that produce propulsion, rotation, pressure application, etc. The main aim for 

the utilization of these relatively novel materials are the accuracy 

frequencies and the ease of place in an precise position, as happens for example with 

piezoelectric EAPs.  

In the work of Madden et al., a case study is shown of how EAPs can be employed 

to design a variable propeller blade for an Autonomous Underwater V

Madden et al., 2004). In the naval industry, variable pitch propeller blades are used for 

cases where vessels may function in several differen

this work was to study the possibility of changing the gears that activate the camber and 

pitch variation of the blade by EAPs. After a comparison of the properties between the 

EAPs they were considering and the condition

temperature, strain or stress, they concluded that electrostrictive, piezoelectric and 
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phase actuation. On top, a balloon was used in order than the buoyancy of the jellyfish is controlled by 

adjusting the air to water ratio. 

other flying animals have also been imitated using actuators. 

Flapping actuators are thought to transfer the bending deformation to the wing

and actuation comes because of the first natural frequency, which can be 

ng angle or flapping frequency. Attained results showed that a 

flapping angle of 85º can be achieved at low frequencies of 3-4V at 0.5Hz 

 

: Scheme of a flapping mechanism driven by and IPMC actuator that resembles flying animals wing 

S. Lee et al., 2006). Actuation of the material moves a rack up and down. This motion is 

transferred to pinions that rotate and consequently move a wing attached to them amplifying

angle. 

Several EAPs have been case of study for applications in motors and combustion 

engines that produce propulsion, rotation, pressure application, etc. The main aim for 

the utilization of these relatively novel materials are the accuracy of functioning at hig

frequencies and the ease of place in an precise position, as happens for example with 

In the work of Madden et al., a case study is shown of how EAPs can be employed 

to design a variable propeller blade for an Autonomous Underwater V

. In the naval industry, variable pitch propeller blades are used for 

cases where vessels may function in several different flow situations. The main aim of 

this work was to study the possibility of changing the gears that activate the camber and 

pitch variation of the blade by EAPs. After a comparison of the properties between the 

EAPs they were considering and the conditions they are require to withstand, such as 

strain or stress, they concluded that electrostrictive, piezoelectric and 

 

phase actuation. On top, a balloon was used in order than the buoyancy of the jellyfish is controlled by 

other flying animals have also been imitated using actuators. 

Flapping actuators are thought to transfer the bending deformation to the wing (see 

and actuation comes because of the first natural frequency, which can be 

Attained results showed that a 

4V at 0.5Hz (S. Lee et al., 

 

: Scheme of a flapping mechanism driven by and IPMC actuator that resembles flying animals wing 

. Actuation of the material moves a rack up and down. This motion is 

transferred to pinions that rotate and consequently move a wing attached to them amplifying the ‘flapping’ 

Several EAPs have been case of study for applications in motors and combustion 

engines that produce propulsion, rotation, pressure application, etc. The main aim for 

of functioning at high 

frequencies and the ease of place in an precise position, as happens for example with 

In the work of Madden et al., a case study is shown of how EAPs can be employed 

to design a variable propeller blade for an Autonomous Underwater Vehicle (J. D. W. 

. In the naval industry, variable pitch propeller blades are used for 

t flow situations. The main aim of 

this work was to study the possibility of changing the gears that activate the camber and 

pitch variation of the blade by EAPs. After a comparison of the properties between the 

s they are require to withstand, such as 

strain or stress, they concluded that electrostrictive, piezoelectric and 
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conducting polymers actuators can be a possible solution to implement 

2004). The same principle can be however employed for any blade where variable 

camber (see Figure 18) can be useful due to the fluid dynamics principles governing the 

motion or application of the propeller, as 

wings for deflection of high lift devices

Figure 18: Scheme showing the application of linear actuators to the deflection of the trailing edge of a foil

D. Madden, 2004). An actuator pair is connected to the movable trailing edge by tendons which are in charge 

of transferring the actuating motion. An oppositely actuation (i.e. one act

shrinks) produces a length increment differential 

When coming to the space field, EAPs have been also research for applications 

where demand is sometimes tough and reliabil

applications include a dust wiper for a robot

lifter (Bar-cohen, 2004) that are useful for terrain sample acquisition in other planet 

surfaces. However, for improving the performance of the

need of increase the actuation force and withstand adverse ambient temperatures such as 

very high and very low temperatures or vacuum pressure over a long period of time.
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conducting polymers actuators can be a possible solution to implement 

The same principle can be however employed for any blade where variable 

can be useful due to the fluid dynamics principles governing the 

motion or application of the propeller, as can happen for aviation propellers or plane 

for deflection of high lift devices.  

Scheme showing the application of linear actuators to the deflection of the trailing edge of a foil

An actuator pair is connected to the movable trailing edge by tendons which are in charge 

of transferring the actuating motion. An oppositely actuation (i.e. one actuator expands while the other 

shrinks) produces a length increment differential ∆l and –∆l that induces the trailing edge deflection.

When coming to the space field, EAPs have been also research for applications 

where demand is sometimes tough and reliability is a major requirement. These 

applications include a dust wiper for a robot (in Figure 19), a gripper or a robotic arm 

that are useful for terrain sample acquisition in other planet 

improving the performance of these objects, th

need of increase the actuation force and withstand adverse ambient temperatures such as 

very high and very low temperatures or vacuum pressure over a long period of time.

 

conducting polymers actuators can be a possible solution to implement (Madden et al., 

The same principle can be however employed for any blade where variable 

can be useful due to the fluid dynamics principles governing the 

can happen for aviation propellers or plane 

 

Scheme showing the application of linear actuators to the deflection of the trailing edge of a foil (J. 

An actuator pair is connected to the movable trailing edge by tendons which are in charge 

uator expands while the other 

l that induces the trailing edge deflection. 

When coming to the space field, EAPs have been also research for applications 

ity is a major requirement. These 

, a gripper or a robotic arm 

that are useful for terrain sample acquisition in other planet 

objects, there is still the 

need of increase the actuation force and withstand adverse ambient temperatures such as 

very high and very low temperatures or vacuum pressure over a long period of time.  
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Figure 19: EAP actuator for application as dust wiper for planetary applications 

scheme of the dust wiper nano-rover is depicted with the location of the dust wiper specified. In B the EAP 

dust wiper structure composed of an electrode in contact with the EAP material, which

EAP materials can be useful for many applications and objects, some of which have 

been explained. They can mean a huge advantage in several aspects of technology and 

progress. For certain purposes, they can provide advantages over u

mechanical actuators in the sense that they require small operating voltages and 

eliminate the necessity of moving parts.

understand EAPs actuating and sensing mechanisms and to improve EAPs 

characteristics and develop suitable structures.
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: EAP actuator for application as dust wiper for planetary applications (Bar-cohen, 2004)

rover is depicted with the location of the dust wiper specified. In B the EAP 

dust wiper structure composed of an electrode in contact with the EAP material, which drives the dust wiper.

EAP materials can be useful for many applications and objects, some of which have 

been explained. They can mean a huge advantage in several aspects of technology and 

For certain purposes, they can provide advantages over usual hydraulic or 

mechanical actuators in the sense that they require small operating voltages and 

eliminate the necessity of moving parts. Nevertheless, more study is required to better 

understand EAPs actuating and sensing mechanisms and to improve EAPs 

characteristics and develop suitable structures. 

 

 

cohen, 2004). In A the 

rover is depicted with the location of the dust wiper specified. In B the EAP 

drives the dust wiper. 

EAP materials can be useful for many applications and objects, some of which have 

been explained. They can mean a huge advantage in several aspects of technology and 

sual hydraulic or 

mechanical actuators in the sense that they require small operating voltages and 

Nevertheless, more study is required to better 

understand EAPs actuating and sensing mechanisms and to improve EAPs 
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3. Project aim and description

 

The aim of the project is to develop an actuator 

techniques with the novelty of using no ionic liquid or solvent within the polymer 

membrane. Although actuation is not enhance by adding these substances, the material 

is not dried before manufacturing the actuator to perm

treatment is applied after the gold sputtering also with the aim to minimize costs.

We are going to build an ionic EAP actuator of IPMC type formed by a 

fluoropolymer electrolyte membrane

coated in both sides with gold, which serve as electrodes. 

by sputtering. 

Some prior tests and characterization are important to determine material properties 

that will determine the processing of the actuator, such as Differential Scanning 

Calorimetry (DSC) or Thermo

to select the conditions for the processing of the material in layers, as is going to be 

covered in other coming sections of this report. In order to be able to shape the material 

from pellets and control the thickness, a temperature higher than the T

attained.  

A low weight IPMC is obtained and specimens are cut out from the IPMC layer for 

characterization and also for actuation. Even though the processing techniques are not 

improving actuation or mechanical properties, we are going to prove that thi

eligible as a low cost actuator with suitable properties. 

 

3.1. Fluoropolymer: state of the art

The chosen fluoropolymer is a poly(tetrafluoroethylene) ionomer with sulfonic acid 

(-SO3H) side chains. Its application have been focus of study durin

because of its chemical and thermal resistance, as can be found in most fluoropolymers, 

and also because of its mechanical strength, ion
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Project aim and description 

The aim of the project is to develop an actuator with easy and low

techniques with the novelty of using no ionic liquid or solvent within the polymer 

membrane. Although actuation is not enhance by adding these substances, the material 

is not dried before manufacturing the actuator to permit the mobility of ions. No surface 

treatment is applied after the gold sputtering also with the aim to minimize costs.

We are going to build an ionic EAP actuator of IPMC type formed by a 

fluoropolymer electrolyte membrane processed as a layer with a hot

coated in both sides with gold, which serve as electrodes. The electrodes are deposited 

Some prior tests and characterization are important to determine material properties 

that will determine the processing of the actuator, such as Differential Scanning 

Calorimetry (DSC) or Thermo-gravimetric Analysis (TGA). These results are important 

for the processing of the material in layers, as is going to be 

covered in other coming sections of this report. In order to be able to shape the material 

from pellets and control the thickness, a temperature higher than the T

IPMC is obtained and specimens are cut out from the IPMC layer for 

characterization and also for actuation. Even though the processing techniques are not 

improving actuation or mechanical properties, we are going to prove that thi

eligible as a low cost actuator with suitable properties.  

Fluoropolymer: state of the art 

The chosen fluoropolymer is a poly(tetrafluoroethylene) ionomer with sulfonic acid 

H) side chains. Its application have been focus of study during the last decades 

because of its chemical and thermal resistance, as can be found in most fluoropolymers, 

and also because of its mechanical strength, ion-exchange and water adsorption 

 

with easy and low-cost processing 

techniques with the novelty of using no ionic liquid or solvent within the polymer 

membrane. Although actuation is not enhance by adding these substances, the material 

it the mobility of ions. No surface 

treatment is applied after the gold sputtering also with the aim to minimize costs. 

We are going to build an ionic EAP actuator of IPMC type formed by a 

processed as a layer with a hot-plate press and 

The electrodes are deposited 

Some prior tests and characterization are important to determine material properties 

that will determine the processing of the actuator, such as Differential Scanning 

results are important 

for the processing of the material in layers, as is going to be 

covered in other coming sections of this report. In order to be able to shape the material 

from pellets and control the thickness, a temperature higher than the Tg has to be 

IPMC is obtained and specimens are cut out from the IPMC layer for 

characterization and also for actuation. Even though the processing techniques are not 

improving actuation or mechanical properties, we are going to prove that this material is 

The chosen fluoropolymer is a poly(tetrafluoroethylene) ionomer with sulfonic acid 

g the last decades 

because of its chemical and thermal resistance, as can be found in most fluoropolymers, 

exchange and water adsorption 
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capacities (Perma Pure LLC, 2014)

characteristics of the material can be found in 

Because of this reason, 

corrosion resistance and they do not normally dissolve in solvents

Products Inc., 2006). 

The sulfonic acid group anchored to the fluoropolymer attributes some special 

characteristics as the ability to operate as an exchange membrane within solutions, to 

absorb water both in liquid or vapour state and, furthermore, to function as a catalyst for 

many chemical reactions because of its strong acid nature. 

Numerous studies regarding the microscopic

fluoropolymers have been made using several techniques. Results gave a wide number 

of different explanations and theories regarding the material structure. Very recent 

studies present some fluoropolymers as materials composed b

separated by wide channels of 0.3

hydrated, although the total number of clusters is seen to be diminished 

Moore, 2000; James et al.

Nevertheless, it is still unclear the shape or configura

Other studies were able to illustrate the water or ion liquid absorption propert

fluoropolymer membranes. 

fluoropolymer molecules strongly depends on temperature. The higher th

the more hydrated the membrane would be and the higher the mobility of ions within 

the membrane (Boyle, McBrierty, and Eisenberg

thermodynamic equilibrium will be set because of a change in vapour pressure. In DSC 

studies, endothermic peaks s

0ºC and lower for smaller water content, whereas exothermic peaks, higher with bigger 

water content, showed water crystallization in the membrane 

Pineri, Volino, and Escoubes

The fluoropolymer used 

behaviour, that is, viscous and elastic characteristics when undergoing deformation. 

Viscoelastic materials respond with energy loss to an applied load that is then removed, 
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(Perma Pure LLC, 2014). Further information about the chemical 

characteristics of the material can be found in Appendix I. 

Because of this reason, this kind of polymers exhibit very high chemical and 

corrosion resistance and they do not normally dissolve in solvents 

The sulfonic acid group anchored to the fluoropolymer attributes some special 

ility to operate as an exchange membrane within solutions, to 

absorb water both in liquid or vapour state and, furthermore, to function as a catalyst for 

many chemical reactions because of its strong acid nature.  

Numerous studies regarding the microscopic and nanoscopic structure of 

fluoropolymers have been made using several techniques. Results gave a wide number 

of different explanations and theories regarding the material structure. Very recent 

studies present some fluoropolymers as materials composed by ionic clusters of 5

separated by wide channels of 0.3-0.88nm long. Clusters increase their size when 

hydrated, although the total number of clusters is seen to be diminished 

2000; James et al., 2000; Gebel, 2000; Orfino and Holdcroft

Nevertheless, it is still unclear the shape or configuration of these clusters.

Other studies were able to illustrate the water or ion liquid absorption propert

fluoropolymer membranes. The most supported idea was that hydration of the 

fluoropolymer molecules strongly depends on temperature. The higher th

the more hydrated the membrane would be and the higher the mobility of ions within 

(Boyle, McBrierty, and Eisenberg, 1983). Also, when cooling, a new 

thermodynamic equilibrium will be set because of a change in vapour pressure. In DSC 

studies, endothermic peaks showed the melting point of water at temperatures close to 

0ºC and lower for smaller water content, whereas exothermic peaks, higher with bigger 

water content, showed water crystallization in the membrane (Yoshida and Miura

Pineri, Volino, and Escoubes, 1985).  

used is a polymeric material that exhibits viscoelastic 

behaviour, that is, viscous and elastic characteristics when undergoing deformation. 

Viscoelastic materials respond with energy loss to an applied load that is then removed, 

 

Further information about the chemical 

this kind of polymers exhibit very high chemical and 

 (Zeus Industrial 

The sulfonic acid group anchored to the fluoropolymer attributes some special 

ility to operate as an exchange membrane within solutions, to 

absorb water both in liquid or vapour state and, furthermore, to function as a catalyst for 

and nanoscopic structure of 

fluoropolymers have been made using several techniques. Results gave a wide number 

of different explanations and theories regarding the material structure. Very recent 

y ionic clusters of 5-30nm 

0.88nm long. Clusters increase their size when 

hydrated, although the total number of clusters is seen to be diminished (Gebel and 

2000; Orfino and Holdcroft, 2000). 

tion of these clusters. 

Other studies were able to illustrate the water or ion liquid absorption properties of 

The most supported idea was that hydration of the 

fluoropolymer molecules strongly depends on temperature. The higher the temperature, 

the more hydrated the membrane would be and the higher the mobility of ions within 

. Also, when cooling, a new 

thermodynamic equilibrium will be set because of a change in vapour pressure. In DSC 

howed the melting point of water at temperatures close to 

0ºC and lower for smaller water content, whereas exothermic peaks, higher with bigger 

(Yoshida and Miura, 1992; 

at exhibits viscoelastic 

behaviour, that is, viscous and elastic characteristics when undergoing deformation. 

Viscoelastic materials respond with energy loss to an applied load that is then removed, 
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unlike pure elastic materials. Relaxation (decrease of st

strain) and creep (rearrangement of polymer chain when subjected to stress) are two 

main characteristics of this kind of materials. 

stiffness, water or ionic liquid solution within 

is seen to be increased because of the presence of ions acting as cross

(Eisenberg and Kim, 1996)

material to have conductive properties 

serve as an actuator when coated both faces with electrodes.

Fluoropolymer actuators

to an hour at high temperatures and submerging the material after electrodin

acid solution such as sulphonic acid or hydrogen chloride (HCl) 

Franti Opekar and Svozil, 1995; Nguyen, Lee, and Yoo

Nouel and Fedkiw, 1998). The H

cations such as lithium (Li) or sodium (Na) just by immersing it into the desired cation 

hydroxide solution (Bhandari, 

of a solution of NaOH will change H

sodium chloride). Some others have also tried with directly submerging the material 

into water when actuating for 

1999). When water is present in the membrane

are created among them. Ions are able to move through these channels and to cha

position due to an electrical stimulus. 
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unlike pure elastic materials. Relaxation (decrease of stress when subjected to a constant 

strain) and creep (rearrangement of polymer chain when subjected to stress) are two 

main characteristics of this kind of materials. About mechanical characteristics such as 

stiffness, water or ionic liquid solution within the polymer is a key parameter. Stiffness 

is seen to be increased because of the presence of ions acting as cross

1996). When hydrated, the existence of ions also allows the 

material to have conductive properties (Bautista-Rodríguez et al., 2009)

serve as an actuator when coated both faces with electrodes. 

luoropolymer actuators have been prepared by soaking in water for a period close 

to an hour at high temperatures and submerging the material after electrodin

acid solution such as sulphonic acid or hydrogen chloride (HCl) (Kim et al.

1995; Nguyen, Lee, and Yoo, 2007; Uchida and Taya

. The H+ counterions of these acids can be changed for other 

cations such as lithium (Li) or sodium (Na) just by immersing it into the desired cation 

(Bhandari, Lee, and Ahn, 2012). For example, HCl in the presence 

of a solution of NaOH will change H+ proton for Na+, creating a chloride salt (NaCl, 

sodium chloride). Some others have also tried with directly submerging the material 

into water when actuating for maintaining the hydration constant (Opekar and Stulik

ater is present in the membrane water clusters form, and water channels 

are created among them. Ions are able to move through these channels and to cha

position due to an electrical stimulus. Which is the basis for actuation. 

 

ress when subjected to a constant 

strain) and creep (rearrangement of polymer chain when subjected to stress) are two 

bout mechanical characteristics such as 

the polymer is a key parameter. Stiffness 

is seen to be increased because of the presence of ions acting as cross-linking agents 

. When hydrated, the existence of ions also allows the 

2009) and, therefore, 

by soaking in water for a period close 

to an hour at high temperatures and submerging the material after electroding into an 

(Kim et al., 2011; 

2007; Uchida and Taya, 2001; 

these acids can be changed for other 

cations such as lithium (Li) or sodium (Na) just by immersing it into the desired cation 

. For example, HCl in the presence 

, creating a chloride salt (NaCl, 

sodium chloride). Some others have also tried with directly submerging the material 

(Opekar and Stulik, 

water clusters form, and water channels 

are created among them. Ions are able to move through these channels and to change 
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4. Pre-fabrication 

 

In this chapter the prior characterization of the material is going to be attained. In 

particular, Differential Scanning Calorimetry (DSC) and Thermo

(TGA) are going to be performed. We are going to use the information tak

these tests for the latter processing of the material.

 

4.1. Differential Scanning Calorimetry (DSC)

The differential scanning calorimeter used was a TA Instruments Q2000 equipped 

with Tzero cell technology and able to heat up to a temperature of 725º

of 50ºC/min. More additional information about DSC technique is available in 

II . 

Samples are placed in a capsule and closed hermetically using a press. The reference 

is another capsule of the same kind but empty.

used and mass was measured when samples were prepared. 

the DSC program for the thermal treatment are tabulated in 

Table 4: Values for the parameters needed 
DSC 

Temperature increase gradient [ºC/min]

Maximum temperature [ºC]

Time at maximum temperature [s]

Temperature decrease 

Different transitions 

crystallization point can be 

this study are explained in Appendix 
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abrication and pre-testing preparation 

In this chapter the prior characterization of the material is going to be attained. In 

particular, Differential Scanning Calorimetry (DSC) and Thermo-gravimetric Analysis 

(TGA) are going to be performed. We are going to use the information tak

these tests for the latter processing of the material. 

Differential Scanning Calorimetry (DSC) 

The differential scanning calorimeter used was a TA Instruments Q2000 equipped 

with Tzero cell technology and able to heat up to a temperature of 725ºC with high rates 

More additional information about DSC technique is available in 

Samples are placed in a capsule and closed hermetically using a press. The reference 

is another capsule of the same kind but empty. In this case, aluminium capsules were 

used and mass was measured when samples were prepared. The parameters inserted in 

the DSC program for the thermal treatment are tabulated in  Table 4. 

Values for the parameters needed to specify the thermal treatment to which samples are subjected in 

Parameter Value 

Gas Air 

Initial temperature [ºC] 20 

Temperature increase gradient [ºC/min] 10 

Maximum temperature [ºC] 325 

Time at maximum temperature [s] 30 

Temperature decrease gradient [ºC/min] 10 

Final temperature [ºC] 20 

Sample interval [s] 1 

 such as glass transition temperature (T

 found using a DSC machine, the most characteristic ones for 

Appendix II .  

 

In this chapter the prior characterization of the material is going to be attained. In 

gravimetric Analysis 

(TGA) are going to be performed. We are going to use the information taken out of 

The differential scanning calorimeter used was a TA Instruments Q2000 equipped 

C with high rates 

More additional information about DSC technique is available in Appendix 

Samples are placed in a capsule and closed hermetically using a press. The reference 

In this case, aluminium capsules were 

The parameters inserted in 

to specify the thermal treatment to which samples are subjected in 

such as glass transition temperature (Tg), melting or 

he most characteristic ones for 
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In Figure 20 one can see the DSC results for this fluoropolyme

Heat Flow (W/g) vs. Temperature (ºC). Exothermic peaks are shown upwards and some 

data is also specified in the figure.

Melting occurs at 256ºC and the T

can be seen at 170ºC but no explanation has been reached not in the literature nor by 

using other characterization techniques, although we consider that it may be caused by 

the evaporation of some solvent.

Figure 20: DSC results for the fluoropolymer used as a base for an IPMC actuator.

endothermic peak at 170ºC are amplified under the main DSC curve for better observation.

 

4.2. Thermo-gravimetric Analysis (TGA)

The TGA used was a TA instruments Q50 that is composed by two thermocouples. 

One of them is placed directly in contact to the sample whereas the other is placed 

above it. Both thermocouples function at the same time with 

order to control the temperature measurements precisely, and the temperature readings 

serve as feedback to re-adjust the desired temperature. Q50 TGA is equipped with a 
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one can see the DSC results for this fluoropolymer in a gra

emperature (ºC). Exothermic peaks are shown upwards and some 

data is also specified in the figure. 

Melting occurs at 256ºC and the Tg is found at 145ºC . Another endothermic 

can be seen at 170ºC but no explanation has been reached not in the literature nor by 

her characterization techniques, although we consider that it may be caused by 

evaporation of some solvent. 

: DSC results for the fluoropolymer used as a base for an IPMC actuator.

endothermic peak at 170ºC are amplified under the main DSC curve for better observation.

gravimetric Analysis (TGA)  

TGA used was a TA instruments Q50 that is composed by two thermocouples. 

One of them is placed directly in contact to the sample whereas the other is placed 

above it. Both thermocouples function at the same time with the same heating rate in 

order to control the temperature measurements precisely, and the temperature readings 

adjust the desired temperature. Q50 TGA is equipped with a 

 

r in a graph showing 

emperature (ºC). Exothermic peaks are shown upwards and some 

Another endothermic peak 

can be seen at 170ºC but no explanation has been reached not in the literature nor by 

her characterization techniques, although we consider that it may be caused by 

 

: DSC results for the fluoropolymer used as a base for an IPMC actuator.  The Tg and the 

endothermic peak at 170ºC are amplified under the main DSC curve for better observation. 

TGA used was a TA instruments Q50 that is composed by two thermocouples. 

One of them is placed directly in contact to the sample whereas the other is placed 

the same heating rate in 

order to control the temperature measurements precisely, and the temperature readings 

adjust the desired temperature. Q50 TGA is equipped with a 
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horizontal purge gas system that purge gas across the sample a

backflow and minimize buoyancy effects 

about the TGA technique is availab

A 5.5mg sample was prepared and subjected to study in the TGA machine. 

Parameters that were needed to insert to the program are specified in 

Figure 21 it is possible to see the percentage of weight varying with temperature

Degradation can be seen to start at around 322ºC and be completed at 500ºC with a 

91.3% mass loss. Even though samples were not dried before performing TGA, n

significant water content is present in the sample: less than a 0.5% weight decrease is 

reported from 90 to 110ºC. Furthermore, 

160 to 180ºC, the range where the unexpected endothermic peak of the DSC appeared. 

No relevant residual mass is obtained at the end of the process.

Initial 

Final temperature [ºC]

Sample mass [mg]

Temperature increase r

Cooling time [min]

Sample interval [s]

Table 5: Values for the parameters needed to specify the thermal 
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horizontal purge gas system that purge gas across the sample and is also able to prevent 

backflow and minimize buoyancy effects (TA Instruments, 2012b). More information 

about the TGA technique is available in Appendix III. 

A 5.5mg sample was prepared and subjected to study in the TGA machine. 

Parameters that were needed to insert to the program are specified in 

it is possible to see the percentage of weight varying with temperature

Degradation can be seen to start at around 322ºC and be completed at 500ºC with a 

Even though samples were not dried before performing TGA, n

significant water content is present in the sample: less than a 0.5% weight decrease is 

ed from 90 to 110ºC. Furthermore, less than a 0.2% weight variation is seen from 

160 to 180ºC, the range where the unexpected endothermic peak of the DSC appeared. 

residual mass is obtained at the end of the process. 

Parameter Value 

Initial temperature [ºC] 20 

Final temperature [ºC] 900 

Sample mass [mg] 5.53 

Temperature increase rate [ºC/min] 10 

Cooling time [min] 20 

Sample interval [s] 1 

Gas Air 

: Values for the parameters needed to specify the thermal treatment to which samples are subjected in 

TGA. 

 

nd is also able to prevent 

More information 

A 5.5mg sample was prepared and subjected to study in the TGA machine. 

Parameters that were needed to insert to the program are specified in Table 5. From 

it is possible to see the percentage of weight varying with temperature. 

Degradation can be seen to start at around 322ºC and be completed at 500ºC with a 

Even though samples were not dried before performing TGA, no 

significant water content is present in the sample: less than a 0.5% weight decrease is 

less than a 0.2% weight variation is seen from 

160 to 180ºC, the range where the unexpected endothermic peak of the DSC appeared. 

treatment to which samples are subjected in 
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Figure 21: TGA results for the fluoropolymer used as a base for an IPMC actuator.
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: TGA results for the fluoropolymer used as a base for an IPMC actuator.

 

 

: TGA results for the fluoropolymer used as a base for an IPMC actuator. 
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5. Fabrication of the Ionic Polymer

 

This chapter is dedicated to the explanation of the preparation and building 

process of the IPMC actuator. A

polymeric thin membrane coated in both sides with metallic electrodes.

The membrane is processed using a hot

require thickness, since a thin membrane (in the micrometer scale) need to be achieved. 

Gold electrodes are deposited by sputtering on the membrane surfaces.

In contrast to what is explained 

membranes were not soaked in water 

improve its actuation properties. As a

role hydrating the membranes. 

films or change the counterion present in the membrane, as is reported and mentioned 

previously in this report to be nee

manner, and actuation occurred as well. This project is going to take this material and 

characterize it mechanically, electrically and, of course, study its actuation performance 

as an IPMC. 

Two different fluoropolymer 

IPMC actuator. In the first part of this chapter, a description of this process is 

followed by the electroding process.

this process, from which actuators of about 15x4mm are cut.

 

5.1. Fabrication and characterization

Two different fluoropolymer 

was already puschased as a film

form of pellets of 3x4mm and 1.25g/cc

With the purpose of easy processing, beads were subjected to a Hot

produce a film.  
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Fabrication of the Ionic Polymer-Metal Composite

This chapter is dedicated to the explanation of the preparation and building 

cess of the IPMC actuator. An IPMC is a sandwich structure 

polymeric thin membrane coated in both sides with metallic electrodes. 

The membrane is processed using a hot-plate press in order to achieve the 

require thickness, since a thin membrane (in the micrometer scale) need to be achieved. 

des are deposited by sputtering on the membrane surfaces. 

In contrast to what is explained previously in this document, 

soaked in water or submerged in any kind of acid solution to 

improve its actuation properties. As an alternative, ambient humidity plays a significant 

role hydrating the membranes. No pre- or post-treatment is performed to hydrate the 

films or change the counterion present in the membrane, as is reported and mentioned 

previously in this report to be needed. Rough actuation tests were performed in this 

manner, and actuation occurred as well. This project is going to take this material and 

characterize it mechanically, electrically and, of course, study its actuation performance 

luoropolymer types are studied for building the electrolyte of a

IPMC actuator. In the first part of this chapter, a description of this process is 

followed by the electroding process. IPMCs of about 8-10cm diameter are obtained with 

s, from which actuators of about 15x4mm are cut. 

and characterization of the EAP 

fluoropolymer were tested and prepared for actuation. One of them

as a film of 50.8µm thick and 100g/m2 and the other one

of 3x4mm and 1.25g/cc.  

With the purpose of easy processing, beads were subjected to a Hot

 

Metal Composite 

This chapter is dedicated to the explanation of the preparation and building 

 composed by a 

  

plate press in order to achieve the 

require thickness, since a thin membrane (in the micrometer scale) need to be achieved. 

 

his document, in this case, the 

or submerged in any kind of acid solution to 

n alternative, ambient humidity plays a significant 

treatment is performed to hydrate the 

films or change the counterion present in the membrane, as is reported and mentioned 

ded. Rough actuation tests were performed in this 

manner, and actuation occurred as well. This project is going to take this material and 

characterize it mechanically, electrically and, of course, study its actuation performance 

types are studied for building the electrolyte of an 

IPMC actuator. In the first part of this chapter, a description of this process is provided, 

10cm diameter are obtained with 

were tested and prepared for actuation. One of them 

and the other one came in 

With the purpose of easy processing, beads were subjected to a Hot-Press Plate to 
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5.1.1. Fabrication from 

Two processing methods were tried for 

1st method: cut a piece directly from the film and coat it with gold electrodes in 

both surfaces. 

2nd method: subject a piece of 

Figure 22 up to a temperature of 280ºC for 5 minutes in a

slow rate cooling to room temperature

membrane not to be in direct contact to the heating plate. In order to avoid adherence of 

the material to the glass support, Teflon was put

slides. After the heat treatment, 

sputtering.  

Figure 22: Temperature treatment in heating plate for film specimens. From 25ºC room tempera

280ºC in 11 min (+20

Crystallization occurred

sample when heat-treated are very much increased when compared to the original

Nonetheless, samples were 

5.1.2. Fabrication from

Several experiments were performed to beads to improve the fabrication procedure 

and obtain better sample characteristics. 

such as ambient humidity, or controlled, such as maximum temperature, pressure or 
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rom fluoropolymer films 

Two processing methods were tried for the fluoropolymer membrane.

: cut a piece directly from the film and coat it with gold electrodes in 

method: subject a piece of the material to the heat-treatment 

up to a temperature of 280ºC for 5 minutes in a heating plate followed by a 

slow rate cooling to room temperature (25ºC). Glass slides were used as support for the 

membrane not to be in direct contact to the heating plate. In order to avoid adherence of 

the material to the glass support, Teflon was put in between the material and the glass 

slides. After the heat treatment, gold electrodes were deposited in both surfaces by 

: Temperature treatment in heating plate for film specimens. From 25ºC room tempera

min (+20ºC/min approx.) and back to RT in 11 min (-20ºC/min approx

Crystallization occurred during the treatment. The brittleness and fragility of the 

treated are very much increased when compared to the original

 gold-coated and tried for actuation with negative results

rom fluoropolymer beads 

Several experiments were performed to beads to improve the fabrication procedure 

and obtain better sample characteristics. Some important parameters were recorded, 

such as ambient humidity, or controlled, such as maximum temperature, pressure or 

5 10 15 20 25 30

Time [min]

 

membrane. 

: cut a piece directly from the film and coat it with gold electrodes in 

treatment schematized in 

heating plate followed by a 

(25ºC). Glass slides were used as support for the 

membrane not to be in direct contact to the heating plate. In order to avoid adherence of 

in between the material and the glass 

in both surfaces by 

 

: Temperature treatment in heating plate for film specimens. From 25ºC room temperature (RT) to 

ºC/min approx.) 

The brittleness and fragility of the 

treated are very much increased when compared to the original film. 

with negative results. 

Several experiments were performed to beads to improve the fabrication procedure 

important parameters were recorded, 

such as ambient humidity, or controlled, such as maximum temperature, pressure or 

35
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temperature rate, in order to optimize the characteristics of the material and its 

performance against mechanical and electrical tests.

LabPro 400 Hot-Plate press was used to perform the heat

in order to melt the pellets and produce a film, also by the application of pressure. 

Different lay-ups and temperature treatments were tried and are described in the next 

paragraphs. 

5.1.2.1. Lay-ups for using in hot

In order that the material 

material has to be placed sandwiching the beads. 

advantages and disadvantages are going to be explained in this 

1st lay-up: as Figure 2

where pellets are placed. Samples fabricated with thi

of the non-uniform surface of the Teflon sheet used. The drawback of this method is 

that rugosity may affect stiffness or strength of the manufactured material. However, 

union among pellets can be successfully achieved.

2nd lay-up: the same concept is used as in the first lay

Figure 23-A, but using Kapton instead of Teflon.

smoother and hence, when subjected to the press, sheets will not show rugosity, as in 

the previous case. Nevertheless, as can be seen in 

present in a circular pattern that are thought to be due to some kind of solvent that could 

not exit the sample set-

uniformities, which as happens in the previous case, may lead to a decrease in 

mechanical capacities of the material. 

3rd lay-up: metal bands were used in between the press plates to control the 

resulting membrane thickness. 

of the resulting fluoropolymer sheet. 

the first lay-up. Figure 23

possible from the beads not to create a thermal gradient within the mate

cause some parts of the membrane to melt faster. Again, Teflon produced surface 

rugosity in the membrane, as happened for the first case.
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temperature rate, in order to optimize the characteristics of the material and its 

performance against mechanical and electrical tests. 

Plate press was used to perform the heat-treatment to the material 

pellets and produce a film, also by the application of pressure. 

ups and temperature treatments were tried and are described in the next 

ups for using in hot-plate press 

the material did not to stick to the press surface, a low adherence 

placed sandwiching the beads. Several set-ups were tried and their 

advantages and disadvantages are going to be explained in this part of the chapter

Figure 23-A depicts, Teflon was used as the low adherence material

Samples fabricated with this lay-up showed rugosity because 

uniform surface of the Teflon sheet used. The drawback of this method is 

that rugosity may affect stiffness or strength of the manufactured material. However, 

union among pellets can be successfully achieved. 

up: the same concept is used as in the first lay-up structure, also following 

, but using Kapton instead of Teflon. Kapton sheet surface is much 

smoother and hence, when subjected to the press, sheets will not show rugosity, as in 

ous case. Nevertheless, as can be seen in Figure 24, some wrinkles were 

present in a circular pattern that are thought to be due to some kind of solvent that could 

-up once evaporated. Wrinkles still mean surface non

ich as happens in the previous case, may lead to a decrease in 

mechanical capacities of the material.  

up: metal bands were used in between the press plates to control the 

resulting membrane thickness. Thickness of the bands depend on the desired t

of the resulting fluoropolymer sheet. Teflon as also used to sandwich the pellets, as in 

3-B shows this lay-up. Metal bands were placed the farthest 

ot to create a thermal gradient within the mate

cause some parts of the membrane to melt faster. Again, Teflon produced surface 

rugosity in the membrane, as happened for the first case. 

 

temperature rate, in order to optimize the characteristics of the material and its 

treatment to the material 

pellets and produce a film, also by the application of pressure. 

ups and temperature treatments were tried and are described in the next 

a low adherence 

ups were tried and their 

part of the chapter. 

depicts, Teflon was used as the low adherence material 

up showed rugosity because 

uniform surface of the Teflon sheet used. The drawback of this method is 

that rugosity may affect stiffness or strength of the manufactured material. However, 

up structure, also following 

Kapton sheet surface is much 

smoother and hence, when subjected to the press, sheets will not show rugosity, as in 

, some wrinkles were 

present in a circular pattern that are thought to be due to some kind of solvent that could 

still mean surface non-

ich as happens in the previous case, may lead to a decrease in 

up: metal bands were used in between the press plates to control the 

Thickness of the bands depend on the desired thickness 

Teflon as also used to sandwich the pellets, as in 

Metal bands were placed the farthest 

ot to create a thermal gradient within the material that would 

cause some parts of the membrane to melt faster. Again, Teflon produced surface 
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4th lay-up: metal bands 

illustrated in Figure 23-C. 

the areas of the membrane that were closer to them were slightly degraded, presenting a 

yellow-brown colour. If temperature was decreased, beads did not fully join.

Figure 23: Fabrication lay

Figure 24: Circular pattern in film processed with Kapton layers. Absence of rugosity may have been 

provok

Bearing in mind the information about the four different cases above explained

gathered in Table 6, it was decided to implement lay

As the surface would be non

have slight rugosity evenly spattered throughout the whole film than the abrupt surface 

changes found as wrinkles when Kapton was used. Also, it is important to control the 

thickness of the film with metal bands rathe

thickness. 
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up: metal bands with a smooth surface were used sandwiching 

 As metal bands are good heat conductors, it was found that 

the areas of the membrane that were closer to them were slightly degraded, presenting a 

brown colour. If temperature was decreased, beads did not fully join.

: Fabrication lay-ups for fluoropolymer beads to press in LabPro 400 Hot

 

: Circular pattern in film processed with Kapton layers. Absence of rugosity may have been 

provoked for the impossibility to exit of some gas solvent. 

Bearing in mind the information about the four different cases above explained

, it was decided to implement lay-up 3 for the production of films. 

As the surface would be non-uniform using either Teflon or Kapton, it is preferred to 

have slight rugosity evenly spattered throughout the whole film than the abrupt surface 

changes found as wrinkles when Kapton was used. Also, it is important to control the 

thickness of the film with metal bands rather than just manufacture it getting a random 

 

were used sandwiching the pellets, as 

As metal bands are good heat conductors, it was found that 

the areas of the membrane that were closer to them were slightly degraded, presenting a 

brown colour. If temperature was decreased, beads did not fully join. 

 

ups for fluoropolymer beads to press in LabPro 400 Hot-Plate press. 

: Circular pattern in film processed with Kapton layers. Absence of rugosity may have been 

Bearing in mind the information about the four different cases above explained, 

up 3 for the production of films. 

r Teflon or Kapton, it is preferred to 

have slight rugosity evenly spattered throughout the whole film than the abrupt surface 

changes found as wrinkles when Kapton was used. Also, it is important to control the 

r than just manufacture it getting a random 
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Table 6: Comparison of lay-up methods for processing fluoropolymer
part of the table the different parts of the lay
table observations, advantages and disadvantages are recorded.

Lay-up 1st 

Teflon for low 

adherence 
X 

Kapton for 

low adherence 
- 

Metal bands - 

Observations Rugosity

Advantages 
Suitable union 

among pellets

Disadvantages 

May affect stiffness 

or strength

No thickness 

control

 

5.1.2.2. Thermal treatment for fabricating the membrane form 

beads 

Regarding the thermal treatment,

of processing and obtaining a

Variable factors include maximum temperature, temperature gradients to heat up and 

cool down the material. In Table 
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up methods for processing fluoropolymer beads into membranes. In the upper 
part of the table the different parts of the lay-up are specified (‘X’ where present). In the lower part of the 
table observations, advantages and disadvantages are recorded. 

 2nd 3rd 

 - X 

X - 

- X 

Rugosity Wrinkles Rugosity 

Suitable union 

among pellets 

Smooth surface 

among wrinkles 

Thickness 

control 

stiffness 

or strength 

No thickness 

control 

May affect stiffness 

or strength 

No thickness 

control 

May affect 

stiffness or 

strength 

Thermal treatment for fabricating the membrane form 

Regarding the thermal treatment, several procedures were used to optimize the time 

obtaining a membrane suitable for the purpose of this project. 

Variable factors include maximum temperature, temperature gradients to heat up and 

Table 7 these processes are summarized. 

 

beads into membranes. In the upper 
up are specified (‘X’ where present). In the lower part of the 

4th 

- 

- 

X 

Degraded 

Smooth surface 

Unsuitable union 

among pellets. 

May affect material 

properties 

Thermal treatment for fabricating the membrane form fluoropolymer 

were used to optimize the time 

membrane suitable for the purpose of this project. 

Variable factors include maximum temperature, temperature gradients to heat up and 
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Table 7: Thermal treatments specifications for processing of fluoropolymer beads in a hot
produce layers. 

Thermal 

treatment 

Maximum 

temperature 

[ºC] 

1 255 

2 210 

3 200 

4 200 

5  190 

 

The first thermal treatme

is shown in Figure 25. Samples

yellow colour, presumably because of material degradation

Figure 25: Temperature treatment in press for the two first

(+10ºC/min), stay in 255ºC for 5 min and back to RT in 23 min (
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ts specifications for processing of fluoropolymer beads in a hot

Temperature 

rise rate 

[ºC/min] 

Temperature 

decrease 

rate [ºC/min] 

Observations

10 -10 

10 -10 
Fast cooling marks

10 -10 

10 -3 

Appropriate union 

among pellets and 

surface finish

10 -3 
Innadequate 

among pellets

he first thermal treatment was designed to reach 255ºC. This temperature profile 

Samples prepared according to this method showed a slight 

yellow colour, presumably because of material degradation, as shown in 

: Temperature treatment in press for the two first beads samples from RT up to

(+10ºC/min), stay in 255ºC for 5 min and back to RT in 23 min (-10ºC/min)

10 20 30 40 50

Time [min]

 

ts specifications for processing of fluoropolymer beads in a hot-plate press to 

Observations 

Degraded 

Fast cooling marks 

Appropriate union 

among pellets and 

surface finish 

Innadequate union 

among pellets 

This temperature profile 

prepared according to this method showed a slight 

, as shown in Figure 26.  

 

beads samples from RT up to 255ºC in 23 min 

10ºC/min) 

60
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Figure 26:Sample treated at maximum temperature of 255ºC showing yellow colour caused by degradation of 

Therefore, 250ºC was set as

thermal treatments were set in order to minimize degradation. The lower limit was set 

by the polymer glass transition temperature, above which 

Hence, treatments 2-5 are designed with maximum temperatures from 190 to 210ºC. 

While treatment 5 did not give satisfactory results because of deficient adhesion 

among pellets (190ºC might be too low), treatments 2 and 3 reflect the adverse 

consequences of fast cooling in 

mechanical characteristics worsening. For this case, other treatments were designed to 

avoid fast cooling consequences. Treatment 4 present an appropriate maximum 

temperature and also appropriate temperature increasing and decreasing rates. The 

temperature profile is shown in 

section 4.2. we can see that there is about a 9% weight that corresponds to the 

elimination of solvent during the processing of the material.
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:Sample treated at maximum temperature of 255ºC showing yellow colour caused by degradation of 

the material. 

set as  an upper limit for this treatment. Other possibilities for 

thermal treatments were set in order to minimize degradation. The lower limit was set 

by the polymer glass transition temperature, above which the polymer 

5 are designed with maximum temperatures from 190 to 210ºC. 

While treatment 5 did not give satisfactory results because of deficient adhesion 

among pellets (190ºC might be too low), treatments 2 and 3 reflect the adverse 

consequences of fast cooling in the form of marks (see Figure 27) that may trigger 

mechanical characteristics worsening. For this case, other treatments were designed to 

avoid fast cooling consequences. Treatment 4 present an appropriate maximum 

temperature and also appropriate temperature increasing and decreasing rates. The 

profile is shown in Figure 28. Correlating this data with the TGA results in 

we can see that there is about a 9% weight that corresponds to the 

elimination of solvent during the processing of the material. 

 

:Sample treated at maximum temperature of 255ºC showing yellow colour caused by degradation of 

an upper limit for this treatment. Other possibilities for 

thermal treatments were set in order to minimize degradation. The lower limit was set 

the polymer can be shaped. 

5 are designed with maximum temperatures from 190 to 210ºC.  

While treatment 5 did not give satisfactory results because of deficient adhesion 

among pellets (190ºC might be too low), treatments 2 and 3 reflect the adverse 

that may trigger 

mechanical characteristics worsening. For this case, other treatments were designed to 

avoid fast cooling consequences. Treatment 4 present an appropriate maximum 

temperature and also appropriate temperature increasing and decreasing rates. The 

Correlating this data with the TGA results in 

we can see that there is about a 9% weight that corresponds to the 
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Figure 27:Sample processed with a cooling rate of 

Pressure at which the material is being subjected during the treatment was also 

varied when a bigger amount of beads where considered for manufacturing in ord

achieve a membrane of the desired thickness. If metal bands 

B, the pressure need not to be so much regulated t

needs to be high enough to layer the pellets to

the metal bands would prevent the hot

Figure 28: Final temperature treatment in press for

at +10ºC/min, stay in the maximum temperature for 5 min and back to RT at 

 After collecting and analysing the results for the five different heat treatments 

and implementing them with the third lay

for the hot-plate press, the fourth heat treatment

give the best results in terms of absence of degradation, absence of flaws because of 

abrupt temperature changes, joining of pellets and thickness control. These parameters 

are consequently going to be used from here on when producing
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:Sample processed with a cooling rate of -10º/min showing imperfections because of fast cooling,

Pressure at which the material is being subjected during the treatment was also 

varied when a bigger amount of beads where considered for manufacturing in ord

achieve a membrane of the desired thickness. If metal bands were used, as in 

, the pressure need not to be so much regulated to obtain a particular thickness but it 

needs to be high enough to layer the pellets to the thickness of the metal 

the metal bands would prevent the hot-plate press to press further. 

 

: Final temperature treatment in press for beads samples from RT up to the maximum temperature 

ay in the maximum temperature for 5 min and back to RT at 

After collecting and analysing the results for the five different heat treatments 

and implementing them with the third lay-up using metal bands as blocking structures 

s, the fourth heat treatment using a pressure of 25kN 

give the best results in terms of absence of degradation, absence of flaws because of 

abrupt temperature changes, joining of pellets and thickness control. These parameters 

ing to be used from here on when producing layers. 

20 40 60 80 100

Time [min]

 

10º/min showing imperfections because of fast cooling, 

Pressure at which the material is being subjected during the treatment was also 

varied when a bigger amount of beads where considered for manufacturing in order to 

were used, as in Figure 23-

o obtain a particular thickness but it 

the thickness of the metal shims. Then, 

 

beads samples from RT up to the maximum temperature 

ay in the maximum temperature for 5 min and back to RT at -3º/min 

After collecting and analysing the results for the five different heat treatments 

up using metal bands as blocking structures 

using a pressure of 25kN showed to 

give the best results in terms of absence of degradation, absence of flaws because of 

abrupt temperature changes, joining of pellets and thickness control. These parameters 

 

100
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Tensile test in an INSTRON machine and Scanning Electron Microscopy (SEM) 

were performed to characterize the EAP.

5.1.3. Mechanical characterization of the EAP

In Figure 29 and Table 

membrane sheet prepared as aforementioned and prepared for the tensile test attaching 

cardboard tabs in both ends with a cyanoacrylate adhesive. As it was desired not only to 

document the stress-strain curve and the elastic modulus of the material but also the 

way it deformed when subjected to tension, VIC

measurement system was used. Movement within the 2D plane is possible to be 

determined and strains from 50 to over 20

consisted on painting the specimens’ surfaces in white and then speckle them in black 

so a great contrast between both colours is achieved. 

Figure 29:Sketch of an specimen used for ten

blue the cardboard tabs and black speckles all over the surface to perform 2D digital image correlation

Table 8: Dimensions for fluoropolymer
1mm/min strain rate. 

The next step was to set the samples in the INSTRON machine and 

measuring system appropriately focusing in the desired area and proceed with the 

tensile test. The strain rate was set to 1 mm/min and the VIC measuring system was set 

to take a photo every second during the tensile test.

Results for the tensile tests are a set of values of time, specimen extension, loading, 

tensile strain and tensile stress. Thanks to these values, the stress

obtained and Young’s modulus can be calculated to be 
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Tensile test in an INSTRON machine and Scanning Electron Microscopy (SEM) 

were performed to characterize the EAP. 

haracterization of the EAP 

Table 8 specimens measures are specified. They were cut out of a 

membrane sheet prepared as aforementioned and prepared for the tensile test attaching 

cardboard tabs in both ends with a cyanoacrylate adhesive. As it was desired not only to 

ain curve and the elastic modulus of the material but also the 

way it deformed when subjected to tension, VIC-2D digital image correlation 

measurement system was used. Movement within the 2D plane is possible to be 

determined and strains from 50 to over 2000. The sample preparation for this process 

consisted on painting the specimens’ surfaces in white and then speckle them in black 

so a great contrast between both colours is achieved.  

:Sketch of an specimen used for tensile test in an INSTRON machine. In white the fluoropolymer, in 

blue the cardboard tabs and black speckles all over the surface to perform 2D digital image correlation

Dimensions for fluoropolymer specimens subjected to tensile test in an INSTRON machine at 

Dimension [mm] 

Total length  63.5 ± 5 

Gage length  23.0 ± 5 

Width  3.18 ± 0.03 

Thickness  0.21 ± 0.04 

The next step was to set the samples in the INSTRON machine and 

measuring system appropriately focusing in the desired area and proceed with the 

tensile test. The strain rate was set to 1 mm/min and the VIC measuring system was set 

to take a photo every second during the tensile test. 

e tests are a set of values of time, specimen extension, loading, 

tensile strain and tensile stress. Thanks to these values, the stress-strain curve can be 

obtained and Young’s modulus can be calculated to be around 180MPa at the linear 

 

Tensile test in an INSTRON machine and Scanning Electron Microscopy (SEM) 

specimens measures are specified. They were cut out of a 

membrane sheet prepared as aforementioned and prepared for the tensile test attaching 

cardboard tabs in both ends with a cyanoacrylate adhesive. As it was desired not only to 

ain curve and the elastic modulus of the material but also the 

2D digital image correlation 

measurement system was used. Movement within the 2D plane is possible to be 

00. The sample preparation for this process 

consisted on painting the specimens’ surfaces in white and then speckle them in black 

 

sile test in an INSTRON machine. In white the fluoropolymer, in 

blue the cardboard tabs and black speckles all over the surface to perform 2D digital image correlation 

specimens subjected to tensile test in an INSTRON machine at 

The next step was to set the samples in the INSTRON machine and set the VIC 

measuring system appropriately focusing in the desired area and proceed with the 

tensile test. The strain rate was set to 1 mm/min and the VIC measuring system was set 

e tests are a set of values of time, specimen extension, loading, 

strain curve can be 

180MPa at the linear 
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region of the curve, i.e. strains from 0.07230 to 0.08480

average results for maximum load applied to the specimens, ma

maximum strain, together with a stress

values for each specimen can be seen in 

curves. 

Table 9: Average of the results from the INSTRON tensile test performed to 8 specimens.

Maximum load

Maximum stress [MPa]

Maximum strain [mm/mm]

Young’s modulus [MPa]

Figure 30: Example of a stress-strain curve for one of the specimens tested under tension in an INSTRON 
machine, without accounting for the prior adjustments of the equipment.

VIC equipment shows results of deformation within the layer by correlating 

images. In this way, we can see the areas with higher degree of deformation in the 

polymer. An example of this can be seen in 
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strains from 0.07230 to 0.08480. In Table 9 it is also shown the 

average results for maximum load applied to the specimens, maximum stress and 

maximum strain, together with a stress-strain curve example in Figure 30

values for each specimen can be seen in Appendix IV together with the stress

: Average of the results from the INSTRON tensile test performed to 8 specimens. 

 Value 

Maximum load applied [N] 9.9 ± 0.8 

Maximum stress [MPa] 17.1 ± 1.4 

Maximum strain [mm/mm] 0.39 ± 0.12 

Young’s modulus [MPa] 180 ± 45 

strain curve for one of the specimens tested under tension in an INSTRON 
accounting for the prior adjustments of the equipment. 

VIC equipment shows results of deformation within the layer by correlating 

we can see the areas with higher degree of deformation in the 

polymer. An example of this can be seen in Figure 31. 

0,157 0,207 0,257 0,307 0,357

Tensile strain [mm/mm]

 

it is also shown the 

ximum stress and 

Figure 30. The actual 

together with the stress-strain 

 

 

strain curve for one of the specimens tested under tension in an INSTRON 

VIC equipment shows results of deformation within the layer by correlating 

we can see the areas with higher degree of deformation in the 

0,407
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Figure 31: 2D-VIC digital image co

5.1.4. Scanning Electron Microscope 

A Zeiss Evo MA15 SEM has been used for morphology analysis of the 

fluoropolymer membranes as well as for the chemical composition of the samples. It 

is equipped with chemical microanalysis EDS Oxford  INCA350. 

information about SEM is available in 

Several different samples of about 25mm

~60nm chromium layer by sputtering. Information about the samples is arranged in 

Table 10.  

Table 10: Samples of EAP prepared for SEM. 
tested. Every sample was coated with Cr to obtain SEM images.

Sample 

1.1 

1.2 Burnt EAP sample

1.3 

1.4 Normal, plain 
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VIC digital image correlation results on the deformation of the EAP subjected to tension in a 
INSTRON machine.  

Scanning Electron Microscope (SEM) characterization of the 

MA15 SEM has been used for morphology analysis of the 

fluoropolymer membranes as well as for the chemical composition of the samples. It 

is equipped with chemical microanalysis EDS Oxford  INCA350. 

information about SEM is available in Appendix V. 

Several different samples of about 25mm2 were prepared and covered with a 

~60nm chromium layer by sputtering. Information about the samples is arranged in 

prepared for SEM. Four samples with different characteristics were prepared and 
very sample was coated with Cr to obtain SEM images.  

Characteristics 

Normal, plain EAP sample 

sample for high temperature processing in hot

EAP sample tested in tension until failure 

Normal, plain EAP sample, cross-section image

 

 

rrelation results on the deformation of the EAP subjected to tension in a 

the EAP 

MA15 SEM has been used for morphology analysis of the 

fluoropolymer membranes as well as for the chemical composition of the samples. It 

is equipped with chemical microanalysis EDS Oxford  INCA350. More general 

were prepared and covered with a 

~60nm chromium layer by sputtering. Information about the samples is arranged in 

samples with different characteristics were prepared and 

for high temperature processing in hot-plate press 

image 



Ionic Polymer
                    manufacturing and characterization
 Fabrication of the Ionic Polymer

 

 By SEM images one could onl

tensile test (see Figure 32)

1.1 and 1.2 (Figure 33). 

Figure 32:SEM image for sample 

Figure 33: SEM image for sample 

Samples 1.4 was thought to study the thickness of the membranes once 

processed. The aim was to observe any porosity. 

no porosity can be distinguished in the memb
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By SEM images one could only observe some tears in sample 1.

). These results contrast with the smooth surface of samples 

:SEM image for sample 1.3 showing tears in the sample as a result of a tensile test

material prior to SEM. 

: SEM image for sample 1.1. It shows a smooth surface. 

was thought to study the thickness of the membranes once 

processed. The aim was to observe any porosity. Figure 34  show these results, a

no porosity can be distinguished in the membranes. 

 

1.3 because of the 

he smooth surface of samples 

 

showing tears in the sample as a result of a tensile test performed to the 

 

was thought to study the thickness of the membranes once 

show these results, although 
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Figure 34: SEM image for sample 

 

5.2. Fabrication and characterization

Composite 

Gold was deposited in the surfaces of 

electrode materials were thought such as carbon nanotubes because of previous studies 

in ionic actuators (Liu et al.,

5.2.1. Gold deposited electrode

An appropriate electrode need

literature, noble metals are preferred for their excellent conductivity. Also, one has to 

bear in mind that an electrode presenting excessive stiffness will not allow a 

motion of the actuator and a

gold was chosen as the noble

physical vapour deposition technique. This method enables a fast and simple way of 

coating the samples. Thickness of t

establishing specific parameters of current intensity and time of deposition.  
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r sample 1.4 showing the fluoropolymer membrane thickness in a cross

view. No porosity can be distinguished. 

and characterization of the Ionic Polymer

deposited in the surfaces of EAP films and tried for actuation.

electrode materials were thought such as carbon nanotubes because of previous studies 

et al., 2010). 

electrode 

An appropriate electrode needs to be chosen. As reported previously in the 

metals are preferred for their excellent conductivity. Also, one has to 

bear in mind that an electrode presenting excessive stiffness will not allow a 

motion of the actuator and as a consequence, a thin electrode is required. I

was chosen as the noble metal and the electroding procedure was 

physical vapour deposition technique. This method enables a fast and simple way of 

. Thickness of the electrode layer can be also easily controlled by 

establishing specific parameters of current intensity and time of deposition.  

 

 

in a cross-sectional 

of the Ionic Polymer-Metal 

films and tried for actuation. Other 

electrode materials were thought such as carbon nanotubes because of previous studies 

to be chosen. As reported previously in the 

metals are preferred for their excellent conductivity. Also, one has to 

bear in mind that an electrode presenting excessive stiffness will not allow a proper 

e, a thin electrode is required. In this case, 

metal and the electroding procedure was  sputtering, a 

physical vapour deposition technique. This method enables a fast and simple way of 

he electrode layer can be also easily controlled by 

establishing specific parameters of current intensity and time of deposition.   
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By using the Q150T Turbo

of the membranes, as can be seen in 

material once covered with the Au electrode. 

of deposition are shown in 

adhered so it can be removed easily by touching

Figure 35: x50 Optical microscope image of a gold covered fluoropolymer membrane.

Table 11: Parameters for Au sputtering

Current [mA]

60 

40 

 

In the first experiments for actuation it was shown that the second case, with 40mA 

during 120s was more effective than the first one. Actuation became visible with lower 

voltage (perhaps because some of the Au sputtering 

with the first coating) but a

second case was used for the rest of Au deposited electrode samples.

Characterization of the IPMC is performed by SEM.

5.2.2. Scanning Electron Microscope (SEM) characterization of the IPMC

The same Zeiss Evo MA15 SEM has been used

of the IPMC. Samples were 

information is available about the samples.
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Q150T Turbo-Pumped Sputter Coater, gold is deposited in both faces 

, as can be seen in Figure 35. It can be seen the roughness of the 

material once covered with the Au electrode. The parameters used for current and time 

deposition are shown in Table 11. However, the sputtering was not very effective 

e removed easily by touching or scratching it. 

 

Optical microscope image of a gold covered fluoropolymer membrane.

: Parameters for Au sputtering 

Current [mA] Time [s] Au layer thickness [nm] 

30 30 (on each face) 

120 70 (on each face) 

In the first experiments for actuation it was shown that the second case, with 40mA 

during 120s was more effective than the first one. Actuation became visible with lower 

voltage (perhaps because some of the Au sputtering was already gone

but a thicker Au layer was proved to be better for actuation, so the 

second case was used for the rest of Au deposited electrode samples.  

Characterization of the IPMC is performed by SEM. 

ectron Microscope (SEM) characterization of the IPMC

Zeiss Evo MA15 SEM has been used in this case for the characterization 

of the IPMC. Samples were of the same size again, i.e. 25mm2. In 

information is available about the samples. 

 

deposited in both faces 

It can be seen the roughness of the 

The parameters used for current and time 

. However, the sputtering was not very effective 

 

Optical microscope image of a gold covered fluoropolymer membrane. 

In the first experiments for actuation it was shown that the second case, with 40mA 

during 120s was more effective than the first one. Actuation became visible with lower 

was already gone in the samples 

thicker Au layer was proved to be better for actuation, so the 

ectron Microscope (SEM) characterization of the IPMC 

in this case for the characterization 

. In Table 12 some 
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Table 12: Samples of IPMC prepared for SEM. Three samples with different characteristics were prepared 
and tested.  

Sample 

2.1 

2.2 Sample of IPMC tested in actuation for fatigue failure

2.3 Normal, plain IPMC sample, cross

 

In sample 2.2 (Figure 

are some lines that are possibly due to the loss of Au electrode during the 23h of 

continuous actuation. 

Figure 36: SEM image for sample 5 showing the anisotropy of actuation at 100 (on the left) and 10

right). It is possible to see parallel longitudinal flaws that were provoked by the uninterrupted actuation 

during 23h most likely f

Sample 2.3, in Figure 3

membranes and the gold layer surrounding the EAP. Once more, there is no observable 

porosity, yet the thin gold later deposited by sputtering
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: Samples of IPMC prepared for SEM. Three samples with different characteristics were prepared 

Characteristics 

Normal, plain IPMC sample 

Sample of IPMC tested in actuation for fatigue failure

Normal, plain IPMC sample, cross-section image

Figure 36), in contrast to the smooth surface of sample 1.1,  there 

are some lines that are possibly due to the loss of Au electrode during the 23h of 

: SEM image for sample 5 showing the anisotropy of actuation at 100 (on the left) and 10

right). It is possible to see parallel longitudinal flaws that were provoked by the uninterrupted actuation 

during 23h most likely for the loss or consumption of the Au electrode.

37, was intended to study the cross-section of the IPMC 

membranes and the gold layer surrounding the EAP. Once more, there is no observable 

porosity, yet the thin gold later deposited by sputtering is visible. 

 

: Samples of IPMC prepared for SEM. Three samples with different characteristics were prepared 

Sample of IPMC tested in actuation for fatigue failure 

section image 

in contrast to the smooth surface of sample 1.1,  there 

are some lines that are possibly due to the loss of Au electrode during the 23h of 

 

: SEM image for sample 5 showing the anisotropy of actuation at 100 (on the left) and 10µm (on the 

right). It is possible to see parallel longitudinal flaws that were provoked by the uninterrupted actuation 

or the loss or consumption of the Au electrode. 

section of the IPMC 

membranes and the gold layer surrounding the EAP. Once more, there is no observable 



Ionic Polymer
                    manufacturing and characterization
 Fabrication of the Ionic Polymer

 

Figure 37: SEM image for sample 7. It is possible to distinguish between the fluoropolymer membrane and a 

The chemical composition was also studied in case some explanation for the 

peak at 170ºC in DSC was reached. However, the compone

always the expected ones: fluoride, a very small amount of sulphur (~4%), gold in the 

cases where the electrode was already deposited and chromium for the sputtering in 

order that better electron conductivity was obtained. An example

results of sample 5 is shown below in 

Figure 38: BSE analysis in SEM for sample 5 of the fluoropolymer subjected to fatigue in actuation during 

23h. Chemical components are shown in weight and atom

Au layer
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: SEM image for sample 7. It is possible to distinguish between the fluoropolymer membrane and a 

thin gold layer covering it. 

The chemical composition was also studied in case some explanation for the 

peak at 170ºC in DSC was reached. However, the components of the sample were 

always the expected ones: fluoride, a very small amount of sulphur (~4%), gold in the 

cases where the electrode was already deposited and chromium for the sputtering in 

order that better electron conductivity was obtained. An example of this report for 

results of sample 5 is shown below in Figure 38.  

: BSE analysis in SEM for sample 5 of the fluoropolymer subjected to fatigue in actuation during 

23h. Chemical components are shown in weight and atomic percentage.

Au layer 

 

 

: SEM image for sample 7. It is possible to distinguish between the fluoropolymer membrane and a 

The chemical composition was also studied in case some explanation for the 

nts of the sample were 

always the expected ones: fluoride, a very small amount of sulphur (~4%), gold in the 

cases where the electrode was already deposited and chromium for the sputtering in 

of this report for 

 

: BSE analysis in SEM for sample 5 of the fluoropolymer subjected to fatigue in actuation during 

ic percentage. 
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6. The actuation mechanism of 

 

Different studies were performed to investigate the actuation mechanism of 

fluoropolymer membranes. 

experiments are described followed by several subchapters where the experimental 

studies carried out on actuation of the membranes are presented.

 

6.1. Set-up for actuation:

The working bench is formed by a telemetric laser, 

function generator and a computer in charge of data collection and processing

39 and 40). 

Figure 39: Working bench formed by a telemetric laser, data acquisition card, function generator and the 
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The actuation mechanism of the IPMC 

Different studies were performed to investigate the actuation mechanism of 

membranes. In this chapter the working bench and the set

described followed by several subchapters where the experimental 

ed out on actuation of the membranes are presented.  

up for actuation: 

The working bench is formed by a telemetric laser, a data acquisition card, 

rator and a computer in charge of data collection and processing

: Working bench formed by a telemetric laser, data acquisition card, function generator and the 

computer 

 

Different studies were performed to investigate the actuation mechanism of the 

bench and the set-up for this 

described followed by several subchapters where the experimental 

a data acquisition card, a 

rator and a computer in charge of data collection and processing (Figure 

 

: Working bench formed by a telemetric laser, data acquisition card, function generator and the 
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Figure 

The function generator 

applying an electric field to the material so that it bends as part of its actuation 

mechanism. The reason why a function generator is required is because, to perform the 

full study, it is required to be able to 

function generator is therefore possible to ch

the type of wave supplied. 

holding platform. 

The telemetric laser used in this experiment (IL series, from Keyence)

accurate resolution of ±0.01mm when measuring 

distance. Since the laser is direc

maximum deflection of the membrane, as it mounted in a cantilever configuration. 

laser is connected to the computer by a data acquisition card. 

from it, a precise actuation characterization is possible to be performed.

The data acquisition card is in

telemetric laser to the computer. The one used for this experiment is a USB NI

National Instruments card with LabVIEW software,

The computer is equipped with a software that enables the user to mana

acquired from the laser. Once the program is set initiated and the record function is 

active, a graph is being created at the same time as the data is being collected. The 

resulting graph express the displacement measured by the laser in millim
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Figure 40: Supporting structure for the IPMC actuator. 

 (Aim&Thurlby Thandar Instruments TG550)

applying an electric field to the material so that it bends as part of its actuation 

mechanism. The reason why a function generator is required is because, to perform the 

full study, it is required to be able to supply negative and positive electric fields. With a 

function generator is therefore possible to choose the frequency, voltage amplitude and 

the type of wave supplied. The function generator was connected to the material via a 

used in this experiment (IL series, from Keyence)

0.01mm when measuring the distance to an object within 5cm 

distance. Since the laser is directed to the tip of the actuator, it can measure the 

the membrane, as it mounted in a cantilever configuration. 

laser is connected to the computer by a data acquisition card. With the data acquired 

from it, a precise actuation characterization is possible to be performed. 

The data acquisition card is in charge of collecting and transferring data from the 

telemetric laser to the computer. The one used for this experiment is a USB NI

National Instruments card with LabVIEW software, 

The computer is equipped with a software that enables the user to mana

acquired from the laser. Once the program is set initiated and the record function is 

a graph is being created at the same time as the data is being collected. The 

resulting graph express the displacement measured by the laser in millim

 

 

Thandar Instruments TG550) is in charge of 

applying an electric field to the material so that it bends as part of its actuation 

mechanism. The reason why a function generator is required is because, to perform the 

supply negative and positive electric fields. With a 

ose the frequency, voltage amplitude and 

The function generator was connected to the material via a 

used in this experiment (IL series, from Keyence) has an 

the distance to an object within 5cm 

it can measure the 

the membrane, as it mounted in a cantilever configuration. The 

With the data acquired 

 

charge of collecting and transferring data from the 

telemetric laser to the computer. The one used for this experiment is a USB NI-6002 

The computer is equipped with a software that enables the user to manage the data 

acquired from the laser. Once the program is set initiated and the record function is 

a graph is being created at the same time as the data is being collected. The 

resulting graph express the displacement measured by the laser in millimetres versus 
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time. Graph and data can be exported to an Excel file for later studies

Sánchez, 2015).  

 

6.2. Studies on actuation 

Several studies were performed to characterize the fluoropolymer membrane as an 

actuator.  In Figure 41 one

square wave voltage is app

indeed measured at the specimens tip. Even though the input electric signal is squared, 

the output tip displacement behaves differently.

Figure 41: Example of input and 

  

It was subjected to a constant electric field and to periodic signals

signals are concerned, comparative studies were carried out

amplitude) or the frequency

was also varied. In the following table

and in Table 14 more detailed information is given regarding the tests to be performed. 

Results are going to be attended

 

 

Ionic Polymer-Metal Composites:  
manufacturing and characterization 

The actuation mechanism of the IPMC 

54 

time. Graph and data can be exported to an Excel file for later studies

Studies on actuation of IPMC:  

Several studies were performed to characterize the fluoropolymer membrane as an 

one can see an example of input and output of actuation. A 

square wave voltage is applied to the IPMC electrodes and bending occurs, which is 

indeed measured at the specimens tip. Even though the input electric signal is squared, 

the output tip displacement behaves differently. 

: Example of input and output for actuation of the IPMC specimens.

It was subjected to a constant electric field and to periodic signals. As far as periodic 

signals are concerned, comparative studies were carried out varying the

frequency of the wave. On the other hand, the geometry of the IPMC 

In the following table (Table 13) a summary of the studies is provided 

more detailed information is given regarding the tests to be performed. 

attended in subsequent parts of this chapter. 

 

time. Graph and data can be exported to an Excel file for later studies (Rubalcaba 

Several studies were performed to characterize the fluoropolymer membrane as an 

can see an example of input and output of actuation. A 

lied to the IPMC electrodes and bending occurs, which is 

indeed measured at the specimens tip. Even though the input electric signal is squared, 

 

output for actuation of the IPMC specimens. 

. As far as periodic 

the voltage (signal 

On the other hand, the geometry of the IPMC 

a summary of the studies is provided 

more detailed information is given regarding the tests to be performed. 
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Table 13: Main objectives and aims to perform each study on a IPMC actuator.

Study: 

Constant electric supply 

Periodic signal electric supply

Geometry variation 

 

Table 14: Studies performed for actuation of flu
thicknesses are going to be studied and are placed in the columns of the table. The different tests are named 
below and the ticks correspond to the tests that were performed.

Thickness [mm] 

Voltage Scan 

Frequency Scan 

Length variation 

Fatigue 

Long time exposure 

 

6.2.1. Voltage scan 

For voltage scan one sample of each thickness was used trying to cut them with 

similar width and length. 

makes it 2V amplitude variation when talking about a periodic signal. The final voltage 

is set to be 10V (20V amplitude). 

under this study. The detailed pr

Appendix VI.  
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Main objectives and aims to perform each study on a IPMC actuator.  

Objective: 

See the actuation behaviour over a long period of time under a 

constant voltage. Quantify the bending deformation of the 

material as a response to a certain voltage and see if it suffers 

bending relaxation. 

Periodic signal electric supply 

See the dependence of actuation on the amplitude and 

frequency of the signal. Study the point for each voltage at 

which the maximum deformation is achieved.

See the dependence of actuation on the length, width and 

thickness of the membrane.

Studies performed for actuation of fluoropolymer membranes coated with gold electrodes. Three 
thicknesses are going to be studied and are placed in the columns of the table. The different tests are named 
below and the ticks correspond to the tests that were performed. 

  0.09 0.17 

�  �  

�  �  

�   

�  �  

�  �  

 

For voltage scan one sample of each thickness was used trying to cut them with 

similar width and length. Voltage was varied 1V at a time to each electrode, which 

makes it 2V amplitude variation when talking about a periodic signal. The final voltage 

is set to be 10V (20V amplitude). The parameters in Table 15 were set for every sample 

under this study. The detailed procedure followed to perform this study can be 

 

See the actuation behaviour over a long period of time under a 

constant voltage. Quantify the bending deformation of the 

material as a response to a certain voltage and see if it suffers 

See the dependence of actuation on the amplitude and 

tudy the point for each voltage at 

which the maximum deformation is achieved. 

See the dependence of actuation on the length, width and 

thickness of the membrane. 

oropolymer membranes coated with gold electrodes. Three 
thicknesses are going to be studied and are placed in the columns of the table. The different tests are named 

0.22 

�  

�  

 

�  

�  

For voltage scan one sample of each thickness was used trying to cut them with 

as varied 1V at a time to each electrode, which 

makes it 2V amplitude variation when talking about a periodic signal. The final voltage 

were set for every sample 

ocedure followed to perform this study can be seen in 
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Table 15: Actuation parameters to study the behaviour of the IPMC actuator for different voltages (2
peak to peak). 

Parameters 

Type of wave 

Frequency [Hz]

Data acquisition interval [s]

Number of cycles to record

Time between tests [min]

Relative humidity [%]

Sample size [mm

 

Data is collected in Excel sheets and loaded to Matl

are obtained, the first showing tip deformation 

tip deflection amplitude (maximum distance between deflection to anode and cathode) 

per cycle. In the following 

thicknesses for even values of voltage. Graphs with voltages from 1V to 10V are 

available in Appendix VII. 

a) Membrane thickness of 0.09mm:

Figure 42: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.09mm of thickness. Each line is representing a different voltage.
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Actuation parameters to study the behaviour of the IPMC actuator for different voltages (2

0.09mm 0.17mm 0.22mm

 Square wave 

Frequency [Hz] 0.008 

Data acquisition interval [s] 0.1 

Number of cycles to record 5 

Time between tests [min] 2 

Relative humidity [%] 32 22 

Sample size [mm3] 10x3.92x0.09 10x3.91x0.17 10x3.96x0.22

Excel sheets and loaded to Matlab to be processed. Two graphs 

are obtained, the first showing tip deformation versus time and the second one showing 

amplitude (maximum distance between deflection to anode and cathode) 

owing figures (Figure 42-47) results can be seen for al

thicknesses for even values of voltage. Graphs with voltages from 1V to 10V are 

 

Membrane thickness of 0.09mm: 

ting displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.09mm of thickness. Each line is representing a different voltage.

 

Actuation parameters to study the behaviour of the IPMC actuator for different voltages (2-20V 

0.22mm 

36 

10x3.96x0.22 

ab to be processed. Two graphs 

versus time and the second one showing 

amplitude (maximum distance between deflection to anode and cathode) 

be seen for all the three 

thicknesses for even values of voltage. Graphs with voltages from 1V to 10V are 

 

ting displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.09mm of thickness. Each line is representing a different voltage. 



Ionic Polymer
                    manufacturing and characterization
 The actuation mechanism of the IPMC

 

Figure 43: Graph representing the displacement amplitude 

cycles of actuation. Each line is representing a different voltage.

In Figure 42 the actual

subjected to various voltages. It can be appreciated that the displacement is not centred 

in 0mm but shifted upwards in the graph, which means that the actuator does not evenly 

move towards each side. To

the maximum deflection in both directions, 

According to these two last figures

tip displacement. Also, according to 

it should.  
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: Graph representing the displacement amplitude for an actuator of 0.09mm of thickness versus 

cycles of actuation. Each line is representing a different voltage. 

the actual displacement of the tip of the actuator can be seen 

subjected to various voltages. It can be appreciated that the displacement is not centred 

in 0mm but shifted upwards in the graph, which means that the actuator does not evenly 

move towards each side. To study the displacement amplitude, that is, the distance from 

the maximum deflection in both directions, Figure 43 is built. 

these two last figures, the higher the voltage supply, the wider the 

Also, according to Figure 42, actuation at 6V appears to be lower than 

 

 

for an actuator of 0.09mm of thickness versus 

displacement of the tip of the actuator can be seen 

subjected to various voltages. It can be appreciated that the displacement is not centred 

in 0mm but shifted upwards in the graph, which means that the actuator does not evenly 

, that is, the distance from 

higher the voltage supply, the wider the 

ctuation at 6V appears to be lower than 
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b) Membrane thickness of 0.17mm:

Figure 44: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.17mm of thic

Figure 45: Graph representing the displacement amplitude for an actuator of 0.17mm of thickness versus 

cycles of actuation. Each line is representing a different voltage.

As for 0.09mm thickness specimens, the
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Membrane thickness of 0.17mm: 

: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.17mm of thickness. Each line is representing a different voltage.

: Graph representing the displacement amplitude for an actuator of 0.17mm of thickness versus 

cycles of actuation. Each line is representing a different voltage. 

or 0.09mm thickness specimens, the actuation results are coherent

 

 

: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

kness. Each line is representing a different voltage. 

 

: Graph representing the displacement amplitude for an actuator of 0.17mm of thickness versus 

actuation results are coherent. 
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c) Membrane thickness of 0.22mm:

Figure 46: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.22mm of thickness. Each line is representing a different voltage.

Figure 47: Graph representing the displacement amplitude for an actuator of 0.22mm of thickness versus 

cycles of actuation. Each line is representing a different
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Membrane thickness of 0.22mm: 

: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

0.22mm of thickness. Each line is representing a different voltage.

: Graph representing the displacement amplitude for an actuator of 0.22mm of thickness versus 

cycles of actuation. Each line is representing a different voltage 

 

 

: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

0.22mm of thickness. Each line is representing a different voltage. 

 

: Graph representing the displacement amplitude for an actuator of 0.22mm of thickness versus 
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The fact that some results appear illogically scattered from the rest cannot be yet 

explained. Relative humidity when processing the samples and when actuating could 

become relevant, but the percentage of variation was negligible within samples of

same thickness.  

For a better analysis of the

obtained. Data is compiled and showed for tip displacements of the three thicknesses for 

two sample voltages of 4 and 8

to what was expected, the 0.09mm thickness specimens were not the ones 

experimenting higher deflections but so were the 0.17mm thickness specimens.

Figure 48: Graph showing displacement versus actuation time 

0.17 and 0.22mm) at two different voltages (5 and 10V).

 

6.2.2. Frequency scan

For frequency scan one sample of each thickness was used trying to cut them with 

similar width and length. Frequency of the electric signal

keeping the voltage set to 5V (10V tip to tip). The parameters in 

every sample under this study. 
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The fact that some results appear illogically scattered from the rest cannot be yet 

explained. Relative humidity when processing the samples and when actuating could 

the percentage of variation was negligible within samples of

For a better analysis of these results, comparative graphs have been also 

obtained. Data is compiled and showed for tip displacements of the three thicknesses for 

voltages of 4 and 8V. This graph can be seen in Figure 48.

to what was expected, the 0.09mm thickness specimens were not the ones 

experimenting higher deflections but so were the 0.17mm thickness specimens.

: Graph showing displacement versus actuation time comparing three different thicknesses (0.09, 

0.17 and 0.22mm) at two different voltages (5 and 10V). 

Frequency scan 

For frequency scan one sample of each thickness was used trying to cut them with 

similar width and length. Frequency of the electric signal was varied

keeping the voltage set to 5V (10V tip to tip). The parameters in Table 1

every sample under this study.  

 

The fact that some results appear illogically scattered from the rest cannot be yet 

explained. Relative humidity when processing the samples and when actuating could 

the percentage of variation was negligible within samples of the 

results, comparative graphs have been also 

obtained. Data is compiled and showed for tip displacements of the three thicknesses for 

. Again, contrary 

to what was expected, the 0.09mm thickness specimens were not the ones 

experimenting higher deflections but so were the 0.17mm thickness specimens. 

 

comparing three different thicknesses (0.09, 

For frequency scan one sample of each thickness was used trying to cut them with 

was varied (1-500mHz), 

Table 16 were set for 
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Table 16: Actuation parameters to study the behaviour of the IPMC actuator for differe
500mHz). 

Parameters

Type of wave

Voltage [V]

Data acquisition interval [s]

Number of cycles to record

Time between tests [min]

Relative humidity [%]

Sample size [mm]

 

Data is again collected in Excel sheets and processed in Matlab. The obtained 

graphs show tip deformation versus time 

showing tip deflection amplitude (maximum distance between deflection

cathode) at each frequency

VIII . In the following figures (

thickness specimens for two values of frequency i.e. 5 and 100mHz. For the rest of the 

values for frequency, graphs in 
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Actuation parameters to study the behaviour of the IPMC actuator for differe

Parameters 0.09mm 0.22mm 

Type of wave Square wave 

Voltage [V] 5 

Data acquisition interval [s] 0.1 

Number of cycles to record 2-5 

Time between tests [min] 2 

Relative humidity [%] 31 30 

Sample size [mm] 10x4.04x0.09 10x3.96x0.22

Data is again collected in Excel sheets and processed in Matlab. The obtained 

graphs show tip deformation versus time for each frequency and the second one 

showing tip deflection amplitude (maximum distance between deflection

thode) at each frequency. The detail procedure of these tests can be read in 

In the following figures (Figure 49-52) results can be seen for 0.09 and 0.22mm 

for two values of frequency i.e. 5 and 100mHz. For the rest of the 

values for frequency, graphs in Appendix IX can be consulted. 

 

Actuation parameters to study the behaviour of the IPMC actuator for differe nt frequencies (1-

 

10x3.96x0.22 

Data is again collected in Excel sheets and processed in Matlab. The obtained 

and the second one 

showing tip deflection amplitude (maximum distance between deflection to anode and 

tests can be read in Appendix 

0.09 and 0.22mm 

for two values of frequency i.e. 5 and 100mHz. For the rest of the 
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a) Membrane thickness of 0.09mm:

Figure 49: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.09mm of thickness. Each line is representing a different frequency.

Figure 50: Tip deflection amplitude for an actuator of 0.09mm thickness. Actual data can be seen in the blue 

curve. The red curve is a fitted curve of the values from 0.02 to 0.5mHz (values from 0.001 to 0.015mHz have 
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Membrane thickness of 0.09mm: 

Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.09mm of thickness. Each line is representing a different frequency. Only five cycles are shown 

for actuation at 100mHz.

Tip deflection amplitude for an actuator of 0.09mm thickness. Actual data can be seen in the blue 

curve. The red curve is a fitted curve of the values from 0.02 to 0.5mHz (values from 0.001 to 0.015mHz have 

been ignored). 

 

 

Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

Only five cycles are shown 

 

Tip deflection amplitude for an actuator of 0.09mm thickness. Actual data can be seen in the blue 

curve. The red curve is a fitted curve of the values from 0.02 to 0.5mHz (values from 0.001 to 0.015mHz have 
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b) Membrane thickness of 0.22mm:

Figure 51: Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.22mm of thickness. Each line is representing a different frequency.

Figure 52: Tip deflection amplitude for an actuator of 0.22mm thickness. Actual data can be seen in the blue 

curve. The red curve is a fitted curve of all the values.

6.2.3. Sample length variatio

In this study, the variation of the actuator length is considered. Three specimens 

of the same width and thickness are used,
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thickness of 0.22mm: 

Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

an actuator of 0.22mm of thickness. Each line is representing a different frequency. Only five cy

for actuation at 100mHz. 

Tip deflection amplitude for an actuator of 0.22mm thickness. Actual data can be seen in the blue 

curve. The red curve is a fitted curve of all the values. 

Sample length variation 

In this study, the variation of the actuator length is considered. Three specimens 

of the same width and thickness are used, but with lengths of 10, 13 and 15mm long 

 

 

Graph representing displacement of the actuator tip in millimetres versus the time of actuation for 

Only five cycles are shown 

 

Tip deflection amplitude for an actuator of 0.22mm thickness. Actual data can be seen in the blue 

In this study, the variation of the actuator length is considered. Three specimens 

but with lengths of 10, 13 and 15mm long 
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respectively. Data about the specimens and the conditions for actuation are recorded in 

Table 17.  

Table 17: Specimens size and data about actuation for the comparative study of three different actuator 
lengths. 

Parameter 

Size [mm] 

Relative humidity [%] 

Actuation Voltage [V] 

Actuation Frequency [Hz] 

  

In Figures 53 and 54 results are shown displaying the tip displacement of the three 

specimens versus time and the tip displacement amplitude of each specimen per cycle. 

Figure 53: Tip displacement for three different actuators with varying lengths 

a 10V electric periodic signal at 0.008Hz.
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respectively. Data about the specimens and the conditions for actuation are recorded in 

Specimens size and data about actuation for the comparative study of three different actuator 

Specimen 1 Specimen 2 Specimen 3

10.01x3.91x0.09 13.20x4.08x0.10 15.01x4.14x0.10

36 46 

10 10 

0.008 0.008 0.008

results are shown displaying the tip displacement of the three 

specimens versus time and the tip displacement amplitude of each specimen per cycle. 

: Tip displacement for three different actuators with varying lengths (10, 13 and 15mm)

a 10V electric periodic signal at 0.008Hz. 

 

respectively. Data about the specimens and the conditions for actuation are recorded in 

Specimens size and data about actuation for the comparative study of three different actuator 

Specimen 3 

15.01x4.14x0.10 

45 

10 

0.008 

results are shown displaying the tip displacement of the three 

specimens versus time and the tip displacement amplitude of each specimen per cycle.  

 

(10, 13 and 15mm) subjected to 
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Figure 54: Tip displacement amplitude for three different actuators with varying lengths (10, 13 and 15mm) 

subjected to a 10V electric periodic signal at 0

With these two last figures (

actuator (provided same thickness and width) the higher the value for displacement 

amplitude. 

6.2.4. Fatigue behaviour

To subject the specimens to actuation fatigue, squared wa

an electrical input. The material was actuating during a very long time (between 8 and 

24h) at the same conditions, which are in fact detailed in 

Table 18: Specimens data about fatigue actuation 

Time acquisition interval [s]

Other values were also recorded for each case such as the size and initial and 

final mass. Mass was considered relevant in case the actuator 

since it would have been due to water los

tasted the mass lost was not over a 1% of the initial mass.
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: Tip displacement amplitude for three different actuators with varying lengths (10, 13 and 15mm) 

subjected to a 10V electric periodic signal at 0.008Hz. 

figures (Figures 53 and 54) we can see that the longer the 

actuator (provided same thickness and width) the higher the value for displacement 

Fatigue behaviour 

To subject the specimens to actuation fatigue, squared waves were also 

an electrical input. The material was actuating during a very long time (between 8 and 

at the same conditions, which are in fact detailed in Table 18.  

Specimens data about fatigue actuation behaviour. 

Parameter Value 

Voltage [V] 5 

Frequency [Hz] 0.008 

Humidity 25±5% 

Time acquisition interval [s] 1 

Other values were also recorded for each case such as the size and initial and 

final mass. Mass was considered relevant in case the actuator lose a significant amount 

since it would have been due to water loss during actuation. However, in any specimen 

tasted the mass lost was not over a 1% of the initial mass. 

 

 

: Tip displacement amplitude for three different actuators with varying lengths (10, 13 and 15mm) 

see that the longer the 

actuator (provided same thickness and width) the higher the value for displacement 

ves were also used as 

an electrical input. The material was actuating during a very long time (between 8 and 

Other values were also recorded for each case such as the size and initial and 

lose a significant amount 

However, in any specimen 
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The main aim of this study was to assess the long time performance of the 

actuator in terms of displacement amplitude variation over time. Several specimens 

were tried with similar sizes and also varying thickness. 

collected for each test, for ease of data processing, only the first eight hours were 

considered. Results were all alike and similar to 

Figure 55: Maximum tip displacement to anode and cathode of an actuator subjected to actuation fatigue over 

8h (240 cycles). It shows an initial decrease in the amplitude of the 

As Figure 55 shows, there is an initial decrease in the amplitude of the tip 

displacement, but in general, it can be assumed to be constant over time. After such a 

long time actuating, there is no worsening of the actuation displacement o

6.2.5. Long time exposure to a constant voltage

In this case, no periodic signal was used as an electric input for actuation. A 

constant electric supply was indeed used to study if the IPMC suffers bending relaxation 

after a certain amount of time.

This test was performed in specimens of

0.22mm during an hour. A current of 5V was supplied. More information about each 

specimen and test is given in 
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The main aim of this study was to assess the long time performance of the 

n terms of displacement amplitude variation over time. Several specimens 

were tried with similar sizes and also varying thickness. As a wide amount of data was 

collected for each test, for ease of data processing, only the first eight hours were 

. Results were all alike and similar to Figure 55. 

ip displacement to anode and cathode of an actuator subjected to actuation fatigue over 

It shows an initial decrease in the amplitude of the tip displacement. 

, there is an initial decrease in the amplitude of the tip 

displacement, but in general, it can be assumed to be constant over time. After such a 

long time actuating, there is no worsening of the actuation displacement o

Long time exposure to a constant voltage 

In this case, no periodic signal was used as an electric input for actuation. A 

constant electric supply was indeed used to study if the IPMC suffers bending relaxation 

after a certain amount of time. 

is test was performed in specimens of the three thicknesses i.e. 0.10

0.22mm during an hour. A current of 5V was supplied. More information about each 

specimen and test is given in Table 19. 

 

The main aim of this study was to assess the long time performance of the 

n terms of displacement amplitude variation over time. Several specimens 

As a wide amount of data was 

collected for each test, for ease of data processing, only the first eight hours were 

 

ip displacement to anode and cathode of an actuator subjected to actuation fatigue over 

, there is an initial decrease in the amplitude of the tip 

displacement, but in general, it can be assumed to be constant over time. After such a 

long time actuating, there is no worsening of the actuation displacement of the IPMC. 

In this case, no periodic signal was used as an electric input for actuation. A 

constant electric supply was indeed used to study if the IPMC suffers bending relaxation 

the three thicknesses i.e. 0.10, 0.17 and 

0.22mm during an hour. A current of 5V was supplied. More information about each 
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Table 19: Actuation parameters to study the long time exposure to a constant voltage of the IPMC actuator for 
a voltage of 5V. 

Specimen Length [mm] 

1 10 

2 10 

3 10 

 

Data is collected in Excel sheets and loaded to Matlab to be processed. A 

comparative graph is built and showed in 

thicknesses of 0.17 and 0.22mm show a compliant behaviour: the thicker IPMC has a 

lower displacement than the 0.17mm one and, moreover, both actuators show some 

bending relaxation over time

and a 30.5% for the 0.17mm one. However, when coming to the 0.1mm thickness 

IPMC, it increases bending over ti

the other two cases. No explanation for this issue is conceived. 

Figure 56: Graph representing the tip displacement of three IPMC actuators of 0.1, 0.17 and 0.22mm thick at 
a constant voltage of 5V during an hour.

the tip deflection with time, instead of decreasing, as the other two specimens show.
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to study the long time exposure to a constant voltage of the IPMC actuator for 

 Width [mm] 
Thickness 

[mm] 

Relative 

humidity [%]

4.17 0.10 23.2 

3.90 0.17 22.6 

4.06 0.22 23.5 

Data is collected in Excel sheets and loaded to Matlab to be processed. A 

comparative graph is built and showed in Figure 56. Results for the IPMCs with 

thicknesses of 0.17 and 0.22mm show a compliant behaviour: the thicker IPMC has a 

an the 0.17mm one and, moreover, both actuators show some 

relaxation over time, i.e. a 27.5% relaxation for the 0.22mm thickness actuator 

and a 30.5% for the 0.17mm one. However, when coming to the 0.1mm thickness 

IPMC, it increases bending over time and the tip displacement should be higher than for 

the other two cases. No explanation for this issue is conceived.  

: Graph representing the tip displacement of three IPMC actuators of 0.1, 0.17 and 0.22mm thick at 
constant voltage of 5V during an hour. Behaviour of the 0.1mm specimen seems to be different, increasing 

the tip deflection with time, instead of decreasing, as the other two specimens show.

 

to study the long time exposure to a constant voltage of the IPMC actuator for 

Relative 

humidity [%] 

Voltage 

[V] 

 5 

 5 

 5 

Data is collected in Excel sheets and loaded to Matlab to be processed. A 

Results for the IPMCs with 

thicknesses of 0.17 and 0.22mm show a compliant behaviour: the thicker IPMC has a 

an the 0.17mm one and, moreover, both actuators show some 

, i.e. a 27.5% relaxation for the 0.22mm thickness actuator 

and a 30.5% for the 0.17mm one. However, when coming to the 0.1mm thickness 

me and the tip displacement should be higher than for 

 

: Graph representing the tip displacement of three IPMC actuators of 0.1, 0.17 and 0.22mm thick at 
Behaviour of the 0.1mm specimen seems to be different, increasing 

the tip deflection with time, instead of decreasing, as the other two specimens show. 
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6.3. Summary of the results obtained

Several tests were performed 

lay-up for the hot-plate press processing consisted of Teflon sheets sandwiching the 

fluoropolymer pellets for them

certain thickness were also us

When talking about the temperature profile, it has been demonstrated that an 

appropriate treatment is achieved at a maximum temperature of 200ºC, with temperature 

ramps of 10ºC/min and -3ºC/min to av

negatively to material properties. Pressure was found to be adequate at 25kN.

In the preparation and preliminary te

what is reported by many authors, it has been fo

be soaked in a solution or in water for it to actuate, the sole contribution of the ambient 

humidity permits actuation and therefore plays an important role in the whole 

procedure.  

A tensile test in an INSTRON machine

capabilities of the material. Scanning electron microscopy was also used for material 

characterization. 

When talking about actuation, aforementioned results show that it depends on 

several factors: length and thi

supplied signal or overall time of actuation. 

� When polarity of the supplied signal changes, so does bending of the 

actuator. The actuator is found to bend towards the anode, so when polarity 

changes, the actuator bends towards the other side.

� The longer the specimen, the higher the tip displacement.

� The thicker the specimen, the higher the tip displacement.

� The higher the voltage, the higher the tip displacement, up to a voltage 

value where the speci

(around 12-15V).
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Summary of the results obtained 

Several tests were performed to select the IPMC processing conditions. The used 

plate press processing consisted of Teflon sheets sandwiching the 

them not to stick to the press plates. Metal bands (shims) of a 

certain thickness were also used framing the pellets to control the desired thickness. 

When talking about the temperature profile, it has been demonstrated that an 

appropriate treatment is achieved at a maximum temperature of 200ºC, with temperature 

3ºC/min to avoid fast cooling and stretch marks that affect 

negatively to material properties. Pressure was found to be adequate at 25kN.

e preparation and preliminary testing of the IPMC as an actuator, contrary to 

what is reported by many authors, it has been found that the IPMC does not to need to 

be soaked in a solution or in water for it to actuate, the sole contribution of the ambient 

humidity permits actuation and therefore plays an important role in the whole 

A tensile test in an INSTRON machine was also performed to measure the strength 

capabilities of the material. Scanning electron microscopy was also used for material 

When talking about actuation, aforementioned results show that it depends on 

several factors: length and thickness of the specimen, voltage supply, frequency of the 

supplied signal or overall time of actuation.  

When polarity of the supplied signal changes, so does bending of the 

actuator. The actuator is found to bend towards the anode, so when polarity 

, the actuator bends towards the other side. 

The longer the specimen, the higher the tip displacement. 

The thicker the specimen, the higher the tip displacement. 

The higher the voltage, the higher the tip displacement, up to a voltage 

value where the specimen seems to degrade and lose its actuation properties 

15V). 

 

to select the IPMC processing conditions. The used 

plate press processing consisted of Teflon sheets sandwiching the 

not to stick to the press plates. Metal bands (shims) of a 

ed framing the pellets to control the desired thickness. 

When talking about the temperature profile, it has been demonstrated that an 

appropriate treatment is achieved at a maximum temperature of 200ºC, with temperature 

oid fast cooling and stretch marks that affect 

negatively to material properties. Pressure was found to be adequate at 25kN. 

sting of the IPMC as an actuator, contrary to 

und that the IPMC does not to need to 

be soaked in a solution or in water for it to actuate, the sole contribution of the ambient 

humidity permits actuation and therefore plays an important role in the whole 

was also performed to measure the strength 

capabilities of the material. Scanning electron microscopy was also used for material 

When talking about actuation, aforementioned results show that it depends on 

ckness of the specimen, voltage supply, frequency of the 

When polarity of the supplied signal changes, so does bending of the 

actuator. The actuator is found to bend towards the anode, so when polarity 

The higher the voltage, the higher the tip displacement, up to a voltage 

men seems to degrade and lose its actuation properties 
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� The higher the frequency of the supplied signal, the lower the tip 

displacement because the actuator does not have time enough to achieve its 

maximum deflection.

� When a specimen is sub

been found that the actuation displacement normally decreases with time i.e. 

it suffers bending relaxation .

� When a specimen is subjected to a cyclic voltage supply (frequency>0Hz) 

for a long time, the t

1h of actuation.
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The higher the frequency of the supplied signal, the lower the tip 

displacement because the actuator does not have time enough to achieve its 

maximum deflection. 

When a specimen is subjected to a constant voltage (frequency=0Hz), it has 

been found that the actuation displacement normally decreases with time i.e. 

it suffers bending relaxation . 

When a specimen is subjected to a cyclic voltage supply (frequency>0Hz) 

for a long time, the tip displacement amplitude slightly decreases after about 

1h of actuation. 

 

The higher the frequency of the supplied signal, the lower the tip 

displacement because the actuator does not have time enough to achieve its 

jected to a constant voltage (frequency=0Hz), it has 

been found that the actuation displacement normally decreases with time i.e. 

When a specimen is subjected to a cyclic voltage supply (frequency>0Hz) 

ip displacement amplitude slightly decreases after about 
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7. Conclusion and recommendations for 

In this project it has been studied the behaviour of an electroactive polymer 

(fluoropolymer) as a electrolyte mem

(IPMC) actuator. The material has been

press and coated on both sides with gold electrodes. The IPMC shows bending 

deformation when being connected to an electric current in a cantilever configuration. 

The purpose of this study was to better understand the actuation mechanism of the 

IPMC as well as important factors that may drive or affect actuation.

A rapid actuation was found

alternative to conventional actuators

similar or better than in 

actuators.  

Due to the lack of information on this topic and the great amount of parameters 

involved in actuation of the fluoropolymer, it has been very difficult to fully understand 

and use the material efficiently. Actuators have shown very diverse and non

results, making it complicated to control the amount of actuation deflection or the 

voltage required to achieve a certain displacement. 

For future studies or work in this topic, it wou

the  physicochemical fundamentals behind the actuation mechanism of these kind of 

materials, since water seems to be an essential element and the ion that moves within 

the electrolyte membrane is still unknown. Once th

more complex actuation mechanisms and structures will 

material properties and very interesting potential applications.

It would also be very interesting to measure the blocking force of this ma

how it varies with the specimen geometry and actuation voltage.

measurements and results one could also apply formulas to model the deformation of 

the actuator. For this purpose, 

Understanding the whole mechanism better will enable a repetitive and controlled use of 

the actuator. 
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Conclusion and recommendations for future work

In this project it has been studied the behaviour of an electroactive polymer 

oropolymer) as a electrolyte membrane of an ionic polymer-metal composite 

(IPMC) actuator. The material has been simple processed into layers using a hot

ess and coated on both sides with gold electrodes. The IPMC shows bending 

deformation when being connected to an electric current in a cantilever configuration. 

The purpose of this study was to better understand the actuation mechanism of the 

as important factors that may drive or affect actuation. 

rapid actuation was found at low values of driving voltage, which means a safer 

alternative to conventional actuators for medical applications. Properties are found to be 

similar or better than in other electroactive polymer actuators or in conventional 

Due to the lack of information on this topic and the great amount of parameters 

involved in actuation of the fluoropolymer, it has been very difficult to fully understand 

rial efficiently. Actuators have shown very diverse and non

results, making it complicated to control the amount of actuation deflection or the 

voltage required to achieve a certain displacement.  

For future studies or work in this topic, it would be very interesting to go in depth 

the  physicochemical fundamentals behind the actuation mechanism of these kind of 

materials, since water seems to be an essential element and the ion that moves within 

the electrolyte membrane is still unknown. Once this mechanism is fully understood, 

more complex actuation mechanisms and structures will be developed, showing better 

material properties and very interesting potential applications. 

It would also be very interesting to measure the blocking force of this ma

how it varies with the specimen geometry and actuation voltage.

measurements and results one could also apply formulas to model the deformation of 

the actuator. For this purpose, more repetitive results need to be achieved. 

nding the whole mechanism better will enable a repetitive and controlled use of 

 

future work 

In this project it has been studied the behaviour of an electroactive polymer 

metal composite 

processed into layers using a hot-plate 

ess and coated on both sides with gold electrodes. The IPMC shows bending 

deformation when being connected to an electric current in a cantilever configuration. 

The purpose of this study was to better understand the actuation mechanism of the 

which means a safer 

. Properties are found to be 

other electroactive polymer actuators or in conventional 

Due to the lack of information on this topic and the great amount of parameters 

involved in actuation of the fluoropolymer, it has been very difficult to fully understand 

rial efficiently. Actuators have shown very diverse and non-repetitive 

results, making it complicated to control the amount of actuation deflection or the 

ld be very interesting to go in depth 

the  physicochemical fundamentals behind the actuation mechanism of these kind of 

materials, since water seems to be an essential element and the ion that moves within 

is mechanism is fully understood, 

be developed, showing better 

It would also be very interesting to measure the blocking force of this material, and 

how it varies with the specimen geometry and actuation voltage. Correlating 

measurements and results one could also apply formulas to model the deformation of 

more repetitive results need to be achieved. 

nding the whole mechanism better will enable a repetitive and controlled use of 
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As a final conclusion for this project, it has been found an alternative and cheaper 

way of producing an IPMC from a fluoropolymer membrane, with the novelty of no 

ionic liquid or direct method for humidification other than ambient humidity.
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As a final conclusion for this project, it has been found an alternative and cheaper 

way of producing an IPMC from a fluoropolymer membrane, with the novelty of no 

ionic liquid or direct method for humidification other than ambient humidity.

 

As a final conclusion for this project, it has been found an alternative and cheaper 

way of producing an IPMC from a fluoropolymer membrane, with the novelty of no 

ionic liquid or direct method for humidification other than ambient humidity.
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Appendix I: Bond dissociation energy for various 

 

C-F and C-C bonds are very stable and hard to break

bonds which characterize the molecular structure of fluoropolymers together with C

(not present in this case). D

when a bond is broken, is tabulated for further information about this topic i.e. the 

higher the bond dissociation energy, the more difficult would be breaking that particular 

bond.  

Table 20: Bond dissociation energy for e
1958). The bond dissociation energy is the amount of energy released when a bond is broken. The higher the 
bond dissociation energy, the more difficult would be breaking that particular bond.

Bond

C-F 

C-C 

C-I 

C-H 
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Appendix I: Bond dissociation energy for various bond types

C bonds are very stable and hard to break. In general, these are the 

bonds which characterize the molecular structure of fluoropolymers together with C

Data for bond dissociation energy, amount of energy 

is tabulated for further information about this topic i.e. the 

higher the bond dissociation energy, the more difficult would be breaking that particular 

: Bond dissociation energy for examples containing carbon and several other elements 
. The bond dissociation energy is the amount of energy released when a bond is broken. The higher the 

energy, the more difficult would be breaking that particular bond.  

Bond Bonds dissociation energy [kJ/mol] 

 536 

 607 

 209 

 337.2 

 

bond types 

In general, these are the 

bonds which characterize the molecular structure of fluoropolymers together with C-H 

, amount of energy released 

is tabulated for further information about this topic i.e. the 

higher the bond dissociation energy, the more difficult would be breaking that particular 

xamples containing carbon and several other elements (Cottrell, 
. The bond dissociation energy is the amount of energy released when a bond is broken. The higher the 
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Appendix II: Additional information about DSC

DSC is a technique that consist in measuring the temperature difference between 

two cells, one of which is the reference cell (T

to study (TS). By making a prior calibration of the equipment, the equipment thermal 

resistance can be determined (dU

heat flux following Equation 1

already done for helium, nitrogen, air and oxygen. However, parameters for calibration 

can be changed in order to use other gases.

���� ���	 

����

���
 

DSC requires the previous specification of a temperature treatment with information 

regarding the sampling interval, initial temperature, one or several temperature 

maximums/minimums, temperature ramps, etc. 

DSC exposes both capsules to a programmed thermal treatment and temperature is 

measured separately for each one. When analysing the temp

capsule, it can be seen that it will be a bit lower than the specified temperature because 

the capsule absorb some heat (capsule calorific capacity or C

even lower for the sample capsule because heat will be

by the sample inside. Since capsules are identical, the temperature difference between 

them is proportional to the calorific capacity C

into heat flux. At the end, what it is obtai

temperature. 

Figure 57: Characteristic graph for a Differential Scanning Calorimeter (DSC) 

relating heat flow with temperature. Study is carried on comparing two cells (a reference cell and another one 
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Additional information about DSC 

DSC is a technique that consist in measuring the temperature difference between 

two cells, one of which is the reference cell (TR) and the other one contains the sample 

making a prior calibration of the equipment, the equipment thermal 

resistance can be determined (dUS) and the temperature difference can be translated into 

Equation 1. Calibration depends on the gas used for purging and is 

for helium, nitrogen, air and oxygen. However, parameters for calibration 

can be changed in order to use other gases. 

      

DSC requires the previous specification of a temperature treatment with information 

ding the sampling interval, initial temperature, one or several temperature 

maximums/minimums, temperature ramps, etc.  

DSC exposes both capsules to a programmed thermal treatment and temperature is 

measured separately for each one. When analysing the temperature for the reference 

capsule, it can be seen that it will be a bit lower than the specified temperature because 

the capsule absorb some heat (capsule calorific capacity or Cp). Temperature will be 

even lower for the sample capsule because heat will be absorbed by the capsule and also 

by the sample inside. Since capsules are identical, the temperature difference between 

them is proportional to the calorific capacity Cp of the sample. Temperature is translated 

into heat flux. At the end, what it is obtained is a graph relating heat flux versus 

: Characteristic graph for a Differential Scanning Calorimeter (DSC) (TA Instruments, 2012a)

relating heat flow with temperature. Study is carried on comparing two cells (a reference cell and another one 

 

DSC is a technique that consist in measuring the temperature difference between 

) and the other one contains the sample 

making a prior calibration of the equipment, the equipment thermal 

) and the temperature difference can be translated into 

. Calibration depends on the gas used for purging and is 

for helium, nitrogen, air and oxygen. However, parameters for calibration 

     (1) 

DSC requires the previous specification of a temperature treatment with information 

ding the sampling interval, initial temperature, one or several temperature 

DSC exposes both capsules to a programmed thermal treatment and temperature is 

erature for the reference 

capsule, it can be seen that it will be a bit lower than the specified temperature because 

). Temperature will be 

absorbed by the capsule and also 

by the sample inside. Since capsules are identical, the temperature difference between 

of the sample. Temperature is translated 

ned is a graph relating heat flux versus 

 

(TA Instruments, 2012a) 

relating heat flow with temperature. Study is carried on comparing two cells (a reference cell and another one 
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containing the material of interest). Characteristic transitions for polymers are shown. Exothermic re

are depicted with ‘positive’ variations, whereas endothermic by ‘negative’ variations.

� Straight line: If no transition has taken place, temperature difference 

between both cells will be constant and equal to a value proportional to the 

calorific capacity of the sample material. 

� Glass Transition Temperature (T

terms, it involves just the change in calorific capacity, not in the material 

latent heat5. The calorific capacity of a material in glass state is different 

from the one that it will manifest above its T

represented by a sudden jump.

� Melting point: during melting temperature does not change but materials 

absorb heat (latent heat) that is used to break the polymer crystalline 

structure. It is an endothermic process. Hence, an endothermic peak is 

shown to appear to 

� Crystallization: the same concept for melting point can be applied for 

crystallization but the other way around. Crystallization is an exothermic 

transition that release heat when occurring. Temperature is also observed to 

remain constant and, therefore, an exothermic peak appears. 

                                                
5 Energy needed for a material to change phase
just invested for phase change, not for energy increase.
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containing the material of interest). Characteristic transitions for polymers are shown. Exothermic re

are depicted with ‘positive’ variations, whereas endothermic by ‘negative’ variations.

Straight line: If no transition has taken place, temperature difference 

between both cells will be constant and equal to a value proportional to the 

calorific capacity of the sample material.  

Glass Transition Temperature (Tg): it is a second order transit

terms, it involves just the change in calorific capacity, not in the material 

. The calorific capacity of a material in glass state is different 

from the one that it will manifest above its Tg. In DSC curve, it will be 

ted by a sudden jump. 

Melting point: during melting temperature does not change but materials 

absorb heat (latent heat) that is used to break the polymer crystalline 

structure. It is an endothermic process. Hence, an endothermic peak is 

shown to appear to represent this transition. 

Crystallization: the same concept for melting point can be applied for 

crystallization but the other way around. Crystallization is an exothermic 

transition that release heat when occurring. Temperature is also observed to 

constant and, therefore, an exothermic peak appears. 

         
Energy needed for a material to change phase from solid to liquid or form liquid to gas. This energy is 

just invested for phase change, not for energy increase. 

 

containing the material of interest). Characteristic transitions for polymers are shown. Exothermic reactions 

are depicted with ‘positive’ variations, whereas endothermic by ‘negative’ variations. 

Straight line: If no transition has taken place, temperature difference 

between both cells will be constant and equal to a value proportional to the 

): it is a second order transition or, in other 

terms, it involves just the change in calorific capacity, not in the material 

. The calorific capacity of a material in glass state is different 

. In DSC curve, it will be 

Melting point: during melting temperature does not change but materials 

absorb heat (latent heat) that is used to break the polymer crystalline 

structure. It is an endothermic process. Hence, an endothermic peak is 

Crystallization: the same concept for melting point can be applied for 

crystallization but the other way around. Crystallization is an exothermic 

transition that release heat when occurring. Temperature is also observed to 

constant and, therefore, an exothermic peak appears.  

from solid to liquid or form liquid to gas. This energy is 
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Appendix III: Additional information about TGA

Thermo-gravimetric analysis is a

recorded as a function of the temperature or as a function of time while it is subjected to 

a specified thermal treatment. Samples are placed inside a sample pan that is hanging 

from a balance. The pan is s

cooling the sample during the experiment. The balance measures very precisely the 

change in mass of the sample while the experiment is being carried out. The furnace 

environment can be controlled b

the furnace. If an inert atmosphere (using argon or helium) is used during heating, the 

material will only react to temperature during decomposition.

Using TGA analysis it is possible to assess the los

oxidation or decomposition of the material, amount of carbon within the material, 

amount of filler lost or amount of ash remaining at the end of the process, among other 

parameters (Van den Bossche

TGA also needs to be calibrated prior to use. Buoyancy effects may have 

significant effects on the sample if calibration is not done properly. The density of the 

purge gas may vary with temperature and this factor needs to be accounted for when 

performing the study. In order to properly design the temperature profile, the maximum 

temperature should be high enough so that the material has completed all chemical 

reactions and the weight becomes stable 
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Additional information about TGA 

gravimetric analysis is a technique where the mass of a material sample is 

recorded as a function of the temperature or as a function of time while it is subjected to 

a specified thermal treatment. Samples are placed inside a sample pan that is hanging 

from a balance. The pan is situated inside a furnace, which is in charge of heating or 

cooling the sample during the experiment. The balance measures very precisely the 

change in mass of the sample while the experiment is being carried out. The furnace 

environment can be controlled by flow of an specific gas around the sample and out of 

the furnace. If an inert atmosphere (using argon or helium) is used during heating, the 

material will only react to temperature during decomposition. 

Using TGA analysis it is possible to assess the loss of any kind of solvent or water, 

oxidation or decomposition of the material, amount of carbon within the material, 

amount of filler lost or amount of ash remaining at the end of the process, among other 

(Van den Bossche, 2006). 

TGA also needs to be calibrated prior to use. Buoyancy effects may have 

significant effects on the sample if calibration is not done properly. The density of the 

purge gas may vary with temperature and this factor needs to be accounted for when 

the study. In order to properly design the temperature profile, the maximum 

temperature should be high enough so that the material has completed all chemical 

reactions and the weight becomes stable (Öner, 2007). 

 

technique where the mass of a material sample is 

recorded as a function of the temperature or as a function of time while it is subjected to 

a specified thermal treatment. Samples are placed inside a sample pan that is hanging 

ituated inside a furnace, which is in charge of heating or 

cooling the sample during the experiment. The balance measures very precisely the 

change in mass of the sample while the experiment is being carried out. The furnace 

y flow of an specific gas around the sample and out of 

the furnace. If an inert atmosphere (using argon or helium) is used during heating, the 

s of any kind of solvent or water, 

oxidation or decomposition of the material, amount of carbon within the material, 

amount of filler lost or amount of ash remaining at the end of the process, among other 

TGA also needs to be calibrated prior to use. Buoyancy effects may have 

significant effects on the sample if calibration is not done properly. The density of the 

purge gas may vary with temperature and this factor needs to be accounted for when 

the study. In order to properly design the temperature profile, the maximum 

temperature should be high enough so that the material has completed all chemical 
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Appendix IV: Results for INSTRON tensile test for 8 different 

specimens of EAP. 

Table 21: Results for Young’s modulus, maximum load, maximum stress and ma
INSTRON tensile test for 8 different specimens.

Specimen 

1 

2 

3 

4 

5 

7 

8 

9 

 
Mean 

Standard Deviation
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Results for INSTRON tensile test for 8 different 

: Results for Young’s modulus, maximum load, maximum stress and maximum strain from the 
INSTRON tensile test for 8 different specimens. 

 
Young's Modulus 

[MPa] 

Max Stress 

[MPa] 

Max Strain 

[mm/mm]

196.0474 15.5843 0.3737

189.3337 19.1751 0.3940

166.5889 17.5972 0.4427

94.8670 19.1790 0.5855

209.7514 17.1599 0.2289

138.1877 15.8021 0.4801

226.3208 16.9245 0.3955

225.6767 16.0336 0.2500

   
180 17.1 0.39

Standard Deviation 45 1.4 0.12

0,157 0,207 0,257 0,307 0,357

Tensile strain [mm/mm]

Specimen 1

 

Results for INSTRON tensile test for 8 different 

ximum strain from the 

Max Strain 

[mm/mm] 

3737 

3940 

4427 

5855 

2289 

4801 

3955 

2500 

39 

0.12 

 

0,407
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0,15 0,2 0,25 0,3 0,35 0,4

Tensile strain [mm/mm]

Specimen 2

0,2 0,3 0,4 0,5

Tensile strain [mm/mm]

Specimen 3

0,185 0,285 0,385 0,485 0,585

Tensile strain [mm/mm]

Specimen 4

 

 

 

 

0,4 0,45

0,6

0,685
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0,105 0,155 0,205

Tensile strain [mm/mm]

Specimen 5

0,16 0,26 0,36 0,46

Tensile strain [mm/mm]

Specimen 7

0,19 0,24 0,29 0,34 0,39

Tensile strain [mm/mm]

Specimen 8

 

 

 

 

0,255

0,56

0,44
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0,11 0,16 0,21 0,26

Tensile strain [mm/mm]

Specimen 9

 

 

0,31
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Appendix V: Additional information about SEM

Scanning electron microscopy is a method which performs a surface scan of the 

sample utilizing an incident electron beam. Th

to be in vacuum and the sample needs to be conductive in order to dissipate the inherent 

charge in the incident electrons. These electrons interact with the sample creating 

certain signals that are useful to get in

the sample: secondary electrons

rays. Signals are detected and can be used to create images that are displayed in the 

computer. 

Secondary electrons are pull 

the primary electron beam is transferred. They are non

very low energy. but when they are located close to the sample surface

can be created giving information o

Backscattered electrons are the ones which change direction when being scattered 

by the sample surface. They are high

density would create more BSE

composition. 
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Appendix V: Additional information about SEM 

Scanning electron microscopy is a method which performs a surface scan of the 

sample utilizing an incident electron beam. The electron source. sample and lenses need 

to be in vacuum and the sample needs to be conductive in order to dissipate the inherent 

charge in the incident electrons. These electrons interact with the sample creating 

certain signals that are useful to get information about the surface and composition of 

the sample: secondary electrons. backscattered electrons (BSE) and characteristic X

rays. Signals are detected and can be used to create images that are displayed in the 

Secondary electrons are pull out from the sample when a part of the energy from 

the primary electron beam is transferred. They are non-directional electrons and have 

but when they are located close to the sample surface

can be created giving information on the surface morphology of the sample.

Backscattered electrons are the ones which change direction when being scattered 

by the sample surface. They are high-energy electrons and because materials with high 

density would create more BSE. they can be used to obtain information on the chemical 

 

Scanning electron microscopy is a method which performs a surface scan of the 

sample and lenses need 

to be in vacuum and the sample needs to be conductive in order to dissipate the inherent 

charge in the incident electrons. These electrons interact with the sample creating 

formation about the surface and composition of 

backscattered electrons (BSE) and characteristic X-

rays. Signals are detected and can be used to create images that are displayed in the 

out from the sample when a part of the energy from 

directional electrons and have 

but when they are located close to the sample surface. a SEM image 

n the surface morphology of the sample. 

Backscattered electrons are the ones which change direction when being scattered 

energy electrons and because materials with high 

o obtain information on the chemical 
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Appendix VI: Detailed steps to proceed with the study of the 

behaviour of an IPMC ac

 

1) Set the function generator to a constant frequency of 0.008Hz (to give a period 

of 125s). 

2) Select square-wave as the signal to apply by the function generator.

3) Set the voltage amplitude to 2V. This will lead to a peak

polarity. 

4) Adjust the laser to the tip of the sample and zero the reading before starting.

5) Select the acquisition time and Press “Start” in the computer program to start 

recording the laser readings.

6) Let the sample actuate for 5 full 

7) Press “Stop” in the computer program to stop recording the laser readings.

8) Increase the supplied voltage by 2V.

9) Disconnect the function generator.

10) Save the data from the computer program in an Excel sheet

11) Wait 2 minutes until the next test to let 

12) Repeat steps 4 to 11 until a value of 10V for maximum voltage is tested (20V 

voltage amplitude). 
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: Detailed steps to proceed with the study of the 

behaviour of an IPMC actuator subjected to different voltages

Set the function generator to a constant frequency of 0.008Hz (to give a period 

wave as the signal to apply by the function generator.

Set the voltage amplitude to 2V. This will lead to a peak voltage of 1V to each 

Adjust the laser to the tip of the sample and zero the reading before starting.

Select the acquisition time and Press “Start” in the computer program to start 

recording the laser readings. 

Let the sample actuate for 5 full cycles. 

Press “Stop” in the computer program to stop recording the laser readings.

Increase the supplied voltage by 2V. 

Disconnect the function generator. 

Save the data from the computer program in an Excel sheet 

Wait 2 minutes until the next test to let the sample recover some humidity.

Repeat steps 4 to 11 until a value of 10V for maximum voltage is tested (20V 

 

 

: Detailed steps to proceed with the study of the 

subjected to different voltages 

Set the function generator to a constant frequency of 0.008Hz (to give a period 

wave as the signal to apply by the function generator. 

voltage of 1V to each 

Adjust the laser to the tip of the sample and zero the reading before starting. 

Select the acquisition time and Press “Start” in the computer program to start 

Press “Stop” in the computer program to stop recording the laser readings. 

the sample recover some humidity. 

Repeat steps 4 to 11 until a value of 10V for maximum voltage is tested (20V 
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Appendix VII:  Graphs for actuation of the IPMC of different 

thicknesses (0.09, 0.17 and 0.22mm) subjected to various 

voltages (from 1 to 10V)

 

� 0.09mm thickness: 
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endix VII:  Graphs for actuation of the IPMC of different 

thicknesses (0.09, 0.17 and 0.22mm) subjected to various 

voltages (from 1 to 10V) 

 

 

 

endix VII:  Graphs for actuation of the IPMC of different 

thicknesses (0.09, 0.17 and 0.22mm) subjected to various 
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� 0.17mm thickness: 
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� 0.22mm thickness: 
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Appendix VIII: Detailed steps to proceed with the study of the 

behaviour of an IPMC actuator sub

 

1) Set the function generator to a 

of 5V). 

2) Select square-wave as the signal to apply by the function generator.

3) Set the signal frequency to 0.001Hz.

4) Adjust the laser to the tip of the sample and zero the reading before starting.

5) Select the acquisition time and Press “Start” in the computer program to start 

recording the laser readings.

6) Let the sample actuate for 5 full cycles.

7) Press “Stop” in the computer program to stop recording the laser readings.

8) Increase the signal frequency.

9) Disconnect the function generator.

10) Save the data from the computer program in an Excel sheet.

11) Wait 2 minutes until the next test to let the sample recover some humidity.

12) Repeat steps 4 to 11 until a value of 500Hz.
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: Detailed steps to proceed with the study of the 

behaviour of an IPMC actuator subjected to different frequencies

Set the function generator to a constant voltage amplitude of 10V (peak voltage 

wave as the signal to apply by the function generator.

Set the signal frequency to 0.001Hz. 

Adjust the laser to the tip of the sample and zero the reading before starting.

acquisition time and Press “Start” in the computer program to start 

recording the laser readings. 

Let the sample actuate for 5 full cycles. 

Press “Stop” in the computer program to stop recording the laser readings.

Increase the signal frequency. 

the function generator. 

Save the data from the computer program in an Excel sheet. 

Wait 2 minutes until the next test to let the sample recover some humidity.

Repeat steps 4 to 11 until a value of 500Hz. 

 

: Detailed steps to proceed with the study of the 

jected to different frequencies 

constant voltage amplitude of 10V (peak voltage 

wave as the signal to apply by the function generator. 

Adjust the laser to the tip of the sample and zero the reading before starting. 

acquisition time and Press “Start” in the computer program to start 

Press “Stop” in the computer program to stop recording the laser readings. 

Wait 2 minutes until the next test to let the sample recover some humidity. 
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Appendix IX: Graphs for actuation of the IPMC of different 

thicknesses (0.09 and 0.22mm) subjected to various frequencies 

(from 1 to 500mHz) 

� 0.09mm thickness: 

� 0.22mm thickness: 
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Appendix IX: Graphs for actuation of the IPMC of different 

thicknesses (0.09 and 0.22mm) subjected to various frequencies 

 

 

 

 

Appendix IX: Graphs for actuation of the IPMC of different 

thicknesses (0.09 and 0.22mm) subjected to various frequencies 

 

 


