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1.1 Brief	history	of	dielectric	elastomer	actuators	(DEAs)	

	

Research	 interest	 on	 “smart	 materials”	 that	 can	 respond	 to	 a	 variety	 of	

external	 stimuli	 such	 as	 temperature,	 pH,	 light,	 magnetic	 and	 electrical	 fields	

[Addington	 and	 Schodek	 2005]	 has	 dramatically	 increased	 due	 to	 the	 improved	

understanding	of	the	material	behaviour	at	nano	level	and	of	biological	principles	

and	concepts.	In	particular,	there	is	a	worldwide	interest	on	actuators	that	mimic	

the	 muscle‐like	 behaviour	 found	 in	 nature.	 The	 potential	 for	 such	 actuators	 is	

increasingly	 becoming	 feasible	 with	 the	 emergence	 of	 effective	 electro‐active	

polymers	 (EAPs).	 This	 potential	 is	 based	 on	 their	 resilience,	 fracture	 tolerance,	

noiseless	 actuators	 that	 can	 be	made	miniature,	 low	mass,	 inexpensiveness	 and	

low	 power	 consumption	 [Mirfakhrai	 et	 al.	 2007;	 Bar‐Cohen	 2009].	 Between	 the	

two	 types	 of	 EAPs,	 ionic	 and	 electronic	 systems	 (Figure	 1.1),	 soft	 dielectric	

elastomers	 (DEs)	 have	 attracted	 much	 interest	 in	 recent	 years	 due	 to	 their	

outstanding	active	deformation	potential.		

	

Figure	1.1.	Classification	of	electro‐active	polymers	(EAPs).	
	

Soft	 dielectric	 elastomer	 actuators	 (DEAs)	 consist	 of	 a	 thin	 elastomer	 film,	

which	is	coated	on	both	sides	with	compliant	electrodes.	When	applying	a	DC	high	

voltage	(on	the	order	of	kV)	to	this	compliant	capacitor,	the	electrostatic	attraction	

between	the	opposite	charges	on	opposing	electrode	and	the	repulsion	of	the	like	

charges	 on	 each	 electrode	 squeeze	 the	 elastomeric	 dielectric	 in	 the	 thickness	

direction,	thus	causing	it	to	expand	in	area	in	the	planar	direction	(Figure	1.2).	
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Figure	1.2.	Schematic	representation	of	a	DE	actuation	mechanism.	
	

The	 first	 investigations	on	 this	 topic	go	back	 to	1776	when	 Italian	scientist	

Alessandro	 Volta	mentioned	 in	 a	 letter	 [Montanari	 1835]	 that	 researcher	 Felice	

Fontana	 had	 observed	 volume	 changes	 in	 Leyden	 jars	 (the	 first	 electrical	

capacitor)	 upon	 the	 application	 of	 an	 electric	 field	 [Carpi	 et	al.	 2010].	 A	 century	

later,	 Scottish	mathematical	 and	 physicist,	 James	 Clerk	 Maxwell,	 established	 the	

fundamentals	 of	 the	 electromagnetic	 theory	with	 the	 publication	 in	 1873	 of	 the	

“Treatise	 on	 Electricity	 and	 Magnetism”	 [Maxwell	 1873].	 In	 this	 treatise,	 he	

established	 that	 opposite	 charges	 attract	 and	 like	 charges	 repel	 with	 a	 force	

inversely	 proportional	 to	 the	 square	 of	 the	 distance	 between	 them.	 Indeed,	 the	

electro‐mechanical	principle	underlying	in	DEAs	is	known	as	the	“Maxwell	stress”	

referring	 to	 the	 founder	 of	 the	 electromagnetic	 theory	 [Carpi	 et	 al.	 2008c].	

Although	 further	 isolated	work	 can	be	 found	on	 the	 strain	 response	of	dielectric	

materials	to	applied	fields,	 it	was	not	until	2000	when	researchers	from	Stanford	

Research	Institute	reported	for	the	first	time	large	strains	in	dielectric	elastomer	in	

a	paper	published	in	Science	[Pelrine	et	al.	2000b].	Since	that	 fundamental	work,	

DEAs	are	recognised	to	provide	the	best	combination	of	electrical	and	mechanical	

properties	 for	 true	muscle‐like	actuation	with	a	work	density	of	10	to	150	kJ/m3	

for	 silicone	 and	 acrylic	 elastomers,	 respectively,	 compared	 to	 40	 kJ/m3	 in	

mammalian	skeletal	muscle	[Carpi	et	al.	2008c].	
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The	 flexibility	 of	 this	 technology	 in	 terms	 of	 materials,	 device	 design	 and	

potentials	applications	together	with	 its	superior	performance	is	accelerating	the	

research	in	this	topic.	In	fact,	only	in	the	past	four	years,	the	research	on	DEAs	has	

steadily	 increased,	 as	 evidenced	by	 the	 rise	 in	 the	number	 of	 publications	 about	

this	topic	(Figure	1.3).		

	

Figure	1.3.		Published	papers	and	citations	on	DEAs	since	2000	(Source:	Scopus).	
	

The	 main	 focus	 of	 this	 initial	 interest	 has	 concentrated	 on	 identifying	 the	

appropriate	 DEAs	 working	 conditions,	 designs	 and	 configurations,	 and	 low	

emphasis	has	been	paid	on	 the	systematic	 improvement	of	DE	materials.	 Indeed,	

when	this	Thesis	started	in	2009,	few	articles	were	available	concerning	this	issue,	

basically	some	preliminary	results	about	the	development	of	polymer	blends	and	

ceramic‐polymer	 composites.	 Over	 the	 last	 four	 years	 an	 increasing	 number	 of	

research	 groups	 have	 started	 to	 develop	 new	 formulations	 for	 applications	 in	

DEAs,	which	means	that	 the	best	candidates	should	appear	 in	a	near	 future.	This	

increasing	research	is	speeding	up	the	transition	from	a	research	topic	to	practical	

uses,	 which	 is	 clearly	 evidenced	 by	 the	 increasing	 number	 of	 enterprises	

[www.artificialmuscle.com	 ;	 www.optotune.com	 ;	 www.tactustechnology.com]	

that	 are	 already	 commercialising	devices	based	on	 this	 technology	 in	 spite	 of	 its	

young	 nature.	 This	 trend	will	 even	 be	 accelerated	 once	 some	 of	 the	 unresolved	

issues,	such	as	lifetime,	environmental	tolerance	and	manufacturing,	are	improved	

by	both	the	academia	and	industrial	community.	
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1.2 Motivation	and	objectives	

	
The	 high	 driving	 voltages	 necessary	 for	 the	DE	mechanical	 stimulation	 are	

slightly	 hindering	 their	 commercial	 application,	 especially	 in	 biomedical	 devices	

due	 to	 safety	 concerns.	 This	 issue	 can	 be	 solved	 by	 increasing	 the	 DE	 dielectric	

permittivity	 while	 preserving	 its	 high	 breakdown	 strength	 and	 low	 Young’s	

modulus;	 thus,	 leading	 to	 an	 improved	 energy	 storage	 ability	 and	 reduced	

actuation	voltages.	

The	 increase	 of	 the	 dielectric	 permittivity	 of	 a	 given	 elastomer	 can	 be	

achieved	 through	 different	 approaches,	 from	 chemical	 modification	 of	 the	

elastomer	 backbone	 to	 elastomer	 composites	 [Kussmaul	 et	al.	 2011;	 Opris	 et	al.	

2011;	Stoyanov	et	al.	2011].	This	later	composite	strategy	presents	the	advantage	

of,	 on	 one	 hand,	 being	 easily	 scalable	 and,	 on	 the	 other,	 combining	 the	 high	

dielectric	 permittivity	 values	 of	 conductive	 and/or	 ceramic	 fillers	 with	 the	 high	

breakdown	strength	of	polymers.	Nevertheless,	this	strategy	also	has	to	overcome	

additional	 limitations,	since	the	addition	of	 these	 fillers	 is	prone	to	 increase	both	

the	 dielectric	 loss	 and	 the	 tensile	 stress	 values,	 which	 can	 decrease	 the	 electro‐

mechanical	 performance	 of	 the	 actuator.	 Therefore,	 composites	 satisfying	 these	

three	 characteristics	 (high	 dielectric	 permittivity,	 low	 dielectric	 losses	 and	 low	

Young’s	modulus)	are	difficult	to	attain	and	the	best	solution	will	be	a	compromise	

among	them.		

Thus,	 the	 general	 objective	 of	 this	 Doctoral	 Thesis	 is	 to	 develop	

polydimethylsiloxane	 (PDMS)	 elastomeric	 composites	 with	 enhanced	 electro‐

mechanical	response.	To	accomplish	it,	two	different	strategies	will	be	explored:		

‐ Conductive	 filler	 or	 sub‐percolative	 approach	 by	 the	 use	 of	 carbon‐based	

nanoparticles,	 namely	 carbon	 nanotubes	 and	 functionalised	 graphene	

sheets.		

‐ Dielectric	 filler	 approach	 by	 the	 use	 of	 the	 high	 dielectric	 permittivity	

ceramic	calcium	copper	titanate.	

In	both	cases,	the	following	specific	targets	can	be	defined:	

‐ Synthesis	 and	 characterisation	 of	 conductive/high	 dielectric	 permittivity	

fillers.	

‐ Design,	study	and	optimisation	of	a	neat	PDMS‐based	actuator.	
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‐ Development	 of	 PDMS	 (nano)composites	 with	 enhanced	 dielectric	

properties.	

‐ Study	 of	 the	 influence	 of	 the	 conductive/high	 dielectric	 fillers	 over	 the	

electro‐mechanical	properties	of	the	optimised	neat	PDMS‐based	actuator.		

	

1.3 Structure	of	the	Thesis	

	

This	 Doctoral	 Thesis	 is	 divided	 into	 six	 chapters:	 from	 the	 synthesis	 of	

conductive/high	dielectric	permittivity	 fillers	 to	 the	development	of	PDMS‐based	

actuators	with	optimised	electro‐mechanical	performance.	

Chapter	2	presents	a	brief	overview	on	electro‐active	polymers	 (EAPs)	and,	

then,	 focuses	 on	 the	 fundamentals	 and	 material	 requirements	 of	 dielectric	

elastomer	 actuators.	 A	 detailed	 literature	 review	 is	 also	 presented	 on	 dielectric	

elastomer	 materials,	 as	 well	 as	 the	 followed	 strategies	 to	 improve	 the	 electro‐

mechanical	performance	of	DEAs.		

Chapter	 3	 describes	 the	 synthesis	 method	 and	 characterisation	 of	 the	

different	 employed	 fillers.	 Thus,	 in	 the	 case	 of	 carbon	 nanotubes,	 a	 detailed	

comparison	 among	 commercial	 and	 in‐house	 produced	 carbon	 nanotubes	 is	

provided;	 while	 for	 functionalised	 graphene	 sheets,	 their	 synthesis	 path	 and	

characterisation	 is	 thoroughly	 presented.	 In	 addition,	 the	 synthesis,	

characterisation	 and	 surface	modification	 of	 calcium	 copper	 titanate	 particles	 in	

both	the	micro	and	nanometer	range	is	also	described.		

Chapter	 4	 is	 completely	 devoted	 to	 the	 evaluation	 of	 the	 sub‐percolative	

approach	in	two	PDMS	liquid‐grades	with	different	viscosities.	This	section	details	

the	preparation	and	the	rheological,	mechanical	and	dielectric	characterisation	of	

liquid‐PDMS	nanocomposites.	

Chapter	5	describes	the	optimisation	protocols	in	terms	of	pre‐stretch	degree	

and	electrode	conductivity	of	the	electro‐mechanical	performance	of	a	solid‐PDMS	

actuator.	 This	 section	 also	 explores	 both	 the	 conductive	 and	 dielectric	 filler	

approaches	 in	 the	 PDMS	 solid‐grade.	 The	 effect	 of	 both	 conductive	 and	 high	

dielectric	 fillers	 described	 in	Chapter	 3	 on	 the	 rheological,	mechanical,	 dielectric	

and	electro‐mechanical	properties	of	the	solid‐PDMS	matrix	is	also	detailed.	

Chapter	6	presents	the	concluding	remarks	of	the	Thesis.	
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2.1 Chemistry	and	structure	of	elastomers	

	

The	 empirical	 definition	 of	 an	 elastomer	 is	 a	macromolecular	material	 that	

exhibits	 unique	 properties	 of	 flexibility	 and	 elastic	 extensibility.	 Under	 the	

application	of	stress,	the	molecular	chains	straighten	out	in	the	direction	in	which	

they	are	being	pulled,	which	results	in	an	aligned	structure.	Upon	releasing	of	the	

stress,	the	molecular	chains	rapidly	recover	their	normal,	random	arrangements.	A	

more	 physical	 definition	 is	 that	 an	 elastomer	 is	 a	 cross‐linked	 polymer	material	

above	 its	glass	 transition	temperature.	On	this	basis,	elastomers	can	be	classified	

as	[Blow	1971;	Brydson	1988;	Morton	1999]:	

‐ Thermoplastic	Elastomers	(TPEs):	TPEs	are	a	class	of	materials	that	combine	the	

rubber‐like	 properties	 of	 a	 thermoset	 elastomer	 and	 the	 processing	

characteristics	of	 a	 thermoplastic.	Unlike	 conventional	 chemically	 cross‐linked	

rubbers,	 this	 type	 of	 elastomers	 can	 be	 processed	 and	 recycled	 like	

thermoplastic	materials.	This	behaviour	is	ascribed	to	TPEs	structure,	which	is	

composed	 of	 two	 regions	 (or	 phases):	 soft	 phases	 (cured	 thermoset	 rubber	

particles)	 dispersed	 within	 hard	 phases	 (the	 thermoplastic	 portion).	 Some	

examples	 of	 TPEs	 are,	 among	 other,	 styrenic‐block	 copolymers	 (TPE‐s),	

polyolefin	blends	(TPE‐o)	and	thermoplastic	polyurethanes	(TPU).		

‐ Thermoset	Elastomers	(TSEs):	Contrary	to	TPEs,	thermosetting	elastomers	gain	

their	 strength	 from	an	 irreversible	cross‐linking	process	 that	occurs	when	 the	

compound	is	chemically	modified	by	sulphur	atoms	or	other	curing	agents	in	a	

process	called	vulcanisation.	Since	 this	 type	of	elastomers	was	 invented	 in	 the	

19th	century,	 they	have	been	widely	explored	 in	academia	and	industry	due	to	

their	 versatile	 properties.	 Indeed,	 rubbery	 materials	 are	 vital	 in	 engineering	

applications,	of	which	the	pneumatic	tire	is	the	best‐known	example.		

2.1.1 Vulcanisation	process	

In	 the	 vulcanisation	 process,	 an	 elastomer	 is	 transformed	 from	 a	 “plastic”,	

“formable”	material	 into	an	“elastic”	one	by	the	 formation	of	a	 three	dimensional	

network	with	different	types	of	 junctions	(see	Figure	2.1).	The	three	dimensional	

structure	produced	by	 the	cross‐links	restricts	 the	mobility	of	 the	molecules	and	
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reduces	their	ability	to	crystallise.	Moreover,	it	improves	elasticity,	elastic	modulus	

and	hardness	over	a	wide	temperature	range.		

	

Figure	2.1.	Schematic	representation	of	a	rubber	network.	

	

The	process	of	vulcanisation	was	discovered	in	1839	when	Charles	Goodyear	

accidentally	 dropped	 some	 natural	 rubber	 mixed	 with	 sulphur	 on	 a	 hot	 stove	

[Brydson	 1988].	 He	 realised	 that	 some	 areas	 of	 the	 natural	 rubber	 were	 not	

charred,	but	were	 instead	perfectly	 cured.	This	 accident	was	 the	key	 to	discover	

that	heating	natural	 rubber	and	 sulphur	 created	vulcanised	 rubber. This	process	

was	 eventually	 refined	 to	 become	 what	 nowadays	 is	 known	 as	 “vulcanisation	

process”.	 The	 vulcanising	 agent	 at	 that	 time	 was	 sulphur	 and	 it	 remains	 as	 the	

basis	 of	 nearly	 all‐commercial	 vulcanising	 procedures.	 However,	 nowadays,	

sulphur	vulcanisation	is	used	in	conjunction	with	a	number	of	other	agents	and	the	

vulcanisation	mechanism	 has	 become	more	 complex	 from	 the	 chemical	 point	 of	

view.	 This	 kind	 of	 vulcanisation	 requires	 the	 presence	 of	 double	 bounds	 on	 the	

elastomer	backbone	and	leads	to	a	three‐dimensional	rubber	network	in	which	the	

polymer	chains	are	linked	to	each	other	by	sulphur	bridges	(see	Figure	2.2).	

	

Figure	 2.2.	 Schematic	 representation	 of	 the	 cross‐links	 formed	 in	 a	 sulphur	
vulcanisation	reaction.		



Theory	and	Background	

	 13

Examples	 of	 unsaturated	 elastomers that	 can	 be	 cured	 by	 sulphur	

vulcanisation	 are	 cis‐1,4‐polyisoprene	 (natural	 rubber,	 NR),	 chloroprene	 (CR),	

butadiene	(BR),	styrene‐butadiene	(SBR),	acrylonitrile	(NBR)…	

The	 inclusion	 of	 fully	 saturated	 elastomers	 (such	 as	 ethylene‐propylene	

rubber	 (EPR),	 fluorelastomers,	 polydimethylsiloxane	 (PDMS),	 ethylene‐vinyl	

acetate	 (EVA),	 etc…),	 which	 cannot	 be	 cross‐linked	 by	 sulphur,	 increased	 the	

industrial	 interest	 on	 the	 use	 of	 organic	 peroxides	 as	 an	 alternative	 way	 for	

vulcanising	 rubbers.	Historically,	 the	 term	vulcanisation	was	exclusively	 referred	

to	 the	 process	 of	 the	 cross‐linking	 reaction	 achieved	 by	 sulphur	 at	 high	

temperatures	 [Akiba	 and	 Hashim	 1997].	 However,	 nowadays	 this	 term	 is	 also	

applied	to	other	cross‐linking	processes,	such	as	peroxide	cure.	

The	peroxide	vulcanisation	was	reported	for	the	first	time	by	Ostromyslenski	

in	1915	[Ostromyslenski	1915].	In	this	type	of	vulcanisation,	when	the	peroxide	is	

decomposed	at	high	 temperatures,	 free	radicals	are	 formed	on	the	rubber	chains	

that	 are	 able	 to	 link	 to	 each	 other	 by	 very	 stable	 covalent	 carbon‐carbon	bonds,	

leading	to	a	rubber	network	(see	Figure	2.3).	

	

Figure	 2.3.	 	 Schematic	 representation	 of	 the	 cross‐links	 formed	 in	 a	 peroxide	
vulcanisation	reaction.	

	

Peroxide	 cure	 allows	 vulcanisation	 of	 both	 unsaturated	 and	 saturated	

polymers,	 which	 is	 not	 possible	 with	 sulphur	 vulcanisation.	 This	 type	 of	

vulcanisation	progresses	 through	a	series	of	radical	 intermediates,	each	of	which	

can	 undergo	 side	 reactions,	 which	 may	 not	 necessarily	 contribute	 to	 the	 cross‐

linking	 density.	 As	 an	 alternative	 to	 peroxides	 in	 applications	 where	 the	 curing	

agents	 or	 side	 products	 of	 vulcanisation	 are	 viewed	 as	 impurities	 in	 the	 final	

product,	 second	 generation	 vulcanisation	 technologies	 have	 been	 developed	

[Akiba	 and	Hashim	1997]	 such	 as	 i.e.	 ultraviolet	 light	 [Hayes	 and	Eckberg	1983;	

Phinyocheep	and	Duangthong	2000;	Amsden	et	al.	2004],	electron	beam	[Vroomen	

et	 al.	 1991;	 Bhowmick	 and	 Vijayabaskar	 2006],	 microwave	 [Bogdal	 et	 al.	 2003;	
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Sombatsompop	and	Kumnuantip	2006],	Platinum	(Pt)	based	catalysts	[Lewis	et	al.	

1997;	Medsker	and	Patel	1997],	etc.	

	

2.2 Dielectric	properties	

	

Dielectric	theory	is	commonly	used	to	describe	the	interaction	of	an	electric	

field	with	matter.	The	word	dielectric	is	derived	from	the	prefix	dia,	originally	from	

Greek,	which	means	 through	 or	 across	 [Kao	 2004].	 Thus,	 a	 dielectric	material	 is	

referred	 to	 as	 a	material	 that	permits	 the	passage	of	 the	 electric	 field	or	 electric	

flux,	but	not	of	any	type	of	charge	carriers,	such	as	electrons.	Nevertheless,	there	is	

no	 real	 insulating	 substance	 able	 to	 obstruct,	 under	 all	 circumstances,	 the	

transport	 of	 electric	 charge	 through	 it.	 All	 dielectric	 materials	 permit,	 up	 to	 a	

certain	 degree,	 the	 passage	 of	 an	 electric	 field,	 as	 a	 result	 of	 impurities	 and	

imperfections.	This	class	of	materials	exhibits	a	whole	set	of	effects	when	placed	in	

an	electric	field	known	as	polarisation	[Kao	2004],	which	will	be	discussed	in	the	

following	sections.	

2.2.1 Polarisation	mechanisms	

The	 ability	 of	 the	 dielectric	 materials	 to	 store	 energy	 is	 attributed	 to	 the	

polarisation.	As	matter	consist	of	positively	charged	atomic	nuclei	and	negatively	

charged	 electrons,	 materials	 can	 show	 electric	 field‐induced	 separation	 and	

alignment	of	the	electric	charges,	which	can	result	in	an	increase	in	capacitance.		

There	 are	 several	molecular	mechanisms	 associated	with	 this	 polarisation,	

including	 electronic,	 ionic,	 orientation	 (dipole),	 and	 interface	 (space‐charge)	

polarisation	[Murphy	and	Morgan	1937].	In	general,	the	application	of	an	external	

field	to	each	one	of	these	mechanisms	in	a	normal	state	will	cause	a	displacement	

of	charge	which	results	in	a	polarisation	in	the	direction	of	the	field.	The	effect	of	

each	mechanism	can	schematically	be	seen	in	Figure	2.4.		

Thus,	for	a	given	material,	the	sum	of	the	contributions	from	each	mechanism	

determines	the	net	polarisation,	 	,	of	the	dielectric	material.	
	

	 	
	

(2.i)	
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where:	

‐ Electronic	 Polarisation:	 This	 universal	 polarisation	 response	 causes	 induced	

dipoles	due	to	the	distortion	of	the	electron	cloud	of	each	atom	with	respect	to	

the	 positive	 nucleus.	 The	 magnitude	 of	 this	 mechanism	 is	 usually	 very	 small	

compared	to	the	other	polarisation	mechanisms	since	the	displacement	of	these	

dipoles	is	very	short.	Thus,	this	mechanism	results	in	low	 ,	perhaps	up	to	2‐4,	

and	 takes	 place	 on	 a	 time	 scale	 of	 	 10‐12	 s	 because	 of	 the	 low	 mass	 of	 the	

electron.	 The	 representative	 materials	 for	 the	 simple	 case	 of	 atoms	 with	 a	

spherical	 symmetry	 are	 the	 noble	 gases	 in	 all	 aggregate	 forms	 [Raju	 2003;	

Naidu	2010b].	

‐ Ionic	 Polarisation	 (sometimes	 referred	 as	 atomic	 polarisation).	 This	 type	 of	

polarisation	involves	the	shifting	of	ionic	species	(anions	and	cations)	under	the	

influence	of	an	electric	field.	That	is,	the	application	of	an	external	field	induces	

net	 dipoles	 by	 slightly	 displacing	 the	 ions	 from	 their	 rest	 position.	 This	

displacement	 can	 be	 relatively	 large	 in	 comparison	 to	 the	 electronic	

displacement,	 leading	 to	 very	 high	 	 values,	 up	 to	 several	 thousand.	 Ionic	

conduction	 is	 the	 most	 prevalent	 mechanism	 at	 low	 frequencies	 and	 it	 also	

introduces	dielectric	losses	 	into	a	system.	The	basic	examples	are	all	simple	

ionic	crystals,	i.e.	NaCl	[Raju	2003;	Naidu	2010b].	

‐ Orientational	 Polarisation.	 This	 polarisation	 mechanism	 occurs	 in	 substances	

containing	 permanent	 dipole	 moments	 resulted	 from	 unbalanced	 sharing	 of	

electrons	 by	 atoms	 of	 a	molecule.	Dipoles	 exist	 in	 covalently	 bound	materials	

owing	to	the	different	electro‐negativity	of	 the	different	atoms	that	participate	

in	the	covalent	bond.	The	rotations	of	the	permanent	dipoles	in	the	direction	of	

the	 applied	 electric	 field	 cause	 the	orientational	 polarisation	 at	 around	103	 to	

109	Hz.	The	paradigmatic	material	is	water,	i.e.	H2O	in	its	liquid	form	[Raju	2003;	

Naidu	2010b].	

All	non‐conducting	materials	are	capable	of	electronic	polarisation,	which	is	

why	 all	 insulators	 are	 dielectric	 to	 some	 degree.	 In	 contrast,	 the	 ionic	 and	

orientational	modes	are	only	available	to	materials	possessing	ions	and	permanent	

dipoles,	 respectively.	 Another	 contribution	 to	 polarisation	 is	 the	 interface	

polarisation,	 as	 a	 result	 of	 the	 accumulation	 of	 mobile	 charges	 at	 structural	
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surfaces	 and	 interfaces.	 Rather	 than	 being	 a	 direct	 property	 of	 a	 material	 this	

property	is	only	a	feature	of	heterogeneous	systems,	such	as	polymer	composites.	

‐ Interfacial	 Polarisation.	 This	 mechanism	 of	 polarisation,	 also	 known	 as	 the	

Maxwell‐Wagner‐Sillars	 effect,	 arises	 from	 the	 build‐up	 of	 charges	 at	 the	

interfaces	 of	 heterogeneous	 systems	 such	 as	 multi‐component	 materials.	

Moving	charge	carriers	are	accelerated	by	an	applied	field	until	they	are	trapped	

at	 the	 physical	 barriers	 (usually	 grain	 of	 phase	 boundaries)	 in	 heterogeneous	

systems.	The	typical	frequency	range	for	this	polarisation	is	around	10‐3	to	101	

Hz	[Schönhals	and	Kremer	2003].	

	

Figure	 2.4.	 Schematic	 representation	 of	 the	 different	 types	 of	 polarisation	
processes.	

	

In	general,	the	more	polarisation	mechanisms	a	material	possesses,	the	larger	

its	 net	 polarisation	 in	 a	 given	 field	 will	 be	 and,	 hence,	 the	 larger	 its	 dielectric	

constant	 will	 be.	 Macroscopically,	 polarisation	 mechanisms	 lead	 to	 a	 surface	

charge	or	 an	 internal	 electric	 field	 in	 the	opposite	direction	 to	 the	outer	 applied	

electric	field.	Thus,	the	electric	field	in	the	dielectric	is	reduced.	
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2.2.2 Dielectrics	in	static	electric	fields	

As	 stated	 above,	 dielectric	 materials	 can	 support	 positive	 and	 negative	

charges	 in	 the	 presence	 of	 an	 externally	 applied	 electric	 field	 [Blythe	 and	 Bloor	

2005].	 These	 charges	 are	 formed	within	 the	material	 at	 the	 two	 surfaces	 of	 the	

dielectric,	adjacent	to	its	electrodes.		

	

Figure	 2.5.	 (a)	 Typical	 parallel	 plate	 capacitor	 (b)	 with	 a	 dielectric	 material	 as	
dielectric	medium.	

	

This	model	 can	 be	 easily	 understood	 if	we	 consider	 a	 typical	 parallel	 plate	

capacitor,	 as	 shown	 in	 Figure	 2.5.	 From	 Gauss’s	 theorem	 the	 electric	 field	 	

between	 two	 parallel	 plates	 carrying	 surface	 charge	 density	 σ	 and	 separated	 by	

vacuum	is:	
	

	

	

	

(2.ii)	
	

	

where	 	is	the	dielectric	constant	of	the	free	space	(8.854	×	10‐12	F/m).	Since	the	

same	 voltage	 is	 applied	 in	 both	 situations,	 Figure	 2.5	 (a)	 and	 (b),	E	 remains	 the	

same.	However,	 in	Figure	2.5(b)	 the	polarisation	charge	density	 	 appearing	on	

the	surfaces	of	the	dielectric	medium	compensates	part	of	the	total	charge	density	

	 carried	 by	 the	 plates.	 Thus,	 the	 effective	 charge	 density	 giving	 rise	 to	 	 is	

reduced	to	 	so	that:	

	

	

	

	

(2.iii)
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The	 total	 charge	 density	 	 is	 equivalent	 to	 the	 magnitude	 of	 the	 electric	

displacement	vector	 :	
	

	 	
	

	

(2.iv)
	

	

where	 	 is	 called	 the	permittivity	of	 the	dielectric.	 If	 the	dielectric	 is	 ‘linear’,	 the	

polarisation	 is	 proportional	 to	 the	 electric	 field	 within	 the	 material,	 which	 is	

commonly	the	case:	
	

	
	

	

(2.v)	
	

	

where	 the	 dimensionless	 constant	 	 is	 the	 dielectric	 susceptibility.	 This	

parameter	 is	 more	 or	 less	 a	 measure	 of	 how	 susceptible	 (or	 sensitive)	 a	 given	

dielectric	 is	 to	 electric	 fields.	 In	 general	 	 is	 a	 tensor	 of	 second	 rank.	 Unless	

otherwise	stated	it	will	be	assumed	in	the	following	discussions	that	 	and	 	are	

colinear,	in	which	case	 	is	simply	a	scalar.	

The	 dielectric	 polarisation	 	 and	 the	 electric	 flux	 density	 (or	 electric	

displacement	density)	 	are	related	as:		
	

	 	 1 	
	

	

(2.vi)
	

	

where	 	is	the	relative	permittivity	of	the	dielectric	material:	
	

1 	

	

	

(2.vii)
	

 

It	should	also	be	noticed	that	 	and	 	are	dimensionless	whereas	ε	and	 	

are	in	 farads/meter.	The	relative	dielectric	permittivity	for	a	 frequency	of	zero	 is	

known	as	its	static	relative	permittivity	or	as	its	dielectric	constant	 .	The	relative	

dielectric	 permittivity	 is	 essentially	 independent	 of	 the	 applied	 voltage	 and	 the	

applied	 electric	 field,	 as	 it	 will	 be	 discussed	 in	 the	 following	 section,	 but	 it	 is	 a	

complex‐valued	function	of	the	frequency	of	the	electric	field	since	there	is	always	

a	lag	between	changes	in	polarisation	and	changes	in	an	electric	field.		
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2.2.3 Dielectrics	in	alternating	electric	fields	

The	 discussion	 in	 the	 previous	 section	 has	 been	 related	 to	 dielectrics	 in	

steady	electric	fields.	Nevertheless,	dielectric	materials	are	commonly	used	under	

alternating	 fields.	 Since	 no	 material	 medium	 can	 instantaneously	 follow	 the	

variations	 of	 the	 electric	 field,	 there	 is	 a	 delay	 between	 the	polarisation	 and	 the	

field.	That	is,	dielectric	response	is	frequency	dependent.	Only	when	sufficient	time	

is	 allowed	 after	 the	 application	 of	 an	 electric	 field	 for	 the	 orientation	 to	 attain	

equilibrium,	 the	 maximum	 polarisation	 (which	 corresponds	 to	 the	 highest	

observable	dielectric	constant)	will	be	reached	in	a	material.	Thus,	if	the	frequency	

of	the	alternating	field	is	low,	the	observed	dielectric	constant	is	the	static	relative	

permittivity,	 .	On	the	other	hand,	if	the	frequency	of	the	alternating	field	is	high,	

dipoles	 do	 not	 have	 time	 to	 orientate,	 then	 the	 observed	 dielectric	 constant,	

denoted	 ,	 will	 be	 low	 and	 due	 to	 deformational	 effects	 alone.	 Somewhere	 in	

between	these	extremes	of	timescale	there	must	therefore	be	dispersion	from	high	

εs	to	a	low	dielectric	constant	 	[Böttcher	1973;	Blythe	and	Bloor	2005].		

In	 order	 to	 obtain	 this	 dispersion,	 let’s	 consider	 the	 application	 of	 an	

alternating	electric	field	 ,	with	amplitude	 	and	angular	frequency	 	 2 ,	

across	a	dielectric	material:		
	

	
	

	

(2.viii)
	

	

This	 alternating	 field	 will	 produce	 polarisation	 that	 oscillates	 in	 direction,	

and,	if	the	frequency	is	high	enough,	the	present	dipoles	will	inevitably	lag	behind	

it.	 Mathematically,	 this	 can	 be	 expressed	 as	 a	 phase	 lag	 in	 the	 electric	

displacement:	
	

	
	

	

(2.ix)	
	

	

The	displacement	can	be	divided	 in	a	component	 in	phase	with	 the	applied	

electric	field	and	a	component	shifted	by	90°	so	that:		
	

	 	
	

	

(2.x)	
	

	

where:	
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(2.xi)	
	

	

Hence,	 two	different	permittivities	are	defined	 to	 relate	 the	electric	 field	 to	

the	dielectric	displacement,	 	known	as	 the	dielectric	permittivity	and	 	as	 the	

dielectric	loss.	
	

	 	

	

	

(2.xii)	
	

	

From	 equations	 (2.ix)	 and	 (2.xi)	 follow	 that	 the	 ratio	 of	 these	 two	

permittivities	is	the	tangent	of	the	loss	angle:	
	

	
	

	

(2.xiii)
	

	

where	 	 is	 proportional	 to	 the	 dissipation	 of	 energy	 through	 the	movement	 of	

charges	 in	dielectric	materials	 and	 	 to	 the	 energy	 stored.	These	 two	quantities	

are	also	combined	into	a	complex	permittivity	or	relative	permittivity	[Blythe	and	

Bloor	2005]	that	expresses	the	ability	of	any	given	material	to	polarise	in	response	

to	an	applied	field.	
	

	
	

	

(2.xiv)	
	

	

Since	 ′	 and	 ′′	 are	 experimentally	 observable	 quantities,	 they	 are	 used	 to	

characterise	 the	 dielectric	 dispersion	 over	 a	 range	 of	 frequencies	 where	 each	

polarisation	 process	 shows	 a	 characteristic	 relaxation	 or	 resonance	 frequency,	

illustrated	in	Figure	2.6.	This	relaxation	frequency	is	detected	as	a	sharp	decrease	

of	the	dielectric	permittivity,	as	the	polarisation	mechanism	stops	to	contribute	to	

the	net	polarisation.	Both	 	and,	more	often,	 	(which	is	called	the	dielectric	

loss	factor)	are	used	in	graphical	representations	of	the	dielectric	loss.		
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Figure	 2.6.	 Schematic	 diagram	 of	 the	 frequency	 responses	 of	 the	 different	
electrical	polarisation	mechanisms.	

	

At	high	electric	fields,	a	material	that	is	normally	an	electrical	insulator	may	

begin	to	conduct	electricity,	i.e.	it	ceases	to	act	as	a	dielectric.	This	phenomenon	is	

known	as	dielectric	breakdown.	The	mechanism	behind	dielectric	breakdown	can	

best	 be	 understood	 using	 band	 theory	 (Figure	 2.7).	 Essentially,	 there	 are	 two	

“bands”	within	every	material	 that	 the	electrons	may	occupy:	 the	valence	energy	

band	and	the	higher	energy	conduction	band.	Electrons	in	the	valence	band	can	be	

considered	as	being	bound	in	place,	whereas	electrons	in	the	conduction	band	act	

as	 mobile	 charge	 carriers.	 In	 dielectrics,	 these	 two	 bands	 are	 separated	 by	 an	

energy	gap,	Eg,	corresponding	to	the	energies	that	are	forbidden	to	the	electrons.	

Since	the	valence	band	is	lower	in	energy,	electrons	will	preferentially	occupy	this	

band.	Therefore	 in	a	dielectric	material	under	normal	 conditions,	 the	conduction	

band	 will	 be	 empty.	 If	 an	 electron	 in	 the	 valence	 band	 is	 supplied	 with	 energy	

equal	or	greater	 than	Eg,	 it	may	be	promoted	to	 the	conduction	band.	An	electric	

field	of	sufficient	strength	can	supply	enough	energy	to	promote	electrons	from	the	

valence	band	to	the	conduction	band	at	once.	Since	the	electrons	in	the	conduction	

band	act	as	charge	carriers,	the	material	now	conducts	charge	rather	than	storing	

it	[Naidu	2010a].	
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Figure	2.7.	Band	theory	for	solids	applied	to	a	dielectric.		
	

For	 each	 material,	 there	 is	 a	 characteristic	 field	 strength	 needed	 to	 cause	

dielectric	 breakdown.	 This	 is	 referred	 to	 as	 the	 breakdown	 field	 or	 dielectric	

strength.	 Typical	 values	 of	 the	 dielectric	 strength	 lay	 in	 the	 range	10−103	V/µm.	

The	exact	value	of	the	dielectric	strength	depends	on	many	factors,	most	obviously	

the	size	of	the	energy	gap,	but	also	the	geometry	and	microstructure	of	the	sample	

and	the	conditions	it	is	subjected	to.		

	

2.3 Electro‐active	polymers	(EAPs)	

	

Electro‐active	polymers	(EAPs)	are	materials	that	can	show	shape	change	in	

response	 to	 electrical	 stimulation,	 being	 broadly	 categorised	 into	 two	 major	

groups	 based	 on	 their	 method	 of	 actuation:	 materials	 which	 are	 driven	 by	 the	

mobility	 or	 the	 diffusion	 of	 ions	 (known	 as	 ionic	 EAPs),	 and	 materials	 whose	

mechanical	 response	 is	 driven	 by	 electric	 fields	 or	 Coulomb	 forces	 (known	 as	

electronic	EAPs)	[Bar‐Cohen	2004b].		

2.3.1 Ionic	EAPs	

Ionic	 polymer	 gels	 (IPGs),	 ionic	 polymer–metal	 composites	 (IPMCs),	

conducting	polymers	(CPs),	and	carbon	nanotubes	(CNTs)	fall	under	this	category.		

‐ Ionic	 polymer	 gels	 (IPGs)	 consist	 of	 a	 cross‐linked	 polymer,	 typically	 a	

polyacrylic	gel	acid,	 in	an	electrolyte	solution.	Generally,	 this	 type	of	materials	

can	 be	 activated	 by	 a	 chemical	 reaction,	 changing	 from	 an	 acid	 to	 an	 alkaline	

medium	causing	the	gel	to	become	dense	or	swollen,	respectively.	This	change	

of	pH	responsible	of	the	reversible	shift	between	swollen	and	contracted	states	

can	 also	 be	 induced	 by	 external	 electric	 fields	 [Doi	 et	al.	 1992].	 The	 different	
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diffusion	rates	in	the	gel	and	in	the	electrolyte	solution	cause	the	IPG	to	bend	in	

response	to	the	DC	field	[Shiga	et	al.	1993;	Shiga	1997].	Nevertheless,	actuation	

rates	are	slow	due	to	the	diffusion	of	the	ionic	species.		

‐ Ionic	 polymer‐metal	 composites	 (IPMCs)	 consist	 of	 a	 solvent	 swollen	 ion‐

exchange	 polymer	membrane	 (generally	Nafion®	 or	 Flemion®	 from	Dupont™)	

whose	 planar	 surfaces	 are	 coated	with	 thin	 flexible	 layer	 of	metallic	 particles	

(typically	 platinum	 or	 gold	 nanoparticles)	 [Shahinpoor	 and	 Kim	 2001].	 The	

application	of	 a	driving	voltage	 (1‐5	volts)	produces	 the	migration	of	 the	 ions	

within	the	film	to	the	oppositely	charged	electrode.	This	causes,	in	turn,	one	side	

of	the	membrane	to	swell	whereas	the	other	side	experiences	contraction,	thus	

resulting	in	a	bending	actuation,	usually	below	3%	[Wang	et	al.	2007].	

‐ Conducting	 polymers	 (CPs)	 are	 organic	 polymers,	 generally	 composed	 by	 C,	 H	

and	simple	heteroatoms,	such	as	N	and	S,	where	the	unique	intrinsic	conductive	

properties	arise	from	the	π‐conjugation.	To	observe	conductivity	in	this	type	of	

polymers,	the	polymeric	backbone	must	be	oxidised	or	reduced	by	a	number	of	

anionic	 or	 cationic	 species,	 called	 “dopants”,	 to	 introduce	 charge	 centres	

[Skotheim	et	al.	1998;	Chandrasekhar	1999].	Although	CPs	were	discovered	in	

1977	 [Shirakawa	 et	 al.	 1977],	 it	 was	 not	 until	 1990	when	 the	 first	 actuators	

based	 on	 CPs	 were	 proposed	 by	 Baughman	 et	 al.	 [Baughman	 et	 al.	 1990].	

Electro‐mechanical	actuation	of	CPs	 (generally,	polypyrrole	 [Otero	et	al.	1992;	

Sansinena	 et	 al.	 1997;	 Pytel	 et	 al.	 2006]	 and	 polyaniline	 [Qibing	 et	 al.	 1993;	

Spinks	 et	 al.	 2006]	 is	 based	 on	 the	 dimensional	 changes	 that	 result	 from	 the	

uptake	of	counter‐ions	during	electrochemical	redox	cycling,	which	implies	that	

most	 CPs	 based	 actuators	 must	 be	 encapsulated	 due	 to	 the	 necessity	 of	 an	

electrolyte	[Baughman	1996].	The	actuation	voltages	 for	 this	 type	of	actuators	

are	 typically	 low	 (on	 the	 order	 of	 volts)	 [Baughman	 1996]	 while	 actuation	

strains	can	range	from	1	to	40%	[Mazzoldi	et	al.	2000;	Madden	et	al.	2002].	

‐ Carbon	 nanotubes	 (CNTs)	 are	 allotropes	 of	 carbon	 with	 a	 cylindrical	

nanostructure.	 Since	 their	 discovery	 in	 1991	 by	 Ijima	 [Iijima	 1991],	 these	

carbon	nanomaterials	have	attracted	worldwide	scientific	attention	due	 to	not	

only	their	excellent	intrinsic	mechanical	and	electrical	properties	but	also	their	

actuation	 mechanism.	 The	 application	 of	 a	 bias	 on	 single‐walled	 carbon	

nanotubes	suspended	in	an	electrolyte	suspension,	causes	the	electrolyte	ions	to	
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migrate	to	the	surface	of	the	CNTs	[Baughman	et	al.	1999].	This	surface	charge	

accumulation	is	compensated	by	a	rearrangement	in	the	electric	charge	within	

the	 tube.	 These	 effects	 and	 the	 Coulombic	 forces	 produce	 the	 CNT	 actuation.	

Actuators	 based	 on	 CNTs	 show	modest	 actuation	 strains	 (usually	 below	 2%)	

due	 to	 their	 stiffness,	 low	 actuation	 voltages	 (on	 the	 order	 of	 few	volts),	 high	

operating	 stress	 (26	 MPa)	 and	 fast	 response	 speed	 (on	 the	 order	 of	

milliseconds)	[Baughman	et	al.	2002;	Madden	et	al.	2006].		

2.3.2 Electronic	EAPs	

Ferroelectric,	 electrostrictive,	 electrostatic,	 and	 piezoelectric	 polymers	 are	

examples	of	materials	that	belong	to	electronic	EAPs.	

‐ Ferroelectric	polymers	 (FPs)	 are	 generally	 semicrystalline	polymers	with	polar	

side	 groups.	 Thus,	 the	 application	 of	 an	 external	 electric	 field	 provokes	 the	

polarisation	 of	 the	 dipoles	 and	 their	 alignment	 in	 the	 direction	 of	 the	 applied	

field.	This	field‐induced	polarisation	is	permanent	and	can	only	be	removed	by	

either	 applying	 a	 reverse	 electric	 field	 or	 by	 heating	 the	 polymer	 above	 the	

Curie	Temperature	 (Tc).	Above	 the	Tc	 polymers	exhibit	paraelectric	behaviour	

and	 the	dipoles	 do	not	 align.	 This	 transition	 from	 ferroelectric	 to	 paraelectric	

usually	 involves	phase	 transformations,	which	promotes	changes	 in	 the	 lattice	

constant	 accompanied	 by	 large	 strains	 [Shankar	 et	al.	 2007a;	 Brochu	 and	 Pei	

2010].	 After	 the	 discovery	 of	 poly(vinylidene	 fluoride)	 PVDF	 [Kawai	 1969],	

many	 other	 polymers	 have	 shown	 to	 possess	 ferroelectric	 properties,	 such	 as	

polytrifluoroethylene	 [Tashiro	 et	 al.	 1984]	 and	 certain	 odd‐numbered	 nylons	

[Takase	et	al.	1991;	Mei	et	al.	1993].	

‐ Electrostrictive	 graft	 elastomers	 (EGEs)	 consist	 of	 a	 flexible	 non‐crystallisable	

macromolecule	 chain	 with	 a	 grafted	 polar	 polymer	 that	 is	 able	 to	 crystallise.	

Thus,	the	application	of	an	external	electric	field	induces	the	reorientation	of	the	

polar	crystallites,	which	results	in	bulk	deformation	of	the	materials.	This	field‐

induced	orientation	is	maintained	until	the	electric	field	is	removed.	This	type	of	

materials	 offer	 very	 low	 strain	 values	 (around	4%)	but	 relatively	high	 energy	

densities	(∼247	J/kg)	[Su	et	al.	1999;	Su	et	al.	2003].		

‐ Liquid‐crystal	 elastomers	 (LCEs)	essentially	 consist	 of	 liquid	 crystal	mesogenic	

groups	 attached	 to	 one	 another	 via	 a	 cross‐linked	 elastic	 polymer.	 Thus,	 this	

type	 of	materials	 combines	 the	molecular	mobility	 of	 liquid	 crystals	with	 the	
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elastic	 properties	 of	 elastomers.	 In	 absence	 of	 an	 external	 stimulus,	 the	

orientational	 range	order	of	 the	mesogens	 forces	 the	elastomeric	backbone	 to	

be	elongated	along	the	direction	of	orientation	of	the	mesogens	(nematic	phase)	

[Finkelmann	et	al.	1981;	Kundler	and	Finkelmann	1995;	Warner	and	Terentjev	

1996].	The	application	of	a	thermal	[Thomsen	et	al.	2001;	Sawa	et	al.	2010]	or	

an	 electrical	 [Lehmann	 et	 al.	 2001;	 Spillmann	 et	 al.	 2007]	 external	 stimulus	

produces	 the	 lost	 of	 the	 nematic	 order,	 allowing	 the	 elastomeric	 backbone	 to	

relax	 to	 its	 coiled	 conformation	 (isotropic	 phase).	 Electrically	 activated	 LCEs	

have	 shown	 faster	 response	 speed	 [Lehmann	 et	 al.	 2001]	 than	 thermally	

activated	while	 the	 required	 electric	 fields	 (1.5‐25	 V/µm)	 are	 lower	 than	 for	

most	of	the	EAPs.	However,	they	present	very	modest	actuation	strains,	usually	

below	10%,	which	means	that	additional	improvements	in	both	strain	and	work	

density	are	needed	for	their	application	as	actuators	[Brochu	and	Pei	2010].	

‐ Dielectric	 elastomers	 (DEs)	 are	 basically	 elastomers	 with	 low	 elastic	 stiffness	

and	a	relatively	high	dielectric	constant.	This	type	of	materials	can	suffer	large	

actuation	strains	by	subjecting	them	to	an	electrostatic	 field.	Thus,	a	dielectric	

elastomer	 actuator	 (DEA)	 is	 essentially	 a	 compliant	 capacitor	 where	 the	

dielectric	medium	is	the	elastomeric	thin	film,	which	is	coated	on	both	sides	by	

compliant	 electrodes.	 If	 an	 external	 electric	 field	 is	 applied	 across	 the	

electrodes,	 the	 electrostatic	 attraction	 between	 the	 opposite	 charges	 on	

opposing	 electrode	 and	 the	 repulsion	 on	 the	 attracting	 charges	 on	 each	

electrode	 generate	 a	 electrostatic	 stress	 on	 the	 film,	 causing	 it	 to	 contract	 in	

thickness	 while	 expanding	 in	 area	 (known	 as	 Maxwell	 stress)	 [Pelrine	 et	 al.	

2000b].	 Unlike	 their	 inorganic	 counterparts	 (e.g.	 shape‐memory	 alloys	

[Hornbogen	2006],	carbon	nanotubes	[Baughman	et	al.	1999]	and	piezoelectric	

ceramics	 [Wilson	et	al.	2007])	DEAs	can	 induce	several	 levels	of	strains	 (from	

10	 to	300%)	but	 they	 require	 large	electric	 fields	 (usually	 around	100	V/µm)	

[Bar‐Cohen	 2004b].	 In	 addition,	 DEs	 are	 relatively	 inexpensive,	 lightweight,	

mechanically	 robust,	 and	 scalable	 and	 can	 afford	 high	 energy	 densities	 (	 >	 8	

MJ/m3),	high	electro‐mechanical	 coupling	efficiencies	 (>90%),	and	 low	cycling	

hysteresis	[Shankar	et	al.	2007a].	
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An	 alternative	 subdivision	 of	 electronic	 EAPs	 can	 be	 made	 based	 on	 their	

actuation	 mechanism:	 electrostriction	 and	 Maxwell	 stress	 effect.	 Therefore,	 the	

electro‐mechanical	response	of	a	given	polymer	can	be	explained	by	either	one	of	

them	(Maxwell	stress	effect	as	in	the	case	of	DEs)	or	both	of	them	(as	in	the	case	of	

FPs). 

‐ Electrostriction:	 this	phenomenon	 is	present	 in	materials	with	 some	degree	of	

crystallinity	 and	 with	 polar	 units	 in	 their	 backbone	 that	 undergo	 an	

electrostatically	induced	change	in	conformation	in	response	to	an	applied	field	

[Carpi	 et	 al.	 2008c].	 This	 conformational	 change	 is	 the	 cause	 of	 an	

electrostrictive	effect	that	can	be	expressed	as	follows: 
	

1  
	

	

(2.xv)	
	

	

where	 	 is	 the	 strain	 in	 the	 thickness	 direction	 of	 the	 film	 due	 to	

electrostriction,	 	is	the	electrostrictive	coefficient,	 	is	the	permittivity	of	free	

space,	 	 is	 the	 relative	 permittivity	 and	 	 the	 applied	 electric	 field	 applied.	

Electrostriction	 contributes	 largely	 to	 the	 electro‐mechanical	 response	 of	

polyurethanes,	 PVDF	 and	 its	 copolymers,	 and	 to	 a	 lesser	 degree	 in	 graft	

elastomers.	

‐ Maxwell	 stress	 effect:	 this	 phenomenon	 takes	 place	 in	 purely	 amorphous	

polymers	 and	 is	 a	 consequence	 of	 a	 change	 in	 the	 electric	 field	 distribution	

inside	the	dielectric	material.	
	

2
	

	

	

(2.xvi)	
	

	

DEs	 fall	 under	 this	 classification	 since	 they	 operate	 on	 the	 principle	 of	

electrostatic	 actuation	 in	 the	 presence	 of	 an	 applied	 electric	 field.	 Thus,	 the	

electromechanical	 actuation	 results	 from	 the	 development	 of	 a	 compressive	

Maxwell	stress,	as	it	will	be	described	in	detail	in	the	following	sections.		
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2.4 Dielectric	elastomers	(DEs)	

2.4.1 Electro‐mechanical	transduction	in	dielectric	elastomers	

Dielectric	elastomers	(DEs)	are	electro‐mechanical	 transducers	that	convert	

or	transduce	electrical	energy	to	or	from	mechanical	energy	[Kornbluh	and	Pelrine	

2008a].	 Hence,	 they	 have	 two	main	 operating	modes:	 generators	 and	 actuators.	

Their	 fundamental	 transduction	 principle	 is	 based	 on	 the	 ability	 of	 insulating	

materials	to	store	an	electrical	charge,	i.e.	its	capacitance.	Their	basic	configuration	

consists	on	a	thin	elastomer	film	coated	on	both	sides	with	compliant	electrodes.	

Hence,	a	DE	 is	 regarded	as	a	 soft	or	 flexible	capacitor.	The	working	principles	of	

the	different	DE	modes	(represented	in	Figure	2.8)	are:	

‐ Dielectric	 elastomer	 generators	 (DEGs).	 In	 this	 mode,	 an	 input	 of	 mechanical	

energy	(generally	strain)	results	in	an	overall	energy	gain	as	the	DE	relaxes.	To	

achieve	 this	 conversion,	 there	are	 four	basic	 steps	 in	 the	 simplest	operational	

cycle	shown	in	Figure	2.8.	First,	an	external	source	stretches	the	DE	film	to	 its	

maximum	stretch	state	(1),	then,	a	voltage	or	electrical	charge	is	applied	to	the	

surface	of	the	DE	film	(2).	At	this	point,	the	DE	film	is	allowed	to	relax	to	a	state	

of	 lower	 stretch	 (3),	 thus	 diminishing	 its	 area	 while	 increasing	 its	 thickness.	

These	 geometric	 effects	 increase	 the	 electrical	 energy	 on	 the	 DE	 film.	 This	

increased	 energy	 is	 removed	 from	 the	 DE	 film	 (4).	 In	 addition	 to	 this	 cycle,	

which	requires	a	constant	voltage	during	relaxation,	the	polymer	generator	can	

operate	in	other	energy	harvesting	cycles,	such	as	constant	charge	and	constant	

field	cycles	[Koh	et	al.	2011;	Kornbluh	et	al.	2012;	Maas	and	Graf	2012].	

‐ Dielectric	 elastomer	 actuator	 (DEAs).	 The	 work	 principle	 in	 actuator	 mode	 is	

essentially	the	reverse	of	the	generator	mode.	That	 is,	when	an	electric	field	is	

applied	across	the	compliant	electrodes,	the	electrostatic	pressure	between	the	

electrodes	generates	the	Maxwell	stress	(Figure	2.8).	Theoretically,	elastomers	

are	essentially	 incompressible,	 so	any	decrease	 in	 thickness	should	 result	 in	a	

concomitant	 increase	 in	 the	 planar	 area.	Moreover,	 since	 the	 driving	 currents	

are	very	 low	and	 the	DE	devices	are	electrostatic	 in	nature,	 they	 theoretically	

only	consume	power	during	an	active	area	expansion	(thickness	reduction)	and	

no	power	is	consumed	to	maintain	the	DE	at	a	stable	actuated	state. 
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‐ Dielectric	elastomer	sensors	(DESs).	DESs	can	be	regarded	as	a	particular	case	of	

the	actuation	mode	since	they	are	based	on	the	change	of	the	capacitance	of	the	

DE	as	it	deforms	under	the	action	of	the	applied	electric	field.	

	

Figure	2.8.	Schema	of	the	working	principle	of	DEG,	DEA	and	DES.	Adapted	from	
Thomas	et	al.	[Thomas	et	al.	2012]	and	Duncheon	[Duncheon	2005].	

	

2.5 Dielectric	elastomer	actuators	(DEAs)	

2.5.1 Governing	equations	in	DEAs	

The	fundamentals	responsible	of	the	electro‐mechanical	transduction	of	DEs	

can	 be	 derived	 in	 several	 ways.	 In	 this	 sense,	 methods	 involving	 analysis	 with	

tensors	 have	 already	 shown	 good	 results	 [Zhang	 and	 Scheinbeim	 2004].	

Nevertheless,	the	simplest	energy	approach	proposed	for	the	first	time	by	Pelrine	

et	al.	[Pelrine	et	al.	2000b],	gives	a	good	description	of	the	actuation	behaviour	and	

nowadays	its	use	is	well	established	in	the	field	of	DEAs.		

The	 fundamental	 equation	 that	 characterises	 DEAs	 is	 the	 electrostatic	

pressure,	 ,	 generated	 upon	 application	 of	 a	 voltage	 between	 the	 electrodes,	

defined	 as	 the	 change	 in	 electrostatic	 energy,	 ,	 per	 unit	 area,	 ,	 per	 unit	

displacement	of	the	film	in	the	thickness	direction	(the	negative	sign	indicates	that	

the	generated	stress	is	compressive):	
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1
	

	

	

(2.xvii)
	

	

The	electrostatic	energy,	as	for	any	capacitor,	can	be	calculated	as	follows:	
	

1
2

	
	

	

(2.xviii)
	

	

where	 	is	the	applied	voltage	and	 	the	capacitance	of	a	DE	capacitor,	which	can	

be	calculated	as	follows:	
	

	
	

	

(2.xix)	
	

	

where	 	represents	the	permittivity	of	the	free	space,	 	 is	the	relative	dielectric	

constant	of	the	DE	film,	 	is	the	area	of	the	electrodes	(active	area)	and	 	is	the	film	

thickness.	 Thus,	 the	 change	 in	 the	 electrostatic	 energy	 due	 to	 an	 infinitesimal	

change	in	the	DE	capacitor	can	be	calculated	as	follows:	
	

	
	

	

(2.xx)	
	

	

2
1

	

	

	

(2.xxi)	
	

	

These	thickness	and	area	changes	are	linked	by	the	volume	incompressibility	

of	 elastomers	 (Poisson	 coefficient	 	 equal	 to	 0.5),	 which	 means	 that	 in	 any	

deformed	 state,	 the	 elastomer	 volume	 is	 equal	 to	 its	 non	 deformed	 volume	 .	

Hence,	if:	
	

	
	

	

(2.xxii)
	

	
It	results	that:	

	

0	
	

	

(2.xxiii)	
	

	

	
	

	

(2.xxiv)	
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And	 substituting	 this	 last	 equation	 into	 the	expression	of	 the	 change	 in	 the	

electrostatic	energy	leads	to:	
	

2
	

1
	

	

	

(2.xxv)	
	

	

Finally,	 if	 we	 substitute	 equation	 (2.xxv)	 into	 equation	 (2.xvii)	 the	

electrostatic	pressure	exerted	on	a	DE	film	subject	to	an	electric	field	is	expressed	

as	follows:	
	

	
	

	

(2.xxvi)	
	

	

This	 equation	 describes	 the	 electro‐mechanical	 performance	 of	 DEs	 and	

establishes	 that	 the	 electrostatic	 pressure	 is	 just	 twice	 the	 Maxwell	 stress	 in	 a	

parallel	 plate	 capacitor	 device.	 This	 is	 because	 compliant	 electrodes	 in	 DE	 can	

spread	out	in	area	in	addition	to	becoming	closer	together.	That	is,	the	electrostatic	

pressure	 	 is	 the	 result	 of	 both	 the	 compressive	 stress	 acting	 in	 the	 thickness’	

direction	 and	 the	 tensile	 stresses	 acting	 in	 the	 planar	 direction.	 Although	 these	

lateral	 forces	are	also	present	in	parallel	plate	capacitors,	they	are	not	taken	into	

account	since	the	electrodes	are	rigid	and	cannot	deform.	

For	 an	 ideal	 elastomer,	 characterised	 by	 an	 anisotropic	 Young’s	modulus	Y	

independent	of	strain	and	a	Poisson	coefficient	 0.5,	the	electrostatic	pressure	

can	be	equalised	with	the	elastic	compressive	stress	from	Hooke’s	law:	
	

	

	

	

(2.xxvii)
	

	

where	 	is	the	vertical	strain,	negative	in	case	of	compression.	Therefore,	in	a	DE	

actuator,	the	change	in	thickness	can	be	expressed	as	follows:	
	

	 	
	

	

(2.xxviii)
	

	

The	actuation	of	 the	dielectric	 elastomer	 films	can	be	used	 in	 two	different	

directions	to	perform	work	against	external	loads	[Kovacs	et	al.	2009]:	
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‐ In‐plane	 configuration	 (expanding	 mode):	 The	 electrical	 activation	 of	 a	 DE	

causes	its	expansion	in	the	xy	plane.	This	configuration	permits	the	actuator	to	

work	against	external	pressure	loads	in	both	planar	directions	x	and	y.	

‐ In‐thickness	 configuration	 (contracting	 mode):	 The	 application	 of	 an	 external	

electric	field	causes	the	contraction	of	DE	film	in	the	thickness	direction	(z	axis).	

This	 configuration	 enables	 the	 actuator	 to	work	 against	 external	 tensile	 loads	

acting	in	the	direction	of	the	electric	field.		

2.5.2 Elastomeric	matrices	for	application	as	DEAS	

During	the	first	stages	of	research	on	DEAs,	worldwide	scientists	were	mainly	

focused	on	the	electro‐mechanical	response	of	both	commercial	acrylic	elastomers,	

in	particular,	VHB	series	from	3M	Corporation	and	silicones.	

 Acrylic	 elastomers:	 Commercial	 acrylic	 films	 possess	 relatively	 high	 dielectric	

constant	value	( 4.5 4.8	at	1	kHz)	and	a	theoretical	energy	density	value	

of	 3.4	 MJ/m3,	 although	 they	 also	 suffer	 from	 viscoelastic	 effects,	 which	 limit	

their	maximum	response	frequency	to	the	10–100	Hz	range.	They	display	good	

electro‐mechanical	 performance	 from	 ‐10	 to	 90	 °C	 (enough	 for	 many	

applications)	 and	 appear	 to	 be	 the	 most	 promising	 in	 terms	 of	 strain	

performance,	with	 strains	 in	 excess	 of	 380%	 reported	 for	 highly	 pre‐strained	

films.	

 Silicone	 elastomers:	 Polysiloxanes	 were	 discovered	 by	 Frederick	 Stanley	

Kipping,	who	published	57	research	papers	between	1899	and	1944	about	the	

first	 use	 of	 Grignard	 reagents	 for	 the	 development	 of	 alkylsilanes	 and	

arylsilanes	 [Kipping	 and	 Lloyd	 1901;	 Kipping	 1937].	 Silicones	 are	 mixed	

inorganic–organic	 polymers	 based	 on	 a	 silicon	 and	 oxygen	 backbone	 (Si–O)	

which	provides	low	elasticity	modulus	and	high	mechanical	dissipation	factors,	

making	them	an	excellent	medium	for	shock	and	sound	absorption	applications.	

This	 type	 of	materials	 possesses	 relatively	 low	dielectric	 constant	 and	 energy	

density	( 2.5 3.0	at	1	kHz,	and	 0.75	MJ/m3	respectively)	and	modest	

electro‐mechanical	 actuation	 strain	 (about	 120%	 of	 linear	 strain)	 when	

compared	 with	 acrylic	 elastomers.	 Nevertheless,	 they	 have	 the	 advantage	 of	

lower	 viscoelasticity	which	 is	 translates	 in	 a	 faster	 response	 time	 and	 higher	

actuator	efficiency	that	allows	them	to	operate	at	higher	frequencies	with	lower	
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losses	than	acrylics.	Moreover,	they	also	exhibit	the	advantage	of	a	wide	usable	

temperature	 range	 (from	 ‐100	 to	 260	 °C)	 and	 have	 low	 rates	 of	 moisture	

absorption,	which	broaden	their	applications.		

In	 any	 case,	 the	 major	 advantage	 of	 dielectric	 elastomer	 technology	 is	 the	

wide	 range	 of	materials	 that	 can	 be	 used	 since,	 in	 theory,	 any	 elastomer	 or	 soft	

thermoplastic	may	 act	 as	 the	dielectric	 layer	 in	DEAs.	 Indeed,	 a	 large	number	of	

elastomer	 materials	 have	 been	 tested	 for	 DEAs	 applications,	 including	

polyurethanes,	 natural	 rubber,	 fluoroelastomers	 and	 even	 thermoplastic	

copolymers	[Shankar	et	al.	2007a;	Brochu	and	Pei	2010].	A	detailed	comparison	of	

the	 properties	 of	 the	materials	 employed	 as	 DEAs,	 up	 to	 date,	 is	 summarised	 in	

Table	2.1.	
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Table	2.1.	Comparison	of	DE	materials	properties.	Adapted	from	Brochu	and	Pei	
[Brochu	and	Pei	2010].	

Polymer	
	

	

Pre‐strain	
(%)	
	

Thickness	
Strain(a)	
(%)	

Area	
Strain(a)	
(%)	

Young’s	
Modulus	
(MPa)	

Electric	
Field(b)	
(V/µm)	

ε’(c)	
	

	

ε’’(c)	
	
	

Silicone(Nusil,	
CF19‐2186)	
[Pelrine	et	al.	2000a]		

−	 32	 −	 1	 235	 2.8	 54	

Silicone(Nusil,	
CF19‐2186)	
[Pelrine	et	al.	2000b]	

(45,45)	 39	 64	 1.0	 350	 2.8	 6.3	

Silicone(Nusil,	
CF19‐2186)	
[Pelrine	et	al.	2000b]	

(15,15)	 25	 33	 −	 160	 2.8	 −	

Silicone	(Nusil,	
CF19‐2186)	
[Pelrine	et	al.	2000b]	

(100,0)	 39	 63	 −	 181	 2.8	 −	

Silicone	(Dow	
Corning,	HS3)	
[Pelrine	et	al.	2000a]		

−	 41	 −	 0.135	 72	 2.8	 65	

Silicone	(Dow	
Corning,	HS3)	
[Pelrine	et	al.	2000b]	

(68,68)	 48	 93	 0.1	 110	 2.8	 79	

Silicone	(Dow	
Corning,	HS3)	
[Pelrine	et	al.	2000b]	

(14,14)	 41	 69	 −	 72	 2.8	 −	

Silicone	(Dow	
Corning,	HS3)	
[Pelrine	et	al.	2000b]	

(280,0)	 54	 117	 −	 128	 2.8	 −	

Silicone	(Dow	
Corning,	
Sylgard	186)	
[Pelrine	et	al.	2000a]	

−	 32	 −	 0.7	 144	 2.8	 54	

Silicone	
(BJB,	TC‐5005)	
[Carpi	et	al.	2008b]	

(0,100)	 1.0	 	 0.1	 8.0	 3.5	 0.02	

Silicone	(Dow	
Corning,	
Sylgard	184)	
[Risse	et	al.	2012a]	

(0,10)	 0.5	 −	 2.49	 119	 2.8	 −	

Silicone	
(Wacker	
Elastosil	RT)	
[Risse	et	al.	2012a]	

(0,10)	 12	 −	 0.303	 75	 3.2	 −	

Silicone	
(BlueStar,	
MF620U)	
[Romasanta	et	al.	
2012]	

(50,50)	 −	 3.5	 0.29	 56	 3.1	 0.01	

(a) Deformation	at	electric	field	breakdown	or	maximum	deformation	reported		
(b) Electric	field	at	breakdown	or	maximum	electric	field	reported		
(c) Measured	at	1	kHz	
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Polymer	
	

	

Pre‐strain	
(%)	
	

Thickness	
Strain(a)	
(%)	

Area	
Strain(a)	
(%)	

Young’s	
Modulus	
(MPa)	

Electric	
Field(b)	
(V/µm)	

ε’(c)	
	
	

ε’’(c)	
	
	

Fluorosilicone	
(Dow	Corning	
730)		
[Pelrine	et	al.	2000a]	

−	 28	 −	 0.5	 80	 6.9	 48	

Fluoro‐
elastomer	
(Lauren	
L143HC)	
[Pelrine	et	al.	2000a]	

−	 8	 −	 2.5	 32	 12.7	 15	

PU	(Dccrfield	
PT6100S)	
[Zhang	et	al.	1997;	
Pelrine	et	al.	2000a]	

−	 11	 −	 17	 160	 7	 21	

PU	(Polytek	
Poly74‐20)	
[Galantini	et	al.	
2013]	

(0,10)	 1.2	 −	 0.292	 −	 7.6	 17.6	

NR	latex	[Pelrine	
et	al.	2000a]	

−	 11	 −	 0.85	 67	 2.7	 21	

HNBR	(Zetpol	
3310,	ACN	
content	25%)	
[Yang	et	al.	2013b]	

−	 −	 5.8	 1.6	 30	 12.4	 0.12	

NBR	
[Kwangmok	et	al.	
2007]	

(60,60)	 20	 −	 4	 50	 14	 −	

NBR	
[Nguyen	et	al.	2009]	

−	 −	 2.2	 1.3	 36	 9.71	 −	

Dr.School’s	
gelactive	
tubing		
[Carpi	et	al.	2003b]	

(140,0)	 1.8	 −	 −	 28	 −	 −	

Acrylic	(3M,	
VHB	4910)		
[Kornbluh	et	al.	
2002]	

−	 79	 380	 −	 −	 −	 −	

Acrylic(3M,	
VHB	4910)	
[Pelrine	et	al.	2000b]	

(300,300)	 61	 158	 3.0	 412	 4.8	 90	

Acrylic	(3M,	
VHB	4910)	
[Pelrine	et	al.	2000b]	

(15,15)	 29	 40	 −	 55	 4.8	 −	

Acrylic(3M,	
VHB	4910)	
[Pelrine	et	al.	2000b]	

(540,75)	 68 215 − 239	 4.8	 −

SEBS	161	
[Shankar	et	al.	
2007c]	

(300,300)	 62‐22	 180‐30	 0.007‐
0.163	

32‐133	 1.8‐
2.2	

92‐
53	

SEBS	161	
[Shankar	et	al.	
2007c]	

Nominal	 14 16.5 1.3 27	 −	 28

SEBS	217	
[Shankar	et	al.	
2007b]	

(300,300)	 71‐31	 245‐47	 0.002‐
0.133	

22‐98	 1.8‐
2.2	

88‐
40	
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Polymer	
	
	

Pre‐strain	
(%)	
	

Thickness	
Strain(a)	
(%)	

Area	
Strain(a)	
(%)	

Young’s	
Modulus	
(MPa)	

Electric	
Field(b)	
(V/µm)	

ε’(c)	
	
	

ε’’(c)	
	
	

SEBS	217	
[Shankar	et	al.	
2007c]	

Nominal	 16 18.8 1.1 29	 −	 28	

SEBS	
(Elastoteknik	
AB	Dryflex	
500040)	
[McCarthy	et	al.	
2012]	

(0,100)	 12 − 0.25 58	 2.3	 0.25	

SEBS‐g‐MA	
(Kraton)	
[Stoyanov	et	al.	
2010]	

−	 0.4 − 2.144 136	 2.0	 −	

IPN	(VHB	
4910‐HDDA)	
[Ha	et	al.	2006;	
Soon	Mok	et	al.	
2007]	

(0,0)	 70 233 2.5 300	 −	 −	

IPN	(VHB	
4905‐
TMPTMA)	
[Ha	et	al.	2008]	

(0,0)	 59.36 146 3.94 265.4	 2.43	 83.5	

IPN	(VHB	
4910‐
TMPTMA)	
[Ha	et	al.	2008]	

(0,0)	 74.97 300 4.15 418	 3.27	 93.7	

BSEP(PTBA)		
[Yu	et	al.	2009]	

(50,50)	 77 335 0.42 260	 5.4	 −	

	

Ideal	DEAs	should	have	low	driving	voltages	and	large	actuation	strains.	The	

strategies	 to	 reach	 such	 system	 target	 both	 the	 electrodes	 and	 the	 elastomeric	

matrix.	The	main	electrode	requirements	are	that	they	should	be	highly	compliant	

and	conductive.	Meanwhile,	the	intrinsic	matrix	factors,	defined	in	Pelrine’s	model,	

are	 its	 dielectric	 permittivity,	 ,	 and	 its	 elastic	modulus,	 	 (equation	 (2.xxviii)).	

Therefore,	the	approaches	to	improve	the	matrix	performance	are	basically	by:	

1)	reducing	the	DE	mechanical	stiffness,		

2)	reducing	the	DE	film	thickness	and/or,	

3)	increasing	the	DE	permittivity.	
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2.6 Methods	for	enhancing	the	actuation	performance	of	DEAs	

2.6.1 DE	mechanical	stiffness	

Generally,	 the	mechanical	 properties	 of	 a	 dielectric	 elastomer	 can	be	 easily	

modified	 through	 the	 use	 of	 additives,	 namely	 plasticisers,	 which	 lower	 the	

Young’s	modulus	of	the	material.	In	this	sense,	Löwe	et	al.	[Löwe	et	al.	2005]	were	

the	 first	 authors	 to	 investigate	 the	 effect	 of	 both	 the	 concentration	 and	 type	 of	

different	 hardeners	 (81‐R,	 81‐F	 and	 81‐VF	 from	 Suter‐Kunststoffe)	 on	 the	

dielectrical,	mechanical	and	electro‐mechanical	properties	of	a	commercial	silicone	

elastomer	 (DC3481	 from	Dow	Corning).	They	 improve	 the	 actuator	performance	

by	tuning	the	Young’s	modulus	with	the	type	and	concentration	of	hardener	while	

keeping	 the	 dielectric	 permittivity	 value	 constant.	 This	 strategy	 has	 also	 been	

pursued	by	Nguyen	et	al.	 [Nguyen	et	al.	 2009]	 on	acrylonitrile‐butadiene	 rubber	

(NBR)	membranes.	These	authors	lowered	the	NBR	Young’s	modulus	through	the	

addition	of	dioctyl	phthalate	(DOP)	plasticiser,	obtaining	an	actuated	strain	of	22%	

at	 30	 V/µm	 for	NBR	 loaded	with	 50	 phr	 (parts	 per	 hundred	 of	 rubber)	 of	 DOP.	

Nevertheless,	 this	 type	 of	 plasticiser	 is	 toxic	 to	 humans	 and	 the	 European	

Farmacopea	has	restricted	its	use	in	medical	applications.	The	same	authors	have	

recently	 studied	 the	effect	 of	non	 toxic	epoxidised	 soybean	oil	 on	both	dielectric	

and	 mechanical	 properties	 as	 well	 as	 in	 the	 electro‐mechanical	 performance	 of	

hydrogenated	 acrylonitrile‐butadiene	 rubber	 (HNBR)	 [Yang	 et	 al.	 2013b]	 .	 The	

inclusion	of	30	wt.%	of	oil	 slightly	decreased	 the	dielectric	permittivity	of	HNBR	

matrix	 (from	 12.5	 to	 11.5),	 but	 it	 also	 decreased	 the	 HNBR	 Young’s	

modulus	 from	 1.6	MPa	to	 0.75	MPa.	These	two	facts	 led	to	an	 increase	of	

about	 100%	 in	 the	 actuated	 strain	 (at	 30	 V/µm)	 over	 that	 of	 pure	 HNBR.	 The	

addition	 of	 30	wt.%	 of	 oil	 in	 a	 40	wt.%	 TiO2/HNBR	 composite	was	 also	 able	 to	

weaken	 the	molecular	 interaction	between	HNBR	molecules	and	 to	break	up	 the	

TiO2	filler	network,	which	increased	the	composite	actuated	strain	in	almost	170%	

at	30	V/µm.	

The	mechanical	properties	of	elastomers	are	also	likely	to	be	modified	tuning	

up,	among	others,	their	molecular	weight,	stoichiometry	and	cross‐linking	degree,	

thus,	 opening	 the	 way	 to	 the	 development	 of	 new	 elastomer	 materials	 with	

properties	“a	la	carte”.		
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Opris	 et	al.	 [Opris	 et	al.	 2011]	 reported	 the	 formation	 of	 silicone	networks	

with	 adjustable	 mechanical	 properties	 through	 reacting	 a	 hydroxyl	 end‐

functionalised	 PDMS	 (Mw=	 139.000	 g/mol)	 with	 different	 kinds	 of	 cross‐linkers	

(ethyltriacetoxysilane	 (ETAS)	 (sample	 A),	 (25‐35%)	 methylhydrosiloxane‐

dimethylsiloxane	 copolymer	 (sample	 B	 and	 C)	 and	 a	 tetraethoxysilane	 (TEOS)	

(sample	D))	and	cured	via	standard	procedures	(Figure	2.9).	

	

Figure	2.9.	 	 	Cross‐linking	reactions	used	for	the	formation	of	room	temperature	
vulcanised	silicone	rubber.	Reproduced	from	Opris	et	al.	[Opris	et	al.	
2011]	 with	 permission	 from	 WILEY‐VCH	 Verlag	 GmbH	 &	 Co,	
Copyright	(2011).	

	
Results	 showed	 that	 silicone	 networks	 achieved	 with	 the	 copolymer	 as	 a	

cross‐linker	 displayed	 the	 best	 electro‐mechanical	 response,	 with	 a	 lateral	

actuation	strain	of	10.8%	at	30	V/µm.	Silicone	elastomers	prepared	with	ETAS	and	

TEOS	 as	 cross‐linkers	 showed	 less	 than	 2%	actuated	 strain	 at	 the	 same	 voltage.	

Bejenariu	 et	 al.	 [Bejenariu	 et	 al.	 2012]	 have	 recently	 described	 a	 two‐step	

controlled	reaction	procedure	to	synthesise	silicone	elastomers	with	significantly	

lower	 Young’s	 modulus	 and	 lower	 viscous	 dissipation	 than	 for	 the	 chemically	

identical	network	prepared	by	conventional	schema.		

All	these	works	have	shown	that	the	stiffness	of	elastomers	can	be	effectively	

decreased	 through	 the	 use	 of	 different	 approaches;	 nevertheless,	 it	 is	 worth	 to	

mention	 that	very	 soft	 elastomers	 tend	 to	exhibit	 strong	viscoelastic	 effects	with	
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low	output	force	and	breakdown	strength	values.	Therefore,	a	dielectric	elastomer	

actuator	 will	 only	 work	 in	 an	 efficient	 way	 if	 the	 elastomer	 properties	 (namely	

Young’s	modulus	and	breakdown	strength	value)	reach	a	compromise.		

2.6.2 DE	film	thickness	

Although	Kornbluh	 et	al.	 [Kornbluh	et	al.	 2000]	 showed	a	 large	 electrically	

induced	strain	in	silicones	and	acrylics,	it	was	not	until	Pelrine	et	al.	[Pelrine	et	al.	

2000b]	 reported	 area	 strains	 in	 excess	 of	 100%	 in	 both	 silicone	 and	 acrylic	

elastomer	films	that	DE	caught	worldwide	research	interest.		

The	 key	 point	 to	 obtain	 such	 large	 actuation	 strains	 was	 a	 pre‐strain	 that	

reduced	 the	 film	 thickness.	 Pre‐stretching	 has	 shown	 to	 effectively	 enhance	 the	

breakdown	 field	 in	 certain	 commercial	 acrylic	 elastomers	 [Kofod	 et	 al.	 2003;	

Plante	and	Dubowsky	2006a;	Jordi	et	al.	2011],	being	in	some	cases	by	more	than	

an	order	of	magnitude.	Thus,	 for	 instance,	 in	 the	case	of	 the	most	widely	studied	

dielectric	 elastomer,	 the	 acrylic	 elastomer	 film	 VHB	 4910	 produced	 by	 3M	

corporation,	it	has	been	reported	that	the	breakdown	electric	field	increases	from	

18	to	218	MV/m	when	equi‐biaxially	stretched	up	to	6	times	[Kofod	et	al.	2003].	In	

addition,	Plante	et	al.	[Plante	and	Dubowsky	2006b]	have	shown	that	DE	actuators	

based	on	acrylic	elastomers	must	be	properly	pre‐stretched	and	operated	at	high	

stretch	rates	to	prevent	an	electro‐mechanical	instability	known	as	pull‐in	failure.		

In	 spite	 of	 the	 benefits	 detailed	 above,	 the	 main	 drawback	 of	 the	 pre‐

straining	 technique	 is	 that	a	rigid	 frame	must	be	used	 to	maintain	 the	 tension	 in	

the	DE	film,	which	increases	the	total	weight	and	space	of	the	DEA,	thus	eventually	

reducing	 the	 effective	 work	 density,	 and	 increasing	 the	 fatigue	 of	 the	 resulting	

actuators.	Moreover,	some	 issues	regarding	 long‐time	stress	relaxation	of	 the	DE	

devices	may	also	promote	their	premature	failure.		

The	 use	 of	 material	 approaches	 that	 produce	 similar	 or	 better	 actuation	

performance	as	highly	pre‐stretched	DEAs	but	without	the	requirement	of	a	frame	

has	been	an	important	topic	in	the	DE	research	field.	In	this	sense,	Ha	et	al.	[Ha	et	

al.	2006]	have	synthesised	an	interpenetrating	polymer	network	(IPN)	by	spraying	

a	monomer	together	with	an	initiator	onto	a	highly	pre‐strained	VHB	acrylic	film.	

The	monomer	is	allowed	to	polymerise	thus	forming	a	second	elastomer	network	

within	 the	 VHB	 elastomer	 host.	 After	 removal	 of	 the	 external	 stress,	 the	 IPN	

preserves	most	of	the	previous	pre‐strain	of	the	acrylic	film.	These	novel	IPNs	have	
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shown	strains	up	to	300%	in	area	expansion	at	an	electrical	field	of	420	V/µm,	thus	

enabling	 the	 design	 of	 high	 performance	 actuators	without	 the	 constraint	 of	 the	

mechanical	 pre‐strain.	 This	 concept	 could	 be	 employed	 to	 a	 broad	 range	 of	

elastomers,	thus	opening	the	way	to	new	developments	in	the	upcoming	years.	

	

Figure	 2.10.	 Schematic	 representation	 of	 the	 fabrication	 process	 of	 an	 IPN	
dielectric	elastomer	showing:	(a)	initial	VHB	film,	(b)	VHB	film	after	
being	 pre‐strained,	 (c)	 formation	 of	 an	 interpenetrating	 network	
through	 the	 addition	 of	 curable	 additives	 and	 (d)	 final	 VHB	 film	
preserving	most	of	the	initial	pre‐strain.	Reprinted	from	Carpi	et	al.	
[Carpi	et	al.	2008c],	copyright	2008,	with	permission	from	Elsevier.	

2.6.3 DE	permittivity	

The	 increase	 of	 the	 DE	 permittivity	 produces	 a	 direct	 increase	 of	 DEAs	

capacitance,	thus	reducing	the	required	electric	field	intensity.	This	strategy	can	be	

achieved	 through	 different	 approaches	 that	 will	 be	 extensively	 detailed	 in	 the	

following	sections.		

2.6.3.1 Chemical	modifications	

A	suitable	strategy	to	obtain	elastomers	with	specific	dielectric	properties	is	

by	 means	 of	 either	 the	 synthesis	 of	 new	 molecular	 structures	 or	 the	 chemical	

modification	of	existing	elastomers.		

This	 last	approach	has	recently	been	pursued	through	the	chemical	grafting	

of	 a	 π‐conjugated	 conducting	 macromolecule	 (namely	 polyaniline	 (PANI))	 to	 an	

elastomer	backbone	[Stoyanov	et	al.	2010].	The	idea	behind	this	approach	was	to	

encapsulate	the	PANI	chains	through	chemical	bonding,	such	that	the	conductivity	

in	the	composites	remained	low.	The	authors	have	shown	that	PANI	grafting	up	to	

2.0	vol.%	 to	a	 thermoplastic	 copolymer	 (polystyrene‐co‐ethylene‐co‐butylene‐co‐

styrene‐grafted	maleic	anhydride	(SEBS‐g‐MA))	did	lead	to	a	dramatic	increase	on	

the	 dielectric	 permittivity	 of	 about	 470%	 over	 the	 raw	 matrix.	 The	 chemical	
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modification	 hardly	 reduced	 the	 breakdown	 strength	 value	 (from	 140	 to	 120	

V/µm)	with	 the	subsequent	 increase	 in	 the	electrostatic	energy	value.	These	 two	

effects,	combined	with	a	slight	reduction	in	the	mechanical	stiffness,	resulted	in	a	

significant	 improvement	 in	 the	 electro‐mechanical	 response	 as	 well	 as	 in	 the	

maximum	 actuation	 strain	 achieved	 (Figure	 2.11).	 Nevertheless,	 a	 transition	 for	

non‐conductive	to	conductive	materials	was	observed	for	concentrations	above	2.0	

vol.%	 of	 grafted	 PANI.	 Composites	 above	 the	 percolation	 threshold	 showed	 an	

increment	 in	 the	dielectric	permittivity	accompanied	by	a	drastic	 increase	 in	 the	

conductivity	 and	 a	decrease	 in	 the	Young’s	modulus	due	 to	 the	dodecyl	 benzene	

sulfonic	 acid	 (DBSA)	 dopant	 acting	 as	 a	 plasticiser.	 In	 spite	 of	 the	 conductive	

character	 of	 these	 composites,	 they	 showed	 enhanced	 electro‐mechanical	

performance	but	with	 a	drastic	 reduction	 in	 the	breakdown	 strength	 value,	 thus	

limiting	their	application	(Figure	2.11).	

	

Figure	2.11.		Electric‐field	induced	strain	response	for	the	pure	elastomer	SEBS‐g‐
MA	 and	 molecular	 composites	 (SEBS‐g‐MA	 grafted	 PANI)	 with	
different	volume	fraction	of	PANI	at	optimum	load	of	2400	mN.	The	
inset	shows	the	maximum	actuation	strains	at	electrical	breakdown.	
Reproduced	 from	 Stoyanov	 et	 al.	 [Stoyanov	 et	 al.	 2010]	 with	
permission	from	The	Royal	Society	of	Chemistry.	

	

The	 same	 concept	was	 further	 studied	 by	 Kussmaul	 et	 al.	 [Kussmaul	 et	 al.	

2011],	 using	 in	 this	 case	 a	 push‐pull	 dipole	 (N‐allyl‐N‐methyl‐p‐nitroaniline)	 as	

high	dielectric	grafted	molecule	in	a	PDMS	matrix	(Figure	2.12).	The	novelty	of	this	

work	 was	 that	 the	 selected	 dipole	 possesses	 a	 vinyl	 functionalisation,	 which	
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enabled	the	grafting	of	dipoles	and	the	 formation	of	 the	silicone	networks	 in	one	

step.	 The	 grafting	 of	 the	 push‐pull	 dipole,	 in	 concentrations	 between	 0	 to	 13.4	

wt.%	to	a	silicone	cross‐linker,	caused	the	relative	permittivity	at	1	kHz	to	increase	

from	3.0	to	5.9	while	decreasing	the	elastic	modulus	from	1900	to	550	kPa.	Again,	

this	 combined	 effect	 was	 found	 to	 result	 in	 an	 improvement	 of	 the	 electro‐

mechanical	response	of	more	than	six	times	that	of	the	raw	matrix.		

	

Figure	 2.12.	 Synthesised	 dipole	 with	 vinyl	 functionalisation,	 enabling	 the	
subsequent	 grafting	 reaction	 to	 the	 PDMS	 cross‐linker.	
Reproduced	 from	 Kussmaul	 et	 al.	 [Kussmaul	 et	 al.	 2011]	 with	
permission	 from	 WILEY‐VCH	 Verlag	 GmbH	 &	 Co,	 Copyright	
(2011).	

	
These	 authors	 exploited	 this	 strategy	 in	 a	 later	work	 changing	 the	 silicone	

matrix	 employed	 [Risse	 et	 al.	 2012a].	 Thus,	 the	 grafting	 N‐allyl‐N‐methyl‐p‐

nitroaniline	dipoles	to	two	commercial	silicone	networks	(Sylgard	184	from	Dow	

Corning	 and	Elastosil	RT	625	 from	Wacker)	 in	 concentrations	 ranging	 from	0	 to	

10.7	 wt.%	 increased	 the	 dielectric	 permittivity	 (from	 2.84	 to	 6.15	 for	

Sylgard	184,	and	from	 3.17	to	 5.57	for	Elastosil	RT	625)	and	decreased	the	

Young’s	modulus	(from	 2490	to	850	kPa	for	Sylgard	184	and	from	 303	to	

142	kPa	for	Elastosil	RT	625)	(Figure	2.13).	Samples	with	the	highest	content	

of	dipole	in	both	silicones	displayed	enhanced	electro‐mechanical	performance	as	

compared	 with	 neat	 silicone	 although	 the	 breakdown	 value	 decreased	 in	 both	

cases.	

These	 authors	 have	 also	 modified	 a	 typical	 silicone	 cross‐linking	molecule	

with	 a	 highly	 polarisable	 dipole	 (allyl	 cyanide)	 and	 a	 compatibilising	 agent	

(allyltrimethysilane)	to	reduce	the	possible	precipitation	of	the	allyl	cyanide	group	

during	the	synthesis	[Risse	et	al.	2012b].	The	incorporation	of	up	to	19.4	wt.%	of	

the	 dipole	 led	 to	 an	 enhancement	 in	 the	 dielectric	 permittivity	while	 decreasing	

the	mechanical	stiffness.	Nevertheless,	the	breakdown	strength	decreased	from	80	
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V/µm	(raw	matrix)	to	40	V/µm,	which	might	limit	the	application	of	the	materials.	

The	 increment	 of	 the	 dipole	 content	 worsened	 this	 issue,	 decreasing	 the	

breakdown	strength	to	20	V/	µm	in	the	case	of	a	38.9	wt.%	of	dipole.		

	

Figure	2.13.	Denoised	actuation	strain	Sz	(E)	curves	for	Sylgard	and	Elastosil	films	
with	 0.0	 wt.%,	 6.1	 wt.%	 and	 10.7	 wt.%	 dipole	 content.	 The	 inset	
magnifies	the	fitting	region.	Reproduced	from	Risse	et	al.	[Risse	et	al.	
2012a]	with	permission	from	The	Royal	Society	of	Chemistry.	

	
The	 idea	 of	 chemical	 modification	 of	 a	 given	 silicone	 network	 with	 highly	

polarisable	 groups	has	 recently	 been	 further	 studied	 [Racles	et	al.	 2013].	 In	 this	

case,	 the	 inclusion	 of	 cyanopropryl	 groups	 on	 the	 silicone	network	was	pursued	

through	 three	 different	 synthesis	 paths:	 hydrosilylation	 of	 allyl	 cyanide	 on	 a	

methylhydrosiloxane‐dimethylsiloxane	 copolymer,	 redistribution	 reaction	 of	 a	

PDMS	 with	 1,3,5,7‐tetra(3‐cyanopropyl)‐1,3,5,7‐tetramethylcyclotetrasiloxane	

	 and	 finally,	 cationic	 ring	 opening	 copolymerisation	 of	 	 and	

octamethylcyclotetrasiloxane	 (D4).	 The	 prepared	 polymers	 were	 further	

functionalised	with	hydroxyl	end	groups	to	enable	their	later	cross‐linking.	Results	

showed	that	the	last	synthesis	route	was	the	most	effective	method	to	increase	the	

silicone	 dielectric	 permittivity,	 going	 from	 2.4	 to	 6.5	 for	 a	 silicone	 with	
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23%	of	cyanopropyl	groups.	Nevertheless,	this	synthesis	path	produced	a	parallel	

increment	 of	 the	 silicone	 stiffness	 with	 the	 increment	 of	 the	 polar	 groups	

producing	 very	 brittle	 materials.	 The	 best	 electro‐mechanical	 performance	 was	

achieved	 for	 an	 elastomer	 synthesised	 by	 the	 redistribution	 reaction.	 The	

incorporation	 of	 a	 4.3%	 of	 the	 polar	 groups	 in	 the	 elastomer	 backbone	 slightly	

increased	the	dielectric	permittivity	as	compared	with	neat	silicone	(from	 2.4	

to	 3.0)	while	decreased	the	Young’s	modulus,	thus	leading	to	a	6.2%	maximum	

actuation	strain	(which	was	three	times	over	the	neat	silicone)	at	37.5	V/µm.	

All	 these	 works	 have	 shown	 that	 the	 modification	 of	 the	 dielectric	 and	

mechanical	properties	is	possible	through	the	proper	manipulation	of	the	polymer	

matrix.	However,	all	these	methods	involve	chemical	procedures,	time‐consuming	

and	 rather	 expensive	 reactions,	 which	 could	 hinder	 a	 timely	 scale‐up	 of	 the	

developed	materials.	In	any	case,	the	fact	that	the	electro‐mechanical	performance	

of	any	DE	is	regulated	by	the	dielectric	permittivity	has	also	been	pursued	through	

the	development	of	both	polymeric	blends	and	high	dielectric	composite	materials.		

2.6.3.2 Polymeric	blends	

Blending	of	different	polymers	 can	 result	 in	novel	materials	with	attractive	

properties	 for	 their	 application	 in	 actuators.	 Indeed,	 Zhang	 et	 al.	 [Zhang	 et	 al.	

2002]	explored	for	the	first	time	this	concept	by	developing	composites	fabricated	

using	a	organic	oligomer	copper‐phthalocyanine	(CuPc)	(Figure	2.14)	dispersed	in	

an	 electrostrictive	 polymer	 matrix	 (poly(vinylidene	 fluoride‐trifluoroethylene),	

P(VDF‐TrFE)).		

CuPc	oligomers	have	shown	dielectric	permittivity	values	around	105	due	to	

the	 conjugated	 π‐bonds	 within	 the	 molecule.	 Nevertheless,	 this	 electron	

delocalisation	 also	 produces	 high	 dielectric	 losses.	 In	 this	 work,	 the	 authors	

demonstrated	 that	 the	 long‐range	 intermolecular	 hopping	 of	 electrons	 can	 be	

reduced	with	the	polymer	matrix	forming	insulating	layers	around	the	CuPc,	thus	

blocking	 the	 space	 charge	 conduction	 and	 leading	 to	 composites	 with	 both	

enhanced	 dielectric	 and	 electro‐mechanical	 properties.	 In	 2004,	 Huang	 et	 al.	

[Huang	 et	 al.	 2004]	 studied	 the	 effect	 of	 adding	 polyaniline	 (PANI)	 to	

CuPC/polyurethane	 (PU)	 blends.	 This	 three‐component	 composite	 showed	 an	

enhanced	 dielectric	 permittivity	 value	 with	 an	 electro‐mechanical	 response	 of	

9.3%	under	an	electric	field	of	20	V/µm.	
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Figure	2.14.		Schematic	of	the	copper‐phthalocyanine	(CuPc)	oligomer	used	as	the	
high‐dielectric‐constant	 filler.	 Reprinted	 by	 permission	 from	
Macmillan	Publishers	Ltd:	 [NATURE]	 [Zhang	et	al.	 2002],	 copyright	
(2002).	

	
This	concept	has	been	further	studied	by	blending	a	commercial	PDMS	(TC‐

5005	A/B‐C,	BJB	Enterprises	 Inc.,	USA.)	with	very	 low	percentages	(1‐6	wt.%)	of	

poly(3‐hexylthiophene)	 (PHT),	 a	highly	polarizable	 conjugated	polymer	 [Carpi	et	

al.	 2008b].	The	developed	blends	 showed	a	 relatively	 large	 increase	 in	dielectric	

permittivity	 with	 a	 small	 increase	 in	 the	 dielectric	 loss	 and	 an	 unexpected	

reduction	 of	 the	 tensile	 elastic	 modulus.	 The	 combination	 of	 these	 factors	

increased	 the	 electro‐mechanical	 strain	 response	 of	 all	 the	 blends	 (Figure	 2.15),	

and	 found	 to	 be	 the	 largest	 for	 a	 1	wt.%	 content	 of	 PHT.	 The	 increment	 of	 PHT	

concentration	 led	 to	a	progressive	electro‐mechanical	performance	decrease	due	

to	the	observed	increment	in	the	dielectric	loss.		
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Figure	 2.15.	 Electro‐mechanical	 strain	 response	 exhibited	 by	 the	 pure	 silicone	
rubber	 and	 its	 blends	 with	 different	 contents	 of	 poly(3‐
hexylthiophene)	 (fitting	curves	are	 inserted	as	a	guide	 for	 the	eye).	
The	 inset	 shows	 a	 sketch	 of	 the	 experimental	 set‐up	 used	 for	
transverse	strain	measurements	along	the	vertical	direction	x,	with	a	
passive	pre‐strain	of	100	%.	Reproduced	from	Carpi	et	al.	[Carpi	et	al.	
2008b]	 with	 permission	 from	 WILEY‐VCH	 Verlag	 GmbH	 &	 Co,	
Copyright	(2008).	

	
These	 authors	 extended	 the	 approach	 of	 blending	 different	 kinds	 of	

elastomer	matrices	with	a	recent	study	of	PDMS/PU	blends	for	DEAs	applications	

[Gallone	et	al.	 2010].	 The	 simple	mixing	 of	 these	 two	 elastomers	 in	 60/40	 ratio,	

gave	rise	 to	a	strong	 interfacial	polarisation	(Maxwell‐Wagner‐Sillars	 relaxation),	

thus	 producing	 a	 marked	 increase	 in	 the	 dielectric	 constant	 value	 at	 low	

frequencies.	This	 increment	was	even	higher	than	that	of	both	raw	PU	and	PDMS	

matrices.		

The	use	of	the	blend	approach	using	a	block	copolymer	can	also	be	a	versatile	

way	to	fabricate	dielectric	elastomer	actuators	with	adjustable	properties	[Kwak	et	

al.	2012].	The	dielectric,	mechanical	and	electro‐mechanical	properties	were	tuned	

simply	 through	 changing	 the	 composition	 of	 the	 poly(vinylidenefluoride‐co‐

trifluoroethylene)(P(VDFTrFE))/poly(methylmethacrylate‐b‐dodecylmethacrylate	

‐b‐methylmethacrylate)	P(MMA‐b‐DDMA‐b‐MMA)	blends.	
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2.6.3.3 High	dielectric	permittivity	composites	

Apart	 from	 the	 procedures	 mentioned	 above,	 the	 dielectric	 permittivity	

enhancement	 for	 a	 given	 elastomer	 can	 also	 be	 accomplished	 using	 the	 more	

conventional	 strategy	 of	 elastomer	 composites.	 This	 approach	 presents	 the	

advantage	of,	on	one	hand,	being	easily	scalable	and,	on	the	other,	the	combination	

of	conductive	and	high	dielectric	permittivity	values	of	certain	fillers	with	the	high	

breakdown	strength	of	polymers.		

2.6.3.3.1 Sub‐percolative	approach.	Conductive	filler−elastomer	composites	

As	 stated	previously,	 the	need	 for	high	permittivity	 composites	has	pushed	

researchers	to	test	the	effects	of	loading	elastomers	with	conductive	fillers	such	as	

metal	 particles	 [Jamal	 et	al.	 2010;	 Kofod	 et	al.	 2011;	 Yang	 et	al.	 2011],	 graphite	

[Ismail	 and	 Khalaf	 2011]	 and	 carbon	 black	 [Stoyanov	 et	 al.	 2009;	 Sahoo	 et	 al.	

2012].	 In	 general,	 the	 electrical	 conductivity	 of	 conductive	 filler−polymer	

composites	 exhibits	 a	 non‐linear	 increase	 as	 the	 concentration	 goes	 above	 the	

percolation	threshold.	According	to	the	percolation	theory,	at	low	concentration	of	

filler,	 the	 conductive	 particles	 are	 separated	 from	 each	 other	 and	 the	 electrical	

properties	 of	 the	 composites	 are	 dominated	 by	 the	 matrix.	 As	 the	 filler	

concentration	 increases,	 local	 agglomerates	 are	 formed.	 At	 the	 percolation	

threshold,	 these	 clusters	 start	 to	 connect	 into	 a	 three	 dimensional	 network	

through	the	elastomer	given	rise	to	a	huge	increase	in	the	electrical	conductivity.		

Thus,	for	instance,	in	2009,	Stoyanov	et	al.	[Stoyanov	et	al.	2009]	reported	the	

dielectric	properties	of	a	poly‐styrene(co‐ethylene‐co‐butylene‐co‐styrene)	(SEBS)	

matrix	loaded	with	carbon	black	(CB)	as	conducting	filler. Experiments	revealed	a	

significant	 increase	 in	 the	dielectric	permittivity	value	 in	 all	 the	 frequency	 range	

near	 the	 percolation	 threshold	 	 (insulator	 to	 conductor	 transition)	 with	 low	

dielectric	losses	at	the	same	time.	Above	the	percolation	threshold	( 4.62	vol.%	

of	CB),	composite	samples	showed	a	drastic	reduction	in	the	breakdown	strength	

values	 due	 to	 the	 increase	 in	 the	 conductivity	 and	 the	 appearance	 of	 CB	

agglomerates.		

According	to	the	theory,	such	threshold	not	only	depends	on	the	conducting	

filler	 concentration	but	also	on	 the	 filler	 size	and	aspect	 ratio	 (length/diameter).	

Thus,	conductive	nanoparticles	can	be	used	as	electrically	efficient	fillers	since:	i)	

they	may	reduce	the	electron	tunnelling	and	increase	the	resistivity	of	composites	
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via	Coulomb	blockade	effect,	thus	mitigating	to	some	extent	the	conduction	losses	

[Lu	et	al.	2006],	and	ii)	the	percolation	threshold	can	be	considerably	lower	with	

respect	to	any	other	type	of	conducting	filler.	This	last	fact	implies	smaller	loading	

percentages	 to	 reach	 the	 percolation	 threshold,	 which	 is,	 in	 turn,	 generally	

translated	in	a	preservation	of	 the	Young’s	modulus	of	 the	elastomeric	matrix.	 In	

this	 sense,	 carbon‐based	 nano‐materials	 may	 provide	 advantages	 over	 metal	

nanoparticles	 since	 they	show	 lower	density	and	superior	compatibility	with	 the	

elastomeric	matrices.	

Among	graphitic	nano‐materials,	the	most	common	carbon‐based	high	aspect	

ratio	 fillers	 are	 carbon	 nanotubes	 (CNTs).	 Several	 groups	 have	 already	 reported	

increments	 in	 the	 dielectric	 permittivity	 of	 elastomeric	 composites	 containing	

carbon	nanotubes.	Thus,	Park	et	al.	[Park	et	al.	2007]	have	shown	that	an	addition	

of	0.5	wt.%	of	commercial	carbon	nanotubes	increased	the	dielectric	permittivity	

of	 a	 PDMS	matrix	 from	 3	 to	 5,	 in	 both	 low	 (50	Hz)	 and	 high	 (100	 kHz)	

frequencies.	Additionally,	Das	et	al.	[Das	et	al.	2008]	have	shown	that	the	use	of	a	

wet‐method	 for	 the	 CNTs	 dispersion	 prior	 to	 their	 incorporation	 into	 a	 styrene‐

butadiene	 rubber	 (SBR)	 and	 polybutadiene	 rubber	 (BR)	 blend	 can	 significantly	

decrease	 the	 percolation	 concentration	 ( 2	wt.%	 of	 CNTs)	 as	 compared	with	

the	 traditional	 solid	 mixing	 processing	 ( 7.5	 wt.%	 of	 CNTs),	 while	 the	

enhancement	 in	 the	 dielectric	 permittivity	 value	 below	 	 is	 similar.	Meanwhile,	

the	 dielectric	 properties	 of	 single	 walled	 carbon	 nanotubes	

(SWNTs)/hyperbranched	 polyurethane	 (HPU)	 composites	 prepared	 by	 solvent	

casting	 has	 been	 studied	 by	 Mahapatra	 et	 al.	 [Mahapatra	 et	 al.	 2011].	 For	

concentrations	 below	 or	 equal	 to	 the	 percolation	 threshold	 ( 1.54	 wt.%	 of	

SWNTs),	these	authors	showed	slight	increments	in	the	dielectric	permittivity	with	

a	 frequency	 independent	 behaviour,	 thus	 revealing	 their	 capacitive	 nature.	 The	

alignment	 of	 multiwall	 carbon	 nanotubes	 (MWNTs)	 in	 polysulfone	 (PSF)	 nano‐

fibres	 by	 means	 of	 an	 electrospinning	 approach	 	 has	 produced	 an	 impressive	

dielectric	 permittivity	 of	 up	 to	 58	 for	 the	 sample	 with	 a	 MWNTs	 volume	

fraction	of	25%	[Liu	et	al.	2011].	These	authors	also	reported	the	preservation	of	

the	 loss	 tangent	 value	 	 with	 high	 breakdown	 fields,	 thus	 indicating	 the	

suitability	of	these	composite	sheets	as	energy	density	capacitors	and	flexible	high	

dielectric	components.	Finally,	Vilčáková	et	al.	[Vilčáková	et	al.	2012]	have	recently	
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studied	the	effect	of	an	anionic	surfactant	(dodecylbenzene	sulfonic	acid	(DBSA))	

on	 the	 separation	and	distribution	of	MWNTs	 in	 a	 silicone	matrix.	The	dielectric	

permittivity	of	both	neat	MWNTs/silicone	and	MWNTs‐DBSA/silicone	composites	

increased	as	the	filler	concentration	increased.	Indeed,	both	composites	displayed	

the	 same	 dielectric	 permittivity	 value	 at	 low	 volume	 fractions	 (i.e.	 1.5	 vol.%).	

However,	 at	 4	 vol.%	 of	 filler,	 the	 dielectric	 permittivity	 of	 neat	MWNTs/silicone	

was	 2500,	 indicating	 a	 percolated	 behaviour,	 whereas	 for	 MWNTS‐

DBSA/silicone	the	dielectric	permittivity	was	 20.	The	modification	of	MWNTs	

by	anionic	surfactant	led	to	an	homogenous	distribution	of	the	filler	and	decreased	

the	 probability	 of	 cluster	 formation,	 as	 evidenced	 the	 increment	 in	 the	

concentration	threshold.		

In	2004,	Novoselov	et	al.	[Novoselov	et	al.	2004]	successfully	isolated	a	new	

two−dimensional	 carbon	based	material	with	 one‐atom‐thick	planar	 sheet	 of	 sp2	

bonded	 carbon	 atoms	 (see	 Figure	 2.16),	 which	 can	 be	 considered	 as	 the	

fundamental	 building	 block	 for	 graphitic	 materials	 such	 as	 nanotubes	 (1D)	 and	

graphite	 (3D).	 These	 authors	 prepared	 graphene	 films	 by	mechanical	 exfoliation	

(repeated	peeling)	of	small	mats	of	highly	oriented	pyrolytic	graphite	in	a	simple	

tabletop	experiment.		

	

Figure	2.16.	 	Graphene	 is	a	honeycomb	 lattice	of	 carbon	atoms.	Graphite	 can	be	
viewed	as	a	stack	of	graphene	 layers.	Carbon	nanotubes	are	rolled‐
up	cylinders	of	graphene.	Adapted	from	Neto	et	al.	[Neto	et	al.	2006].	

	
Since	 that	day,	 this	material	has	stimulated	worldwide	 interest	owing	 to	 its	

excellent	 electrical	 and	 thermal	 conductivity,	 superior	mechanical	 properties,	 as	

well	as	large	surface	area.	These	unique	features	make	it	also	an	ideal	candidate	as	

a	high	performance	supporting	material	to	prepare	novel	functional	composites.	
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As	 in	 the	 case	 of	 carbon	 nanotubes,	 several	 works	 have	 reported	 huge	

improvements	 in	 the	 mechanical	 and	 electrical	 properties	 of	 both	

graphene/polymer	 and	 graphene/elastomer	 composites	 as	 detailed	 in	 recent	

reviews	[Kim	et	al.	2010;	Kuilla	et	al.	2010;	Potts	et	al.	2011;	Sengupta	et	al.	2011;	

Singh	et	al.	2011;	Verdejo	et	al.	2011;	Sadasivuni	et	al.	2013].		

However,	and	although	many	efforts	have	been	devoted	to	the	fabrication	of	

graphene	based	elastomer	composites,	 to	our	knowledge,	a	study	concerning	 the	

development	of	elastomer	composites	with	high	dielectric	permittivity	value	had	

generally	 been	 overlooked	 in	 spite	 of	 their	 technological	 importance	 for	 a	 wide	

range	of	applications	such	as	energy	storage	materials,	capacitors,	transistors	and	

flexible	electronics.	 It	was	not	until	2011	that	Romasanta	et	al.	 [Romasanta	et	al.	

2011]	reported,	for	the	first	time,	a	study	comparing	the	dielectric	permittivity	of	

functionalised	 graphene	 sheets	 (FGS)/PDMS	 and	 MWNTs/PDMS	 composites	 at	

room	temperature.	These	authors	showed	 that	 the	dielectric	permittivity	spectra	

of	PDMS	loaded	with	2.0	wt.%	was	about	ten	times	higher	( 23)	than	the	pure	

matrix	 at	 low	 frequencies,	 whereas	 an	 increase	 of	 six	 orders	 of	 magnitude	 was	

observed	 for	 CNTs	 composites	 at	 the	 same	 concentration,	 thus	 revealing	 a	

percolated	 behaviour	 for	 the	 later.	 The	 reason	 for	 these	 different	 trends	 was	

explained	in	terms	of	compatibilisation,	since	the	functional	groups	present	on	the	

graphene	 surface	 improved	 the	 compatibility	 of	 FGS/PDMS	at	 the	 interface,	 thus	

reducing	 the	 Maxwell‐Wagner‐Sillars	 polarisation	 at	 low	 frequencies.	 Similar	

behaviour	 has	 been	 recently	 reported	 for	 reduced	 graphene	 oxide	 (RGO)	 and	

expanded	graphite	 (EG)/polyisobutylene‐co‐isoprene	 (IIR)	 composites	 [Kumar	et	

al.	 2013].	 The	 authors	 have	 reported	 a	 tenfold	 increment	 of	 the	 dielectric	

permittivity	at	low	frequencies	for	5	wt.%	RGO/IIR	composites	as	compared	with	

EG/IIR	 composites,	 while	 the	 dielectric	 loss	 values	 were	 preserved	 due	 to	 the	

reduced	 polarisation	 processes.	 The	 authors	 explained	 this	 increment	 in	 the	

RGO/IIR	dielectric	permittivity	 to	 the	presence	of	 the	oxides	groups	on	RGO	that	

reduces	the	electrical	transmission.		

Although	these	works	show	that	conductive	nanofillers	below	the	percolation	

threshold	are	 ideal	candidates	 for	capacitive	applications,	worldwide	researchers	

have	paid	little	attention	to	understand	whether	the	use	of	these	composites	may	

represent	 a	 viable	 route	 for	 application	 as	 DEAs.	 In	 fact,	 to	 the	 date,	 only	 three	
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works	 have	 been	 found	 to	 describe	 this	 issue.	 The	 first	 study	 by	Molberg	 et	 al.	

[Molberg	 et	 al.	 2010]	 showed	 that	 the	 encapsulation	 of	 PANI	 particles	 into	 an	

insulating	polymer	shell	prior	 to	 their	dispersion	 in	an	PDMS	oligomer	 increased	

the	breakdown	strength	of	PDMS	while	enhancing	PANI/PDMS	compatibility;	thus,	

overcoming	 the	 filler	 agglomeration	 and	 the	 dielectric	 losses	 increase.	 This	

strategy	 led	to	composites	with	enhanced	dielectric	properties	as	compared	with	

PDMS	oligomer	while	maintaining	the	conductivity	values	 in	 the	 insulating	range	

(Figure	 2.17).	 Nevertheless,	 as	 a	 result	 of	 the	 improved	 PANI	 particles/PDMS	

compatibility	 the	 Young’s	 modulus	 showed	 a	 twentyfold	 increase	 for	 the	

composite	 loaded	 with	 31.7	 vol.%	 of	 PANI	 particles.	 As	 a	 consequence,	 all	

composites	displayed	lower	actuation	strains	as	compared	with	PDMS,	except	for	a	

composite	 with	 13.6	 vol.%	 of	 filler,	 which	 showed	 identical	 electro‐mechanical	

behaviour	in	all	the	electric	field	range.		

	

Figure	2.17.	Measured	strain	amplitude	of	membrane	actuators	for	the	matrix	and	
composites	 as	 a	 function	 of	 the	 applied	 voltage.	 Each	 curve	 was	
reproduced	 with	 2–4	 different	 actuator	 devices	 and	 found	 to	 be	
reproducible.	Reproduced	from	Molberg	et	al.	 [Molberg	et	al.	2010]	
with	 permission	 from	 WILEY‐VCH	 Verlag	 GmbH	 &	 Co,	 Copyright	
(2010).	

	
In	 any	 case,	 all	 samples	were	 able	 to	 stand	 electric	 field	 strengths	 of	more	

than	57	V/µm	which	 indicated	that	 the	encapsulation	of	conductive	particles	 is	a	

viable	mean	to	obtain	high	dielectric	strength	composites.	This	strategy	was	also	

employed	 recently	 in	 CNTs/PDMS	 composites	 to	 reduce	 CNTs	 tendency	 to	
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aggregate	and,	thus,	minimising	the	dielectric	strength	reduction	while	achieving	a	

better	filler/elastomer	compatibility	[Galantini	et	al.	2013].	In	this	study,	MWNTs	

surface	 was	 chemically	 modified	 by	 grafting	 either	 a	 polyacrylonitrile	 or	 a	

diurethane	 polyacrylate	 prior	 to	 their	 incorporation	 into	 a	 PU	 matrix.	 All	

composites	 developed	 were	 found	 to	 actuate	 due	 to	 their	 combination	 of	 good	

dielectric	 and	mechanical	 properties.	 In	 fact,	 a	 composite	 containing	0.5	wt.%	of	

MWNTs	 grafted	 with	 diurethane	 polyacrylate	 showed	 an	 electro‐mechanical	

response	 two	 times	 higher	 than	 neat	 PU	matrix.	 Finally,	 Zhao	 et	 al.	 [Zhao	 et	 al.	

2013]	 have	 also	 shown	 that	 the	 incorporation	 of	 BaTiO3	 to	 an	 acetylene	 carbon	

black	(CB)/PDMS	composite	was	able	to	disrupt	the	CB	network;	thus,	enabling	the	

decrease	of	both	the	dielectric	loss	and	the	elastic	modulus.	These	factors,	together	

with	 the	 observed	 increment	 in	 the	 dielectric	 permittivity	 value	 synergistically	

contributed	 to	a	 remarkable	 increment	 in	 the	electro‐mechanical	performance	of	

the	composites.		

Although	an	 ideal	 composite	 system	 for	DEA	applications	 should	have	high	

dielectric	 permittivity,	 low	 dielectric	 loss	 and	 low	 tensile	 stress	 [Pelrine	 et	 al.	

2000a],	composites	satisfying	all	three	characteristics	are	difficult	to	attain	as	the	

addition	of	conductive	 fillers	 is	prone	 to	 increase	both	 the	dielectric	 loss	and	the	

tensile	 stress	 values	 due	 to	 agglomeration	 problems.	 The	 results	 found	 in	 the	

literature	 indicate	 that	 suitable	 methods	 are	 needed	 to	 disrupt/avoid	 the	

formation	 of	 conductive	 network	 within	 the	 composite.	 Thus,	 chemical	

encapsulation/modification,	 enhanced	 dispersion,	 or	 even	 the	 addition	 of	 non‐

conductive	particles	are	protocols	that	can	help	to	preserve	low	electric	 losses	in	

composites	with	conductive	fillers	due	to	the	formation	of	a	electrically	insulating	

polymeric	layer	surrounding	each	particle.		

2.6.3.3.2 Dielectric	filler	approach.	Ceramic	filler−elastomer	composites	

The	 availability	 of	 inorganic	 fillers	 together	 with	 their	 high	 dielectric	

permittivity	values	(on	the	order	of	hundreds	or	even	thousands)	makes	them	very	

appealing	to	be	used	as	high	dielectric	permittivity	fillers	since,	 in	principle,	 they	

should	 allow	 significant	 increments	 in	 the	 dielectric	 permittivity	 of	 a	 given	

elastomer.	In	fact,	the	addition	of	organically	modified	montmorillonite	[Razzaghi‐

Kashani	 et	 al.	 2008],	 titanium	 dioxide	 TiO2	 [McCarthy	 et	 al.	 2009;	 Razzaghi‐

Kashani	 et	al.	 2010],	 barium	 titanate	 BaTiO3	 (BT)	 [Tang	 et	al.	 2005;	 Tomer	 and	
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Randall	2008;	Tomer	et	al.	2008;	Xingyi	et	al.	2011],	boron	nitride	BN	[Kemaloglu	

et	al.	 2010]	 and	 lead	magnesium	niobate–lead	 titanate	Pb(Mg1/3Nb2/3)O3–PbTiO3	

(PMN‐PT)	 [Gallone	 et	 al.	 2007]	 have	 already	 shown	 to	 be	 a	 suitable	 strategy	 to	

improve	the	dielectric	permittivity	of	a	wide	range	of	elastomers	(PDMS,	PU,	SEBS,	

EVA,	among	others).		

Indeed,	 the	 effective	 dielectric	 permittivity	 of	 composites	 consisting	 of	 two	

immiscible	 phases	 can	 be	 predicted,	 up	 to	 a	 certain	 level,	 following	 classical	

dielectric	 mixing	 rules	 [Carpi	 et	 al.	 2008a;	 Dang	 et	 al.	 2012].	 These	 theoretical	

models	are	basically	algebraic	equations	that	combine	both	the	volume	fraction	of	

the	 constitute	 materials	 (polymer	 and	 inorganic	 filler)	 and	 their	 permittivities.	

Among	them,	those	considering	a	continuous	polymer	media	filled	with	spherical	

particles	 are	 considered	 as	 a	 starting	 point	 for	 the	 discussion.	 These	 theoretical	

models	 have	 evolved	 over	 time	 to	 more	 accurate	 equations	 that	 include	 the	

polarisability	 and	 dipole	 moments	 of	 the	 inclusions	 as	 well	 as	 the	 shape	

characteristics	and	the	spatial	arrangement	of	 the	different	components.	Some	of	

these	mixing	rules	will	be	introduced	in	more	detail	in	Chapter	5.		

Therefore,	ceramics	have	gained	much	attention	over	 the	 last	years	as	high	

dielectric	fillers	for	composites	in	DEAs	applications	since,	contrary	to	conductive	

fillers,	they	are	dielectric	in	nature	and	might	not	induce	high	dielectric	losses.		

One	of	 the	 first	works	concerning	 this	 topic	showed	 that	 the	addition	of	30	

wt.%	 of	 rutile‐type	 TiO2	 to	 a	 silicone	 rubber	 improved	 its	 dielectric	 properties	

while	 reducing	 its	 Young’s	 modulus	 [Carpi	 and	 De	 Rossi	 2005].	 This	 composite	

showed	a	 transverse	actuation	 strain	of	11%,	more	 than	eight	 times	higher	 than	

that	observed	for	pure	silicone.	Nevertheless,	although	the	observed	dielectric	loss	

was	 preserved	 in	 the	 composite,	 the	 breakdown	 strength	 was	 reduced	 as	

compared	with	neat	silicone.	A	later	work	has	shown	that	the	surface	modification	

of	 TiO2	 with	 a	 PDMS	 oil	 coating	 is	 a	 suitable	 way	 to	 increase	 the	 breakdown	

strength	of	SEBS	based	composites	[Stoyanov	et	al.	2011].	Thus,	the	addition	of	a	

15%	 vol.	 of	 these	 surface‐coated	 TiO2	 particles	 also	 improved	 both	 dielectric	

(Figure	2.18)	and	mechanical	properties	with	the	subsequent	enhancement	in	the	

electro‐mechanical	performance	of	the	TiO2‐SEBS	composites.	
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Figure	2.18.	 	 Relative	 permittivity	 and	dielectric	 loss	 as	 a	 function	 of	 frequency	
measured	at	room	temperature,	for	varying	TiO2	volume	fractions.	
Unfilled	symbols	correspond	to	uncoated	particles,	filled	symbols	to	
coated	 ones.	 Reproduced	 from	 Stoyanov	 et	 al.	 [Stoyanov	 et	 al.	
2011]	with	permission	from	The	Royal	Society	of	Chemistry.	

	
Later	works	have	suggested	that	the	use	of	ceramics	is	not	always	a	suitable	

strategy.	 Different	 studies	 with	 ferroelectric	 ceramics,	 such	 as	 BT	 [Szabo	 et	 al.	

2003],	 PMN‐PT	 [Gallone	 et	al.	 2007]	 and	 lead	 zirconate	 titanate	 (PZT)	 [Molberg	

2010],	have	not	established	real	improvements	in	the	theoretical	or	experimental	

electro‐mechanical	 performance	 even	 though	 the	 permittivity	 increased.	 These	

results	 have	 been	 attributed	 to	 several	 factors:	 i)	 the	 increase	 in	 the	 dielectric	

permittivity	 was	 counterbalanced	 by	 an	 increase	 in	 the	 elastic	 modulus,	 ii)	 the	

electrical	breakdown	strength	was	reduced	considerably,	which	clearly	limited	the	

maximum	performance	 and,	 finally,	 iii)	 the	dielectric	 loss	 dramatically	 increased	

with	 the	 filler	 content	 cancelling	 the	 electro‐mechanical	 performance	 of	 the	

actuator.		

These	 issues	 have	 recently	 been	 partially	 solved	 by	 encapsulating	 BT	

particles	with	a	polydopamine	(PDA)	thin	layer	(Figure	2.19)	[Yang	et	al.	2013a].	

This	 insulating	 layer	 improved	 the	dispersion	of	 the	 filler	on	a	HNBR,	 leading	 to	

composites	 with	 improved	 dielectric	 permittivity	 and	 decreased	 dielectric	 loss.	

Nevertheless,	 and	 although	 the	 developed	 composites	 displayed	 identical	 or	

slightly	higher	actuation	strain	than	pure	HNBR,	they	were	not	able	to	withstand	

high	electric	fields.		
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Figure	2.19.	 	 	Schematic	diagrams	of	dispersions	of	(a)	BT	particles	and	(b)	BT–
PDA	 particles	 in	 HNBR	 composites.	 Reproduced	 from	 Yang	 et	 al.	
[Yang	 et	 al.	 2013a]	 with	 permission	 from	 The	 Royal	 Society	 of	
Chemistry.	

	
In	 summary,	 up	 to	 date,	 the	 approach	 of	 using	 composites	 made	 of	 high	

dielectric	 permittivity	 ceramics	 and	 insulating	 polymers	 has	 not	 evidenced	 real	

improvements	in	the	performance	of	DEA	devices,	mainly	as	a	consequence	of	the	

ferroelectric	nature	of	the	used	ceramics.	In	this	type	of	ceramics,	the	application	

of	an	external	electric	field	induces	the	movement	of	ions	to	a	new	position	along	

the	 direction	 of	 the	 applied	 field,	 which	 leads	 to	 a	 macroscopic	 change	 in	 the	

dimensions	 of	 the	 unit	 cell	 and	 the	 ceramic	 as	 a	 whole.	 The	 original	 random	

orientation	 of	 the	 domain	 polarisation	 vectors	 cannot	 be	 restored	 unless	 the	

material	 is	 heated	 above	 is	 Curie	 temperature	 (Tc)	 [Haertling	 1999].	 Thus,	 the	

presence	 of	 a	 permanent	 dipole	moment	 in	 ferroelectric	metal	 oxides	 even	 after	

removing	 the	electric	 field	 is	 able	 to	 induce	a	 strong	mechanical	 resonance,	 thus	

decreasing	the	reliability	of	DEA	devices	[Arbatti	et	al.	2007].	

Recently,	 Romasanta	 et	al.	 [Romasanta	 et	al.	 2012]	 have	 proposed	 calcium	

copper	 titanate	CaCu3Ti4O12	 (CCTO)	 as	 an	unexplored	alternative	 to	 ferroelectric	

ceramics.	CCTO	has	 attracted	 the	 researchers’	 attention	 since	Subramanian	et	al.	

[Subramanian	 et	 al.	 2000]	 measured	 a	 frequency	 independent	 giant	 dielectric	

constant	 of	 104	 (DC	 to	 106	 Hz)	 at	 room	 temperature.	 CCTO	 ceramics	 possess	 a	
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cubic	distorted	perovskite‐like	 structure	with	 the	 Im3	 space	 group.	 The	different	

sizes	 of	 the	 Ca	 and	Cu	 cations	 and	 the	 order	 of	 the	Cu2+	 ions	 in	 a	 square‐planar	

environment	 cause	 the	 tilting	 of	 the	 TiO6	 octahedra,	 which	 is	 large	 enough	 to	

accommodate	local	distortions,	thus,	ruling	out	the	pure	ferroelectric	behaviour	in	

CCTO	ceramics.	The	CCTO/PDMS	composites	exhibited	a	remarkable	combination	

of	 dielectrical	 and	mechanical	 properties,	 increasing	 their	 dielectric	 permittivity	

while	 maintaining	 both	 the	 dielectric	 loss	 value	 and	 tensile	 stress	 values	 at	

different	 strains.	 Hence,	 the	 composites	 with	 5.1	 vol.%	 of	 CCTO	 presented	 an	

improvement	in	the	actuation	strain	of	about	100%	and	a	reduction	of	25%	in	the	

electric	field	to	reach	the	same	strain	compared	to	the	raw	PDMS	matrix.	

2.6.4 Highly	compliant	electrodes	

Identifying	or	developing	a	suitable	compliant	electrode	is	also	a	key	factor	in	

DEAs	 and	 a	 number	 of	 electrode	materials	 have	 been	 explored	 to	 achieve	 good	

electro‐mechanical	 performance.	Original	 tests	were	 performed	 using	 thin	metal	

films.	While	these	films	provided	good	electrical	conductivity,	they	limited	strains	

to	approximately	1%.	Therefore,	good	electrode	materials	for	applications	in	DEAs	

should	 not	 impede	 its	 mechanical	 motion,	 giving	 rise	 to	 the	 term	 “compliant	

electrodes”.	Moreover,	they	should	maintain	high	conductivity	at	large	strains	and	

good	 stability,	 have	 negligible	 stiffness,	 and	 be	 fault	 tolerant	 at	 the	 same	 time	

[Rosset	and	Shea	2013].		

2.6.4.1 Metal	thin‐film	electrodes	

Metal	 coatings	 are	 commonly	 used	 for	 electromagnetic	 interference,	

electrostatics	 discharge	 and	 electric	 circuitry	 applications.	 The	 development	 of	

microelectronics	and	microelectromechanical	system	(MEMS)	industry	has	put	on	

the	 market	 a	 broad	 range	 of	 microfabrication	 technologies	 (i.e.	 electron	 bean	

evaporation,	 cathodic	 sputtering,	 electroplating,	 photolithographic	 processes…)	

that	deposit	thin	metal	layers	even	in	the	nanometer	scale	[Rosset	and	Shea	2013].	

Nevertheless,	 there	 are	 three	 major	 drawbacks	 that	 still	 hinder	 their	

widespread	 use:	 i)	 the	 high	 Young’s	 modulus	 of	 metals	 (several	 orders	 of	

magnitude	 higher	 than	 that	 of	 DE)	 limits	 the	 DE	 actuation	 strain,	 ii)	 their	 low	

elasticity	 (typically	 around	 2‐3%)	 provokes	 cracks	 above	 this	 limit	 resulting	 in	
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conducting	 areas	 separated	 by	 non‐conductive	 elastomer,	 and	 iii)	metals	 have	 a	

tendency	to	form	an	insulating	oxide	layer	at	the	surface.	

Current	 research	 efforts	 have	developed	new	 solutions	 to	 use	metallic	 thin	

films	 for	 DEAs	 applications	 such	 as	 patterned	 electrodes	 [Pelrine	 et	 al.	 2000a;	

Pimpin	 et	 al.	 2007;	 Verplancke	 et	 al.	 2012],	 out−of–plane	 buckled	 electrodes	

[Bowden	et	al.	1998;	Lacour	et	al.	2004]	and	corrugated	membranes	[Benslimane	

et	 al.	 2002;	 Benslimane	 et	 al.	 2010].	 Nevertheless,	 all	 these	 alternatives	 still	

present	a	very	high	Young’s	modulus	and	limited	elasticity.		

2.6.4.2 Carbon‐based	electrodes	

Carbon‐based	 electrodes	 are	 the	 most	 common	 alternative	 to	 metallic	

electrodes	as	they	provide	good	conductivity	even	at	very	high	strains.	This	type	of	

electrodes	can	be	categorised	in	three	main	variants	(carbon	powders,	greases	and	

compounds),	 which	 are	 schematically	 represented	 in	 Figure	 2.20	 and	 detailed	

below.	

	

Figure	2.20.	 Schematic	 representation	 of	 the	 three	main	 types	 of	 carbon‐based	
electrodes.	Adapted	from	Rosset	and	Shea	[Rosset	and	Shea	2013].		

	

‐ Carbon	powders	are	directly	deposited	on	the	elastomeric	membrane.	The	main	

advantage	of	this	type	of	electrodes	is	that	they	do	not	contribute	to	the	stiffness	

of	the	membrane	on	which	they	are	applied,	mainly	due	to	the	absence	of	strong	

binding	 forces	 between	 the	 particles.	 O’Brien	 et	 al.	 [O'Brien	 et	 al.	 2007]	

characterised	 the	 three	main	 types	 of	 carbon‐based	 electrodes	 for	 a	 resistive	

self‐sensing	 device.	 In	 this	 work,	 the	 three	 electrodes	 were	 deposited	 up	 to	

measuring	a	surface	resistance	of	about	9	kΩ/square.	The	electrodes	were	then	

subjected	to	uni‐axial	strain	while	monitoring	the	change	in	resistance.	Carbon	

powder	electrodes	produced	the	best	electrical	and	mechanical	characteristics	

out	 of	 the	 several	 possibilities	 tried.	 Nevertheless,	 their	main	 disadvantage	 is	
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that	the	lifetime	of	the	electrodes	is	limited	due	to	the	possibility	of	the	particles	

to	detach	from	the	electrode.	For	this	reason	this	type	of	powders	are	generally	

found	in	combination	with	acrylic	elastomers	(such	as	VHB	series	from	3M)	and	

silicones	 as	 DEs.	 These	 elastomers	 are	 intrinsically	 sticky	 and	 the	 particles	

become	bound	to	their	surface.	In	any	case,	carbon	black	and	graphite	have	been	

the	materials	of	choice	in	the	first	days	of	DEAs,	as	they	enable	large	strains.		

‐ Carbon	 greases,	 which	 consist	 of	 carbon	 particles	 dispersed	 into	 a	 viscous	

media,	such	as	oil.	DEAs	developed	using	this	type	of	electrodes	have	shown	to	

sustain	large	strains	while	remaining	conductive,	but	also	long‐term	instability	

issues	due	to	drying	or	diffusion	into	the	DE	[Rosset	and	Shea	2013].	

‐ Carbon	 compounds,	 which	 are	 formed	 by	 the	 dispersion	 of	 carbonaceous	

particles,	generally	carbon	black,	into	an	elastomer	and	cross‐linked	after	being	

applied	 on	 the	 membrane.	 Since	 the	 filler	 concentration	 must	 be	 sufficiently	

high	to	percolate,	the	contribution	of	these	electrodes	to	the	DE	stiffness	cannot	

be	neglected	 (as	 compared	with	 the	other	 two).	 In	 addition,	 and	 although	 the	

electrode	bounds	 to	 the	DE	membrane	during	 the	 cross‐linking	process,	 some	

delamination	issues	have	already	been	reported	by	[Michel	et	al.	2012],	which	

reduces	the	electrodes’	life	expectancy.		

The	 development	 of	 nanotechnology,	 and	more	 specifically	 the	 discover	 of	

carbon	 nanotubes	 and	 graphene	 sheets,	 has	 opened	 the	 way	 for	 transparent	

compliant	 electrodes	 enabling	 a	 new	 range	 of	 potential	 applications,	 such	 as	 in	

flexible	 screens,	 light	 emitting	 diodes,	 solar	 cells,	 and	 thin‐film	 transistors.	 In	

addition,	 Yuan	 et	 al.	 [Yuan	 et	 al.	 2008]	 have	 shown	 that	 DEAs	 with	 SWNTs	

electrodes	 can	 achieve	 not	 only	 area	 strains	 larger	 than	 200%,	 but	 also	 a	 fault‐

tolerance	through	localised	degradation	of	SWNTs.	These	authors	proposed	that,	in	

the	 vicinity	 of	 the	 area	 where	 the	 dielectric	 breakdown	 occurs,	 the	 electrode	

becomes	 non‐conductive	 due	 to	 the	 degradation	 of	 SWNTs.	 However,	 they	

suggested	that	the	SWNTs	have	the	ability	to	self‐clear	and,	hence,	isolate	the	fault	

from	 the	 rest	 of	 the	 active	 area,	 which	 can	 actuate	 normally.	 More	 recently,	 a	

conductive	and	stretchable	PDMS	composite	based	on	20	wt.%	of	reduced	graphite	

nanoplatelets	 have	 also	 shown	 to	 self‐heal	 a	 DEA	 after	 its	 breakdown,	 thus	

increasing	both	lifetime	and	reliability	[Michel	et	al.	2012].		
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All	these	advances	should	open	the	door	to	novel	commercially	viable	high‐

strain	dielectric	elastomer	products	in	the	following	years.		

	

2.7 Applications	of	DEAs	

	

The	 versatility	 of	 conformable	 elastomers	 allows	 shaping	 them	 into	 a	wide	

range	of	dimensions,	thus,	enabling	the	actuator	configuration	to	be	tailored	with	

the	 desired/needed	 characteristics.	 Although	 most	 actuator	 designs	 use	 the	

framed/in‐plane	actuator	configuration,	nowadays	a	vast	description	of	actuators’	

configuration	can	be	found	in	the	literature	(Figure	2.21)	[Bar‐Cohen	2004a;	Carpi	

et	al.	2008c].	

‐ Diaphragm	actuators.	 These	 actuators	 are	made	with	a	planar	 construction	 to	

produce	out	of	plane	motion	[Goulbourne	et	al.	2003;	Li	et	al.	2009;	Rosset	et	al.	

2009].	 This	 type	 of	 configuration	 is	 employed	 in	 pumps	with	 direct	 energetic	

coupling	to	an	external	load	[Bar‐Cohen	2004a].	

‐ Multilayer/stacked	 actuators.	 The	 elastomer	 films	 can	 be	 layered	 thus	

assembling	 a	 series	 of	 capacitors	 electrically	 connected	 in	 parallel	 with	

alternating	 polarities	 on	 each	 layer.	 This	 configuration	 enlarges	 the	 force	 and	

the	deformation	obtained	[Schlaak	et	al.	2005;	Kovacs	et	al.	2009].	

‐ Unimorph	[Araromi	et	al.	2011;	Lau	et	al.	2011]	and	bimorph	[Chun‐Kiat	and	Lau	

2010]	bending	beam	actuators.	Unimorph	actuators	are	made	up	of	a	DEA	stack	

bonded	 to	 a	 flexible	 substrate	 whereas	 in	 bimorph	 actuators,	 this	 flexible	

substrate	 is	 sandwiched	 between	 two	 dielectric	 elastomer	 films.	 These	

configurations	provide	large	out	of	plane	displacements.	

‐ Cylindrical/rolled	actuators.	 Coated	 elastomer	 films	 are	 rolled	 around	 an	 axis.	

These	 actuators	 can	 be	 rolled	 around	 a	 compression	 spring	 (“spring	 roll”)	 or	

rolled	without	a	core	[Carpi	et	al.	2005;	Kovacs	et	al.	2007;	Kovacs	et	al.	2008;	

Sarban	et	al.	2011].	This	configuration	is	employed	in	muscle‐like	devices	due	to	

its	relatively	large	output	force.		

As	 a	 result	 of	 the	 relatively	 soft	 polymer	 composition	 and	 large	 strain	

response	 shown	 by	 DEAs,	 especially	 those	 with	 rolled	 structures,	 this	 type	 of	

electronic	EAPs	are	also	known	as	“artificial	muscles”	thus	finding	applications	in	
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biologically	 inspired	 robots,	 as	 well	 as	 human	 prosthetic	 or	 orthotic	 devices.	 In	

fact,	 in	 1999,	 Yoseph	 Bar‐Cohen	 (Jet	 Propulsion	 Lab,	 NASA)	 created	 the	 “Arm‐

wrestling	match	of	an	EAP	robotic	arm	against	a	human”	challenge	to	demonstrate	

the	 potential	 of	 the	 EAP	 actuator	 technology	 in	 the	 field	 of	 robotics.	 An	 arm	

wrestling	robot	based	on	rolled	DEAs	presented	by	the	Swiss	Federal	Laboratories	

for	 Materials	 Testing	 and	 Research	 (EMPA)	 demonstrated	 very	 promising	

performances,	 however	 it	 still	 lost	 the	 contest	 against	 a	 human	 [Kovacs	 et	 al.	

2007].		

	

Figure	2.21.	Basic	dielectric	elastomer	configurations:	(a)	stack,	(b)	extender,	(c)	
bimorph	and	unimorph	bending	beam	actuators,	(d)	diaphragm	and	
(e)	rolled	actuators.	Reprinted	from	Carpi	et	al.	 [Carpi	et	al.	2008c],	
copyright	(2008),	with	permission	of	Elsevier.	

	
The	promise	of	muscle‐like	actuation	technology	has	not	yet	been	completely	

fulfilled	by	DEAs	up	to	date,	mainly	due	to	safety	issues	regarding	the	high	voltages	

require	 for	 the	 mechanical	 stimulation,	 but	 DE	 actuators	 have	 been	 used	 in	 a	

number	 of	 bio‐mimetic	 robots	 such	 as	 fish‐like	 propulsion	 airship	 (Figure	 2.22)	

[Jordi	 et	 al.	 2010]	 and	 inchworm	 robots	 [Choi	 et	 al.	 2005b],	 complex	 walking	

robots	 [Qibing	et	al.	 2004],	 transparent	 “active	 skins”	 [Kwon	et	al.	 2011]	 and	 as	

motors	for	the	eyeballs	of	an	android	face	[Carpi	et	al.	2006].		

DEAs	 have	 also	 found	 a	 number	 of	 different	 potential	 applications	 (Figure	

2.22)	such	as	refreshable	Braille	and	tactile	displays	[Chakraborti	et	al.	2012;	Kim	

et	al.	2013;	Vishniakou	et	al.	2013],	motion	capture	suits	[Xu	et	al.	2013],	single	cell	

stretchers	[Akbari	and	Shea	2012]	micro‐pumps	[Loverich	et	al.	2006;	Maffli	et	al.	

2013;	McCoul	et	al.	 2013;	Murray	et	al.	 2013],	 loudspeakers	 [Heydt	et	al.	 2006],	

variable	 focus	 lenses	 [Son	 et	 al.	 2012;	 Wang	 et	 al.	 2012;	 Heimann	 et	 al.	 2013;	
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Hwang	et	al.	2013],	active	isolation	devices	for	cancelation	of	vibrations	[Graf	and	

Maas	 2011;	 Karsten	 et	 al.	 2013]	 and	 even	 as	 shape	 controllers	 of	 lightweight	

mirrors	[Kornbluh	et	al.	2003].	Nowadays	dielectric	elastomers	actuators	are	not	

only	 laboratory	 curiosities	 and	 they	 are	 emerging	 on	 the	 commercial	 market.	

Artificial	Muscle	(California,	USA)	is	now	providing	actuators	that	are	incorporated	

into	a	handheld	gaming	console	(ViviTouch™)	to	provide	enhanced	tactile	feedback	

while	 Optotune	 (Dietikon,	 Switzerland)	 offers	 a	 range	 of	 tunable	 optical	 devices	

based	on	DEAs	[Blum	et	al.	2011;	Blum	et	al.	2012].	

	

Figure	 2.22.	 Potential	 applications	 of	 DEAs.	 (a)	 Fish‐like	 propulsion	 airship.	
Reprinted	from	Jordi	et	al.	[Jordi	et	al.	2010],	copyright	(2010),	with	
permission	 from	 Elsevier.	 (b)	 Overview	 of	 an	 electro‐adaptive	
microfluidic	 device	 showing	 the	 fabrication	 steps	 involved.	
Reprinted	 from	 Murray	 et	 al.	 [Murray	 et	 al.	 2013]	 with	 kind	
permission	 from	 Springer	 Science	 and	 Business	 Media.	 (c)	
Schematic	diagram	of	 the	proposed	DE	based	Braille	 cell	 showing	
the	 single	 actuator	 and	 its	 components	 and	 their	 assembly	 in	 a	
Braille	 cell.	 Reprinted	 from	 Chakraborti	 et	 al.	 [Chakraborti	 et	 al.	
2012],	 copyright	 (2012),	 with	 permission	 from	 Elsevier. (d)	
Graphene‐driven	 actuator	 and	 images	 obtained	 through	 the	
graphene‐driven	actuator.	Reprinted	with	permission	from	Hwang	
et	al.	[Hwang	et	al.	2013].	Copyright	(2013),	AIP	Publishing	LLC.	
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3.1 Introduction		

	

The	need	of	new	DEs	with	lower	driven	voltages	and	higher	energy	densities	

has	 led	 to	 the	 development	 of	 elastomeric	 composite	 systems	 that	 combine	 the	

processability	of	 elastomers	with	 the	high	dielectric	permittivity	value	of	 certain	

fillers.	The	most	common	high	dielectric	constant	 fillers	 in	elastomer	composites	

include	 metal	 particles	 [Jamal	 et	 al.	 2010;	 Kofod	 et	 al.	 2011;	 Yang	 et	 al.	 2011],	

conducting	polymers	[Huang	et	al.	2004;	Carpi	et	al.	2008b;	Molberg	et	al.	2010],	

ceramics	 [Tang	 et	 al.	 2005;	 Gallone	 et	 al.	 2007;	 McCarthy	 et	 al.	 2009]	 and	

carbonaceous	materials	[Stoyanov	et	al.	2009;	Ismail	and	Khalaf	2011;	Sahoo	et	al.	

2012;	Sahoo	et	al.	2013].		

In	the	case	of	dielectric	fillers	for	their	application	in	DEAs,	they	should	not	

only	 increase	 the	 effective	 dielectric	 permittivity	 of	 a	 given	 elastomer	 but	 also	

maintain	 its	 breakdown	 strength.	 Moreover,	 increasing	 the	 effective	 dielectric	

permittivity	must	also	be	achieved	without	large	increases	in	the	dielectric	losses.	

In	reality,	these	three	objectives	(high	dielectric	permittivity,	high	breakdown	field	

strength	and	low	dielectric	losses)	are	not	likely	to	be	achieved	at	the	same	time,	

thus,	being	the	best	solution	a	compromise	among	them.		

In	 this	 sense,	 carbon‐based	 nanoparticles	 (namely	 carbon	 nanotubes	 and	

graphene	sheets)	and	calcium	copper	 titanate	 (CaCu3Ti4O12)	 are	of	 great	 interest	

since	 they	 offer	 several	 advantages	 to	 improve	 the	 dielectric	 permittivity	 of	

elastomers	as	detailed	more	specifically	in	Chapter	2.	

This	 chapter	 presents	 the	 synthesis	 and	 characterisation	methods	 used	 for	

the	 commercial	 (c‐MWNTs)	 and	 in‐house	 produced	multiwall	 carbon	 nanotubes	

(h‐MWNTs),	 functionalised	 graphene	 sheets	 (FGS)	 and	 calcium	 copper	 titanate	

(CCTO)	particles.	Additionally,	 the	chapter	 thoroughly	describes	 the	morphology,	

structure	and	intrinsic	properties	of	these	high	dielectric	permittivity	fillers.		
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3.2 Carbon‐based	nanoparticles	

3.2.1 Multiwall	carbon	nanotubes	(MWNTs)	

Two	 different	 carbon	 nanotubes,	 commercial	 and	 in‐house	 produced,	were	

used	in	this	study.	In	particular:	

 Commercial	 carbon	 nanotubes	 (c‐MWNTs)	 were	 kindly	 supplied	 by	 Future	

Carbon	GmbH	(MWNTs	Thermally	Purified).	These	multiwall	carbon	nanotubes	

(hereafter	denoted	as	c‐MWNTs)	were	synthesised	by	fluidised	chemical	vapour	

deposition	(CVD)	method	and	had	a	mean	diameter	of	17	nm,	an	average	length	

ranging	from	5−50	μm	and	a	purity	of	98%.		

 In‐house	 produced	 carbon	 nanotubes	 (h‐MWNTs)	 were	 synthesised	 by	 a	

supported	 CVD	 injection	 method	 using	 toluene	 as	 the	 carbon	 source	 and	

ferrocene	 (Aldrich	 98%)	 as	 the	 catalyst.	 A	 3	wt.%	 ferrocene/toluene	 solution	

was	injected	at	5	ml/h	into	a	hot	quartz	tube	reactor	kept	at	760	°C	under	inert	

argon	 atmosphere	 (325	 ml/min).	 Once	 the	 reaction	 finished	 and	 the	 furnace	

reached	 room	 temperature,	 CNTs	 were	 removed	 from	 the	 quartz	 tube	 and	

stored	 in	 a	 sealed	 container	 prior	 to	 use.	 Figure	3.1	 illustrates	 the	 equipment	

employed	for	the	synthesis	of	the	h‐MWNTs.		

	

Figure	3.1.	Schematic	representation	of	the	furnace	employed	for	the	synthesis	of	
h‐MWNTs.	

	

Both	 commercial	 and	 in‐house	 produced	 carbon	 nanotubes	 were	

characterised	by	Raman	and	X‐Photoelectron	Spectroscopy	 (XPS)	 to	evaluate	 the	

structural	 quality,	 while	 the	 morphology	 was	 evaluated	 by	 Scanning	 (SEM)	 and	

Transmission	Electron	Microscopy	(TEM).		

Raman	Spectroscopy	was	performed	on	a	Renishaw	Invia	Raman	Microscope,	

using	 an	 argon	 laser	with	 an	 excitation	wavelength	 of	 514.5	 nm.	 This	 technique	
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provides	 information	about	 the	structural	quality	of	graphitic	materials	since	 the	

amount	of	ordering	and	degree	of	sp2	and	sp3	bonding	results	 in	a	unique	Raman	

“fingerprint”	 for	 each	 carbon	 structure.	 In	 the	 case	 of	 carbon	 nanoparticles,	 the	

Raman	 spectra	 usually	 present	 the	 following	 features	 (Figure	 3.2)	 [Eklund	 et	al.	

1995;	Rao	et	al.	1997;	Thomsen	et	al.	2004;	Dresselhaus	et	al.	2005]:	

‐ Radial	breathing	mode	(RBM)	at	~	150‐300	cm‐1,	where	all	the	carbon	atoms	are	

moving	 in	phase	 in	 the	radial	direction.	This	Raman	 feature	 is	associated	with	

small	diameter	 tubes	 (less	 than	2	nm)	being,	 thus,	 only	 evident	 in	 the	 case	of	

single	or	double	wall	nanotubes.	

‐ D	 band	 at	 ~	 1350	 cm‐1	 is	 a	 breathing	 mode	 of	 A1g	 symmetry.	 This	 mode	 is	

forbidden	 in	 perfect	 graphite	 and	 only	 becomes	 active	 in	 the	 presence	 of	

disorder.	 Thus,	 it	 is	 strictly	 connected	 to	 the	 presence	 of	 disorder	 and/or	

amorphous	 carbon.	 The	 double	 resonance	 feature	 induced	 by	 disorder	 and	

defects,	known	as	D’	band,	appears	as	a	weak	shoulder	in	the	G	band	around	~	

1610	cm‐1.	

‐ G	band	at	~	1572	cm‐1	where	neighbouring	atoms	move	in	opposite	directions	

along	the	surface	of	the	tube	as	in	2D	graphite.	This	mode	has	E2g	symmetry	and	

does	not	 require	 the	presence	of	 sixfold	 rings,	 so	 it	 occurs	 at	 all	 sp2	 sites,	 not	

only	those	in	rings	[Ferrari	and	Robertson	2000].	

	

Figure	3.2.	Schematic	picture	showing	the	atomic	vibrations	for	the	RBM,	D	and	G	
band	modes.		

	
The	ratio	between	the	D	and	G	bands	 (R=ID/IG)	was	 introduced	 for	 the	 first	

time	 by	 Tuinstra	 and	 Koenig	 [Tuinstra	 and	 Koenig	 1970]	 as	 a	 indication	 of	 the	

crystallite	 size.	 This	 ratio	 provides	 a	 quantitative	 measurement	 of	 the	 sidewall	

defects	density	of	carbon‐based	materials.	Consequently,	ID/IG	analysis	can	be	used	
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to	obtain	information	about	the	structural	crystallinity	of	carbon‐based	nanofillers	

and,	also,	on	possible	changes	in	the	graphitic	structure	as	a	result	of	purification	

and/or	functionalisation	strategies	[Dresselhaus	et	al.	2005].		

The	 Raman	 spectra	 (normalised	 to	 the	G	 band	 peak	 intensity	 [DiLeo	 et	 al.	

2007])	of	c‐MWNT	and	h‐MWNTs	are	shown	in	Figure	3.3.	

	

Figure	3.3.	Raman	spectra	of	c‐MWNTs	and	h‐MWNTs.	
	

At	 a	 glance,	 both	 samples	 show	 the	 characteristic	 spectra	 of	 graphitic	

materials	with	well	defined	D	and	G	bands,	appearing	at	1346	cm‐1	and	1578	cm‐1	

for	 c‐MWNT,	 and	 at	 1348	 cm‐1	 and	1572	 cm‐1	 for	 h‐MWNTs,	 respectively.	 These	

band	 positions	 are	 in	 good	 agreement	 with	 experimental	 results	 obtained	 by	

[Shanmugharaj	et	al.	 2007]	 and	 [Datsyuk	et	al.	 2008].	 The	 spectrum	of	 c‐MWNT	

displays	an	 intense	and	broad	D	band,	while	 the	G	band	shows	a	slight	blue	shift	

and	an	intense	shoulder	located	around	1610	cm‐1,	corresponding	to	the	D’	band,	

as	 compared	with	 h‐MWNTs.	 These	 features,	D	 and	D’	band	 intensities,	 indicate	

higher	presence	of	topological	defects	in	the	graphitic	structure	of	c‐MWNTs.	The	

crystallinity	assessment	upon	calculation	of	the	D	and	the	G	band	ratio	evidenced	

the	higher	graphitic	nature	(pristine	arrangement	of	atoms)	of	h‐MWNT,	of	R	=0.28	

compared	to	R	=0.87	for	c‐MWNTs.	Thermal	treatments	can	cause	severe	etching	

of	 the	graphitic	surface	and	diminish	 the	aromatic	structural	 integrity,	 leading	 to	

tubes	 of	 shorter	 length	 and	 worse	 intrinsic	 properties	 (namely	 conductivity)	 of	

this	type	of	nanoparticles	[Datsyuk	et	al.	2008].	
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XPS	 technique	 is	 an	effective	way	 to	determine	not	 only	 the	 identity	 of	 the	

elements	present	on	the	surface	of	a	material,	but	also	their	approximate	relative	

ratios	 as	 well	 as	 the	 presence	 of	 structural	 defects	 on	 the	 nanotube	 surface	

[Datsyuk	 et	 al.	 2008].	 XPS	 analysis	 were	 performed	 on	 a	 VG	 Escalab	 200R	

spectrometer	 equipped	 with	 a	 hemispherical	 electron	 analyser	 operated	 on	 a	

constant	 pass	 energy	 mode	 and	 non‐monochromatised	 Mg	 X‐ray	 radiation	

( 1,253.36	eV)	at	10	mA	and	12	kV.	The	samples	were	first	placed	in	a	copper	

holder	 mounted	 on	 a	 sample	 rod	 in	 the	 pre‐treatment	 chamber	 of	 the	

spectrometer	 and	 then	 degassed	 at	 room	 temperature	 for	 1	 h	 before	 being	

transferred	to	the	analysis	chamber.		

The	 spectra	 were	 decomposed	 by	 the	 least‐squares	 fitting	 routine	 using	 a	

Gaussian	product	information	after	subtracting	a	Shirley	background	(Figure	3.4).	

The	core	 line	 levels	 (C1s	and	O1s)	were	referenced	with	 respect	 to	 the	C1s	energy	

characteristic	of	sp2	species	and	conventionally	set	at	284.6	eV.		

The	 XPS	 survey	 spectrum	 of	 both	 c‐MWNTs	 and	 h‐MWNTs	 revealed	 the	

presence	of	only	carbon	and	oxygen,	as	shown	in	Figure	3.4.	Taking	 into	account	

that	 a	 slight	 change	 in	 binding	 energy	 (of	 <	 0.35	 eV)	 is	 considered	 insignificant	

based	on	 the	 energy	 resolution	of	 the	 instrument	 [Okpalugo	et	al.	 2005],	 the	C1s	

core	 level	 spectra	 (left‐hand	 side	 figures)	 can	 be	 decomposed	 into	 four	

contributions	at	284.8,	286.1,	288.1	and	291.1	eV	(Table	3.1).	This	decomposition	

is	dominated	by	a	broad	single	peak	centred	at	284.8	eV,	which	is	assigned	to	both	

sp2	 and	 sp3	 hybridised	graphite‐like	 carbon	 atoms.	The	peak	 centred	 at	 286.1	 eV	

has	been	assigned	to	carbon	atoms	bound	to	one	oxygen	atom	by	single	or	double	

bond	(i.e.	epoxy,	alcohol,	ether,	ketone,	aldehyde),	while	the	peak	around	288.1	eV	

can	be	assigned	to	carbon	atoms	bound	to	two	oxygen	atoms	(i.e.	ester,	carboxylic	

acid).	It	can	also	be	observed	that	the	C1s	spectra	show	a	broad	weak	component	at	

around	291.1	eV	which	corresponds	to	π→π*	transition,	also	known	as	“shake	up”	

feature,	typical	of	aromatic	structures.	
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Figure	3.4.	C1s	and	O1s	XPS	spectra	 for:	 (top)	c‐MWNTs	and	(bottom)	h‐MWNTs.	
Solid	lines	are	fitting	curves	of	the	spectra.	

	

The	 information	 provided	 by	 the	 C1s	 spectra	was	 complemented	 analyzing	

the	O1s	spectra	since	they	are	more	surface	specific	than	the	C1s	[Yang	et	al.	2009].	

The	 O1s	 spectra	 (right‐hand	 side	 figures)	 show	 a	 broad	 peak	 indicating	 that	

different	 oxygen‐containing	 groups	 are	 present	 on	 the	 surface	 of	 the	 carbon	

nanofillers.	The	deconvoluted	peaks	are	centred	at	532.3	eV	and	533.7	eV,	which	

correspond	to	O‐C=O	and	C‐O‐C	bonds,	respectively.		

As	summarised	in	Table	3.1,	the	commercial	carbon	nanotubes	present	more	

oxygen	groups	on	the	surface	and	a	decrease	on	the	graphitic	carbon	layer.	
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Table	 3.1.	 	 Binding	 energy,	 peaks	 assignment	 and	 atomic	 percentages	 for	 h‐
MWNTs	and	c‐MWNTs.	

Peak	 BE	(eV)	 Assignment	
at.%	

h‐MWNTs c‐MWNTs	

C1s	

284.8	
C‐C	sp2	
C‐C	sp3	

67.8	 58.2	

286.1	 C‐O‐C	 15.6	 27.3	

288.1	 O‐C=O	 12.0	 10.6	

291.1	 π−π*	 		4.6	 		3.9	

O1s	
532.3	 O‐C=O	 32.1	 39.2	

533.7	 C‐O‐C	 67.9	 60.8	

	

SEM	and	TEM	were	used	to	observe	either	the	morphology	of	c‐MWNTs	and	

h‐MWNTs,	or	the	presence	of	traces	and/or	impurities	due	to	the	synthesis	method	

employed.	SEM	images	were	obtained	using	an	ESEM	Philips	XL30	at	15	kV.	Figure	

3.5	 shows	 that	 the	 c‐MWNTs	 present	 an	 entangled	 structure,	 while	 the	 carbon	

nanotubes	synthesised	in	the	laboratory	present	a	well‐aligned	and	non‐entangled	

structure,	which	should	facilitate	their	later	dispersion.	
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Figure	3.5.	SEM	images	of:	(top)	c‐MWNTs	and	(bottom)	h‐MWNTs.	
	

TEM	 images	 were	 obtained	 from	 dispersions	 of	 the	 carbon	 nanotubes	 in	

ethanol	(0.1	mg/ml)	casted	on	carbon	grids,	with	a	JEOL	JEM	2100	TEM	apparatus	

using	an	accelerating	voltage	of	200	kV.	Figure	3.6	shows	that	both	c‐MWNT	and	h‐

MWNT	present	the	characteristic	tube‐like	structure	with	well‐defined	concentric	

layers.	The	outer	 layers	of	 c‐MWNTs	show	the	presence	of	defects,	 in	agreement	

with	 the	 Raman	 results.	 The	 diameter	 of	 c‐MWNTs	 is	 around	 17	 ±	 7	 nm	with	 a	

length	of	about	5‐50	µm,	while	in	the	case	of	h‐MWNT	the	diameter	is	41	±	14	nm	

with	 a	 length	 of	 about	 160	 	 12	 µm.	 The	 smaller	 diameter	 of	 c‐MWNTs	 in	

comparison	 with	 h‐MWNTs	 could	 be	 ascribed	 to	 the	 different	 metallic	 catalyst	

particles	employed	for	their	synthesis.	
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Figure	3.6.	TEM	images	of:	(top)	c‐MWNTs	and	(bottom)	h‐MWNTs.	
	

3.2.2 Functionalised	graphene	sheets	(FGS)	

FGS	 were	 produced	 by	 the	 chemical	 oxidation	 and	 thermal	 reduction	 of	

natural	graphite	(NG),	as	it	is	schematically	illustrated	in	Figure	3.7.	Graphite	oxide	

(GO)	 was	 produced	 using	 natural	 graphite	 powder	 (purum	 powder	 ≤	 0.1	 mm,	

Fluka)	 according	 to	 the	 Brödie	 method	 [Brödie	 1859].	 In	 a	 typical	 protocol,	 a	

reaction	flask	with	20	ml	of	fuming	nitric	acid	was	cooled	to	0	°C	in	a	cryostat	bath.	

The	 graphite	 powder	 (1	 g)	 was	 then	 added	 and	 stirred	 with	 a	 magnetic	 bar	 to	

avoid	agglomeration.	After	that,	KClO3	(8	g)	was	carefully	added	over	1	h	to	avoid	

sudden	 increases	 in	 temperature	 due	 to	 the	 exothermic	 nature	 of	 reaction.	 This	

mixture	was	 stirred	 for	 21	 h	maintaining	 the	 reaction	 temperature	 at	 0	 °C.	 The	

mixture	was	 then	diluted	 in	distilled	water	 and	 filtered	using	 a	PTFE	membrane	

until	the	filtrate	reached	neutral	pH.	This	graphite	oxide	was	dried	overnight	and	

stored	in	a	sealed	vessel	until	use.	Graphite	oxide	is	thermally	unstable	and	starts	

to	 lose	mass	 above	 200	 °C	 due	 to	 the	 pyrolysis	 of	 oxygen‐containing	 functional	

groups,	 which	 leads	 to	 the	 formation	 of	 CO,	 CO2	 and	 steam,	 and	 to	 the	 thermal	

exfoliation	 of	 GO	 in	 graphene‐like	 layers	 [Schniepp	 et	 al.	 2006].	 In	 this	 work,	

graphite	 oxide	 was	 thermally	 reduced	 using	 a	 rapid	 heating	 (30	 s	 at	 1000	 °C)	
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under	inert	atmosphere.	This	process	produced	the	partial	thermal	decomposition	

of	the	functional	groups	(epoxy,	hydroxyl	and	carboxyl	groups)	present	in	the	GO,	

splitting	the	GO	into	functionalised	graphene	sheets	(FGS)	through	the	evolution	of	

CO2	(g).	

	

Figure	 3.7.	 Schematic	 representation	 of	 the	 steps	 followed	 for	 the	 synthesis	 of	
FGS.	

	

The	 two‐step	process	 from	NG	 to	FGS	was	 further	analysed	by	means	of	X‐

Ray	Diffraction	(XRD).	A	diffractometer	(Bruker,	D8	Advance)	was	employed	with	

a	radiation	source	of	CuK	and	wavelength	 0.154	nm	operated	at	40	kV	and	40	

mA.	The	incidence	angle	( )	was	fixed	between	10°	and	60°	and	the	scan	rate	was	

0.02	°/s.	The	interlayer	distance	(d)	changes	were	calculated	by	applying	Bragg’s	

law	(3.i)	from	the	XRD	data	and	hence	the	exfoliation	of	the	FGS	was	assessed.	
	

2 	
	

(3.i)	

	

XRD	of	NG,	GO	and	FGS	are	shown	in	Figure	3.8.	Natural	graphite	presents	the	

typical	 diffraction	 peak	 at	 2 26°	 corresponding	 to	 an	 interlayer	 spacing	 of	 d	

=0.34	nm.	After	the	oxidation	process,	the	peak	shifts	to	2 17°	(d	=0.52	nm)	due	

to	 the	 intercalation	 of	 oxygen	 groups	 on	 the	 basal	 planes.	 After	 the	 thermal	

reduction	 of	 GO,	 FGS	 presents	 a	 broad	 and	 weak	 maximum	 around	 2 24°,	

indicating	that	most	of	the	FGS	material	consists	on	exfoliated	graphitic	layers.		
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Figure	3.8.	XRD	patterns	of	NG,	GO	and	FGS.	
	

The	significant	structural	changes	occurring	during	this	oxidation‐reduction	

process	 from	NG	 to	 GO,	 and	 then	 to	 the	 thermally	 reduced	 FGS,	 are	 reflected	 in	

their	Raman	spectra,	which	are	shown	in	Figure	3.9.		

The	Raman	spectrum	of	 the	pristine	graphite	displays	an	 intense	G	peak	at	

1573	cm‐1,	corresponding	to	 the	 first‐order	scattering	of	 the	E2g	phonon	mode	of	

sp2	C	atoms.	The	oxidation	protocol	significantly	affects	the	Raman	spectra	of	the	

materials	reflecting	the	changes	in	the	structure	of	graphite	oxide.	Specifically,	the	

spectrum	shows	 two	 clear	differences:	 first,	 the	G	 band	broadens	 and	displays	 a	

blue	shift	(from	1573	cm‐1	to	1588	cm‐1)	and,	second,	a	prominent	D	band	appears	

at	 1348	 cm‐1.	 These	 changes	 indicate	 the	 reduction	 in	 size	 of	 the	 in‐plane	 sp2	

domains	 and,	 hence,	 the	presence	of	 defects	 in	 the	 graphitic	 planes	 [Kudin	et	al.	

2007;	Stankovich	et	al.	2007].	The	Raman	spectrum	of	the	FGS	also	contains	both	D	

and	G	bands	(1361	and	1588	cm‐1,	respectively),	with	a	decreased	R=ID/IG	intensity	

ratio	(from	R=0.81	to	R=0.74)	compared	to	graphite	oxide	which	is	attributed	to	a	

re‐structuration	of	the	aromatic	structure	during	the	thermal	expansion	[Kudin	et	

al.	2007].		
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Figure	3.9.	Raman	spectra	of	the	synthesis	path:	NG‐GO‐FGS.	
	

As	 stated	 above,	 XPS	was	 employed	 to	 analyse	 the	 nature	 and	 the	 relative	

amount	of	oxygen	containing	 functional	groups	present	on	 the	graphene	surface.	

The	 C1s	 and	 O1s	 XPS	 spectra	 are	 shown	 in	 Figure	 3.10	while	 the	 relative	 atomic	

amounts	and	their	corresponding	binding	energy	are	summarised	in	Table	3.2.		

The	C1s	spectra	can	be	fitted	to	4	symmetrical	components.	That	is,	the	main	

intense	peak	at	284.8	eV	is	assigned	to	sp2	and	sp3	carbon	atoms,	while	the	peaks	

on	the	region	286.1‐286.5	eV	and	288.0‐289.0	eV	correspond	to	C‐O‐C	and	O‐C=O	

functional	groups,	respectively.	 It	 is	worth	noting	that	 the	peak	corresponding	to	

the	 signature	 of	 aromatic	 structures	 (291.0‐291.5	 ev)	 is	 still	 present	 in	 the	 FGS	

sample.	 This	 peak	 is	 known	 as	 the	 shake‐up	 satellite	 of	 the	 284.8	 eV	 and	 is	

characteristic	 of	 graphitic	 systems,	 which	 means	 that	 the	 exfoliation	 process	 at	

high	 temperatures	 restores	 the	 in‐plane	 graphitic	 structure.	 The	 fitting	 of	 O1s	

spectrum	resulted	in	two	main	peaks:	one	at	532.3	eV	which	corresponds	to	O‐C=O	

groups	and	other	at	533.7	eV,	which	is	assigned	to	C‐O‐C	groups.	
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Figure	3.10.	C1s	and	O1s	XPS	spectra	of	FGS.	Solid	lines	are	the	fitting	curves	of	the	
spectra.	

	

Table	3.2.	Binding	energy,	peaks	assignment	and	atomic	percentage	for	FGS.	

Peak	 BE	(eV) Assignment at.%

C1s	

284.8	
C‐C	sp2	
C‐C	sp3	

65.4	

286.1	 C‐O‐C	 14.6	

288.1	 O‐C=O	 15.5	

291.1	 π−π*	 4.4	

O1s	
532.3	 O‐C=O	 26.1	

533.7	 C‐O‐C	 73.9	

	

SEM	and	TEM	images	(see	Figure	3.11	and	Figure	3.12,	respectively)	reveal	

the	FGS	having	a	randomly	oriented	morphology	with	very	thin	crumpled	sheets.		

TEM	images	clearly	show	this	wrinkled	structure	of	the	individual	sheet,	due	

to	 the	 thermal	 shock	 to	 which	 it	 has	 been	 subjected.	 Figure	 3.12	 shows	 the	

presence	 of	 some	 non‐exfoliated	 GO	 composed	 of	 5‐6	 individual	 sheets	 with	 an	

interlayer	distance	about	0.6	nm.	
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Figure	3.11.	SEM	images	of	FGS.	

	

 

Figure	3.12.	TEM	images	FGS.	
	

3.3 Calcium	copper	titanate	CaCu3Ti4O12	(CCTO)	

	

The	 oxides	 of	 the	 type	 of	 ACu3Ti4O12	 have	 been	 known	 since	 1967	

[Deschanvres	 et	 al.	 1967],	 nevertheless,	 calcium	 copper	 titanate	 CaCu3Ti4O12	

(CCTO)	is	attracting	increasing	attention	since	Subramanian	et	al.	[Subramanian	et	

al.	2000]	measured	a	frequency	independent	giant	dielectric	constant	of	104	(from	

DC	to	106	Hz)	at	room	temperature	without	a	ferroelectric	transition	or	a	change	in	

the	structural	long‐range	order	with	temperature	[Ramirez	et	al.	2000].		

The	polycrystalline	CaCu3Ti4O12	(hereafter	CCTO)	employed	in	this	work	was	

prepared	 by	 a	 traditional	 solid‐state	 reaction	 followed	 by	 a	 sintering	 process	

[Leret	et	al.	2011]	as	shown	below:		
	

3 4 	
	

(3.ii)	
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High	purity	CaCO3	(Aldrich),	TiO2	(Merck),	and	CuO	(Aldrich)	powders	were	

mixed	for	4	h	by	attrition	milling	with	1.2	mm	zirconia	balls,	using	deionised	water	

as	 liquid	 medium	 and	 0.2	 wt.%	 of	 Dolapix	 C64	 (Zschimmer	 &	 Schwarz)	 as	 a	

dispersant.		

The	 crystalline	 phases	 (CuO,	 TiO2	 and	 CaCO3)	 involved	 in	 the	 formation	 of	

CaCu3Ti4O12	were	examined	using	XRD	prior	to	the	synthesis	process.	Figure	3.13	

shows	 the	 X‐ray	 diffraction	 patterns	 of	 the	 precursor	 powders,	 which	 are	 in	

concordance	with	cards	n°	45‐0937,	n°	21‐1276	and	n°	85‐1108	from	the	database	

of	ICDD	(International	Centre	for	Diffraction	Data),	respectively.	

	

Figure	3.13.	XRD	patterns	of	the	precursor	materials.	
	

The	 milled	 powders	 were	 then	 dried	 and	 sieved	 through	 a	 100	 μm	mesh,	

calcined	at	900	°C	for	12	h	and	attrition	milled	for	3	h.	An	organic	binder	(0.6	wt.%	

of	polyvinyl	alcohol)	was	added	into	the	calcined	powder	upon	milling	to	help	the	

formation	 of	 compacts	 and	 sieved	 through	 a	 63	 μm	 mesh	 after	 drying.	 CCTO	

synthesis	 powder	 was	 also	 examined	 by	 XRD	 to	 identify	 the	 efficiency	 of	 the	

synthesis	process	(Figure	3.14).	
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Figure	 3.14.	 XRD	 patterns	 for	 the	 CCTO	 synthesis	 powder	 (right,	 in	 semi‐
logarithmic	scale).	

	

The	diffraction	peaks	in	the	CCTO	synthesis	powder	are	in	concordance	with	

the	 characteristic	 peaks	 of	 CCTO	 perovskite	 (ICDD	 card	 n°	 75‐2188),	 thus	

confirming	 the	 proper	 synthesis	 of	 CCTO	 ceramic.	 In	 fact,	 FESEM	 images	 of	 the	

synthesis	powder	(Figure	3.15)	reveals	the	existence	of	grain	boundaries	in	large	

size	particles,	which	indicates	that	local	sintering	processes	take	place	during	the	

synthesis	 process.	 The	 diffraction	 patterns	 are	 also	 represented	 in	 semi‐

logarithmic	 scale	 in	order	 to	 show	 the	potential	diffraction	peaks	 that	 cannot	be	

detected	in	the	linear	scale.	Semi‐log	XRD	spectrum	of	the	CCTO	synthesis	powder	

presents	 traces	 of	 non‐reacted	 precursor	 (CuO)	 and	 a	 secondary	 phase,	 CaTiO3,	

that	 results	 from	 the	 reaction	 between	 TiO2	 and	 CaO.	 This	 last	 perovskite‐like	

titanate	appears	as	a	significant	impurity	in	the	synthesis	of	several	host	ceramics	

[Woodfield	et	al.	1999].	

	

	

Figure	 3.15.	 	 FESEM	 micrographs	 of	 CCTO	 synthesis	 powder,	 with	 red	 arrows	
indicating	the	presence	of	grain	boundaries.		

25 30 35 40 45 50 55 60 65

 

 

In
te

ns
ity

 (
a.

u.
)

2

(2
1

1
)

(2
2

0
)

(0
13

)

(2
2

2)

(3
21

)

(4
0

0)

(4
1

1)

(3
32

)

(4
2

2)

25 30 35 40 45 50 55 60 65

CaTiO
3

2

CCTO

CuO



Synthesis	and	Characterization	of	Fillers	

	 79

Ceramic	 materials	 are	 normally	 consolidated	 through	 a	 sintering	 process	

after	 their	synthesis.	This	sintering	process,	as	stated	by	Randall	German,	can	be	

defined	as	a	heat	treatment	for	binding	particles	in	a	predominantly	solid	coherent	

structure	 through	 mass	 transport	 phenomena	 that	 occur	 often	 at	 atomic	 scale	

[German	 1996].	 The	 three	 basic	 phenomena	 that	 occur	 during	 the	 sintering	

process	are	 training	collars,	 shrinking	pores	and	grain	growth,	arising	due	 to	the	

decrease	of	free	energy	surface	in	the	grain	boundaries	and	phases.	The	principal	

types	of	sintering	processes	are:	

i) Solid‐state	 sintering.	 This	 procedure	 is	 governed	 by	 diffusion	 processes.	 It	

generally	 starts	 at	 the	Tammann	 temperature,	which	 is	 approximately	0.55	

or	0.60	the	melting	point	of	the	component.	

ii) Liquid	 phase	 sintering.	 In	 this	 process	 a	 small	 amount	 of	 liquid	 promotes	

grain	 rearrangement	 and	 densification	 occurs	 through	 a	 more	 efficient	

packaging.	

iii) Viscous	 flow	 sintering.	 It	 is	 produced	 in	 the	 densification	 of	 glassy	

amorphous	materials,	where	mass	transport	 is	performed	by	a	viscous	flow	

mechanism.		

CCTO	based	ceramics	are	generally	synthesised	by	a	solid‐state	reaction,	as	

shown	above,	 and	 consolidated	by	a	 sintering	process	 assisted	by	a	 liquid	phase	

rich	 in	 CuO	 that	 can	 be	 divided	 into	 three	 stages:	 (i)	 reordering,	 (ii)	 solution‐

precipitation	 and	 (iii)	 elimination	 of	 the	 pores	 or	 end	 densification.	 The	 growth	

and	 coalescence	 of	 grains	 and	pores	 is	 the	main	 characteristic	 of	 the	 third	 stage	

and	defines	the	final	microstructure	of	the	CCTO	ceramic	[German	1985].	

Compact	 dense	 pellets	 were	 prepared	 with	 CCTO	 synthesis	 powder	 by	

sintering	uniaxially	pressed	pellets	in	air	at	1100	°C	during	32	h	(Figure	3.16).		

	

Figure	3.16.	Synthesis	path	of	the	CCTO	sintered	pellet.	
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CCTO	sintered	pellet	was	also	examined	by	XRD	to	 identify	the	efficiency	of	

the	 sintering	 process.	 Figure	 3.17	 shows	 that	 the	 XRD	 peaks	 agree	 with	 the	

characteristics	 peaks	 of	 single	 perovskite	 phase	 CCTO	 (ICDD	 card	 n°	 75‐2188),	

being	in	agreement	with	previous	works	[Leret	et	al.	2007].	Semi‐logarithmic	XRD	

pattern	 of	 the	 sintered	 ceramic	 pellet	 reveals	 the	 presence	 of	 traces	 of	 second	

phases	identified	as	CaTiO3,	TiO2,	and	CuO	as	in	the	case	of	CCTO	synthesis	powder.		

	

Figure	 3.17.	 XRD	 patterns	 of	 CCTO	 sintered	 pellet	 	 (right,	 in	 semi‐logarithmic	
scale).	

	

The	presence	of	CuO	as	secondary	phase	is	typical	of	the	synthesis	process	of	

CCTO	ceramics	due	to	the	instability	of	Cu	ions	in	the	CCTO	lattice.	According	to	the	

copper	phase	diagram	[Whitler	and	Roth	1991],	Cu2+	cations	can	be	reduced	to	Cu+	

at	 temperatures	 above	 1000	 °C.	 Thus,	 during	 the	 sintering	 process,	 Cu2+	 are	

segregated	from	the	CCTO	grains	to	the	grain	boundaries,	 forming	a	 liquid	phase	

rich	on	Cu+	which	favours	the	mass	transport	in	the	material.	When	the	system	is	

cooled	right	after	the	sintering	process,	and	if	the	cooling	rate	is	 low	enough,	the	

copper	cations	Cu+	re‐oxidize	again	to	Cu2+	leading	to	grain	boundaries	rich	in	CuO	

[Guillemet‐Fritsch	 et	 al.	 2006].	 Indeed,	 Leret	 et	 al.	 [Leret	 et	 al.	 2007]	 have	

determined	 by	 EDX	 that	 this	 Cu‐rich	 inter‐granular	 secondary	 phase	 has	 a	

composition	 of	 96CuO‐4TiO2,	 which	 explains	 the	 presence	 of	 the	 XRD	 peak	

associated	to	TiO2	seen	in	Figure	3.17.		

A	representative	micrograph	SEM	image	(Figure	3.18)	of	 the	sintered	CCTO	

pellet	reveals	the	presence	of	a	bimodal	microstructure	mainly	composed	of	small	

grains	with	sizes	between	10‐20	µm,	with	a	few	bigger	grains	with	sizes	around	40	
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µm,	 and	 a	 secondary	 inter‐granular	 phase	 with	 thickness	 below	 10	 nm.	 This	

thickness	has	been	reported	to	decrease	with	increasing	sintering	time	[Leret	et	al.	

2007].	Thus,	the	presence	of	this	secondary	phase	in	CCTO	sintered	pellet	may	be	

attributed	to	the	fact	that	the	whole	system	has	not	reached	equilibrium,	and	still	

remains	some	CuO	that	have	not	been	incorporated	in	the	grains.	

	

Figure	3.18.	(Left)	SEM	micrograph	of	CCTO	sintered	for	32	h	at	1100	°C.	(Right)	
Schematic	 representation	 showing	 the	 semiconducting	 grains	 (in	
grey	 colour)	 surrounded	 by	 insulating	 grain	 boundaries	 (in	 white	
colour).		

	

CCTO	 ceramics	 possess	 a	 cubic	 distorted	perovskite‐like	 structure	with	 the	

Im3	space	group	(Figure	3.19).	The	different	sizes	of	the	Ca	and	Cu	cations	and	the	

order	of	the	Cu2+	ions	in	a	square‐planar	environment	cause	the	tilting	of	the	TiO6	

octahedra.	This	tilt	prevents	the	ferroelectric	transition	and	causes	tensions	on	the	

Ti‐O	bonds,	which	enhance	the	polarisability	and	dielectric	constant.	Even	though	

the	 high	 dielectric	 constant	 of	 CaCu3Ti4O12	 is	 based	 on	 its	 atomic	 structure,	

nowadays	it	is	widely	accepted	that	the	dielectric	constant	is	further	enhanced	by	

the	presence	of	 the	 secondary	 inter‐granular	phase	 [Fang	 and	Liu	2005]	 seen	 in	

Figure	3.18.	
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Figure	3.19.	Perovskite‐like	structure	of	CCTO.	
	

The	 feasibility	 of	 both	 CCTO	 synthesis	 powder	 and	 sintered	 pellet	 as	 high	

dielectric	 constant	 fillers	 was	 studied	 using	 Broadband	 Dielectric	 Spectroscopy	

(BDS).	 Measurements	 were	 performed	 on	 a	 BDS‐40	 high	 resolution	 dielectric	

analyser	 (Novocontrol	 Technologies	 GmbH).	 This	 equipment	 is	 composed	 of	 an	

ALPHA	 type	 dielectric	 interface	 and	 a	 QUATRO	 type	 temperature	 controller.	

Sintered	CCTO	pellet	and	uniaxially	pressed	pellet	of	CCTO	synthesis	powder	(both	

with	thickness	and	diameter	around	1	mm	and	20	mm,	respectively)	were	held	in	

the	 dielectric	 cell	 between	 two	 parallel	 gold‐plated	 electrodes	 thus	 forming	 a	

capacitor	as	shown	in	Figure	3.20.		

	

	

Figure	3.20.	Principle	of	the	dielectric	measurement.		
	

A	voltage	 	with	and	a	 fixed	 frequency	 /2 	 is	applied	 to	the	sample	capacitor.	

This	 voltage	 causes	 a	 current	 	 with	 the	 same	 frequency	 in	 the	 sample.	 For	 a	
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sample	with	 a	 linear	 electromagnetic	 response,	 the	measured	 impedance	 can	be	

calculated	as:	
	

∗
∗

∗ 	

	

(3.iii)	

	

where	 ∗	 and	 ∗	 are	 the	voltage	and	 current	 circulating	 through	 the	 sample	 at	 a	

certain	angular	frequency	 .	Once	the	impedance	has	been	measured,	the	complex	

permittivity	 ∗	of	the	sample	is	given	by	the	following	equation:	
	

ε∗ 	 ε iε
1

iωZ∗ ω C
	

	

(3.iv)	

	

where	 	 and	 	 are	 the	 real	 and	 imaginary	 parts	 of	 the	 complex	 dielectric	

permittivity,	respectively,	and	 	is	the	capacity	of	the	empty	sample	holder.	In	this	

work,	the	real	part	of	the	complex	permittivity	constant	will	be	referred	simply	as	

the	dielectric	permittivity.	The	results	here	presented	correspond	to	the	dielectric	

permittivity	 	 value	 as	 well	 as	 the	 loss	 tangent	 value	 ,	 since	 this	

parameter	 simultaneously	 reflects	 the	 contribution	 of	 both	 the	 dielectric	

permittivity	and	the	loss.	
	

	

	

(3.v)	

	

The	dielectric	 response	of	 both	CCTO	 synthesis	powder	 and	 sintered	pellet	

was	 assessed	 by	 measuring	 the	 complex	 permittivity	 over	 a	 frequency	 range	

window	of	10‐1	to	107	Hz	at	23	°C.	The	amplitude	of	the	electric	signal	applied	to	

the	samples	was	1	V.	Figure	3.21	shows	the	dependence	of	 	and	 	with	the	

frequency	for	both	CCTO	synthesis	powder	and	sintered	pellet.		

CCTO	 sintered	 sample	 shows	 higher	 	 value	 as	 compared	 with	 CCTO	

synthesis	powder,	with	a	dielectric	permittivity	value	around	104−105	in	the	whole	

frequency	range	studied	as	a	result	of	both	the	microstructure	enhancement	(grain	

growth)	and	densification	during	the	sintering	process	(Figure	3.21).	In	fact,	while	

CCTO	synthesis	powder	posses	a	density	of	3.37		0.02	g/cm3	as	measured	by	He	

picnometry,	CCTO	sintered	pellet	has	a	density	value	above	97%	of	the	theoretical	
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density	(5.07	g/cm3	[Moussa	and	Kennedy	2001])	due	to	the	densification	during	

the	sintering	process.	Besides,	 the	 frequency	 independent	behaviour	of	dielectric	

permittivity	clearly	indicates	the	“capacitive	nature”	of	the	sintered	material.	CCTO	

sintered	pellet	displays	lower	 	values	compared	with	the	synthesis	powder.	

This	fact	can	be	ascribed	to	the	higher	amount	of	the	insulating	grain	boundaries	

that	prevent	 the	percolation	of	 the	ceramic.	These	results	are	 in	good	agreement	

with	previous	works	and	validate	the	quality	of	the	starting	CCTO	sintered	ceramic	

[Subramanian	et	al.	2000;	Homes	et	al.	2001;	Li	et	al.	2010].		

	

Figure	3.21.	(Left)	Dielectric	permittivity	and	(right)	loss	tangent	values	for	CCTO	
synthesis	powder	and	sintered	pellet.	

	

Most	researchers	[Kolev	et	al.	2002;	Guozhong	et	al.	2005;	Adams	et	al.	2006;	

Ferrarelli	et	al.	 2009]	 attribute	 the	 remarkably	 high	permittivity	 values	 of	 CCTO	

ceramics	 to	 Maxwell‐Wagner	 relaxation	 as	 a	 result	 of	 the	 semi‐conducting	

properties	 inside	 the	grains	 and	 insulating	properties	at	 the	grain	boundaries	 as	

schematically	 shown	 in	 Figure	 3.18.	 The	 strong	 dependence	 of	 the	 dielectric	

constant	 values	 with	 the	 grain	 size	 supports	 the	 argument	 for	 an	 internal	

boundary	 layer	 capacitor	 (IBLC)	 model	 to	 explain	 the	 dielectric	 behaviour	 of	

CaCu3Ti4O12.	According	to	Adams	et	al.	[Adams	et	al.	2006],	the	effective	dielectric	

permittivity	 of	 the	 CCTO	 ceramics	 is	 directly	 proportional	 to	 the	 grain	 size	 and	

inversely	 proportional	 to	 the	 grain	 boundary.	 Therefore,	 a	 microstructure	

comprised	 of	 large	 grains	 with	 very	 fine	 grain	 boundaries	 will	 translate	 into	 a	

ceramic	with	high	dielectric	 constant	values.	Since	 the	 final	product	of	 the	 solid‐

state	 reaction/sintering	 process	 route	 is	 a	 very	 compact	 dense	 material,	 CCTO	

sintered	pellets	must	be	mechanically	milled	to	produce	tiny	particles	in	order	to	
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facilitate	their	incorporation	in	the	elastomeric	matrix.	These	grounding	processes	

can	 produce	 particles	 with	 very	 different	 properties	 depending	 of	 the	 final	 size	

selected.	 Moreover,	 during	 the	 grounding	 processes	 intra‐grain	 or	 inter‐grain	

fractures	 can	 be	 produced	 which	 can	 also	 lead	 to	 particles	 with	 different	

properties.	Taking	into	account	these	premises,	it	is	easy	to	see	that:		

i) A	large	number	of	grounding	processes	will	produce	small	particles	easily	to	

incorporate	 into	 the	 elastomeric	 matrix.	 Nevertheless,	 it	 might	 drastically	

reduce	 the	CCTO	grain	 size	 and	produce	 the	 amorphisation	 of	 the	material	

lowering	the	crystallite	size,	thus	decreasing	the	dielectric	response.	

ii) A	 small	 number	 of	 grounding	 processes	 will	 produce	 large	 CCTO	 particles	

that	 might	 hinder	 the	 preparation	 of	 thin	 composite	 films	 while	 having	 a	

negative	 effect	 in	 the	 mechanical	 properties	 of	 the	 neat	 elastomer.	

Nevertheless,	 the	main	 advantage	 is	 that	 the	 grain	 size	 might	 be	 retained,	

thus	preserving	the	dielectric	properties	of	the	precursor	material.		

Therefore,	 in	order	to	achieve	a	compromise	between	both	scenarios,	CCTO	

sintered	 pellets	 were	 subjected	 to	 several	 grounding	 processes	 to	 produce	

particles	with	 the	desired	particle	diameter.	 In	 this	work,	 two	different	diameter	

values	will	be	evaluated:	

‐ micro‐particles	with	an	average	diameter	size	of	5	m	(m‐CCTO)	and	

‐ nano‐particles	with	an	average	diameter	size	of	200	nm	(n‐CCTO).	

Additionally,	 CCTO	micro‐particles	 have	 been	 slightly	 modified	 to	 improve	

further	 the	 properties	 of	 the	 solid‐PDMS	 actuator	 developed	 in	 Chapter	 5.	 The	

modifications	were:	

‐ Thermally	 annealed	m‐CCTO	 (m‐CCTOT).	m‐CCTO	 particles	 were	 subjected	 to	

850	 °C	 in	 air	 for	 a	 period	 of	 15	 minutes.	 At	 this	 temperature,	 additional	

reactions	 are	 not	 expected	 to	 take	 place	 while	 the	 new	 grain	 boundaries	

generated	 during	 the	 grounding	 processes	 will	 be	 re‐crystallised,	 thus	

producing	a	polishing	effect	on	the	outer	surface	of	the	CCTO	particles.		

‐ Polydimethylsiloxane	encapsulated	m‐CCTO	(m‐CCTOE).	Two	different	grades	of	

PDMS	were	studied	as	m‐CCTO	encapsulating	agents:	a	silanol	terminated	PDMS	

(ABCR	 GmbH)	 with	 a	 0.9‐1.2%	 content	 of	 hydroxyl	 groups	 (‐OH)	 and	 a	

molecular	weight	 of	Mw	=	1500‐2000	gr/mol,	 and	 a	PDMS	oil	 (Manuel	Riesgo	

S.A.)	with	a	density	of	0.96	gr/cm3	and	a	viscosity	of	100	cSt	at	25	°C.	m‐CCTO	
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particles	were	treated	with	the	two	PDMS	grades	at	room	temperature	for	24	h	

using	tetrahydrofuran	or	 toluene	as	solvent	mediums	 in	a	CCTO:PDMS:Solvent	

ratio	of	0.025:0.5:1.	After	that,	the	mixtures	were	filtered	through	a	glass	filter	

funnel	using	a	PTFE	membrane	(0.2	μm	pore	size,	Millipore)	and	washed	with	

excess	 of	 ethanol	 and	 distilled	water.	 The	 presence	 of	 the	 physisorbed	 PDMS	

chains	 in	 the	m‐CCTO	particles	was	 evaluated	by	Thermogravimetric	Analysis	

(TGA)	and	TEM.	

3.3.1 m‐CCTO	and	n‐CCTO	particles	

Sintered	 CCTO	 pellets	 were	 grounded	 by	 attrition	 milling	 (liquid	 assisted	

method)	 until	 the	 particle	 diameter	 corresponding	 to	 the	 90%	 (Dv90)	 of	 the	

cumulative	size	distributions	was	below	10	m	(referred	as	m‐CCTO).	The	pellets	

were	 also	 grounded	 using	 mechanical	 ball	 milling	 (dry	 method)	 (referred	 as	 n‐

CCTO).		

	

Figure	 3.22.	 Particle	 size	 distribution	 of:	 (left)	 m‐CCTO	 and	 (right)	 n‐CCTO	
particles.	

	
The	size	distribution	profile	of	 the	m‐CCTO	particles	(Figure	3.22)	obtained	

by	Dynamic	Light	Scattering	(DLS)	presents	a	narrow	size	distribution	centred	at	

around	8	m	and	with	50%	of	the	cumulative	sizes	at	around	5	m.	Meanwhile,	the	

size	distribution	of	n‐CCTO	exhibits	a	bimodal	distribution	centred	at	around	200	

nm	and	3	m	with	 the	majority	of	 the	particles	 in	 the	micrometer	 range	 (Figure	

3.22).	This	bimodal	distribution	could	be	attributed	to	either	the	agglomeration	of	

nanoparticles	 or	 the	 existence	 of	 particles	 in	 the	micrometer	 range.	 Subsequent	

analysis	 of	 the	 particle	 morphologies	 by	 SEM	 (Figure	 3.23)	 reveals	 the	 later	
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situation,	where	n‐CCTO	particles	are	agglomerated	 into	micro‐size	particles	and	

m‐CCTO	are	individualised	particles	with	secondary	small	particles	on	the	surface	

of	 the	 larger	 particles.	 SEM	 inspection	 also	 shows	 changes	 in	 the	 particle	

morphologies,	 with	 n‐CCTO	 particles	 having	 a	 more	 round‐shaped	 morphology	

than	m‐CCTO.	

	

Figure	3.23.			Representative	FESEM	micrographs	of:	(top)	m‐CCTO	and	(bottom)	
n‐CCTO	particles.		

	

XRD,	 Raman	 and	 XPS	 were	 used	 to	 assess	 the	 influence	 of	 the	 milling	

processes	on	the	crystalline	structure	of	the	particles.	The	diffraction	peaks	shown	

in	the	XRD	patterns	(Figure	3.24)	are	in	concordance	with	CCTO	(ICDD	card	n°	75‐

2188).	Their	semi‐logarithmic	representation	shows	the	presence	of	traces	of	un‐

reacted	TiO2,	and	small	amounts	of	CaTiO3	and	CuO	as	secondary	phases	in	the	m‐

CCTO,	already	detected	in	the	CCTO	sintered	pellet,	while	no	un‐reacted	precursors	

or	secondary	phases	are	present	in	the	n‐CCTO.	The	diffraction	pattern	of	n‐CCTO	

(Figure	3.24)	 suggests	 that	 the	 subsequent	 grounding	processes	do	not	 alter	 the	

crystalline	 structure.	 However,	 its	 broader	 bands	 as	 compared	 with	 m‐CCTO	

suggest	the	amorphisation	of	n‐CCTO	particles.		
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Figure	3.24.	XRD	patterns	for:	(top)	m‐CCTO	and	(bottom)	n‐CCTO	(right,	in	semi‐
logarithmic	scale).	

	

XPS	measurements	were	 carried	 out	 to	 determine	 the	 valence	 state	 of	 the	

ions	and	to	evaluate	the	presence	of	the	secondary	phases	seen	by	XRD	in	m‐CCTO.	

Figure	3.25	shows	the	core	levels	XPS	spectra	of	Cu2p,	Ti2p	and	O1s,	having	a	similar	

trend	in	both	m‐CCTO	and	n‐CCTO	particles.	

XPS	spectrum	of	copper	(Figure	3.25(a))	shows	the	Cu2p3/2	peak	and	a	typical	

satellite	peak	at	higher	binding	energies.	The	peak	corresponding	to	Cu2p3/2	can	be	

decomposed	as	the	sum	of	the	contributions	of	two	copper	oxidation	states,	where	

the	peak	with	a	binding	energy	of	932.8	eV	can	be	ascribed	to	traces	of	Cu+	and/or	

Cu°	(not	detectable	by	XRD)	and	the	main	peak,	around	934.4	eV,	to	Cu2+	valence	

state	 of	 copper	 in	 CCTO	 ceramics.	Moreover,	 the	 two	 satellite	 peaks	 observed	 at	

higher	binding	energies	confirm	the	existence	of	copper	as	Cu2+	 [Mei	et	al.	2008;	

Rai	et	al.	2011].	
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Figure	3.25.	XPS	spectra	corresponding	to	the	core	levels	of	(a)	Cu2p,	(b)	Ti2p	and	
(c)	O1s	for:	(left)	m‐CCTO	and	(right)	n‐CCTO.	

	

The	Ti2p	spectrum	(Figure	3.25(b))	shows	the	Ti2p3/2	and	Ti2p1/2	peaks	at	457	

and	464	eV,	respectively.	The	peak‐fit	of	Ti2p3/2	reveals	the	presence	of	two	types	

of	oxidation	states	of	titanium:	octahedric	Ti4+	(457.9	eV),	as	the	main	specie,	and	

traces	of	superficial	Ti4+	(459.4	eV)	due	to	the	presence	of	CaTiO3	secondary	phase.	

The	O1s	 spectrum	 (Figure	 3.25(c))	 can	 be	 divided	 into	 two	Gaussian	 bands	with	

maxima	 at	 530	 eV	 and	 531.1	 eV.	 Similar	 results	 have	 been	 observed	 in	
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0.65Pb(Mg1/3Nb2/3)O3−0.35PbTiO3	single	crystal	[Xia	et	al.	2007]	and	thin	films	of	

Ba0.5Sr0.5TiO3	 [Wang	 et	 al.	 2006].	 These	 two	 peaks	 correspond	 to	 two	 types	 of	

oxygen	ions:	the	predominant	peak	can	be	ascribed	to	the	oxygen	in	the	bulk	CCTO	

perovskite	 structure	 and	 the	 minor	 peak	 to	 hydroxyl	 ions	 and/or	 chemisorbed	

oxygen	 [Sarkar	et	al.	 2008].	The	presence	of	 an	oxygen	 rich	 surface	 layer	due	 to	

CCTO	 exposure	 to	 the	 atmosphere	 has	 already	 been	 reported	 by	 Prakash	 and	

Varma	 [Prakash	 and	 Varma	 2007].The	 surface	 atomic	 ratios	 provided	 by	 XPS	

technique	in	Table	3.3	confirm	the	right	stoichiometry	of	the	m‐CCTO.	Its	slightly	

higher	O/Cu	ratio	compared	to	the	theoretical	value	could	be	ascribed	to	either	the	

presence	 of	 hydroxyl	 bonds	 and/or	 chemisorbed	 oxygen	 or	 to	 the	 existence	 of	

secondary	phases	(namely	CuO	and	CaTiO3).	Meanwhile,	the	grounding	processes	

appear	to	modify	the	stoichiometry	of	the	resulting	n‐CCTO	material	as	the	atomic	

ratios	decrease	by	a	factor	of	2.		

	

Table	 3.3.	 Surface	 atomic	 ratios	 of	 m‐CCTO	 and	 n‐CCTO	 compared	 to	 the	
theoretical	values	of	stoichiometric	CCTO.	

Sample	 Ti/Cu	at Ca/Cu	at O/Cu	at

m‐CCTO	 1.41	 0.36	 5.26	

n‐CCTO	 0.82	 0.20	 2.72	

CCTO		 1.33	 0.33	 				4	

	

To	 clarify	 the	 differences	 of	 both	m‐CCTO	 and	 n‐CCTO	with	 respect	 to	 the	

theoretical	 values,	 Raman	 Spectroscopy	 was	 carried	 out	 since	 it	 provides	

information	on	the	oxidation	states	of	the	crystalline	structure.	Raman	spectrum	of	

m‐CCTO	 shows	well‐defined	 peaks	 but	 no	 reliable	 spectrum	was	 obtained	 of	 n‐

CCTO	sample	due	to	the	appearance	of	a	resonant	fluorescence	band.		

CuO	 belongs	 to	 the	 space	 group	 symmetry	 	 with	 two	 CuO	 units	 in	 the	

monoclinic	 unit	 cell	 [Hagemann	 et	 al.	 1990].	 Group	 theory	 predicts	 three	 active	

Raman	modes	 at	 room	 temperature:	Ag	 (298	 cm‐1),	 Bg	 (1)	 (345	 cm‐1)	 and	Bg	 (2)	

(632	cm‐1).	Rutile	TiO2	has	the	space	group	symmetry	 ,	with	two	TiO2	units	per	

unit	cell	[Balachandran	and	Eror	1982].	The	six	atoms	in	the	unit	cell	imply	a	total	

of	15	vibrational	modes	and	the	theory	group	analysis	indicates	that	there	are	five	

Raman	active	modes	(Table	3.4)	[Arsov	et	al.	1991;	Ma	et	al.	2007].	Nevertheless,	
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Raman	bands	of	rutile	TiO2	have	not	been	resolved	in	the	spectra	since	they	tend	to	

overlap	with	those	of	the	CCTO	ceramic	(see	Table	3.5).	

	

Table	 3.4.	 Theoretical	 Raman	 shift	 values	 of	 the	 Raman	 active	 modes	 in	 rutile	
TiO2.	

Mode	 Raman	shift	(cm‐1)

Bg(1)	 142‐143	

Ag(2)	 237	

Eg(1)	 447	

Ag(1)	 612	

Bg(2)	 828	
	

CaTiO3	 belongs	 to	 the	 space	 group	 symmetry	 	 with	 eight	 Raman	 active	

modes	at	183,	227,	247,	288,	339,	470,	494,	and	641	cm‐1	[Hirata	et	al.	1996].	The	

band	 observed	 at	 183	 cm‐1	 is	mainly	 due	 to	 the	motion	 of	 A‐site	 ions	while	 the	

bands	in	the	region	225–340	cm‐1	are	tentatively	assigned	to	the	modes	associated	

with	rotations	of	 the	oxygen	cage	[Hirata	et	al.	1996].	The	bands	at	470	and	494	

cm‐1	are	assigned	to	Ti–O	torsional	(bending	or	internal	vibrations	of	oxygen	cage)	

mode	and	the	band	at	641	cm‐1	to	the	Ti–O	symmetric	stretching	vibrations	[Hirata	

et	al.	1996;	Zheng	et	al.	2003].		

	

Table	3.5.	Theoretical	Raman	shift	values	and	main	atomic	motions	of	the	Raman	
active	modes	in	CaCu3Ti4O12.	

Mode	 Raman	shift	(cm‐1) Main	atomic	motions	

Fg(1)	 280	 TiO6	rotationlike	

Eg(1)	 318	 TiO6	rotationlike	

Fg(2)	 405	 TiO6	rotationlike	

Ag(1)	 428	 TiO6	rotationlike	

Ag(2)	 512	 TiO6	rotationlike	

Eg(2)	 548	 TiO6	rotationlike	

Fg(3)	 574	 O‐Ti‐O	antistretching	

Fg(4)	 708	 O‐Ti‐O	stretching	(breathing)	

	



Chapter	3	

	 92	

Site‐symmetry	 analysis	 of	 perovskite	 CaCu3Ti4O12	 shows	 that	 its	 Im3	

structure	 yields	 a	 total	 of	 24	 Γ‐point	 phonons	 [Kolev	 et	 al.	 2002].	 Nevertheless,	

only	 eight	 of	 them	 are	 Raman	 active	 (2Ag+2Eg+4Fg),	 which	 correspond	 to	 TiO6	

octahedron	 vibrations,	 grouped	 in	 TiO6	 octahedron	 rotations	 and	 Ti‐O‐Ti	 bond	

deformations	as	detailed	in	Table	3.5.	

	

Figure	 3.26.	 	 Raman	 shift	 for	 m‐CCTO	 showing	 the	 contribution	 of	 CuO	 and	
CaTiO3.	

	
Table	3.6.	Main	parameters	of	the	m‐CCTO	Raman	spectrum	fitting.	

Phase	 Mode	 Raman	shift	(cm‐1) Area	

CCTO	

Fg(2)	 394	 		2.74	

Ag(1)	 446	 16.13

Ag(2)	 511	 29.18

Fg(3)	 576	 		0.16	

CuO	
Ag	 285	 		1.76	

Bg	 621	 		3.17	

CaTiO3	 −	 491	 43.66

	

Figure	 3.26	 shows	 the	 Raman	 spectrum	 of	 m‐CCTO	 particles,	 with	 the	

Lorentzian	 functions	used	 in	 the	spectrum	fitting.	The	crystalline	structure	of	m‐

CCTO	is	confirmed	in	Figure	3.26	by	the	presence	of	four	peaks	related	with	TiO6	
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octahedron	 rotations	 and	 Ti‐O‐Ti	 bond	 deformations	 while	 the	 shaded	 areas	

indicate	 the	contribution	of	 the	peaks	corresponding	 to	 the	presence	of	CuO	and	

CaTiO3	as	secondary	phases,	 thus	corroborating	 the	results	obtained	by	XRD	and	

XPS	techniques	(Table	3.6).	

The	dielectric	permittivity	 	and	 loss	 tangent	 	of	m‐CCTO	and	n‐

CCTO	compared	to	the	sintered	CCTO	pellet	are	shown	in	Figure	3.27.	As	expected,	

both	m‐CCTO	and	n‐CCTO	shows	lower	dielectric	permittivity	values	compared	to	

the	 sintered	 sample	 as	 a	 result	 of	 the	 microstructure	 adjustments	 during	 the	

grounding	 processes.	 Nevertheless,	 m‐CCTO	 still	 has	 a	 remarkably	 high	 	

dielectric	 permittivity	making	 it	 an	 ideal	 candidate	 for	 applications	 in	 dielectric	

elastomer	 actuators.	 Meanwhile,	 the	 n‐CCTO	 size	 has	 a	 negative	 impact	 on	 the	

dielectric	 properties,	 especially	 at	 low	 frequencies.	 This	 result	 agrees	 with	 the	

behaviour	observed	by	Li	et	al.	 [Li	et	al.	2004].	These	authors	have	reported	that	

the	dielectric	permittivity	of	polycrystalline	CCTO	at	high	frequencies	corresponds	

to	that	of	the	grain	volume,	while	the	value	at	low	frequencies	combines	the	value	

of	the	dielectric	constant	of	 the	grain	boundary	and	the	ratio	of	 the	dimension	of	

the	 grain	 to	 that	 of	 the	 grain	 boundary.	 Hence,	 the	 grounding	 processes	 have	

reduced	the	grain	particle	size,	reducing	the	dielectric	response.		

Regarding	 the	 loss	 tangent	 trend	 with	 the	 frequency,	 the	 grounding	

processes	 could	 have	 produced	 both	 inter‐granular	 and	 intra‐granular	 fractures,	

thus,	 reducing	 the	 insulating	 grain‐grain	 boundaries	 interface	 and	 causing	 the	

contact	among	the	semi‐conducting	grains	and	the	minor	conduction	phenomenon	

only	noticeable	at	low	frequencies.	

	

Figure	3.27.	(Left)	Dielectric	permittivity	and	(right)	loss	tangent	of	CCTO	sintered	
pellet,	m‐CCTO	and	n‐CCTO.	
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At	this	point,	some	preliminary	conclusions	can	be	made	regarding	m‐CCTO	

and	 n‐CCTO	 and	 their	 feasibility	 as	 high	 dielectric	 constant	 filler	 in	 DEAs	

application.	

i) m‐CCTO	 particles	 present	 a	 sharp‐edge	 morphology	 with	 narrow	 size	

distribution,	 with	 individually	 defined	 particles;	 while	 n‐CCTO	 particles	

present	 a	 rounded‐shape	 morphology	 with	 a	 bimodal	 distribution	 due	 to	

their	agglomeration.	The	presence	of	sharp	edges	in	m‐CCTO	may	induce	the	

accumulation	of	charges	on	them	when	subjected	to	an	external	electric	field	

reducing	 the	 dielectric	 strength	 of	 the	 composites	 and,	 thus,	 their	 overall	

electro‐mechanical	performance.	Besides,	the	sharp	edges	can	induce	and/or	

facilitate	 the	 earlier	 failure	 of	 the	 composites	 during	 the	 mechanical	 tests	

reducing	their	elongation	at	break	as	compared	with	the	neat	elastomer.	To	

solve	 this	 issue,	 m‐CCTO	 particles	 have	 been	 subjected	 to	 a	 soft	 thermal	

annealing	 process	 to	 slightly	 polish	 the	 particles	 surfaces.	 The	 already	

rounded	 morphology	 of	 n‐CCTO	 made	 unnecessary	 this	 subsequent	

modification.	 The	 effect	 of	 the	 thermal	 surface	 treatment	 on	 the	 m‐CCTO	

morphology,	 chemical	 structure	 and	 dielectric	 properties	 is	 detailed	 in	

Section	3.3.2.	

ii) The	marked	contrast	between	the	dielectric	permittivity	value	of	the	m‐CCTO	

and	 host	matrix	may	 cause	 a	 polarisation	 phenomenon	 at	 low	 frequencies,	

known	as	Maxwell‐Wagner‐Sillars	polarisation.	This	phenomenon	results	in	a	

significant	increase	of	the	loss	tangent	value,	harming	the	electro‐mechanical	

performance	 of	 heterogeneous	 composites.	 Therefore,	 surface	modified	m‐

CCTO	 particles	 have	 been	 developed	 in	 order	 to	 enhance	 the	 matrix‐filler	

compatibility.	 This	 modification	 was	 not	 undertaken	 with	 n‐CCTO	 due	 to	

their	 lower	 permittivity	 value	 compared	 to	 the	 m‐CCTO	 particles.	 The	

encapsulation	 of	 m‐CCTO	 with	 different	 polydimethylsiloxane	 based	

polymers	 and	 the	 properties	 of	 the	 developed	 materials	 are	 detailed	 in	

Section	3.3.3.	

3.3.2 Thermally	annealed	m‐CCTO	(m‐CCTOT)	

FESEM	inspection	reveals	that	the	thermal	process	employed	to	re‐crystallise	

and	 to	 polish	 the	 m‐CCTO	 particle	 outer	 surface	 does	 not	 alter	 their	 size	 and	

effectively	smoothens	the	particle	edges	(Figure	3.28).		
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Figure	3.28.	Representative	FESEM	images	of	thermally	annealed	m‐CCTO.	
	

The	XRD	diffraction	peaks	(Figure	3.29)	show	that	 the	 thermal	process	had	

no	 clear	 influence	 on	 the	 crystalline	 structure.	 Nevertheless,	 as	 in	 m‐CCTO,	 the	

semi‐logarithmic	 representation	 of	 the	 XRD	 patterns	 evidences	 the	 presence	 of	

small	amounts	of	un‐reacted	TiO2,	and	CaTiO3	and	CuO	as	secondary	phases.	 It	 is	

worth	 mentioning	 that	 the	 amount	 of	 CuO	 (approximately	 0.5%)	 has	 almost	

doubled	that	of	m‐CCTO.		

As	 stated	 previously,	 the	 grounding	 process	 can	 produce	 either	 inter‐

granular	or	intra‐granular	sizes.	Thus,	those	particles	produced	by	the	first	type	of	

fracture	would	have	on	their	surface	a	thin	layer	rich	on	CuO	that	comes	from	the	

grain	boundaries.	During	the	thermal	annealing,	the	CuO	present	in	this	thin	layer	

could	 have	 re‐crystallised,	 thus,	 increasing	 the	 intensity	 detectable	 by	 XRD	

technique.		

	

Figure	3.29.	XRD	patterns	for	m‐CCTOT	(righ,	in	semi‐logarithmic	scale).	
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XPS	spectra	of	Cu2p,	Ti2p	and	O1s	(Figure	3.30)	show	similar	results	as	 in	m‐

CCTO	 but	 the	 surface	 atomic	 ratios	 show	 a	 dramatic	 effect	 in	 the	 stoichiometric	

relationships	of	the	different	 ions,	as	compared	with	 ideal	stoichiometry	of	CCTO	

(Table	 3.7).	 The	 change	 in	 the	 Ti/Cu,	 Ca/Cu	 and	 O/Cu	 ratios	 in	 m‐CCTOT	 has	

increased	by	a	factor	of	3,	indicating	structural	changes	as	already	seen	by	XRD.	

	

Figure	3.30.			XPS	spectra	corresponding	to	the	core	levels	of	(a)	Cu2p,	(b)	Ti2p	and	
(c)	O1s	for	m‐CCTOT.	

	
Table	3.7.	 Surface	 atomic	 ratios	 of	 m‐CCTOT.	 Values	 of	 m‐CCTO	 are	 shown	 for	

comparison.	

Sample	 Ti/Cu	at Ca/Cu	at O/Cu	at

m‐CCTOT	 4.44	 1.02	 14.33	

m‐CCTO	 1.41	 0.36	 			5.26	

	

Figure	 3.31	 shows	 the	 Raman	 spectrum	 of	 m‐CCTOT	 particles,	 with	 the	

Lorentzian	functions	used	for	the	spectrum	fitting.	CCTO	crystalline	structure	of	m‐

CCTOT	 is	 confirmed	by	 the	presence	of	 four	peaks	 related	with	TiO6	 octahedron	

rotations	 and	 Ti‐O‐Ti	 bond	 deformations.	 The	 shaded	 areas	 indicate	 the	

contribution	of	the	peaks	due	to	the	presence	of	both	CaTiO3	and	CuO	phase.		
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Figure	 3.31.	 	 Raman	 shift	 for	 m‐CCTOT,	 showing	 the	 contribution	 of	 CuO	 and	
CaTiO3.	

	
The	main	 parameters	 of	 the	 Raman	 spectrum	 of	m‐CCTOT	 are	 reported	 in	

Table	 3.8.	 It	 is	 worth	 noting	 that	 the	 area	 corresponding	 to	 CaTiO3	 phase	 has	

decreased	by	a	factor	of	two,	as	compared	with	m‐CCTO.	In	fact,	the	increment	in	

the	Fg(3)	band	intensity	indicates	a	greater	amount	of	titanium	in	the	CCTO	lattice.	

Hence,	 it	 appears	 as	 if	 the	 thermal	 process	 has	 produced	 a	 re‐ordering	 in	 the	

perovskite	phase	 and	more	 titanium	 ions	 have	been	 incorporated	 into	 the	CCTO	

structure.	The	rotation	movements	of	the	TiO6	octahedron	are	highly	influenced	by	

the	presence	of	Cu	atoms	on	the	perovskite	lattice	since	Cu‐O	bonds	impede	their	

rotation.	 The	 slight	 intensity	 increment	 of	 Ag(1)	 and	 Ag(2)	 bands	 (associated	 to	

rotation	 modes	 of	 the	 TiO6	 octahedron)	 should	 then	 be	 associated	 to	 the	

movement	of	Cu	ions	outside	the	crystal	lattice	due	to	the	thermal	annealing.	

Moreover,	 the	amount	of	CuO	as	secondary	phase	has	drastically	 increased,	

thus	corroborating	the	results	obtained	by	XRD	and	XPS	techniques.	According	to	a	

cation	non‐stoichiometry	model	proposed	by	[Li	et	al.	2004],	the	oxidation	of	Cu+	

to	Cu2+	usually	 takes	place	below	1025	°C	 in	atmospheric	air.	Hence,	 the	thermal	

process,	performed	at	850	°C	in	air,	oxidises	the	possible	Cu2O	located	at	the	thin	

layer	 present	 in	 particles	 obtained	by	 inter‐granular	 fractures	 to	 form	CuO.	This	

fact	 is	 clearly	 evidenced	 by	 the	 increase	 in	 the	 Bg	 vibration	mode	 of	 CuO	 in	m‐

CCTOT.	
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Table	3.8.	Main	parameters	of	the	m‐CCTOT	Raman	spectrum	fitting.	

Phase	 Mode	 Raman	shift	(cm‐1) Area	

CCTO	

Fg(2)	 393	 		1.03	

Ag(1)	 447	 18.25

Ag(2)	 509	 34.00

Fg(3)	 574	 		0.63	

CuO	
Ag	 285	 		1.51	

Bg	 622	 		6.51	

CaTiO3	 −	 487	 25.29

	

According	 to	 Subramanian	 et	 al.	 [Subramanian	 et	 al.	 2000],	 the	 dielectric	

constant	of	the	CCTO	ceramic	is	rather	sensitive	to	the	Cu/Ca	ratio.	These	authors	

observed	that	for	CCTO	samples	with	copper	deficiency,	the	dielectric	constant	was	

much	lower	than	for	the	stoichiometric	CCTO.	This	result	agrees	with	the	dielectric	

permittivity	 	 and	 loss	 tangent	 	 	 behaviour	 for	 the	 m‐CCTOT	 shown	 in	

Figure	3.32.		

	

Figure	3.32.	 	 	Dielectric	properties	of	m‐CCTOT.	(Left)	Dielectric	permittivity	and	
(right)	loss	tangent.	Values	for	m‐CCTO	are	shown	for	comparison.	
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10-1 100 101 102 103 104 105 106 107
10

0

101

102

10
3

104

 m-CCTOT
 m-CCTO

 

 

D
ie

le
ct

ri
c 

pe
rm

itt
iv

ity
, 
'

Frequency (Hz)

10-1 100 101 102 103 104 105 106 107
10

-4

10
-3

10-2

10-1

100

101

102

 m-CCTOT 
 m-CCTO

 

L
os

s 
ta

ng
en

t,
 t

an
(

)

Frequency (Hz)



Synthesis	and	Characterization	of	Fillers	

	 99

3.3.3 PDMS	encapsulated	m‐CCTO	(m‐CCTOE)	

Figure	3.33	shows	the	thermogravimetric	curves	of	the	m‐CCTO	particles	and	

polydimethylsiloxanes	 (PDMS)	 employed	 as	 shell	 materials.	 m‐CCTO	 does	 not	

show	any	weight	loss	for	temperatures	below	900	C	while	both	PDMS	start	to	lose	

weight	above	250	°C,	which	ensures	the	safe	processing	of	the	future	composites	at	

170	°C.	That	is,	the	TGA	measurements	evidence	the	good	thermal	stability	of	both	

polymers	for	the	CCTO	surface	coating.	

	

Figure	 3.33.	 TG	 curves	 of	 m‐CCTO	 and	 both	 PDMS	 oil	 and	 PDMS‐OH	 shell	
materials.	

	
Once	the	particles	were	encapsulated,	cleaned	and	dried,	the	efficiency	of	the	

encapsulation	was	also	verified	by	TGA.	Figure	3.34	shows	 that	 the	TG	curves	of	

both	 PDMS	 oil	 and	 PDMS‐OH	 surface	 modified	 particles	 mainly	 consist	 of	 two	

decomposition	steps.	The	total	weight	losses	are	0.93%	and	1.74%	for	the	surface	

treatment	 with	 PDMS‐OH	 and	 PDMS	 oil,	 respectively,	 indicating	 the	 efficient	

coating	with	both	PDMS	based	polymers,	with	 the	PDMS	oil	 suggesting	a	greater	

surface	coverage.		

These	 results	are	 in	good	agreement	with	 the	SEM	 images	shown	 in	Figure	

3.35.	CCTO	micro‐particles	treated	with	commercial	PDMS	oil	show	a	homogenous	

polymer	 coating	 with	 a	 thickness	 of	 around	 8	 nm	 while	 SEM	 images	 of	 the	

treatment	with	PDMS‐OH	reveal	a	non‐homogenous	and	thinner	coating	(about	2	

nm).	 In	 conclusion,	 the	 results	 of	 both	 TGA	 and	 TEM	 characterisation	 show	 the	

comparatively	 thicker	 and	 stronger	 surface	 coverage	 of	 PDMS	 oil	 than	 the	 one	
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obtained	 with	 the	 PDMS‐OH	 treatment.	 Hence,	 PDMS	 oil	 is	 selected	 as	 the	

appropriate	 encapsulation	 material	 for	 the	 subsequent	 development	 of	 the	

composite	 presented	 in	 Chapter	 5.	 Hereafter,	 these	 particles	 are	 coded	 as	 m‐

CCTOE.		

	

Figure	 3.34.	 	 TG	 curves	 for	 m‐CCTO	 treated	 with	 PDMS	 oil	 and	 PDMS‐OH	
materials.	

	

Figure	 3.35.	 TEM	 images	 of:	 (top)	 m‐CCTO	 encapsulated	 with	 PDMS	 oil	 and	
(bottom)	m‐CCTO	treated	with	PDMS‐OH.		
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The	 dielectric	 measurements	 (Figure	 3.36)	 of	 m‐CCTOE	 reveal	 that	 the	

encapsulation	 treatment	 is	 effective	 to	 reduce	 the	 arising	 polarisation	 at	 low	

frequencies.	 Besides,	 the	 encapsulated	 materials	 develop	 a	 more	 dielectric	

behaviour,	 being	 the	 dielectric	 permittivity	 value	 almost	 independent	 of	 the	

frequency.	 Also,	 the	 insulating	 polymer	 shell	 reduces	 the	 dielectric	 loss	 tangent	

value.	 In	 summary,	 the	 PDMS	 oil	 coating	 acts	 as	 an	 effective	 passivation	 layer	

reducing	 the	 accumulation	 of	 charges	 at	 the	 particle	 surface	 and,	 thereby,	

minimising	 leakage	 currents	 and	possible	 sources	 of	 runaway	 conduction,	which	

can	lead	to	an	earlier	dielectric	breakdown	in	composites	subjected	to	an	external	

electric	field.		

	

Figure	3.36.	Dielectric	properties	of	m‐CCTOE.	 (Left)	Dielectric	permittivity,	 and	
(right)	loss	tangent.	Values	for	m‐CCTO	are	shown	for	comparison.	

	

3.4 Conclusions	

	

In	 this	chapter,	 commercial	and	 in‐house	produced	multiwall	nanotubes	 (c‐

MWNTs	 and	 h‐MWNTs,	 respectively),	 functionalised	 graphene	 sheets	 (FGS)	 and	
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synthesised	by	 the	 chemical	 oxidation	 of	 natural	 graphite	 followed	by	 a	 thermal	

reduction	and	exfoliation	process.	The	exfoliation	of	graphite	oxide	 into	FGS	was	

confirmed	from	XRD	data	while	Raman	Spectroscopy	showed	a	restoration	of	the	

in‐plane	graphitic	structure	in	the	FGS	as	indicated	the	ID/IG	ratio.	In	addition,	XPS	

spectra	confirmed	the	presence	of	some	remaining	functional	groups	attached	on	

the	 layers.	 SEM	 and	TEM	 images	 revealed	 the	 exfoliation	 of	 GO	 on	 single	 sheets	

with	some	remaining	stacks	of	up	to	6	layers.	

Calcium	copper	 titanate	was	successfully	 synthesised	by	a	 traditional	 solid‐

state	 reaction	 followed	 by	 a	 sintering	 process	 as	 shown	 by	 the	 XRD	 patterns.	

Sintered	CCTO	pellet	was	grounded	to	obtain	particles	in	the	nanometer	(diameter	

size	about	200	nm)	and	micrometer	range	(average	diameter	size	about	5	m)	to	

find	 a	 compromise	 between	 their	 dielectric	 response	 and	 the	 mechanical	

properties	of	the	subsequent	composites.	CCTO	micro‐particles	(m‐CCTO)	showed	

higher	 dielectric	 permittivity	 value	 as	 compared	 with	 CCTO	 nano‐particles	 (n‐

CCTO)	 mainly	 due	 to	 both	 the	 larger	 grain	 size	 and	 the	 preservation	 of	 the	

stoichiometry	relationship.		

CCTO	micro‐particles	were	 further	modified	 to	prevent	 the	accumulation	of	

charges	at	the	particles	edges	when	subjected	to	an	external	electric	field	(thermal	

treatment),	 and	 to	 improve	 filler/host	 matrix	 compatibility	 while	 preventing	 a	

phenomenon	of	polarisation	at	low	frequencies	(encapsulation	treatment).		

The	 thermal	 annealing	 slightly	 polished	 the	 sharp	 particle	 edges	 and	

produced	 a	 re‐ordering	 in	 the	 perovskite	 phase,	 as	 suggested	 by	Raman	 results.	

Nevertheless,	 this	 process	 also	 resulted	 in	 an	 increment	 in	 the	 grain	 boundaries	

thickness,	 which	 translated	 in	 a	 lower	 dielectric	 response	 as	 compared	with	m‐

CCTO.		

The	 chemical	 process	 led	 to	 a	 robust	 surface	 coverage	 of	 m‐CCTO	 with	 a	

PDMS	based	polymer	layer	of	about	8	nm	thickness.	This	encapsulation	treatment	

was	 effective	 to	 reduce	 the	 polarisation	 at	 low	 frequencies	 shown	 in	 m‐CCTO.	

Moreover,	 the	 encapsulated	 micro‐particles	 displayed	 a	 lower	 dielectric	 loss	

tangent	 value,	 thus	 reducing	 adverse	 accumulation	 of	 charges	 at	 the	 particle	

surface.	
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4.1 Introduction	

	

Over	the	years,	conductive	fillers	have	attracted	scientific	interest	as	they	can	

markedly	increase	the	permittivity	of	polymer	composites	[Dang	et	al.	2002;	Dang	

et	al.	2003;	Psarras	et	al.	2003;	Dang	et	al.	2007a]	following	the	percolation	theory	

[Stauffer	 1985].	 In	 particular,	 carbon‐based	 nanofillers	 have	 been	 shown	 to	

present	 extremely	 low	 percolation	 thresholds	 due	 to	 their	 high	 aspect	 ratios	

(length/diameter)	[Pötschke	et	al.	2003;	Sandler	et	al.	2003;	Dang	et	al.	2007b;	He	

et	al.	2009;	Zhao	et	al.	2009].	Nevertheless,	the	increase	in	the	permittivity	has	also	

been	 shown	 to	 increase	 the	 dielectric	 loss	 [Psarras	 et	 al.	 2003;	 Li	 et	 al.	 2006],	

which	may	limit	the	use	of	such	systems	in	capacitive	applications.	

Below	 the	 percolation	 threshold,	 conductive	 fillers	 can	 still	 offer	 exciting	

opportunities	 for	 the	 development	 of	 new	 non‐conductive	 and	 high	 dielectric	

polymer	 composites	 without	 significantly	 modifying	 their	 dielectric	 loss.	

Additionally,	 the	 observed	 low	 percolation	 threshold	 should	 also	 ensure	 the	

retention	of	the	high	stretchability	of	elastomeric	nanocomposites	while	providing	

the	high	dielectric	permittivity	sought	[Dang	et	al.	2009a;	Kohlmeyer	et	al.	2009].		

In	the	case	of	cross‐linked	or	vulcanised	polymers,	the	key‐point	to	maximise	

the	increase	in	the	dielectric	permittivity	without	reaching	the	percolation	is	given	

by	 an	 effective	 dispersion	 and	 formation	 of	 a	 nanoparticle	 physical	 network	

(physical	liquid‐solid	transition)	in	the	polymer	matrix	prior	and	after	its	chemical	

cross‐linking	(chemical	liquid‐solid	transition)	since	the	appearance	of	conductive	

clusters	 may	 result	 in	 a	 jump	 in	 the	 electrical	 conductivity	 and	 dielectric	

permittivity	values	even	below	the	percolation	threshold.	Therefore,	to	attain	this	

interpenetrating	 structure	 between	 the	 filler	 and	 the	 polymer,	 it	 is	 necessary	 to	

break	apart	the	agglomerates	and	to	stabilise	the	individual	nanoparticles	in	order	

to	prevent	their	re‐aggregation	[Fan	and	Advani	2007].		

Throughout	Chapter	4,	the	influence	of	the	dispersion	degree	of	two	types	of	

carbon‐based	 nanoparticles	 on	 the	 cross‐linking	 reaction,	 mechanical	 and	

dielectric	 properties	 of	 two	 commercially	 available	 liquid	 polydimethylsiloxane	

systems	is	assessed	to	establish	the	optimum	processing	and	dispersion	conditions	

for	the	development	of	the	actuator.	
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4.2 Materials	and	experimental	

4.2.1 Liquid−polydimethylsiloxane	systems	

Two	commercial	polydimethylsiloxane	based	 formulations	(PDMS	RTV4407	

A/B	and	PDMS	RTV4420	A/B)	were	kindly	supplied	by	BlueStar	Silicones.	These	

room	temperature	curing	systems	consist	of	two	components:	Part	A	composed	of	

a	vinyl	terminated	polymer	(≡SiVi)	together	with	a	platinum	catalyst,	while	Part	B	

contains	the	pre‐polymer	(≡SiH).	

PDMS	RTV4407	A/B	system	possesses	a	density	of	around	1.05	g/cm3	with	a	

viscosity	 of	 1000	 mPa.s	 at	 room	 temperature.	 According	 to	 the	 commercial	

specifications,	this	system	has	a	Shore	hardness	of	8A	after	curing	for	60	minutes	

at	80	°C.	This	system	will	be	denoted	as	PDMS	system–Low	Viscosity	(PDMS‐LV)	

throughout	the	rest	of	the	chapter.		

In	the	case	of	PDMS	RTV4420	A/B	system,	the	density	value	is	approximately	

1.08	 g/cm3	 with	 a	 viscosity	 of	 4000	 mPa.s.	 According	 to	 the	 commercial	

specifications,	the	system	has	a	Shore	hardness	of	20A	after	curing	for	60	minutes	

at	80	°C.	This	system	will	be	denoted	as	PDMS	system−High	Viscosity	(PDMS‐HV)	

throughout	the	rest	of	the	chapter.	

4.2.2 Carbon−based	nanoparticles	

For	 the	 development	 of	 Chapter	 4,	 both	 commercial	 multiwall	 carbon	

nanotubes	 (c‐MWNTs)	 and	 functionalised	 graphene	 sheets	 (FGS)	 have	 been	

employed	as	high	dielectric	constant	fillers.	The	synthesis	and	characterisation	of	

the	nanoparticles	was	reported	in	Chapter	3.		

Although	the	quality	of	 in‐house	produced	multiwall	nanotubes	(h‐MWNTs)	

is	 clearly	 superior	 to	 the	 commercial	 ones,	 as	 already	 seen	 in	 Chapter	 3,	 the	

dispersion	 trials	 of	 h‐MWNTs	 in	 both	 PDMS‐HV	 and	 PDMS‐LV	 systems	 led	 to	 a	

sharp	 increase	 in	 the	 suspension	 viscosities	 even	 at	 the	 lowest	 dispersion	 times	

due	 to	 their	 large	 aspect	 ratios.	 This	 fact	 hindered	 the	 development	 of	

homogeneous	films	and,	thus,	h‐MWNTs	had	to	be	discarded	from	the	scope	of	this	

chapter.	 Nonetheless,	 h‐MWNTs	 will	 be	 further	 examined	 and	 employed	 in	 the	

following	Chapter	5.	
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4.2.3 Composites	preparation	and	characterisation	

Given	 that	 the	 basis	 of	 the	work	 is	 on	 the	 dispersion	 quality	 of	 the	 carbon	

based	nanoparticles	within	 the	PDMS	systems,	 special	attention	must	be	paid	on	

how	 to	 prepare	 the	 aforementioned	 suspensions.	 It	 is	well	 known	 that	 the	most	

common	and	widely	used	dispersion	techniques	for	suspensions	in	a	low‐medium	

viscosity	material	are	“high‐shear”	mixing	and	ultrasonication	[Hilding	et	al.	2003].	

The	latter	is	able	to	release	higher	power	and	is	quite	efficient	to	separate	MWNT	

agglomerates,	but	it	may	also	cause	a	considerable	damage	in	the	MWNT	structure	

due	 to	 the	 violent	 cavitation	 [Lu	 et	 al.	 1996;	 Ahir	 et	 al.	 2008].	 To	 evaluate	 the	

possible	breakage	of	 the	MWNTs	during	mixing,	Huang	et	al. [Huang	et	al.	2006]	

calculated	the	shear	stress	applied	to	MWNTs	mixtures	as	follows:	
	

	
	

(4.i)	

	

where	 	is	the	polymer	viscosity,	 	is	the	angular	frequency	of	the	mixer,	R	and	h	

are	the	radius	and	the	gap	of	the	vessel	employed.	They	obtained	a	shear	stress	of	

1	 MPa,	 which	 compared	 to	 the	 reported	 tensile	 strength	 of	 multiwall	 carbon	

nanotubes	 (around	 11‐63	 GPa	 and	 0.15	 TPa,	 measured	 by	 dual	 Atomic	 Force	

Microscopy	 cantilevers	 [Yu	 et	al.	 2000]	 or	 by	 Transmision	 Electron	Microscopy‐

pull‐in	 tensile	 tests	 [Demczyk	 et	 al.	 2002],	 respectively)	 and	 of	 graphene	

monolayers	(around	130	GPa	by	nanoindentation	measurements	[Lee	et	al.	2008]),	

indicated	 a	 low	 level	 of	 breaking.	 Applying	 this	 analysis	 to	 our	 systems,	 we	

obtained	an	applied	shear	stress	of	about	5	MPa,	 for	 the	 liquid	PDMS	grade	with	

the	highest	viscosity	(PDMS‐HV).	This	value	 is	again	considerably	 lower	 than	the	

tensile	strength	of	both	types	of	nanofillers.	Hence,	the	high	shear	mixing	protocol	

was	selected	to	avoid	major	damages	to	our	c‐MWNTs	and	FGS.		

Therefore,	 samples	with	 a	 fixed	 amount	 of	 the	 carbon‐based	 nanoparticles	

(0.5	wt.%	of	c‐MWNTs	and	FGS)	were	prepared	by	directly	adding	the	fillers	into	

the	 ≡SiH	 pre‐polymer	 (Part	 B).	 The	 dispersion	 time	 was	 then	 chosen	 as	 the	

variable	 parameter	 and,	 hence,	 the	 suspensions	 were	 mechanically	 mixed	 (Ika	

Mixer)	at	2400	rpm	for	different	times	(t	=	2,	4,	6,	and	24	h).		

Cross‐linked	 composites	were	 obtained	 by	mixing	≡SiVi	 pre‐polymer	 (Part	

A)	 with	 the	 suspensions	 previously	 prepared	 in	 a	 ratio	 1:1.	 After	 stirring	 the	
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mixture	 for	 2	 minutes,	 the	 pasty	 suspensions	 were	 poured	 into	 a	 mould	 and	

degassed	in	a	vacuum	oven	at	30‐50	mbar	for	approximately	10	min	to	remove	air	

bubbles	 formed	 during	 mixing	 operations.	 Films	 with	 an	 average	 thickness	 of	

about	0.2	mm	and	0.5	mm	were	then	cured	at	room	temperature	for	24	h	prior	to	

the	dielectric	and	mechanical	characterisation,	respectively.	

The	rheological	properties	were	measured	on	a	stress‐controlled	rheometer	

(TA	Instruments	Advanced	Rheometer	AR1000).	Experiments	were	performed	at	

room	 temperature	 using	 parallel	 plate	 geometry	 (gap	 =	 500	 μm)	with	 a	 20	mm	

upper	corrugated	plate.	Stress	sweep	tests	(frequency	kept	constant	at	1	Hz)	were	

carried	 out	 to	 monitor	 the	 extent	 of	 each	 sample’s	 linearity.	 After	 the	 sample’s	

linear	viscoelastic	region	was	defined,	dynamic	oscillation	frequency	sweeps	were	

performed	at	the	terminal	region	(0.01‐10	Hz)	to	monitor	the	state	of	the	MWNT	

dispersion.	 Isothermal	 curing	 runs	 with	 constant	 shear	 frequency	 (1	 Hz)	 in	 the	

linear	viscoelastic	 regime	were	also	performed	 to	determine	 the	 influence	of	 the	

cross‐linking	reaction	on	the	viscoelastic	properties.	

The	 dispersion	 degree	 of	 both	 c‐MWNTs/≡SiH	 and	 FGS/≡SiH	 suspensions	

and	 composites	 samples	 was	 analysed	 by	 optical	 microscopy	 (Carl‐Zeiss	 Jenna	

optical	 microscope	 equipped	 with	 a	 CCD‐Iris	 Sony	 video	 camera)	 and	 Scanning	

Electron	Microscopy	(ESEM	XL30	Model,	Philips),	respectively.	

The	average	mass	of	network	chains	between	cross‐links	Mc	was	calculated	

using	 equilibrium‐swelling	 measurements	 by	 applying	 the	 phantom	 model	

approximation:	
	

														 1 ∅ 	 ∅ ∅ 1
2
∅ / 	

	

(4.ii)	

	

where	 ∅ 		 is	 the	 rubber	 volume	 fraction	 (properly	 obtained	 by	 considering	 that	

carbon	 nanotubes	 cannot	 be	 swollen),	 	 is	 the	 solvent‐polymer	 parameter	

( 0.465	for	toluene‐PDMS	system),	 	is	the	rubber	density	(measured	using	the	

hydrostatic	 weighing	 method	 and	 applying	 the	 Archimedes	 principle),	 	 is	 the	

molar	volume	of	the	solvent	employed	( 106.2	ml/mol	for	toluene)	and	 	is	the	

functionality	of	the	rubber	network	formed	(assumed	to	be	tetrafunctional	 4)	

[Schroeder	and	Roland	2002;	Esteves	et	al.	2009].	Five	weighed	test	pieces	of	each	

cross‐linked	 sample	 were	 swollen	 in	 toluene	 at	 room	 temperature.	 These	
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vulcanisates	samples	were	weighed	over	regular	periods	of	time	(24,	48	and	72	h)	

having	a	constant	weight	for	all	the	samples	in	the	three	measurements	and,	thus,	

concluding	that	diffusion	equilibrium	was	reached	for	a	period	of	24	h.	The	vessels	

were	 stored	 in	 a	 dark	 cabinet	 to	 avoid	 photodegradation	 reactions	 of	 the	

compounds	during	the	experiments.	

Stress‐strain	 measurements	 were	 performed	 on	 a	 tensile	 test	 machine	

(Instron	 3366	 dynamometer)	 at	 23	 °C.	 Dog	 bone	 shaped	 specimens	 were	

mechanically	cut	out	from	the	cross‐linked	samples	with	thickness	around	0.5	mm.	

The	 tensile	 tests	were	 carried	 out	 at	 a	 cross‐head	 speed	 of	 200	mm/min	with	 a	

distance	 between	 clamps	 of	 2.0	 mm.	 The	 elongation	 during	 each	 test	 was	

determined	by	optical	measurement	(video	extensometer)	of	 the	displacement	of	

two	marker	points	placed	along	the	waist	of	the	tensile	test	sample.	An	average	of	

five	measurements	for	each	sample	was	recorded.	

Broadband	 dielectric	 spectroscopy	 was	 performed	 on	 an	 ALPHA	 high‐

resolution	dielectric	analyser	(Novocontrol	Technologies).	Cross‐linked	films	with	

20	 mm	 of	 diameter	 were	 held	 in	 the	 dielectric	 cell	 between	 two	 parallel	 gold‐

plated	 electrodes.	 The	 thickness	 of	 the	 films	 (around	 100	 μm)	was	 taken	 as	 the	

distance	 between	 the	 electrodes	 and	determined	using	 a	micrometer	 gauge.	The	

dielectric	 response	 of	 each	 sample	 was	 assessed	 by	 measuring	 the	 complex	

permittivity,	 loss	 tangent	 and	 conductivity	 over	 a	 frequency	 range	 window	 of	

101−107	Hz	at	23	°C	with	a	voltage	amplitude	of	1	V.	

	

4.3 Results	and	discussion	

4.3.1 Viscoelastic	 Properties.	 Effect	 of	 carbon‐based	 nanoparticles	 dispersion	

degree	on	the	physical	Liquid‐Solid	Transition	

During	the	past	decade,	the	liquid‐solid	transition	(LST)	in	polymer	materials	

introduced	 by	 Winter	 et	 al.	 [Winter	 and	 Mours	 1997]	 has	 been	 extensively	

explored	 since	 it	 is	 a	 crucial	 technological	 point	 delimiting	 their	 processing	

conditions,	properties	and	applicability	[Pogodina	and	Winter	1998;	Kapnistos	et	

al.	 2000;	 Loppinet	 et	 al.	 2001;	 Pötschke	 et	 al.	 2004;	 Larsen	 and	 Furst	 2008].	

Independently	of	the	nature	of	the	LST,	i.e.	physical	or	chemical,	this	phenomenon	

represents	a	change	in	the	molecular	mobility	of	the	polymer	matrix	and	can	hence	
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be	 easily	 followed	 by	 rheological	 measurements.	 In	 the	 case	 of	 nanocomposite	

suspensions,	 the	 physical	 liquid‐solid	 transition	 is	 a	 direct	 consequence	 of	

nanofiller	de‐aggregation.	The	dispersion	of	nanofillers	within	the	polymer	matrix	

generally	 takes	 places	 with	 a	 significant	 change	 in	 the	 suspension	 viscoelastic	

properties	[Hobbie	and	Fry	2006;	Ma	et	al.	2008;	Moreira	et	al.	2010;	Schulz	et	al.	

2011].	 Since	 the	 rheological	 parameters	 are	 correlated	 with	 the	 distribution	 of	

fillers	within	the	polymer	[Ferry	1980],	measuring	G’,	G’’	and	η*	at	different	stages	

of	the	mixing	process	can	provide	information	about	the	time	necessary	to	achieve	

a	suitable	level	of	dispersion	[Huang	et	al.	2006].	Indeed,	Pötschke	et	al.	[Pötschke	

et	al.	 2003]	 have	 already	 shown	 that	mixing	 time	 is	 a	 powerful	 tool	 to	 enhance	

carbon	nanotubes	 dispersion	 compared	with	 dispersion	 speed	 since	 appropriate	

mixing	 conditions	 (i.e.	 long	 dispersion	 times)	may	 promote	 polymer	 diffusion	 in	

between	the	nanotubes	agglomerates.		

The	variation	of	the	complex	viscosity	 ∗	for	c‐MWNTs	and	FGS	suspensions	

in	the	two	types	of	PDMS	suspending	fluids	as	a	function	of	dispersion	time	can	be	

seen	 in	 Figure	 4.1.	 Both	 suspending	 fluids	 (≡SiH)	 from	 PDMS‐HV	 and	 PDMS‐LV	

follow	 a	 nearly	 frequency‐independent	 quasi‐Newtonian	 behaviour	 although	 the	

first	shows	a	slightly	higher	viscosity.	Low‐medium	viscosity	Newtonian	polymers	

are	particularly	useful	 for	 the	purpose	here	 reported	since	 this	 type	of	materials	

can	impart	significant	shear	stress	to	both	c‐MWNT	and	FGS	agglomerates	without	

masking	 their	viscoelastic	 response.	Nevertheless,	 the	difference	on	 the	viscosity	

value	between	these	two	fluids	will	play	an	important	role	in	the	dispersion	degree	

of	both	types	of	nanoparticles,	as	it	is	shown	in	the	following	sections.		

The	 addition	 of	 both	 c‐MWNTs	 and	 FGS	 leads	 to	 a	 gradual	 increase	 of	 the	

viscosity	 in	 both	 PDMS	 suspensions	 together	 with	 a	 shear	 thinning	 behaviour	

where	the	viscosity	decreases	with	increasing	frequency,	being	this	last	fact	a	clear	

indication	of	a	solid‐like	behaviour	(Figure	4.1).	

In	the	case	of	PDMS‐HV	suspensions,	this	behaviour	is	more	evident	in	the	c‐

MWNTs	than	in	the	FGS	suspensions,	where	the	sample	stirred	for	24	h	shows	an	

increase	in	the	absolute	complex	viscosity,	η*,	up	to	three	orders	of	magnitude	in	

relation	 to	 the	 unfilled	 sample	 (≡SiH)	while	 the	 corresponding	 suspension	with	

FGS	 only	 shows	 an	 increment	 of	 one	 order	 of	magnitude.	Nevertheless,	 for	 both	

types	of	suspensions,	the	treatment	of	6	h	shows	similar	viscoelastic	properties	to	
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the	4	h	suspension	and	hence,	for	the	sake	of	clarity,	the	corresponding	results	for	

the	6	h	treatment	will	be	omitted	in	the	following	analysis.		

	

Figure	4.1.	Variation	of	complex	viscosity	η*	as	a	function	of	frequency	for:	(left)	c‐
MWNTs/≡SiH	 and	 (right)	 FGS/≡SiH	 suspensions	 at	 different	
dispersion	times	for	(top)	PDMS‐HV	and	(bottom)	PDMS‐LV	systems.	

	
Meanwhile,	in	the	case	of	PDMS‐LV	suspensions,	the	dispersion	time	for	both	

nanoparticles	does	not	significantly	alter	the	viscosity	of	 the	≡SiH	suspension.	 In	

fact,	the	major	change	is	again	observed	for	the	suspension	of	c‐MWNTs/PDMS‐LV	

stirred	 for	 24	 h.	 This	 suspension	 shows	 an	 increase	 in	 the	 absolute	 complex	

viscosity,	 η*,	 of	 two	 orders	 of	magnitude	 in	 relation	 to	 the	 unfilled	 sample.	 The	

treatment	 of	 4	 h	 shows	 similar	 viscoelastic	 properties	 to	 the	 2	 h	 suspension.	

Hence,	 the	 corresponding	 results	 of	 the	 4	 h	 treatment	 will	 be	 omitted	 in	 the	

following	 analysis.	 In	 the	 case	 of	 FGS	 suspensions,	 the	 sample	 stirred	 for	 24	 h	

shows	the	same	viscosity	than	the	4	h	treatment,	thus	evidencing	that	the	viscosity	

of	PDMS‐LV	system	 is	not	enough	 to	 impart	 significant	shear	 stress	 to	efficiently	

disperse	the	nanoparticles	here	employed.		
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These	 results	 agree	 with	 the	 current	 state	 of	 the	 art,	 since	 it	 is	 generally	

accepted	that	highly	asymmetric	nanoparticles	are	more	effective	in	changing	the	

rheological	 properties	 of	 the	 polymeric	 matrix	 than	 spherical	 or	 sheet‐like	

nanoparticles	[Knauert	et	al.	2007].	Rod‐like	nanoparticles,	in	this	case	c‐MWNTs,	

can	easily	 form	network	structures	either	 through	direct	 interaction	among	each	

other	(filler‐filler	interaction)	or	through	polymer	chain	bridging	between	at	least	

two	different	nanoparticles	(polymer‐filler	interaction).	

Hence,	 in	 order	 to	 analyse	 the	 possible	 change	 in	 the	 suspension	

microstructure,	storage	(elastic)	modulus	G’	and	loss	(viscous)	modulus	G’’	of	the	

unfilled	and	filled	≡SiH	are	displayed	in	Figure	4.2.		

	

Figure	4.2.	Variation	of	 storage	 	 (■)	 and	 loss	 	 (□)	modulus	as	a	 function	of	
frequency	 for:	 (left)	 c‐MWNTs/≡SiH	 and	 (right)	 FGS/≡SiH	
suspensions	 at	 different	 dispersion	 times	 for	 (top)	 PDMS‐HV	 and	
(bottom)	PDMS‐LV	system.		

	

Both	raw	polymeric	matrices	show	the	typical	terminal	regime	with	values	of	

G’~ω2	at	low	frequencies.	However,	in	the	case	of	PDMS‐HV	suspensions,	for	both	

c‐MWNTs/≡SiH	 and	 FGS/≡SiH	 suspensions,	 the	 lack	 of	 sensitivity	 of	 G’	 to	 low	

frequencies	indicates	that	the	nanoparticle	dispersion	is	enhanced	with	dispersion	
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time.	 In	 the	 case	 of	 PDMS‐LV	 suspensions	 (Figure	4.2),	 for	 both	 c‐MWNTs/≡SiH	

and	 FGS/≡SiH	 suspensions,	 the	 independence	 of	 G’	 to	 low	 frequencies	 with	

dispersion	time	is	less	evident	than	in	the	high‐viscosity	system.	This	fact	indicates	

again	 that	 the	 rheological	 intrinsic	 parameters	 of	 the	 polymer	 matrix	 play	 an	

important	role	in	the	efficient	dispersion	of	the	carbon	nanoparticles.		

The	 change	 from	 liquid‐like	 to	 solid‐like	 behaviour	 can	 be	 ascribed	 to	 the	

formation	of	both	filler‐filler	and	filler‐polymer	interaction/networks	as	a	result	of	

the	dispersion	enhancement.	Thus,	 the	 formation	of	 a	nanotube	network	plays	 a	

significant	role	in	this	transition,	giving	rise	to	additional	physical	cross‐links	and	

large	 contributions	 to	 the	 suspensions	 viscoelasticity,	 i.e.	 G’	 increases	 several	

orders	of	magnitude	than	raw	polymer	as	the	dispersion	time	increases.		

The	effect	of	the	time	in	the	dispersion	is	also	clearly	observed	in	the	optical	

micrographs	of	both	types	of	suspensions	(Figure	4.3	and	Figure	4.4).		

	

Figure	4.3.	Optical	micrographs	of:	(left)	0.5	wt.%	c‐MWNTs/PDMS‐LV	and	(right)	
0.5	wt.%	FGS/PDMS‐LV	suspensions	after	shearing	4	and	24	h.	
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Figure	4.4.	Optical	micrographs	of:	(left)	0.5	wt.%	c‐MWNTs/PDMS‐HV	and	(right)	
0.5	wt.%	FGS/PDMS‐HV	suspensions	after	shearing	2,	4	and	24	h.	

	
Generally,	 all	 suspensions	 exhibit	 a	 more	 homogenous	 morphology	 with	

smaller	agglomerates	for	 large	dispersion	times,	although	it	can	be	observed	that	

the	 dispersion	 technique	 employed	 is	 more	 “effective”	 in	 the	 case	 of	 c‐MWNTs	

suspensions.	 This	 observation	 is	 further	 corroborated	 with	 the	 change	 in	 the	

viscoelastic	 response	 from	 the	 physical	 liquid‐solid	 transition	 (physical	 LST)	

between	2	and	4	h	of	dispersion	 in	 the	case	of	c‐MWNTs/PDMS‐HV,	while	 in	 the	

case	 of	 FGS/PDMS‐HV,	 the	 physical	 LST	 is	 expected	 to	 appear	 for	 treatments	

longer	 than	 24	 h	 of	 dispersion.	 In	 the	 case	 of	 the	 PDMS‐LV,	 the	 dispersion	

enhancement	is	much	lower	than	in	the	previous	system	due	to	the	lower	viscosity	

of	 the	polymeric	suspension	employed,	and	a	change	 in	the	viscoelastic	response	

(Figure	4.2)	from	“liquid‐like”	to	“solid‐like”	behaviour	cannot	be	seen.	
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The	well‐known	frequency‐independence	of	tan(δ)	 for	cross‐linked	systems	

[Winter	 1987]	 can	 also	 be	 applied	 to	 determine	 the	 exact	 point	 at	 which	 the	

physical	LST	takes	place.	This	point	can	easily	be	determined	from	the	cross	of	a	

multifrequency	semi‐logarithmic	plot	of	tan(δ)	versus	the	time	of	dispersion	used.	

This	feature	has	only	been	studied	in	the	suspensions	of	c‐MWNTs/PDMS‐HV	given	

that	it	was	the	only	sample	where	a	change	in	the	viscoelastic	response	was	clearly	

observed.		

	

Figure	4.5.	Loss	 tangent	 tan(δ)	 as	 a	 function	 of	 the	 dispersion	 time	 used	 for	 c‐
MWNTs/PDMS‐HV	suspensions.		

	

Results	shown	in	Figure	4.5	indicate	that	for	c‐MWNTs/PDMS‐HV	system	the	

“physical	 gelation”	 time	 (tpg)	 is	 achieved	 after	 approximately	 tpg=	 200	 min	 of	

dispersion,	which	means	that:	

i) For	 low	 dispersion	 times	 (t	 <	 tpg),	 G’	 remains	 lower	 than	 G’’	whatever	 the	

frequency.	 Most	 of	 the	 energy	 of	 deformation	 is	 dissipated	 as	 heat	 due	 to	

increased	 friction	 between	MWNTs	 and	≡SiH	pre‐polymer	 as	 a	 result	 of	 the	

weak	interaction	between	both	components.	

ii) For	 high	 dispersion	 times	 (t	 ≥	 tpg),	 an	 optimised	 dispersion	 of	 the	 MWNTs	

alters	 the	 terminal	 region	 due	 to	 the	 restricted	movement	 of	 the	 polymeric	

chains.	 The	 storage	 modulus	 starts	 to	 develop	 a	 rubbery	 plateau	 at	 low	

frequencies,	which	is	a	typical	rheological	feature	of	physical	gelation	since	the	

nanotubes	 begin	 to	 act	 as	 “effective	 physical	 cross‐links”	 and	 are	 capable	 of	

connecting	 the	 polymer	 chains	 in	 a	 large	 scale	 structure.	 Hence,	 once	 an	

interpenetrating	 structure	 is	 generated	 between	 the	 filler	 and	 the	 polymer	

matrix,	 the	 system	 acts	 as	 an	 elastic	 solid	 at	 low	 frequencies.	 An	 illustrative	
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picture	of	the	effect	of	MWNT	dispersion	as	a	function	of	the	dispersion	time	is	

shown	in	Figure	4.6.	

	

Figure	 4.6.	 Schematic	 representation	 of	 the	 physical	 liquid‐solid	 transition	 in	
MWNTs/PDMS	suspensions.	

	

4.3.2 Cross‐linking	reaction.	Effect	of	carbon‐based	nanoparticles	dispersion	degree	

on	the	chemical	Liquid‐Solid	Transition	

4.3.2.1 Rheological	characterisation	

All	 carbon‐based	 nanoparticles	 suspensions	 were	 mixed	 with	 the	 (≡SiVi)	

pre‐polymer	obtaining	an	elastomeric	network,	via	hydrosilylation	reaction,	where	

the	 nanoparticles	were	 entrapped.	 The	 chemical	 Liquid‐Solid	 Transition	 (or	 also	

known	 as	 “cross‐linking	 reaction”)	 that	 takes	 place	 relies	 on	 the	 ability	 of	 the	

hydrosilane	 bond	 of	 the	 suspending	 fluid	 (≡SiH)	 to	 add	 across	 a	 carbon–carbon	

double	bond	that	belongs	to	the	pre‐polymer	(≡SiVi)	in	the	presence	of	Pt	catalyst.	
	

≡ Si CH CH H Si ≡ → ≡ Si CH CH Si ≡	
	

(4.iii)

	

This	chemical	process	proceeds	simultaneously	to	secondary	reactions	due	to	

the	 reaction	 of	 silane	 groups	 present	 in	 the	 suspending	 fluid	 (≡Si‐H)	 with	

atmospheric	 moisture	 and	 O2	 (reactions	 4.iv	 and	 4.v)	 in	 the	 presence	 of	

temperature	and	the	catalyst.	These	secondary	reactions	 lead	to	the	formation	of	

silanol	 groups	 (≡Si‐OH)	 which	 can	 catalytically	 react	 with	 remaining	 (≡Si‐H)	

groups	 (reaction	 (4.vi))	 or	 even	 with	 other	 silanol	 groups	 (reaction	 (4.vii))	 to	

produce	silsesquioxane	structures	or	additional	(≡Si‐O‐Si≡)	cross‐links	[Marciniec	



Liquid‐Polydimethylsiloxane	Actuator	

	 117

1992;	Owen	 1993].	 Nevertheless,	 these	 secondary	 reactions	 are	 slower	 than	 the	

hydrosilylation	reaction	and	only	relevant	at	very	high	temperatures	[Gorshov	et	

al.	1986].	
	

≡ Si H 	H O
,
≡ Si OH H 	

	

(4.iv)	

	

2 ≡ Si H O
,
2 ≡ Si O 	

	

(4.v)	

	

≡ Si H HO SiH ≡
,
≡ Si O Si ≡ H 	

	

(4.vi)	

	

≡ Si OH HO SiH ≡
,
≡ Si O Si ≡ 	

	

(4.vii)	

	

Hydrosilylation	 reactions	 catalysed	 by	 a	 platinum	 complex	 exhibit	 often	 an	

autocatalytic	 “S”	 shape	 with	 a	 gel‐point	 near	 the	 inflection	 point	 defined	 as	 the	

moment	at	which	an	infinite	network	is	first	formed	(Figure	4.7).	The	chemical	LST	

is	a	continuous	process	where	three	main	stages	can	clearly	be	observed	[Gorshov	

et	al.	1986;	Stein	et	al.	1991]:	

i) Induction	 period,	 where	 the	 elastic	 effect	 dominates	 the	 process	 of	 cross‐

linking.	This	region	indicates	the	safe	processing	time	since	G’	value	increases	

rapidly	due	to	its	sensitivity	to	the	structure	change	(gel	formation).	

ii) Curing	reaction	period,	where	the	cross‐linking	network	starts	to	form	and	the	

stiffness	of	the	elastomer	increases.	Most	of	the	final	product	is	produced	in	a	

relatively	small	fraction	of	the	total	reaction	time.	

iii) Post‐cure	period,	where	the	cross‐linking	reaction	stops.	During	this	stage,	the	

values	 of	 G’	 and	 G’’	 establish	 the	 final	 properties	 of	 the	 elastomeric	 matrix	

formed	although	some	additional	but	slower	cross‐linking	through	secondary	

reactions	may	occur.	
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Figure	4.7.	Course	of	the	typical	cross‐linking	reaction	for	a	PDMS	sample.	
	

The	 evolution	 of	 the	 chemical	 LST	 of	 all	 suspensions	 developed	 in	 the	

previous	 section	 is	 shown	 in	Figure	4.8.	 It	 is	 generally	 accepted	 that	 the	 storage	

modulus	 G’	 value	 is	 proportional	 to	 the	 cross‐linking	 network	 being	 formed	 by	

both	chemical	bonds	and	physical	entanglements.		

In	the	case	of	c‐MWNTs/PDMS‐HV	samples,	at	time	zero,	the	values	of	G’	for	

the	 filled	suspensions	are	all	higher	than	for	unfilled	sample,	 thus	evidencing	the	

existence	of	c‐MWNT	“effective	physical	cross‐links”.	All	samples,	except	the	24	h	

c‐MWNTs,	clearly	present	the	three	stages	described	above.	Meanwhile,	the	24	h	c‐

MWNTs/PDMS‐HV	sample	shows	no	induction	period,	a	regular	acceleration	of	the	

cross‐linking	 reaction	 and	 a	 decrease	 of	 the	 time	 required	 to	 reach	 the	 plateau	

regimen	 are	 observed.	 Thus,	 the	 presence	 of	 the	 c‐MWNTs	 physical	 network	

appears	to	positively	contribute	to	the	formation	of	the	chemical	PDMS	network.	

The	 samples	 of	 c‐MWNTs/PDMS‐LV	 also	 present	 the	 three	 typical	 stages	

described	above,	and	their	values	of	G’	at	time	zero	are	all	slightly	higher	than	for	

the	 unfilled	 sample.	Nevertheless,	 contrary	 to	 the	 case	 of	 c‐MWNTs/PDMS‐HV,	 a	

regular	acceleration	of	the	cross‐linking	reaction	cannot	be	discerned.	This	fact	can	

be	ascribed	to	the	lower	c‐MWNTs	dispersion	degree	in	the	PDMS‐LV	system.	That	

is,	as	already	seen	in	the	previous	section,	the	lower	viscosity	of	this	system	is	not	

enough	to	break	apart	the	c‐MWNTs	bundles.		
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Figure	 4.8.	 Dynamic	 time	 sweeps	 for:	 (left)	 c‐MWNTs/PDMS	 and	 (right)	
FGS/PDMS	 samples	 at	 different	 dispersion	 times	 for	 (top)	 PDMS‐
HV	and	(bottom)	PDMS‐LV	systems.	

	

For	FGS/PDMS‐HV	samples,	 the	values	of	G’	at	 time	zero	are	approximately	

equal	to	the	unfilled	PDMS	sample,	which	corroborates	again	the	worst	dispersion	

state	 as	 compared	with	 c‐MWNTs/PDMS‐HV	 suspensions.	Moreover,	 contrary	 to	

what	 happened	 in	 the	 case	 of	 c‐MWNTs,	 the	 cross‐linking	 reaction	 seems	 to	 be	

somehow	 affected	 since	 none	 of	 the	 samples	 do	 reach	 the	 plateau	 regimen.	

Platinum	 catalysts	 used	 in	 addition‐cure	 silicones	 are	 rather	 sensitive	 to	

contamination	by	certain	compounds	that	have	the	power	to	inhibit	or	even	stop	

their	 activity.	 Some	 functional	 groups	 can	 form	 complexes	 that	 are	 able	 to	delay	

the	 cross‐linking	 reaction	 (called	 inhibitors),	 whereas	 others	 are	 known	 to	

neutralise	 completely	 the	 activity	 of	 Pt	 catalyst	 (called	 poisons)	 [Simpson	 et	 al.	

2004;	 Marciniec	 2009].	 Examples	 of	 poisons	 are	 electron‐donating	 substances,	

such	as	organo‐tin,	organo‐sulphur	and	some	compounds	containing	nitrogen	that	

readily	react	with	the	Pt	metal	[Lewis	1990].	Examples	of	inhibitors	are	molecules	

bearing	 carboxylic	 groups,	 unsaturated	 groups	 and/or	 alcohol	 groups	 that	 can	

create	stable	complexes	with	the	platinum	catalyst	at	room	temperature	[Esteves	
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et	al.	 2010].	However,	 the	 information	about	potential	 inhibitors	and/or	poisons	

on	this	type	of	catalysts	is	somehow	dispersed	because	of	the	commercial	interest	

in	 PDMS‐based	 systems	 which	 may	 difficult	 the	 proper	 understanding	 of	 the	

behaviour	observed	in	both	FGS/PDMS‐HV	and	FGS/PDMS‐LV	samples.		

Thus,	 samples	 filled	 with	 FGS	 were	 discarded	 for	 the	 goal	 of	 this	 Chapter	

since	 it	was	not	possible	 to	achieve	proper	 cross‐linked	composites	 films	 for	 the	

later	mechanical	and	dielectrical	characterisation.	

In	 the	case	of	samples	containing	c‐MWNTs,	a	suitable	way	to	elucidate	 the	

role	 of	 these	 nanoparticles	 in	 the	 cross‐linking	 kinetics	 of	 both	 PDMS‐HV	 and	

PDMS‐LV	systems	is	studying	the	rheological	conversion	degree	β.	This	parameter	

reflects	the	kinetics	of	the	growing	cross‐links	over	time	and	can	be	defined	on	the	

basis	of	the	change	of	the	storage	modulus	G’	as	follows:	
	

0
∞ 0

	

	

(4.viii)

	

where	G’(0),	G’(∞)	and	G’(t)	 represent	 the	 initial,	 final	 and	 current	 values	 of	 the	

storage	modulus,	respectively,	during	the	chemical	LST.	Rheo‐kinetic	models	based	

on	the	evolution	of	β	vs	t	enable	to	follow	the	entire	process	of	network	formation.	

Indeed,	Malkin	 and	 Kulichikhin	 [Malkin	 and	 Kulichikhin	 1996]	 have	 proposed	 a	

general	 equation	 which	 contains	 a	 self‐accelerating	 term	 to	 monitor	 the	 cross‐

linking	process	in	heterogeneous	reactive	systems:	
	

1 1 	
	

(4.ix)	

	

where	 β	 is	 the	 rheological	 conversion	 degree	 at	 time	 t,	 k	 is	 the	 constant	 of	 the	

initial	reaction	rate,	c	is	the	self‐accelerating	term,	and	m	is	the	reaction	order.		

This	 rheo‐kinetic	 model	 has	 been	 applied	 to	 analyse	 the	 cross‐linking	

behaviour	 of	 a	 wide	 variety	 of	 thermoset	 materials,	 such	 as	 epoxy,	 melamine	

formaldehyde	and	carbamide	resins,	and	 low	molecular	silico‐organic	elastomers	

[Malkin	and	Kulichikhin	1996].	Although	equation	(4.ix)	should	only	agree	with	the	

experimental	data	after	the	point	of	gel	formation,	the	results	given	below	confirm	

its	validity	throughout	the	entire	chemical	LST.	The	integration	of	equation	4.ix	for	

a	first	order	reaction	is:	
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1
1

1 	

	

(4.x)	

	

The	 experimental	 and	 theoretical	 dependencies	 of	 the	 rheological	 conversion	

degree	with	the	time	are	compared	in	Figure	4.9.		

	

Figure	4.9.	 	Rheological	 conversion	degree	β	vs.	 cross‐linking	 time	 for	 c‐MWNTs	
in:	 (left)	PDMS‐HV	and	(right)	PDMS‐LV	system.	Experimental	 (dots)	
and	 theoretical	 (solid	 lines)	 data	 for	 a	 first	 order	 rheo‐kinetic	
expression	are	displayed.	

	

In	 both	 cases,	 the	 viability	 of	 fitting	 the	 experimental	 data	 to	 a	 first‐order	

rheo‐kinetic	 expression	 is	 confirmed	 by	 the	 correlation	 coefficients	 r2	 shown	 in	

Table	4.1.	For	c‐MWNTs/PDMS‐HV	samples,	 the	constant	k	 of	 the	 initial	 reaction	

rate	 has	 a	 tendency	 to	 regularly	 increase	 with	 increasing	 c‐MWNTs	 dispersion	

time,	while	 the	self‐accelerating	 term	c	does	not	 show	any	apparent	dependency	

on	 c‐MWNT	 dispersion	 degree	 and	 is	 only	 affected	 by	 its	 presence.	 This	 result	

supports	the	proposed	self‐acceleration	character	of	the	process	as	a	consequence	

of	 both	 the	 chemical	 and	 physical	 LST,	 being	 the	 latest	 a	 consequence	 of	 the	

formed	c‐MWNT	network.		

The	 presence	 of	 well‐dispersed	 c‐MWNTs	 and	 the	 associated	 initial	 “solid‐

like”	 behaviour	 results,	 somehow,	 in	 a	 regular	 acceleration	 of	 the	 cross‐linking	

process	and	thus,	a	more	rapid	approach	to	both	the	G’,	G’’	crossover	point	and	the	

post‐cure	 period.	 This	 fact	 is	 quite	 surprising	 if	 we	 consider	 the	 high	 values	 of	

viscosity	for	the	initial	suspensions.	The	change	in	the	physical	properties	(namely	

complex	viscosity	η*)	could	affect	the	diffusion	of	the	reactants	during	the	chemical	
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LST	 and,	 therefore,	 disrupt	 the	 cross‐linking	 reaction	 decreasing	 its	 conversion	

degree.	 The	 very	 high	 aspect	 ratio	 of	 nanoparticles	 can	 lead	 to	 a	 vast	 interfacial	

area	between	nanotubes	and	the	host	polymer,	thus	reducing	the	macromolecular	

chain	 mobility	 in	 the	 vicinity	 of	 the	 nanotubes	 for	 several	 radius	 of	 gyration	

[Ramanathan	et	al.	2005].		

In	 this	 case,	 the	 physical	 network	 formed	 in	 the	 initial	 suspensions	 has	

consequences	on	the	viscoelastic	properties	of	the	final	silicone	network.	Results	in	

Table	 4.2	 show	 that	 G’	 value	 at	 the	 post‐cure	 regimen	 gradually	 increases	 with	

increasing	the	dispersion	time	due	to	the	presence	of	isolated	c‐MWNTs	acting	as	

“effective	physical	cross‐links”.		

	

Table	4.1.	Rheo‐kinetic	parameters	associated	with	the	first‐order	equation.	

Sample	
Rheo‐kinetics	parameters	 Correlation	

coefficient	
k	 c	 r2	

PDMS‐HV	 4.72×10‐10	 0.17×109	 0.997	

c‐
M
W
N
T
s	 2h	 3.56×10‐7	 0.16×106	 0.998	

4h	 2.02×10‐6	 0.02×106	 0.995	

24h	 7.56×10‐5	 0.09×106	 0.995	

PDMS‐LV	 2.28	×10‐9	 0.12×109	 0.999	

c‐
M
W
N
T
s	 2h	 5.70×10‐9	 0.04×109	 0.993	

6h	 1.44×10‐9	 0.16×109	 0.989	

24h	 2.83×10‐9	 0.08×109	 0.989	

	

The	 increase	 of	 the	 G’	 value	 is	 also	 an	 indication	 of	 the	 increasing	 cross‐

linking	density	of	the	nanocomposites.	The	swelling	measurements	are	consistent	

with	 the	 observed	 viscoelastic	 behaviour	 of	 the	 cross‐linked	 samples,	 i.e.	 the	

longer	 the	 dispersion	 time	 used	 for	 the	 c‐MWNTs	 suspension,	 the	 lower	 the	

swelling	degree.	Such	behaviour	can	be	explained	by	the	decrease	in	the	molecular	

weight	between	cross‐links	Mc	due	to	the	c‐MWNT	“effective	physical	cross‐links”,	

which	 reduce	 the	 length	 between	 the	 chemical	 cross‐links,	 lower	 the	 swelling	

degree	of	the	elastomeric	matrix	and	enhance	the	elastic	resistance	to	the	swelling	

stress.	
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Table	4.2.		Values	of	G’	at	the	post‐cure	regimen	and	average	molecular	weight	of	
chains	 between	 cross‐links	 (Mc)	 for	 PDMS‐HV,	 PDMS‐LV	 and	 their	
composites.	

Sample	 G’	(Pa)	at	300	min Mc	(g/mol)	

PDMS‐HV	 159,000	 5,847	±	485	

c‐
M
W
N
T
s	 2h	 156,000	 4,578	±	371	

4h	 168,000	 4,603	±	346	

24h	 224,800	 4,082	±	105	

Sample	 G’	(Pa)	at	100	min Mc	(g/mol)	

PDMS‐LV	 52,000	 10,603		203

c‐
M
W
N
T
s	 2h	 59,200	 8,048		347	

6h	 73,600	 6,889		559	

24h	 76,000	 6,328		290	

	

4.3.2.2 Composite	characterisation	

The	 characteristic	 tensile	parameters	 for	 the	neat	polymers	 (PDMS‐HV	and	

PDMS‐LV)	 and	 for	 their	 c‐MWNTs	 composites	 are	 presented	 in	 Table	 4.3.	 The	

incorporation	of	 these	reinforcing	particles	 in	both	elastomeric	matrices	 leads	 to	

an	enhancement	of	the	tensile	stress	at	several	strains	(i.e.	 , 	, )	which	is	

even	more	noticeable	for	the	samples	treated	for	the	longest	dispersion	time,	thus	

confirming	 again	 the	 enhanced	 nanotube	 network	 developed	 as	 the	 dispersion	

time	 increases.	Meanwhile,	 the	elongation	at	break	values	 (eb)	have	been	slightly	

reduced	as	compared	with	neat	polymers.	

These	two	effects	confirm	the	reinforcing	effect	of	this	type	of	nanoparticles.	

Nevertheless,	in	the	case	of	samples	treated	for	the	shortest	dispersion	times,	the	

reduction	 in	 the	 eb	 may	 be	 ascribed	 to	 the	 presence	 of	 aggregates	 and	 poorer	

dispersion	 of	 the	 carbon	 nanotubes,	 as	 evidence	 by	 the	 SEM	 images	 of	 cryo‐

fractured	cross	sections	of	the	cross‐linked	composites	(Figure	4.10).	
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Table	4.3.	 Tensile	 stress	 	 at	 several	 strains	 and	 elongation	 at	 break	 (eb)	 for	
PDMS‐HV,	PDMS‐LV	and	their	composites.	

Sample	 	(MPa) 	(MPa) 	(MPa) eb	(%)	

PDMS‐HV	 0.24	±	0.03 0.44	±	0.05	 1.86	±	0,15	 624	±	12	
c‐
M
W
N
T
s	 2h	 0.25	±	0.05 0.50	±	0.08	 2.18	±	0,23	 556	±	48	

4h	 0.25	±	0.04 0.48	±	0.05	 2.12	±	0,27	 517	±	43	

24h	 0.25	±	0.04 0.51	±	0.08	 2.31	±	0,26	 528	±				4	

PDMS‐LV	 0.14	±	0.03 0.25	±	0.04	 1.25	±	0,13	 432	±				8	

c‐
M
W
N
T
s	 2h	 0.04	±0.01	 0.16	±	0.05	 0.93	±	0,61	 317	±	66	

6h	 0.24	±	0.05 0.49	±	0.12	 2.22	±0,15	 432	±				8	

24h	 0.25	±	0.03 0.49	±	0.06	 2.35	±	0,27	 383	±	12	

	

	

Figure	 4.10	 SEM	 micrographs	 for:	 (top)	 c‐MWNTs/PDMS‐HV,	 and	 (bottom)	 c‐
MWNTs/PDMS‐LV	composites.	

	

The	 majority	 of	 polymer	 matrices	 have	 low	 conductivity	 ( ≫ )	 and	

behave	 as	 a	 dielectric	 insulator.	 However,	 in	 the	 case	 of	 nanocomposites,	 the	

electrical	 properties	 depend	 primarily	 on	 the	 way	 the	 filler	 particles	 are	

distributed	through	the	polymer	matrix.	That	is,	at	low	levels	of	filler	content	and	if	

filler	particles	are	isolated	from	each	other	by	the	insulating	polymeric	matrix,	the	
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conductivity	 of	 the	 composite	 is	 equal	 or	 slightly	 higher	 than	 that	 of	 the	 base	

polymer.	As	the	concentration	or	the	dispersion	state	of	the	filler	is	improved,	the	

filler	particles	begin	to	contact	each	other	and	a	continuous	path	is	formed	through	

the	volume	of	 the	 sample	 [Connor	et	al.	 1998].	The	 formation	of	 this	 conductive	

network	 is	 based	 on	 the	 principles	 of	 percolation	 theory	 [Stauffer	 1985],	 which	

states	 that	 beyond	 a	 critical	 concentration	 of	 the	 filler,	 known	 as	 percolation	

threshold,	 an	 increase	 of	 the	 nanocomposite	 conductivity	 of	 several	 orders	 of	

magnitude	is	normally	observed.	

Figure	 4.11	 shows	 the	 dielectric	 permittivity	 of	 different	 c‐MWNTs	

dispersion	 states	 in	 the	 two	 PDMS	 systems	 employed.	 In	 the	 case	 of	 c‐

MWNTs/PDMS‐HV	composites,	 samples	previously	 treated	 for	4	and	24	h	have	a	

nearly	constant	 	value,	which	does	not	substantially	differ	from	that	of	the	neat	

polymer	 matrix.	 Meanwhile,	 the	 sample	 treated	 for	 2	 h	 shows	 a	 dispersive	

behaviour	 at	 low	 frequencies	 mainly	 due	 to	 the	 presence	 of	 c‐MWNTs	

agglomerates	 (see	 Figure	 4.10).	 This	 behaviour	 is	 also	 present	 in	 the	 case	 of	 c‐

MWNTs/PDMS‐LV	 system.	 At	 low	 frequencies,	 all	 samples	 show	 a	 strong	

dependence	of	 	with	the	frequency,	again	evidencing	a	conductive	behaviour	due	

to	the	presence	of	c‐MWNTs	agglomerates.		

	

Figure	4.11.	 Dielectric	 spectra	 of:	 (left)	 PDMS‐HV	 and	 (right)	 PDMS‐LV	 systems	
and	their	composites.	

	
The	 observations	 in	 Figure	 4.11	 are	 corroborated	 with	 the	 conductivity	

values	 of	 all	 samples	 displayed	 in	 Figure	 4.12.	 In	 a	 conducting	 composite,	 the	

conductivity	 	is	composed	of	two	terms:	
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(4.xi)	

where	 	 is	 the	direct	current	conductivity,	A	 is	a	constant	and	x	 is	an	exponent	

which	 describes	 the	 frequency	 dependence	 of	 .	 The	 term	 	 appears	 as	 a	

plateau	at	low	frequencies	in	dielectric	tests	[Hernández	et	al.	2012].		

	

Figure	4.12.	Conductivity	spectra	of:	(left)	PDMS‐HV	and	(right)	PDMS‐LV	systems	
and	their	composites.	

	

Both	 neat	 PDMS‐HV	 and	 PDMS‐LV	 systems	 present	 an	 insulator	 behaviour	

with	 the	 conductivity	 spectrum	 characterised	 by	 a	 linear	 dependence	 of	

conductivity	with	the	frequency	(exponent	x=1).	In	the	case	of	the	composites,	the	

previous	 transition	 from	 “liquid‐like”	 to	 “solid‐like”	 behaviour	 seen	 in	 the	

rheological	 measurements	 is	 here	 addressed	 with	 a	 change	 from	 “slight‐

conductive”	to	“insulating”	material.		

Both	types	of	composite	suspensions	with	a	previous	“liquid‐like”	rheological	

behaviour	 (namely	 c‐MWNTs/PDMS‐HV	 treated	 for	 2	 h	 and	 c‐MWNTs/PDMS‐LV	

treated	 for	 2,	 6	 and	 24	 h)	 show	 a	 slight	 plateau	 at	 low	 frequencies,	 indicating	 a	

modest	 effect	 on	 the	 overall	 conductivity	 due	 to	 the	 presence	 of	 c‐MWNTs	

agglomerates	 (Figure	 4.10).	 Meanwhile,	 composite	 suspensions	 with	 a	 previous	

“solid‐like”	 rheological	 behaviour	 (c‐MWNTs/PDMS‐HV	 treated	 for	 4	 and	 24	 h)	

show	a	 linear	dependence	of	conductivity	with	the	frequency,	 typical	of	 insulator	

materials	 that	 evidences	 the	 suitable	 of	 the	 dispersion	 protocol	 employed	 for	

breaking	the	filler	agglomerates.		

Although	c‐MWNTs/PDMS‐HV	samples	treated	for	4	and	24	h	have	reached	

the	rheological	percolation,	the	dielectric	measurements	do	not	show	evidences	of	
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electrical	percolation	due	to	the	low	concentration	of	h‐MWNTs.	This	discrepancy	

can	 be	 explained	 since,	 generally,	 the	 rheological	 percolation	 occurs	 at	 lower	

concentrations	 of	 filler	 than	 the	 electrical	 percolation	 as	 the	 former	 does	 not	

require	filler	to	filler	contacts	[Pötschke	et	al.	2004;	Bangarusampath	et	al.	2009].	

In	addition,	 this	 low	concentration	was	not	enough	for	 increasing	 	 in	the	above	

mentioned	samples.	Thus,	several	attempts	to	produce	suspensions	with	1.0	wt.%	

c‐MWNTs	were	 performed.	 However,	 the	 suspensions	 reached	 a	 tar	 consistency	

due	to	the	abrupt	increment	in	the	viscosity,	which	made	impossible	the	effective	

dispersion	of	the	nanotubes	in	both	PDMS	systems.	

	

4.4 Conclusions		

	

Rheological	 experiments	 have	 shown	 that	 both	 mixing	 conditions	 and	

polymer	 matrix	 molecular	 weight	 (i.e.	 viscosity)	 are	 key	 factors	 to	 separate	

effectively	the	carbon‐based	nanoparticles	aggregates/bundles.	The	morphology	of	

the	 nanoparticles	 employed	 also	 play	 a	 significant	 role	 in	 the	 dispersion	 degree	

since	 rod‐like	 nanoparticles	 (i.e.	 carbon	 nanotubes)	 can	 easily	 form	 network	

structures	 interpenetrating	 the	 polymer	 matrix	 as	 compared	 with	 sheet‐like	

nanoparticles	(i.e.	graphene	sheets).		

The	 enhanced	 dispersion	 degree	 in	 the	 case	 of	 c‐MWNTs	 has	 shown	 to	

directly	 influence	 the	 cross‐linking	 reaction.	 Thus,	 c‐MWNTs	 acting	 as	 “effective	

physical	cross‐links”	are	able	to	accelerate	the	chemical	cross‐linking,	giving	rise	to	

an	 increase	 in	 the	 cross‐linking	density	of	 the	 composite	 samples.	Meanwhile,	 in	

the	 case	 of	 both	 FGS/PDMS‐HV	 and	 FGS/PDMS‐LV	 composites,	 the	 cross‐linking	

reaction	is	somehow	affected	due	to	the	inhibition	and/or	poison	of	the	Pt	catalyst.	

This	 fact	 made	 impossible	 the	 development	 of	 composite	 films	 for	 the	 later	

mechanical	and	dielectric	characterisation	of	all	samples	containing	FGS.	

Both	mechanical	 and	 dielectric	 properties	 of	 composites	with	 c‐MWNTs	 as	

fillers	 have	 shown	 to	 be	 directly	 correlated	 with	 nanotubes	 dispersion	 state.	

Nevertheless,	the	desired	increase	in	the	dielectric	permittivity	value	has	not	been	

observed	 in	 these	 samples	 due	 to	 the	 low	 amount	 of	 nanotubes	 employed.	 The	
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increase	of	the	loading	fraction	has	been	hampered	by	the	increase	in	the	viscosity	

making	it	impossible	to	produce	homogeneous	dispersions	and	films.		

At	 this	 point,	 it	 is	worth	 noting	 that	 in	 parallel	 to	 the	 development	 of	 this	

chapter,	the	implementation	of	the	experimental	set‐up	necessary	for	the	electro‐

mechanical	 characterisation	of	 the	dielectric	 elastomers	was	being	 implemented.	

However,	 due	 to	 the	 problems	 encountered	 with	 both	 Liquid‐PDMS	 systems	

(namely	poisoning	of	the	Pt	catalyst	and	the	 impossibility	of	 the	 incorporation	of	

high	amounts	of	nanofillers),	their	use	as	actuators	was	discharged.	Consequently,	

a	Solid‐PDMS	system	was	chosen	as	 the	matrix	 for	 the	development	of	dielectric	

elastomers.	 The	 advantages	 of	 this	 type	 of	 silicone	 over	 the	 liquid‐PDMS	 grades	

will	be	stated	in	the	introduction	of	the	following	chapter	(Chapter	5).	
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Part	of	the	work	detailed	in	this	Chapter	has	been	published	in:	

‐ Nanoscale	Research	Letters,	Vol.	6,	pp.	508	(2011).	Highly	accessed	paper.	
‐ Journal	of	Materials	Chemistry,	Vol.	22,	pp.	24705‐24712	(2012).	
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5.1 Introduction		

	

On	 the	 basis	 of	 the	 results	 obtained	 in	 Chapter	 4,	 commercial	 solid‐grade	

polydimethylsiloxane	(PDMS)	cross‐linked	via	free	radical	polymerisation	has	here	

been	chosen	as	the	elastomer	matrix.	This	material	has	a	very	low	elastic	modulus	

and	very	high	strain	at	break	but	its	main	advantage	is	that	the	peroxide	catalysts	

employed	 in	 the	 cross‐linking	 process	 are	 not	 easily	 poisoned,	 contrary	 to	what	

happens	 with	 platinum	 catalysts	 in	 liquid‐PDMS.	 Moreover,	 it	 is	 generally	

composed	 of	 PDMS	 chains	 of	 high	 molecular	 weight	 and	 has	 a	 consistent,	

plasticine‐like	 appearance	 that	 facilitates	 the	 incorporation	 of	 large	 amounts	 of	

fillers	through	standard	procedures	in	two‐roll	mills.	As	in	the	case	of	liquid‐PDMS,	

the	 major	 disadvantage	 of	 solid‐PDMS	 is	 its	 low	 permittivity.	 Therefore,	 in	 this	

chapter,	 two	 different	 composite	 approaches	 will	 be	 investigated	 as	 a	means	 to	

increase	the	permittivity	of	the	solid‐PDMS	and,	thus,	the	actuation	performance	in	

terms	of	actuation	strain	per	electric	field	strength.		

‐ Conductive	 filler	 or	 sub‐percolative	 approach	 by	 the	 use	 of	 carbon‐based	

nanofillers.	As	already	mentioned	in	Chapter	4,	large	increases	in	the	dielectric	

permittivity	 value	 can	be	expected	 in	 the	vicinity	of	 the	percolation	 threshold	

[Stauffer	 1985].	 In	 this	 chapter,	 in‐house	 produced	 carbon	 nanotubes	 (h‐

MWNTs)	 and	 functionalised	 graphene	 sheets	 (FGS)	 were	 selected	 as	 the	

conductive	fillers.	It	is	worth	noting	that	h‐MWNTs	were	here	employed	instead	

of	 commercial	 carbon	 nanotubes	 given	 their	 superior	 conductivity,	 as	well	 as	

their	 aligned	 and	 no‐entangled	morphology	 (as	 detailed	 in	 Chapter	 3),	 which	

would	facilitate	their	dispersion	in	the	elastomeric	matrix.	Such	composites	are	

discussed	in	Section	5.3.2.	

‐ Dielectric	 filler	 approach	 by	 the	 use	 of	 a	 novel	 high	 dielectric	 permittivity	

ceramic	 such	 as	 calcium	 copper	 titanate	 (CCTO).	 This	 ceramic	 has	 recently	

shown	a	frequency	independent	giant	dielectric	constant	of	104	(DC	to	106	Hz)	

almost	independent	of	temperature	[Subramanian	et	al.	2000].	The	influence	of	

the	 different	 CCTO	 particles	 developed	 in	 Chapter	 3	 on	 the	 mechanical,	

dielectrical,	and	electro‐mechanical	properties	of	the	composites	are	assessed	in	

Section	5.3.3.	
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Additionally,	 in	this	chapter,	dielectric	elastomers	actuators	based	on	PDMS	

thin	 films	 will	 be	 developed	 using	 a	 circular	 planar	 configuration.	 Several	 key	

parameters	as	 the	 film	pre‐stretch	 ratio	 (λ)	as	well	 as	 the	electrode	conductivity	

will	 also	 be	 tuned	 up	 to	 select	 the	 best	 DE	 configuration	 in	 terms	 of	 actuation	

strain	and	response,	reproducibility	and	manufacturing	complexity.		

5.2 Materials	and	experimental	

5.2.1 Solid‐polydimethylsiloxane	system	

This	system	is	composed	of	a	commercial	polydimethylsiloxane	pre‐polymer,	

supplied	 by	 BlueStar	 Silicones	 (Rhodorsil	MF620U,	 hereafter	 denoted	 as	 PDMS).	

The	vulcanisation	of	 this	 silicone	 is	achieved	by	means	of	a	bi‐functional	organic	

peroxide	 (0.6%	of	2,5‐bis‐(tert‐butylperoxy)‐2,5‐dimethylhexane)	via	 free‐radical	

polymerisation	 mechanism	 at	 170	 C.	 Efficient	 cross‐linking	 of	 vinyl‐PDMS	 by	

organic	 peroxides	 is	 achieved	 via	 a	 free‐radical	 mechanism,	 which	 involves	 the	

steps	detailed	below.	The	first	step	is	the	generation	of	two	radicals	by	the	thermal	

decomposition	of	the	peroxide	employed	(I).	These	radicals	attack	the	unsaturated	

pendant	 groups	 (vinyls)	 in	 the	 polymer	 chain	 via	 addition	 reaction	 to	 generate	

polymer	 radicals.	 These	 radicals	 are	 quite	 reactive	 and	 they	 can	 add	 to	 another	

polymer	radical	to	form	covalent	carbon–carbon	cross‐links.	

	

I 2R	
	

(5.i)	

	

													2 ≡ Si CH ≡ Si CH Si ≡	
	

(5.ii)	

	

R CH CH Si ≡ R CH CH Si ≡	
	

(5.iii)	

	

R CH CH Si ≡ 	 	CH Si ≡ R CH Si ≡ ≡ Si CH 	
	

(5.iv)	

	

≡ Si CH 	CH CH Si ≡ ≡ Si CH CH CH Si	
	

(5.v)	

	

≡ Si CH CH Si ≡ 	 	CH Si ≡ ≡ Si CH Si ≡ ≡ Si CH 	
	

(5.vi)	

	

													2 ≡ Si CH ≡ Si CH Si ≡	
	

(5.vii)
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As	 a	 result,	 the	molecular	 chain	mobility	 is	 strongly	 affected	 by	 the	 cross‐

linking	 process,	 which	 can	 be	 followed	 with	 an	 oscillating‐disk	 rheometer	 by	

measuring	 the	 increase	 of	 the	 torque	 required	 to	maintain	 a	 given	 amplitude	 of	

oscillation	at	a	constant	temperature.	This	increase	in	torque	during	vulcanisation	

is	proportional	to	the	number	of	cross‐links	formed	per	unit	of	volume	of	rubber.	

The	vulcanisation	curves	can	be	 followed	with	a	Rubber	Process	Analyzer	(RPA),	

which	measures	in	a	continuous	way	the	dynamic	shear	modulus	of	a	heated	test	

specimen	 as	 a	 function	 of	 vulcanisation	 time.	 In	 a	 typical	 vulcanisation	 curve	

obtained	with	RPA	technique,	the	torque	is	automatically	plotted	versus	time	as	it	

is	schematically	shown	in	Figure	5.1.	

	

Figure	5.1.	Schematic	representation	of	a	typical	curing	curve	in	a	Rubber	Process	
Analyzer	(RPA).	

	

From	this	curve,	 the	 following	vulcanisation	characteristics/parameters	can	

directly	be	determined:	

‐ Scorch	Time	 :	 it	 is	 the	time	required	 for	 the	 torque	value	 to	 increase	by	2	

units	over	the	minimum.	It	indicates	the	time	available	before	the	beginning	of	

the	 process	 of	 vulcanisation	 and	 provides	 a	 good	 assessment	 of	 the	 safety	

processing	time	of	a	rubber	material.	

‐ Optimum	Cure	Time	 :	it	is	the	time	at	which	90%	of	the	torque	is	reached.	It	

is	 a	 useful	 estimate	 of	 the	 overall	 cure	 rate	 at	 a	 given	 temperature,	 since	

overheating	 of	 the	 materials	 could	 lead	 to	 the	 rubber	 stiffening	 (marching	
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modulus),	 or	 softening	 (reversion	 process.).	 In	 the	 first	 case,	 the	 rubber	

continues	 to	 harden	 and	 the	 modulus	 rises,	 while	 in	 the	 second	 case,	 the	

modulus	and	tensile	strength	values	decrease.	Reversion	is	often	seen	in	Natural	

Rubber	 (NR)	 cured	 at	 high	 temperatures	 with	 sulphur	 while	 many	 Synthetic	

Rubbers	(SR)	cured	at	high	temperatures	show	signs	of	marching	modulus.	

‐ Cure	Rate	Index	(CRI):	 it	is	a	direct	measure	of	the	fast	curing	nature	of	rubber	

compounds	and	can	be	calculated	using	the	following	expression:	
	

100
	

	

(5.viii)	

	

‐ Minimum	Torque	Value	 :	it	represents	an	index	of	rubber	viscosity	and	can	

be	related	to	the	extent	of	mastication.	

‐ Maximum	Torque	Value	 :	 it	 represents	 the	highest	 level	 of	 cross‐linking	

possible	at	a	given	vulcanisation	temperature.	

‐ Delta	 Torque	 ∆ :	 	 it	 is	 the	 difference	 between	 the	maximum	

and	 the	minimum	 torque	 and	 can	 be	 related	 to	 the	 cross‐linking	 density	 of	 a	

vulcanisate.		

5.2.2 High	dielectric	constant	fillers	

For	 the	 development	 of	 Chapter	 5,	 the	 feasibility	 of	 two	 different	 types	 of	

materials	as	high	dielectric	permittivity	fillers	has	been	evaluated:	

‐ Conductive	 carbon‐based	 nanoparticles:	 in‐house	 produced	 multiwall	 carbon	

nanotubes	(h‐MWNTs)	and	functionalised	graphene	sheets	(FGS).	

‐ High	dielectric	constant	ceramic:	calcium	copper	titanate	CaCu3Ti4O12	(CCTO).	

The	synthesis	and	characterisation	of	these	fillers	were	thoroughly	reported	

in	Chapter	3.	

5.2.3 Composite	preparation	and	characterisation	

Composites	of	PDMS	were	prepared	at	room	temperature	in	an	open	two‐roll	

laboratory	mill	(speed	ratio	of	1:1.4).		

The	vulcanisation	kinetics	of	PDMS	and	its	composites	was	followed	at	170	C	

by	 means	 of	 a	 rubber	 process	 analyser	 (RPA2000	 Alpha	 Technologies)	 at	 a	

deformation	of	6.98%,	with	an	oscillation	rate	of	1.667	Hz.	After	that,	all	samples	

were	 vulcanised	 at	 the	 same	 temperature	 and	 200	 bar	 in	 an	 electrically	 heated	
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hydraulic	press	using	the	optimum	cure	time	 	deduced	from	the	curing	curves	

previously	determined.	

Stress‐strain	 measurements	 were	 performed	 on	 a	 tensile	 test	 machine	

(Instron	 3366	 dynamometer)	 at	 23	 C.	 Dog	 bone	 shaped	 specimens	 were	

mechanically	cut	out	from	the	cross‐linked	samples	with	thickness	around	0.5	mm.	

The	 tensile	 tests	were	 carried	 out	 at	 a	 cross‐head	 speed	 of	 200	mm/min	with	 a	

distance	 between	 clamps	 of	 2.0	 mm.	 The	 elongation	 during	 each	 test	 was	

determined	by	optical	measurement	(video	extensometer)	of	 the	displacement	of	

two	marker	points	placed	along	the	waist	of	the	tensile	test	sample.	An	average	of	

five	measurements	for	each	sample	was	recorded.	

Broadband	 dielectric	 spectroscopy	 was	 performed	 on	 an	 ALPHA	 high‐

resolution	dielectric	analyser	(Novocontrol	Technologies).	Cross‐linked	films	of	20	

mm	in	diameter	were	held	 in	 the	dielectric	cell	between	two	parallel	gold‐plated	

electrodes.	The	thickness	of	the	films	(around	100	μm)	was	taken	as	the	distance	

between	the	electrodes	and	determined	using	a	micrometer	gauge.	The	dielectric	

response	of	each	sample	was	assessed	by	measuring	the	complex	permittivity	and	

conductivity	 over	 a	 frequency	 range	 window	 of	 10‐1−107	 Hz	 at	 23	 °C	 with	 an	

applied	voltage	amplitude	of	1	V.	

Cryo‐fractured	 cross‐sections	 of	 the	 vulcanised	 composites	were	 examined	

by	 Scanning	 Electron	 Microscopy	 (ESEM	 XL30	 Model,	 Philips).	 Samples	 were	

sputter‐coated	with	a	thin	layer	of	3–4	nm	of	gold/palladium	lead	prior	to	imaging.	

5.2.4 Dielectric	 elastomer	 actuator:	 design,	 electro‐mechanical	 performance	 and	

data	analysis	

Electro‐mechanical	 properties	 were	 studied	 using	 a	 planar	 actuator	

configuration.	 This	 class	 of	 configuration	 provides	 good	 mechanical	 energy	

conversion,	 although	 it	 is	 quite	 sensitive	 to	 localise	 failure	modes	 such	 as	 stress	

concentrations	[Pei	et	al.	2004;	Plante	et	al.	2005].	Nevertheless,	this	effect	can	be	

minimised	using	a	model	actuator	consisting	of	a	small	conductive	circle	located	in	

the	centre	of	a	pre‐stretched	film	[Plante	and	Dubowsky	2006a].		

In	this	work,	vulcanised	rectangular	thin	films	were	bi‐axially	pre‐stretched	

and	 thereafter	 fixed	 to	 a	 supporting	 hard	 plastic	 frame	 to	 prevent	 any	 issues	

related	 to	 wrinkling	 and	 pull‐in	 effects.	 Compliant	 circular	 electrodes	 (6	 mm	



Chapter5	

	 136	

diameter)	 were	 sprayed	 on	 each	 side	 of	 the	 film	 using	 a	 suspension	 of	 natural	

graphite	powder	(purum	powder	≤	0.1	mm,	Fluka)	in	ethanol	and	leaving	a	2	cm	

free	area	near	the	edges	to	prevent	arcing.	Thin	aluminium	stripes	were	then	glued	

with	silver	paint	to	conductive	paths,	in	order	to	ensure	electrical	connection	with	

the	high	voltage	supply	(SL30PN600	model,	Spellman	Corp.).		

	

Figure	5.2	Schematic	view	of	the	actuator	configuration	employed	for	the	electro‐
mechanical	tests,	where	Ri	and	Rf	correspond	to	the	electrode	radius	at	
initial	and	final	state.		

	
Actuator	 performance	 tests	 were	 carried	 out	 applying	 an	 increasing	 ramp	

voltage	 (steps	 of	 500	 volts)	 until	 the	 electrical	 breakdown	 was	 observed.	 Each	

voltage	step	was	applied	for	60	seconds	and	was	turned	off	immediately	after.	The	

actuator	 was	 then	 allowed	 to	 relax	 and	 recover	 its	 initial	 state	 for	 other	 60	

seconds.	 The	 actuation	 strain	 was	 optically	 measured	with	 a	 digital	 microscope	

using	a	custom	data	acquisition	program	created	with	LabView	software	(National	

Instruments).	This	customised	software	detects	the	edge	of	the	electrode	area	and	

gives	exact	measurements	of	its	radius	from	where	the	percentages	of	the	relative	

actuated	 strain	 area	 	 as	 a	 function	 of	 the	 nominal	 electric	 field	 applied	were	

calculated	using	the	following	equation:	
	

%	 	 ∗ 100 ∗ 100 1 ∗ 100	

	

(5.ix)	
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Under	 Maxwell	 pressure,	 the	 expanding	 circle’s	 radius	 increases	 from	 	

(radius	 value	 when	 no	 voltage	 is	 applied)	 to	 	 at	 each	 voltage	 step.	 This	

calculation	leads	to	the	typical	electro‐mechanical	performance	curve,	as	is	shown	

in	Figure	5.3.	To	conclude	the	analysis	it	is	necessary	to	average	the	range	of	values	

recorded	for	each	plateau	at	every	applied	voltage.	

	

Figure	5.3.	 Typical	 electro‐mechanical	 curve	 after	 analysis	 of	 the	 data	 obtained	
with	LabView‐based	software.	

	

5.3 Results	and	discussion	

5.3.1 Influence	of	actuator	design	on	the	electro‐mechanical	response	

5.3.1.1 Influence	of	the	pre‐stretching	degree		

As	 explained	 in	 Chapter	 2,	 the	 actuation	 performance	 is	 defined	 by	 the	

electrostatic	pressure	according	to	equation	(5.x).		
	

	
	

(5.x)	

	

where	 	is	the	dielectric	permittivity	of	the	free	space,	 	is	the	voltage	applied,	 ,	

	 and	 	 are	 the	 thickness,	 relative	 permittivity	 and	 Young’s	 modulus	 of	 the	

dielectric	material,	 respectively.	 From	 the	 previous	 equation,	 a	 reduction	 in	 the	

elastomer	thickness	should	increase	the	transversal	deformation	 .	This	reduction	

of	 the	 thickness	 has	 been	 pursued	 through	 a	 pre‐stretching	 of	 the	 membrane,	
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which	has	been	shown	to	improve	the	actuation	performance	of	DEs	[Pelrine	et	al.	

2000b].	However,	the	mechanism	underlying	this	improvement	is	not	yet	entirely	

understood.	 The	 initial	 studies	 to	 clarify	 this	 issue	 ascribed	 it	 to	 changes	 in	 the	

dielectric	permittivity	with	pre‐stretch	ratio.	In	this	sense,	Kofod	et	al.	[Kofod	et	al.	

2003]	reported	that	the	dielectric	permittivity	of	acrylic	VHB4910	film	(measured	

with	 a	 dielectric	 analyser)	 was	 only	 slightly	 modified	 (from	 4.7	 to	 4.5)	

with	pre‐stretch	 ratios	higher	 than	 6.	Nevertheless,	 a	 different	 study	 showed	

that	 the	VHB	dielectric	permittivity	 (measured	with	an	LCR	meter)	 can	decrease	

from	 its	 nominal	 value	 of	 4.7	 to	 2.6	 at	 a	 pre‐stretch	 of	 ratio	 of	 5	

[Wissler	and	Mazza	2007].	This	conflicting	information	as	to	whether	the	dielectric	

permittivity	of	the	VHB	materials	depends	or	not	on	pre‐stretching	degree	has	led	

to	 the	 search	 for	 alternative	 explanations.	 Several	 authors	 [Choi	 et	 al.	 2005a;	

Plante	and	Dubowsky	2006a;	Kofod	2008]	and	more	recently	Liu	et	al.	 [Liu	et	al.	

2012]	 have	 demonstrated	 that	 the	 improvement	 on	 the	 actuation	 performance	

with	pre‐stretch	ratio	is	related	to	the	suppression	of	a	failure	mechanism	known	

as	pull‐in	 instability.	 Further	 studies	have	 also	 evidenced	 that	 the	pre‐stretching	

increases	the	dielectric	strength	or	breakdown	field	[Kofod	et	al.	2003;	Plante	and	

Dubowsky	2006a;	Jordi	et	al.	2011].	Therefore,	nowadays,	it	is	accepted	that,	in	the	

case	of	VHB	4910	membranes,	any	improvement	in	the	actuation	performance	as	a	

function	of	 the	pre‐stretch	ratio	are	mainly	attributed	to	both	the	suppression	of	

the	 pull‐in	 instability	 together	 with	 the	 increase	 in	 the	 elastomer	 dielectric	

breakdown	strength.	

All	 these	 theoretical	 and	 experimental	 studies	 have	 mainly	 focused	 on	 an	

acrylic	 membrane	 and	 cannot	 be	 directly	 extrapolated	 to	 other	 DE,	 as	 recently	

shown	by	Akbari	et	al.	[Akbari	et	al.	2013].	These	authors	have	shown	that	in	the	

case	 of	 PDMS	 elastomers,	 it	 is	 more	 effective	 to	 develop	 a	 thinner	 membrane	

rather	 than	 a	 highly	 pre‐stretched	 one.	 Moreover,	 they	 have	 also	 shown	 the	

existence	 of	 an	 optimum	pre‐stretch	 ratio	 that	 suppresses	 the	 pull‐in	 instability.	

Further	 stretching	 above	 this	 optimum	 value,	 only	 stiffens	 the	 elastomer	

increasing	the	actuation	voltage	necessary	to	achieve	certain	actuation	strain,	thus	

decreasing	the	electro‐mechanical	performance.	

In	this	section,	the	influence	of	three	different	equi‐biaxial	 	pre‐

stretch	 ratios	 ( 1.25,	1.5	and	2.0)	on	 the	actuation	performance	of	neat	PDMS	
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has	been	assessed	as	an	attempt	to	clarify	 the	role	of	 the	pre‐stretch	ratio	 in	our	

system.		

For	 that	 purpose,	 neat	 PDMS	 films	 (200	 µm	 thickness)	 with	 the	 proper	

dimensions	 have	 been	 supported	 over	 a	 hard	 plastic	 frame	 with	 4×4	 cm	

dimensions.	 Generally,	 high	 stretch	 ratios	 in	 elastomeric	 films	 lead	 to	 slippage	

problems.	 The	 resulting	 thicknesses	 after	 the	pre‐stretching	were	measured	 and	

compared	 with	 the	 thickness	 calculated	 by	 the	 constant	 volume	 assumption	 to	

verify	that	the	final	stretches	were	valid.	As	shown	in	Table	5.1,	the	experimental	

thickness	is	slightly	higher	than	the	theoretical	value.	This	issue	can	be	ascribed	to	

the	 differences	 observed	 between	 the	 theoretical	 thickness	 used	 in	 the	 constant	

volume	calculation	(200	µm)	and	the	obtained	thicknesses	of	the	vulcanised	PDMS	

membranes.	Nevertheless,	 the	 experimental	 data	 agree	 reasonably	well	with	 the	

theoretical	 value	 and,	 thus,	 the	 stretching	 technique	 employed	 in	 this	work	was	

validated	for	the	scope	of	this	section.		

	

Table	5.1.	Theoretical	and	experimental	thickness	values	of	PDMS	membrane	at	
different	equi‐biaxial	pre‐stretch	ratios	 .	

Pre‐stretch	
ratio	( )	

Pre‐stretch	
degree	(%)	

Theoretical	
thickness	(µm)	

Experimental	
thickness	(µm)	

1.0	 				0	 200	 239.1		12	
		1.25	 		25	 128	 133.1		5.9	
1.5	 		50	 			98	 107.6		7.5	
2.0	 100	 			50	 			63.3		6.2	

	

The	 electro‐mechanical	 performance	 as	 a	 function	 of	 the	 PDMS	 pre‐stretch	

ratios	was	monitored	at	 increasing	 ramp	voltage	until	 electrical	breakdown.	 It	 is	

worth	mentioning	 that	 in	 the	 case	 of	 non	 pre‐stretched	 PDMS	 films	 none	 of	 the	

samples	 suffered	 from	 electrical	 breakdown	 at	 9.0	 kV,	 which	 was	 kept	 as	 the	

voltage	limit	for	safety	reasons.		

Figure	 5.4	 evidences	 that	 the	 pre‐stretching	 strategy	 is	 an	 effective	 tool	 to	

enhance	 the	 electro‐mechanical	 response	of	PDMS	membranes.	All	 pre‐stretched	

samples	show	an	improved	electro‐mechanical	performance	as	compared	with	non	

pre‐stretched	PDMS.	Indeed,	when	applying	4	kV,	the	actuation	strain	of	the	PDMS	

actuators	increases	from	1.3%	for	non	stretched	membranes	up	to	21%	for	100%	
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pre‐stretched	 films.	Moreover,	 the	pre‐stretch	ratio	of	 2.0	displays	the	 lowest	

voltage	for	any	actuation	strain.	That	is,	for	example,	for	a	given	actuation	strain	of	

5%,	 2.0	 sample	 needs	 an	 applied	 voltage	 of	 2.0	 kV	while	 the	 1.0	 sample	

needs	 a	 voltage	 four	 times	 higher.	 Nevertheless,	 the	maximum	 electrical	 voltage	

that	can	withstand	all	the	pre‐stretched	samples	is	greatly	reduced	as	compared	to	

non	pre‐stretched	PDMS	due	to	their	thinner	thicknesses.	

	

Figure	5.4.	 Electro‐mechanical	 behaviour	 of	 a	 200	 µm	 thick	 PDMS	 at	 different	
biaxial	pre‐stretch	ratios	( ).	

	

The	 electro‐mechanical	 behaviour	 of	 different	 materials	 is	 commonly	

compared	by	normalising	the	applied	voltage	by	the	thickness	of	the	pre‐stretched	

film,	i.e.	the	actuation	performance	is	given	by	the	actuation	strain	as	a	function	of	

the	 nominal	 electric	 field	 E	 (V/µm).	 This	 plot	 (Figure	 5.5)	 provides	 a	

straightforward	 comparison	 of	 the	 actuation	 performance	 of	 the	 films,	 since	 it	

leaves	out	the	effect	of	the	pre‐stretch	ratio,	while	maintaining	the	differences	on	

the	electrical	breakdown	field’s	values.	

PDMS	 samples	with	 1.0,	 1.25	 and	 1.5	 show	 the	 same	behaviour,	

while	the	sample	with	the	highest	pre‐stretch	ratio	displays	a	slight	decrease	in	the	

actuation	 strain	 at	 high	 electric	 fields,	 which	 is	 particularly	 evident	 for	 E	 >	 35	

V/µm.	Highly	pre‐stretched	samples	posses	higher	elastic	modulus	than	non	pre‐

stretched	 samples	 which	 decreases	 the	 electro‐mechanical	 deformation	 of	 the	

material	and,	besides,	as	the	actuated	area	increases	with	increasing	electric	field,	

it	 experiences	 higher	 stress	 from	 the	 surrounding	 non‐actuated	 or	 passive	 area.	
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From	a	given	actuation	strain	on,	this	stress	starts	to	be	high	enough	to	counteract	

the	Maxwell	pressure	reducing	the	actuation	performance	of	the	active	area	as	in	

the	case	of	PDMS	actuators	with	 2.0.		

Finally,	 the	 electrical	 breakdown	 field	 values	 are	 shown	 in	 Table	 5.2.	 The	

membranes	 with	 the	 highest	 pre‐stretch	 ratio	 display	 the	 highest	 values	 due	 to	

their	thinner	thickness.	

	

Figure	5.5.	 Actuation	 strain	 as	 a	 function	 of	 the	nominal	 electric	 field	 for	 PDMS	
films	subjected	to	different	pre‐stretch	ratios	( ).	

	

Table	5.2.	 Electrical	 breakdown	 field	 values	 for	 PDMS	 films	 with	 different	 pre‐
stretch	ratios	( ).	

Pre‐stretch	ratio	 	 Breakdown	field	Eb	(V/µm)	

		1.25		 46.2		4.4	
1.5		 55.9		1.3	
2.0		 71.0		3.2	

	

In	 summary,	 PDMS	 films	with	 2.0	 show	 the	 largest	 enhancement	 in	 the	

DEAs	 performance	 in	 terms	 of	 actuation	 strain	 and	 breakdown	 field	 value.	

However,	the	lower	stretch‐ability	of	the	subsequent	composites	hindered	the	use	

of	this	pre‐stretch	ratio	since	it	resulted	in	membrane	ruptures.	Thus,	for	practical	

reasons,	a	pre‐stretch	ratio	of	 1.5	had	to	be	chosen	as	the	standard	protocol	for	
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the	electro‐mechanical	tests.	This	pre‐stretch	ratio	is	enough	to	suppress	the	pull‐

in	instability	and	enhance	the	electro‐mechanical	performance.	

5.3.1.2 Influence	of	the	electrode	conductivity	

Identifying	 a	 suitable	 compliant	 electrode	 is	 also	 a	 key	 factor	 in	 achieving	

good	DEA	performances.	As	stated	by	Pelrine	et	al.	[Pelrine	et	al.	1998]:	

	
“The	ideal	electrode	would	be	highly	conductive,	perfectly	compliant	and	

patternable,	and	could	be	made	thin	relative	to	the	polymer	thickness”	

	
A	 number	 of	 electrode	 materials	 have	 recently	 been	 explored	 [Rosset	 and	

Shea	2013],	 although	 the	most	widely	used	are	 carbon‐based	electrodes,	namely	

carbon	 grease,	 carbon	 powders	 and	 carbon/rubber	 composites.	 Among	 them,	

carbon	 powders	 are	 of	 particular	 interest	 since	 they	 are	 not	 likely	 to	 alter	 the	

softness	of	the	elastomeric	film	on	which	they	are	applied	due	to	their	low	stiffness	

[Carpi	et	al.	 2003a].	Although	 carbon‐based	 electrodes	usually	 present	 relatively	

high	electrical	resistance,	the	fact	that	DEAs	are	electrostatic	devices	enables	them	

to	tolerate	electrodes	with	much	higher	surface	resistance	than	in	the	case	of	other	

types	of	 flexible	electronics.	Nevertheless,	a	good	conductivity	 is	needed	 for	high	

speed	operation	and	actuation	response.		

The	main	objective	of	this	section	is	to	select	the	appropriate	conductivity	of	

the	compliant	electrodes.	Natural	graphite	(NG)	powder	and	“in‐house”	produced	

made	multiwall	carbon	nanotubes	(h‐MWNTs)	are	evaluated	with	respect	to	their	

conductivity,	 in	 order	 to	 achieve	 a	 balanced	 compromise	 between	 the	 actuation	

strain	and	both	actuation	and	relaxation	response	for	a	given	electric	field.	

Ethanol	suspensions	of	NG	(Fluka)	(2	mg/ml)	and	h‐MWNTs	(1	mg/ml)	were	

sonicated	for	30	min	h‐MWNTs	were	subsequently	centrifugated	at	3000	rpm	for	

15	 min	 to	 discard	 possible	 agglomerates.	 The	 supernatant	 liquid	 was	 further	

sonicated	for	30	min.		

Planar	actuators	were	performed	as	described	 in	Section	5.2.4,	using	PDMS	

membranes	of	200	µm	thickness	with	a	pre‐stretch	ratio	of	 1.5.	A	shadow	mask	

with	 a	 circular	 area	 of	 6	mm	 diameter	 was	 placed	 on	 the	 opposite	 faces	 of	 the	

membrane	 to	 selectively	 expose	 the	 surface	 to	 be	 coated	 with	 the	 conductive	

material.	Both	 types	of	 carbon	suspensions	were	 then	sprayed	using	an	airbrush	
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on	 the	 two	opposite	 circular	 areas.	 The	 electrode	 thickness	was	monitored	until	

the	 electrical	 resistance	 of	 the	 film	 surface	was	 100	 kΩ	 and	 1	 kΩ	 for	NG	 and	 h‐

MWNTs,	respectively.	The	PDMS	adhesiveness	kept	both	types	of	particles	stuck	to	

the	membranes.	At	this	point	it	is	worth	mentioning	that	the	lower	conductivity	of	

NG	 as	 compared	 with	 h‐MWNTs	 made	 not	 possible	 to	 achieve	 electrodes	 with	

surface	resistance	below	100	kΩ.	In	the	case	of	h‐MWNTs,	electrodes	with	surface	

resistance	 of	 about	 100	 kΩ	were	 successfully	 achieved.	Nevertheless,	 due	 to	 the	

low	 amount	 of	 h‐MWNTs	 necessary,	 the	 electrodes	 developed	 were	 quasi‐

transparent	which	hinder	their	proper	study	with	the	LabView	software.		

SEM	 images	 of	 both	 types	 of	 electrodes	 are	 shown	 in	 Figure	 5.6.	 Both	

particles	 are	 uniformly	 sprayed	 over	 the	 entire	 circular	 area,	 although	 the	 NG	

electrodes	 show	 a	 superior	 uniformity	 with	 a	 more	 homogeneous	 particle	

distribution.	Electrodes	with	h‐MWNTs	show	the	presence	of	small	agglomerates	

in	spite	of	the	centrifugation	protocol.	

	

Figure	5.6.	SEM	images	of:	(left)	top	and	(right)	cross‐section	surfaces	of	(top)	NG	
and	(bottom)	h‐MWNTs	electrodes.		

	
The	 effect	 of	 the	 electrode	 conductivity	 on	 the	 electro‐mechanical	

performance	 was	 studied	 using	 the	 increasing	 ramp	 voltage	 protocol.	 The	

actuation	strain	response	as	a	function	of	the	nominal	electric	field	for	both	NG	and	
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h‐MWNTs	electrodes	up	 to	electrical	breakdown	are	shown	 in	Figure	5.7.	The	h‐

MWNTs	 electrodes	 have	 a	 higher	 actuation	 strain	 values	 compared	 with	 NG	

electrodes	due	to	their	higher	conductivity	and,	hence,	a	higher	generation	of	the	

electrostatic	 forces.	 In	 fact,	 DEAs	 with	 h‐MWNTs	 electrodes	 display	 doubled	

actuation	 strains	 in	 the	 entire	 nominal	 electric	 field	 range.	 Nevertheless,	 their	

electrical	breakdown	field	value	is	lower	(Eb=39.7		3.1	V/µm)	than	that	of	the	NG	

electrode	samples	(Eb=55.9	1.3	V/µm).	This	early	breakdown	could	be	ascribed	to	

the	non‐homogenous	nanotube	distribution,	which	 can	 lead	 to	non‐uniform	 field	

distributions	and	localised	high	voltages	that	provoke	the	actuator	failure.		

	

Figure	 5.7.	 Actuation	 strain	 as	 a	 function	 of	 the	 nominal	 electrical	 field	 for	
compliant	electrodes	made	of	NG	and	h‐MWNTs.	

	
Actuation	 and	 relaxation	 times	 of	 both	 types	 of	 electrodes	 were	 also	

measured	of	at	 least	 three	 independent	actuators	at	 low	nominal	electrical	 fields	

(see	 Figure	 5.8).	 These	 two	 parameters	 provide	 information	 on	 the	 device	

resilience	and	response	speed	to	the	application	and	removal	of	the	electric	field.	

As	shown	in	Table	5.3,	at	10	V/µm,	h‐MWNTs	electrodes	provide	a	faster	electro‐

mechanical	 response	 than	 natural	 graphite	 electrodes.	 Although	 h‐MWNTs	

electrodes	 show	 an	 enhanced	 electro‐mechanical	 response	 in	 terms	 of	 actuation	

strain	and	response	values,	NG	electrodes	provide	the	best	route	to	achieve	robust	

DEAs	 with	 a	 high	 breakdown	 field.	 Hence,	 NG	 electrodes	 are	 selected	 for	 the	
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development	 of	 the	 DEA	 composites	 since	 they	 present	 a	 balanced	 compromise	

between	the	DEA	performance	and	its	complexity	and	scalability.	

	

Figure	5.8.	Actuation	and	relaxation	response	of	the	DEAs	with	electrodes	made	of	
NG	and	h‐MWNTs	at	an	electric	field	E=10	V/µm.	

	
Table	5.3.	Electro‐mechanical	response	of	NG	and	h‐MWNTs	electrodes.	

Electrode	 Actuation	Time	(s) Relaxation	Time	(s)	

NG	 2.44		0.51	 3.23		0.42	
h‐MWNTs	 1.55		0.34	 2.77		0.57	

	

5.3.2 Sub‐percolative	 approach.	 Conductive	 filler−based	 composites	 for	 DEA	

applications	

5.3.2.1 Composite	characterisation		

PDMS	composites	containing	0.5,	1.0	and	2.0	wt%	of	h‐MWNTs	and	FGS	were	

prepared	at	room	temperature	in	an	open	two‐roll	laboratory	mill.		

The	vulcanisation	kinetics	was	measured	by	an	oscillating	disk	curemeter	at	

170	°C.	Figure	5.9	shows	the	vulcanisation	curves	of	neat	PDMS	and	its	composites	

for	 different	 h‐MWNTs	 and	 FGS	 concentrations.	 The	 curing	 parameters	 deduced	

from	 the	 curves	 and	 expressed	 in	 terms	 of	 the	 scorch	 time	 ,	 optimum	 cure	

time	 ,	 the	 minimum	 and	 maximum	 values	 of	 the	 torque	 ( 	 and	 	

respectively),	 the	 torque	difference	(∆ )	and	cure	rate	 index	(CRI)	

are	compiled	in	Table	5.4.	
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The	 filler	 loading	 and	 nature	markedly	 affected	 the	 torque	 of	 the	 systems.	

Thus,	h‐MWNTs/PDMS	samples	showed	a	slight	 increase	in	the	maximum	torque	

	as	a	function	of	filler	content	and	a	slight	decrease	in	the	 .	Meanwhile,	the	

addition	of	FGS	dramatically	increased	 	which	is	a	direct	indication	of	a	higher	

cross‐linking	density	 [Sae‐oui	et	al.	 2007]	while	no	 clear	 tendency	was	observed	

regarding	the	 .	From	the	data	presented	in	Table	5.4,	it	can	be	seen	that	the	 ,	

which	is	the	measurement	of	a	premature	vulcanisation	of	an	elastomer,	shows	a	

reduction	after	the	addition	of	any	carbon	based	nanofiller,	being	this	effect	more	

evident	when	FGS	is	used	as	nanofiller.	The	incorporation	of	FGS	could	introduce	

mechanical	 constraints	 (restriction	 of	 the	 mobility	 and	 deformability	 of	 the	

elastomeric	matrix)	as	a	result	of	an	improved	FGS/PDMS	adhesion.		

	

Figure	5.9.	Vulcanisation	curves	of	the	composite	cross‐linking	process	at	170	C	
of:	 (left)	 h‐MWNTs/PDMS	 and	 (right)	 FGS/PDMS	 composites	 with	
different	loading	fractions.	

	

Table	5.4.	Cross‐linking	parameters	of	PDMS	and	its	composites.	

Sample	 	
(min)	

	
(min)	

	
(dNm)	

	
(dNm)	

	
(dNm)	

CRI	
(min‐1)	

PDMS	 	 1.06	 3.22	 3.44	 0.18	 3.26	 46.29	

h‐MWNTs	
(wt.%)	

0.5	
1.0	
2.0	

1.02	
0.96	
0.85	

2.78
2.67	
2.45	

3.66
3.91	
4.25	

0.21
0.23	
0.28	

3.45	
3.68	
3.97	

56.82
58.47	
62.50	

FGS		
(wt.%)	

0.5	
1.0	
2.0	

1.02	
0.85	
0.74	

2.78
2.89	
3.00	

5.14
5.41	
8.29	

0.31
0.12	
0.68	

4.83	
5.29	
7.61	

56.82
49.02	
44.25	

	

As	 explained	 in	 Chapter	 2,	 the	 electro‐mechanical	 behaviour	 of	 dielectric	

elastomers	is	determined	by	both	their	dielectric	properties	and	their	mechanical	
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properties.	 Therefore,	 uniaxial	 tensile	 tests	were	performed	 in	 order	 to	 evaluate	

the	mechanical	performance	of	the	composites.	The	influence	of	the	carbon‐based	

nanoparticles	on	the	mechanical	properties	is	shown	in	Table	5.5.	

	

Table	5.5.	 Tensile	 stress	values	 	 at	different	 strains	 (50,	100	and	300%)	and	
elongation	at	break	(eb)	for	silicone	and	its	composites.	

Sample	 	(MPa)	 	(MPa)	 	(MPa)	 eb	(%)	

PDMS	 	 0.27±	0.04	 0.33	±	0.05	 0.71	±	0.09	 842	±	23	

h‐MWNTs	
(wt.%)	

0.5	 0.35±	0.05	 0.43	±	0.05	 0.83	±	0.10	 754	±	45	
1.0	 0.39±	0.08	 0.74	±	0.18	 1.38	±	0.30	 732	±	38	
2.0	 0.53±	0.05	 0.69	±	0.06	 1.35	±	0.15	 583	±	14	

FGS	
(wt.%)	

0.5	 0.42±	0.02	 0.57	±	0.03	 1.33	±	0.07	 651	±	18	
1.0	 0.41±	0.06	 0.54	±	0.08	 1.29	±	0.21	 644	±	39	
2.0	 0.48±	0.07	 0.99	±	0.03	 2.15	±	0.09	 528	±	32	

	

The	addition	of	either	h‐MWNTs	or	FGS	resulted	 in	a	 slight	decrease	 in	 the	

elongation	at	break	values	although	a	good	stretchability	was	retained.	Both	types	

of	carbon‐based	nanoparticles	also	produced	a	sensible	increment	in	the	stiffness	

of	the	composites,	being	this	effect	more	pronounced	for	samples	with	FGS,	which	

is	an	indication	of	improved	adhesion	between	FGS	and	the	polymer	matrix.	This	

fact	 corroborates	 the	 torque	 measurements	 and	 evidences	 a	 good	 FGS‐polymer	

interaction.	 Thus,	 the	 high	 degree	 of	 cross‐linking	 in	 composites	 containing	 FGS	

ensures	 the	 PDMS	 vulcanisate	 to	 resist	 large	 deformations.	 Several	 studies	 in	

literature	 focusing	 on	 the	 mechanical	 properties	 of	 graphene	 filled	 polymer	

nanocomposites	 also	 revealed	 an	 increase	 in	 modulus	 as	 a	 function	 of	 loading	

fractions,	being	the	larger	improvements	in	elastomeric	matrices	due	to	the	their	

lower	 intrinsic	 modulus	 as	 recently	 pointed	 out	 in	 several	 reviews	 about	

graphene/polymer	nanocomposites	[Kim	et	al.	2010;	Kuilla	et	al.	2010;	Sengupta	

et	 al.	 2011;	 Verdejo	 et	 al.	 2011].	 The	 results	 here	 presented	 agree	 with	 a	

comparative	study	of	both	FGS	and	CNT	in	an	epoxy	resin	carried	out	by	Rafiee	et	

al.	 [Rafiee	et	al.	2010].	These	authors	also	showed	greater	improvements	for	FGS	

than	 for	 CNT/polymer	 systems	 and	 suggested	 that	 the	 reason	 for	 this	 enhanced	

adhesion	could	be	the	wrinkled	topology	of	thermally	expanded	graphene,	mainly	

caused	by	the	defects	produced	either	during	graphite	oxidation	or	graphite	oxide	
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thermal	 exfoliation.	 This	 nanoscale	 roughness	 together	 with	 the	 high	 specific	

surface	 area	 and	 the	 two‐dimensional	 geometry	 could	 result	 in	 improved	

mechanical	 interlocking	 and	 adhesion	 with	 the	 polymeric	 chains	 (Figure	 5.10)	

[Ramanathan	et	al.	2008;	Rafiee	et	al.	2010].	

	

	

Figure	5.10.	SEM	of	 cryo‐fracture	 surface	of:	 (left)	h‐MWNTs/PDMS,	 and	 (right)	
FGS/PDMS	composites.	

	

The	 dielectric	 properties	 of	 the	 studied	 materials	 measured	 at	 room	

temperature	 are	 detailed	 below.	 As	 shown	 in	 Figure	 5.11,	 the	 dielectric	

permittivity	 of	 the	 composite	 with	 0.5	 wt.%	 of	 h‐MWNTs	 ( 2.9)	 did	 not	

substantially	 differ	 from	 that	 of	 the	 neat	 elastomer	 ( 2.7)	 while	 the	 sample	

containing	1.0	wt.%	of	h‐MWNTs	showed	an	electrical	insulator	behaviour	with	a	
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permittivity	constant	increase	of	1.5	times	( 4.0).	Hence,	the	electronic	charge	

for	composites	up	to	1.0	wt.%	of	h‐MWNTs	remained	confined	on	isolated	carbon	

nanotubes	 by	 the	 insulating	 polymer	 matrix	 (see	 Figure	 5.10).	 Meanwhile	 the	

composite	with	2.0	wt.%	of	h‐MWNTs	showed	a	dielectric	permittivity	increase	of	

six	orders	of	magnitude.	This	abrupt	increase	in	the	permittivity	value	is	ascribed	

to	 the	 motion	 of	 free	 charge	 carriers	 due	 to	 the	 formation	 of	 a	 continuous	

conductive	pathway	throughout	the	medium	between	CNT	clusters	(inset	in	Figure	

5.10).		

On	 the	 other	 hand,	 the	 dielectric	 permittivity	 spectra	 for	 composites	 with	

only	 0.5	 and	 1.0	 wt.%	 of	 FGS	 were	 characterised	 by	 a	 smooth	 and	 frequency	

independent	behaviour,	with	values	about	two	times	higher	than	that	of	the	PDMS	

matrix	 in	 the	whole	 frequency	 range.	 For	 composites	with	 2.0	wt.%	 of	 FGS,	 the	

value	 of	 the	 permittivity	 constant	 raised	 up	 to	 23	 towards	 low	 frequencies,	

which	is	ten	times	over	the	pure	matrix.		

	

Figure	 5.11.	 Dielectric	 permittivity	 of:	 (left)	 h‐MWNTs/PDMS	 composites	 and	
(right)	FGS/PDMS	composites	at	various	filler	concentrations	(wt.%)	

	

This	 behaviour	 is	 further	 corroborated	 with	 the	 conductivity	 and	 loss	

tangent	trend	as	a	function	of	the	frequency,	both	shown	in	Figure	5.12	and	Figure	

5.13,	 respectively.	 Composites	with	 h‐MWNTs	 show	 a	 remarkable	 plateau	 in	 the	

conductivity	 value	 for	 a	 concentration	 of	 2.0	 wt.%,	 thus	 clearly	 evidencing	 the	

percolative	 nature	 of	 the	 h‐MWNTs/PDMS	 composites,	 with	 a	 percolative	

threshold	between	1.0−2.0	wt.%	of	h‐MWNTs.		

	

101 102 103 104 105 106 107

0

1x107

2x107

3x107

4x107

 

 

 PDMS
 0.5 h-MWNTs/PDMS
 1.0 h-MWNTs/PDMS
 2.0 h-MWNTs/PDMS

D
ie

le
ct

ric
 P

er
m

iti
vi

tt
y,

 
'

Frequency (Hz)

10
1

10
2

10
3

10
4

10
5

10
6

10
7

0

5

10

15

20

25
 

PDMS
0.5 FGS/PDMS
1.0 FGS/PDMS
2.0 FGS/PDMS

D
ie

le
ct

ric
 P

er
m

iti
vi

tt
y,

 
'

Frequency (Hz)

10
1

10
2

10
3

10
4

10
5

10
6

10
7

0

2

4

6

8

10

 

 



Chapter5	

	 150	

	

Figure	 5.12.	 Conductivity	 of:	 (left)	 h‐MWNTs/PDMS	 and	 (right)	 FGS/PDMS	
composites	at	various	filler	concentrations	(wt.%).	

	

	

Figure	 5.13.	 Loss	 tangent	 of	 (left)	 h‐MWNTs/PDMS	 and	 (right)	 FGS/PDMS	
composites	at	various	filler	concentrations	(wt.%).	

	

The	 sample	percolation	 is	 also	evidenced	by	 the	 loss	 tangent	behaviour	 for	

composite	 containing	 2.0	wt.%	 of	 h‐MWNTs.	 The	 increase	 of	 the	 loss	 tangent	 at	

low	 frequencies	 can	 be	 ascribed	 to	 the	 current	 leakage	 through	 the	 h‐MWNTs	

networks.	 In	 the	 case	 of	 FGS	 composites,	 the	 conductivity	 shows	 a	 frequency	

dependent	 behaviour,	 typical	 of	 capacitive	 materials	 for	 all	 loading	 fractions.	

Nevertheless,	the	increase	in	the	dielectric	permittivity	as	the	frequency	decreases	

for	 composite	 with	 2.0	 wt.	 %	 of	 FGS	 suggests	 that	 ion	 accumulation	 at	 the	

graphene/polymer	 interface	starts	 to	appear.	Nonetheless,	 the	 loss	 tangent	value	

hardly	 varies	 over	 all	 the	 frequency	 range,	 which	 can	 be	 attributed	 to	 the	

homogenous	dispersion	of	FGS	in	the	elastomeric	matrix	(Figure	5.10)	and	to	the	

presence	of	the	functional	groups	on	the	graphene	sheet	surface,	which	interrupts	
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the	 π‐conjugation	 in	 the	 graphene	 layers,	 diminishes	 the	 surface	 electrical	

conductivity	and	favours	the	filler/polymer	compatibility	[Kohlmeyer	et	al.	2009].	

In	summary,	composites	developed	with	PDMS	system	as	neat	elastomer	and	

up	to	1.0	wt.%	of	h‐MWNTs	and	2.0	wt.%	of	FGS,	showed	an	insulating	character,	

which	suggest	the	suitability	of	these	composites	for	capacitive	applications.	

5.3.2.2 Electro‐mechanical	performance	

Figures	of	Merit	(FoM)	are	widely	used	to	compare	composites	with	modified	

properties.	 In	 order	 to	 describe	 the	 relative	 enhancement	 of	 the	 dielectric	

permittivity	 in	a	given	polymer	matrix	with	respect	to	the	weight	 fraction	(wf)	of	

the	filler	employed,	a	FoM	can	be	defined	as	follows	[Kofod	et	al.	2011]:	
	

	

	

(5.xi)	

	

where	 	 and	 	 are	 the	 composite	 and	 polymer	 matrix	 dielectric	 permittivity,	

respectively.	 For	 comparison,	 several	 examples	 of	 silicone	 composites	 with	

different	 fillers	 have	 been	 taken	 from	 the	 literature	 (Table	 5.6).	 In	 all	 cases,	 the	

values	 selected	 correspond	 to	 the	 lowest	 amount	 of	 filler	 with	 the	 highest	

permittivity	enhancement	possible,	that	is,	the	composite	with	filler	concentration	

below	the	percolation	threshold.		

As	it	can	be	observed,	the	FoM	for	the	composites	developed	containing	both	

h‐MWNTs	and	FGS	are	higher	than	the	rest	of	the	cases,	being	the	FGS	samples	one	

or	even	two	orders	of	magnitude	higher.	This	result	is	directly	related	to	the	FGS	

impact	 on	 the	 dielectric	 permittivity	 at	 very	 low	weight	 fraction.	Hence,	 both	 h‐

MWNTs	 and	 FGS/PDMS	 composites	 appear	 to	 be	 a	 promising	 option	 for	 the	

development	of	DEAs.	
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Table	 5.6.	 FoM	 calculated	 for	 several	 types	 of	 high	 dielectric	 constant	
filler/silicone	composites.	

Filler	 Filler	loading
(wt.%)	 FoM	 Reference	

TiO2	 70.0	 	3.3	(at	1	Hz) [Szabo	et	al.	2003]	

TiO2	 30.0	 			1.1	(at	10	Hz) [Carpi	and	De	Rossi	2005]	

PMN‐PT	 70.0	 2.4	(at	1Hz) [Szabo	et	al.	2003]	

BaTiO3	 70.0	 8.1	(at	1Hz) [Szabo	et	al.	2003]	

PHT	 		1.0	 			21.4	(at	10	Hz) [Carpi	et	al.	2008b]	

CuPc	 20.0	 				5.0	(at	1	kHz) [Zhang	et	al.	2004]	

h‐MWNTs	 		0.5	 	14.8	(at	10	Hz) [Romasanta	et	al.	2011]	

h‐MWNTs	 		1.0	 	48.1	(at	10	Hz) [Romasanta	et	al.	2011]	

FGS	 		0.5	 157.8	(at	10Hz) [Romasanta	et	al.	2011]	

FGS	 		2.0	 366.3	(at	10Hz) [Romasanta	et	al.	2011]	

	

A	 method	 to	 determine	 systematically	 the	 goodness	 of	 the	 achieved	

compromise	between	the	effect	of	the	fillers	in	the	dielectric	permittivity	and	the	

mechanical	properties	is	by	defining	a	factor	 or	electro‐mechanical	performance	

of	 the	material	 [Stoyanov	 et	al.	 2010].	 For	 a	 given	 composite,	 this	 factor	 can	 be	

defined	as	the	quotient	of	the	actuation	strain	of	the	composite,	 	,	and	that	of	the	

matrix,	 :	
	

	

	

(5.xii)

	

where	 	and	 	are	the	values	of	the	dielectric	permittivity	and	the	tensile	stress	at	

a	given	strain	for	the	composite,	and	 	and	 	for	the	polymer	matrix.	Thus,	only	

those	 composites	having	 1	will	 show	electro‐mechanical	 improvements	over	

the	neat	matrix.	 It	 is	worth	noting	 that	 	 factor	does	not	provide	 a	quantitative	

evaluation	 of	 the	 actuator	 performances	 since	 the	 actuators	 are	 subjected	 to	 bi‐

axial	strains	in	the	experimental	set‐up	and	the	 	values	are	calculated	using	uni‐

axial	stress‐strain	measurements.	Nevertheless,	 	values	can	be	used	as	figures	of	

merit	to	provide	a	qualitative	idea	about	what	to	expect	in	the	electro‐mechanical	

tests.		
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The	 	values	of	the	h‐MWNTs	and	FGS	containing	composites	are	presented	

in	Table	5.7.	From	a	 theoretical	point	of	 view,	only	 the	 composite	 containing	2.0	

wt.%	 of	 FGS	 could	 show	 a	 drastic	 increment	 in	 the	 electro‐mechanical	

performance.	 The	 rest	 of	 the	 composites	 show	 no	 improvement	 or	 a	 slight	

enhancement	in	the	actuation	response	due	to	the	relative	high	increments	of	the	

tensile	 stress	 values	 at	 50%	 of	 elongation	 compared	 with	 that	 obtained	 in	 the	

dielectric	 permittivity	 value.	 That	 is,	 the	 slight	 increase	 in	 permittivity	 is	

counteracted	by	the	rather	high	increment	in	the	elastic	modulus.	

	

Table	 5.7.	 Theoretical	 electro‐mechanical	 performance	 for	 PDMS	 and	 its	
composites.	

Sample	 ′	at	1	kHz 	(MPa)	 	at	50%	
strain	

PDMS		 2.7	 0.27±	0.04	 1.0	

h‐MWNTs		
(wt.%)	

0.5	 2.9	 0.35±	0.05	 0.8	

1.0	 3.8	 0.39±	0.08	 1.0	

FGS		
(wt.%)	

0.5	 4.7	 0.42±	0.02	 1.1	

1.0	 4.4	 0.41±	0.06	 1.0	

2.0	 						13.5	 0.48±	0.07	 2.8	

	

The	 electro‐mechanical	 characterisation	 of	 the	 sub‐percolative	 composites	

was	 performed	 using	 planar	 actuator	 configuration	 as	 detailed	 in	 Section	 5.2.4.	

Except	 for	 the	 sample	 containing	 0.5	 wt.%	 of	 FGS,	 none	 of	 them	 display	 an	

improved	 electro‐mechanical	 performance	 (Figure	 5.14).	 The	 data	 analysis	 with	

LabView	 based	 software	 shows	 an	 erratic	 behaviour,	 which	 did	 not	 lead	 to	 the	

typical	electro‐mechanical	curve	already	shown	in	Figure	5.3.	

The	 sample	 containing	 0.5	 wt.%	 FGS	 (Figure	 5.15)	 displays	 an	 actuation	

strain	 around	 0.73%	 for	 a	 nominal	 electrical	 field	 of	 5	 V/µm,	 which	 is	 an	

improvement	of	about	four	times	over	that	of	the	neat	PDMS	matrix.	This	sample	

also	requires	an	electric	field	about	two	times	lower	than	the	neat	PDMS	(6.5	V/µm	

vs	13.5	V/µm)	to	achieve	an	actuation	strain	of	1%.		
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Figure	5.14.	 	 Electro‐mechanical	behaviour	 for:	 (left)	0.5	wt.%	h‐MWNTs/PDMS	
composite	 showing	 an	 erratic	 behaviour,	 and	 (right)	 0.5	 wt.%	
FGS/PDMS	showing	the	typical	electro‐mechanical	curve.	

	

	

Figure	5.15.	Electro‐mechanical	performance	of	PDMS	with	0.5	wt.%	of	FGS.	
	

The	 breakdown	 field	 values	 (Table	 5.8)	 decrease	 as	 the	 loading	 fraction	

increases	 in	 all	 the	 composites.	 This	 result	 could	 be	 ascribed	 to	 the	 observed	

increase	 in	 the	 loss	 tangent	value	 in	 the	samples	since,	 for	practical	applications,	

generally,	high	energy	losses	in	a	capacitor	may	lead	to	heating	and,	consequently,	

to	 detrimental	 effects	 on	 both	 performance	 and	 reliability.	 Nevertheless,	 in	 the	

case	of	materials	for	DEAs,	there	is	still	much	controversy	about	the	existence	of	an	

optimum	threshold	value	of	the	loss	tangent.		
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Table	 5.8.	 Breakdown	 values	 for	 PDMS	 and	 its	 sub‐percolative	 composites	 as	
DEAs.	

Sample	 Breakdown	field	Eb	(V/µm)	

PDMS	 55.9		1.3	

h‐MWNTs	
(wt.%)	

0.5	 14.0		1.8	
1.0	 		9.7		1.9	
2.0	 		3.5		1.2	

FGS	
(wt.%)	

0.5	 		9.3		0.7	
1.0	 10.2		0.2	
2.0	 		4.3		1.1	

	

Stoyanov	et	al.	[Stoyanov	et	al.	2009]	have	recently	argued	that	in	the	case	of	

elastomer	 composites	 filled	with	 conductive	particles	 a	 loss	 tangent	 value	below	

0.1	 ( 	 	 0.1)	 is	 recommended	 and	 necessary	 for	 this	 type	 of	 capacitive	

applications.	However,	even	though	all	the	sub‐percolative	samples	do	posses	loss	

tangent	 values	 below	 or	 near	 that	 “optimum	 threshold”,	 the	 breakdown	 field	

values	show	a	dramatically	decrease	with	filler	content.	This	independence	of	the	

electrical	 breakdown	with	 the	 loss	 tangent	 in	 elastomeric	 composites	 containing	

conductive	 fillers	 has	 recently	 been	 reported	 by	 Galantini	 et	 al.	 [Galantini	 et	 al.	

2013].	 These	 authors	 also	 observed	 a	 reduction	 of	 the	 breakdown	 field	 value	 in	

sub‐percolative	 PU	 composites	 containing	modified	 carbon	 nanotubes	 while	 the	

loss	 factor	value	was	preserved.	Thus,	 in	 the	case	of	 composites	with	conductive	

fillers,	 it	seems	that	the	loss	tangent	value	does	not	play	an	important	role	in	the	

reduction	of	the	breakdown	values.	

It	is	generally	accepted	that	the	dielectric	breakdown	of	a	given	material	has	

both	thermal	and	intrinsic	origins.	In	the	first	case,	high	conduction	losses	produce	

a	temperature	 increase	of	the	material	as	the	electric	 field	 is	applied.	That	 is,	 the	

power	 density	 dissipated	 into	 the	 dielectric	 medium	 leads	 to	 a	 heating	 process	

with	 irreversible	 consequences.	 In	 the	 second	 case,	 the	 dielectric	 breakdown	 is	

associated	with	 an	 avalanche	discharge	process.	When	 applying	 an	 electric	 field,	

some	valence	electrons	are	accelerated	and	promoted	to	the	conduction	band.	As	

this	 process	 goes	 on,	 the	 current	 flow	 grows	 rapidly	 and	 the	material	 suffers	 a	

dielectric	 breakdown.	 This	 last	 mechanism	 is	 the	 most	 plausible	 cause	 of	 the	

premature	dielectric	 breakdown	observed	 in	 sub‐percolative	 composites.	 In	 fact,	
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Gyure	and	Beale	[Gyure	and	Beale	1992]	ascribed	the	reduction	in	the	breakdown	

strength	 value	 to	 the	 development	 of	 local	 short‐circuiting	 in	 the	 composite	

causing	a	voltage	 increase	 in	regions	without	 the	conducting	 filler	and	 leading	to	

an	overall	field	enhancement.		

In	 summary,	 the	dielectric	measurements	 revealed	 that	 the	 sub‐percolative	

approach	 is	an	effective	strategy	 to	enhance	 the	dielectric	permittivity	value	of	a	

given	elastomer.	The	electro‐mechanical	performances	were	dramatically	affected	

due	 to	 the	 reduction	 in	 the	 electric	 breakdown	values.	 Even	 so,	 as	 a	 remarkable	

result,	sample	containing	0.5	wt.%	of	FGS	showed	an	improvement	in	the	electro‐

mechanical	 response	 at	 low	 nominal	 electric	 field	 (5	 V/µm)	 about	 four	 times	

higher	than	neat	PDMS	sample.		

5.3.3 Dielectric	 filler	 approach.	 Ceramic	 filler−based	 composites	 for	 DEAs	

applications	

5.3.3.1 Solid‐PDMS	composites	with	m‐CCTO	and	n‐CCTO	

5.3.3.1.1 Composite	characterisation		

PDMS	composites	of	10.0,	20.0	and	30.0	wt.%	of	m‐CCTO	and	of	2.5,	5.0	and	

10.0	 wt.%	 of	 n‐CCTO	 were	 prepared	 at	 room	 temperature	 in	 an	 open	 two‐roll	

laboratory	mill.	This	study	was	performed	with	a	second	batch	of	solid‐PDMS	and	

both	the	mechanical	and	dielectric	properties	are	slightly	different	than	in	the	first	

batch	used	for	the	sub‐percolative	study.	

The	 vulcanisation	 kinetics	 of	 PDMS	 composites	 containing	 m‐CCTO	 and	 n‐

CCTO	were	measured	by	an	oscillating	disk	curemeter	at	170	C.	Figure	5.16	shows	

the	 torque	curves	 for	neat	PDMS	and	 its	composites	 for	different	m‐CCTO	and	n‐

CCTO	 concentrations	 while	 the	 curing	 parameters	 deduced	 from	 the	 curves	 are	

compiled	 in	 Table	 5.9.	 The	 incorporation	 of	 m‐CCTO	 slightly	 increases	 the	

maximum	 torque	 indicating	 the	 formation	 of	 a	 higher	 number	 of	 cross‐links.	

Additionally,	 the	 m‐CCTO	 markedly	 reduced	 the	 cure	 time,	 revealing	 that	 these	

ceramic	particles	behave	as	vulcanising	agents	for	silicone,	 leading	to	an	increase	

in	the	vulcanisation	rate.	Both	the	scorch	time	and	the	optimum	cure	time	(Table	

5.9),	 decrease	 after	 the	 addition	 of	m‐CCTO,	 corroborated	by	 the	 increase	 in	 the	

cure	rate	index	(CRI).	Transition	metal	ions,	such	as	Cu,	Zn,	Fe	and	Co	have	strong	

catalytic	 effects	 due	 to	 their	 low	 coordination	 number	 and	 high	 ligand	mobility	
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[Shen	et	al.	2010].	Thus,	 the	presence	of	Cu	 ions	on	 the	particle	surface	could	be	

the	reason	of	this	accelerating	role	of	m‐CCTO.	In	the	case	of	composites	containing	

n‐CCTO,	the	maximum	torque	 	decreases	with	increasing	loading	fraction	of	n‐

CCTO	evidencing	the	non‐reinforcement	tendency	of	this	type	of	ceramic.	 Indeed,	

the	 minimum	 torque	 	 decreases	 with	 the	 filler	 content,	 indicating	 lower	

viscosity	value	for	the	composites.	At	the	same	time,	the	increase	in	the	optimum	

curing	 time	 t90	 could	 be	 ascribed	 to	 the	 formation	 of	 agglomerates	 that	 create	

barriers	during	the	vulcanisation	process.	

	

Figure	5.16.		Vulcanisation	curves	of	composite	cross‐linking	process	at	170	°C	of:	
(left)	 m‐CCTO/PDMS	 and	 (right)	 n‐CCTO/PDMS	 composites	 with	
different	loading	fractions	(wt.%).	

	

Table	 5.9	 	 Cross‐linking	 parameters	 for	 neat	 PDMS,	 m‐CCTO/PDMS	 and	 n‐
CCTO/PDMS.	

Sample	
	

(min)	
	

(min)	
	

(dNm)	
	

(dNm)	
∆ 	

(dNm)	
CRI	

(min‐1)	

PDMS		 1.06	 2.57	 3.96	 0.31	 3.65	 66.22	

m‐CCTO	
(wt.%)	

10.0	 0.98	 2.28	 3.78	 0.24	 3.53	 76.92	

20.0	 0.89	 2.13	 4.33	 0.31	 4.01	 80.64	

30.0	 0.86	 2.02	 4.64	 0.32	 4.32	 86.20	

n‐CCTO	
(wt.%)	

		2.5	 1.31	 3.39	 3.52	 0.26	 3.26	 48.07	

		5.0	 1.33	 3.10	 3.39	 0.25	 3.14	 56.50	

10.0	 1.38	 3.13	 3.31	 0.21	 3.10	 72.46	

	

The	mechanical	properties	of	 these	materials	 are	 shown	 in	Table	5.10.	The	

tensile	 stress	 	 of	 the	 neat	 PDMS	 measured	 at	 different	 strains	 (50,	 100	 and	

300%)	is	retained	in	composites	containing	10	and	20	wt.%	of	m‐CCTO,	while	the	
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incorporation	of	30	wt.%	of	m‐CCTO	causes	a	slight	 increase	 in	the	tensile	stress	

value.	 In	 addition,	 the	 elongation	 at	 break	 (eb)	 of	 the	 PDMS	 is	 not	 significantly	

affected	by	the	addition	of	m‐CCTO	particles.	The	addition	of	low	loading	fractions	

of	n‐CCTO	(namely	2.5	and	5.0	wt.%)	produces	both	a	slight	decrease	in	the	tensile	

stress	value	at	different	strains,	and	a	slight	 increment	in	the	elongation	at	break	

value.	 This	 fact	 is	 in	 concordance	 with	 the	 rheometric	 analysis	 and	 could	 be	 of	

interest	 for	 the	 later	 development	 of	 the	 actuators.	 Nevertheless,	 higher	 loading	

fractions	of	n‐CCTO	produce	an	increase	in	the	tensile	stress	value	and	a	decrease	

of	the	elongation	at	break.	In	fact,	PDMS	samples	loaded	with	10	wt.%	of	n‐CCTO	

yield	 at	 higher	 tensile	 stress	 and	 lower	 elongation	 at	 break	 values	 as	 compared	

with	samples	loaded	with	the	same	amount	of	m‐CCTO.	

	

Table	5.10.	Tensile	stress	values	 	at	different	strain	levels	(50,	100	and	300%)	
and	 elongation	 at	 break	 (eb)	 values	 for	 m‐CCTO/PDMS	 and	 n‐
CCTO/PDMS	composites.	

Sample	 	(MPa)	 	(MPa)	 	(MPa)	 eb	(%)	

PDMS	 	 0.29	±	0.01	 0.37		0.02	 0.86		0.04	 711		30	

m‐CCTO	
(wt.%)	

10.0	 0.29		0.02	 0.38		0.02	 0.87		0.04	 699		43	
20.0	 0.29		0.01	 0.38		0.01	 0.83		0.03	 745		49	
30.0	 0.36		0.03	 0.48		0.03	 1.02		0.07	 740		36	

n‐CCTO	
(wt.%)	

		2.5	 0.16	±	0.03	 0.20		0.03	 0.42		0.06	 793		75	

		5.0	 0.25	±	0.01	 0.32		0.03	 0.76		0.10	 736		80	

10.0	 0.32	±	0.02	 0.42		0.03	 1.05	±	0.14	 642		53	
	

Vulcanised	samples	of	m‐CCTO/PDMS	and	n‐CCTO/PDMS	were	investigated	

by	 SEM	 in	 order	 to	 determine	 the	 particle	 distribution	 in	 the	 polymer	 matrix.	

Figure	5.17	clearly	shows	the	m‐CCTO	particles	individually	distributed	within	the	

PDMS	matrix,	 even	 at	 the	 highest	 filler	 content.	 This	 fact	 will	 be	 of	 importance	

during	 the	 electro‐mechanical	 experiments	 in	 order	 to	 achieve	 a	 homogenous	

enhancement	of	the	actuation	response	while	applying	the	voltage.	In	the	case	of	n‐

CCTO/PDMS	 composites,	 n‐CCTO	 particles	 are	 well	 distributed	 within	 the	

elastomer	at	low	loading	fractions	although	at	higher	filler	loadings	it	is	possible	to	

see	the	presence	of	some	small	agglomerates	in	the	micrometer	range.	
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Figure	5.17.	SEM	of	cryo‐fracture	surface	of:	(left)	m‐CCTO/PDMS,	and	(right)	n‐
CCTO/PDMS	composites.	

	
The	 dielectric	 properties	 of	 the	 PDMS	 and	 both	 composites	 filled	 with	 m‐

CCTO	and	n‐CCTO	measured	at	 room	temperature	as	a	 function	of	 frequency	are	

shown	in	Figure	5.18	and	Figure	5.19.		

Increased	m‐CCTO	 content	 leads	 to	 a	 substantial	 increase	 of	 the	 dielectric	

constant,	 ,	throughout	the	entire	frequency	range.	More	specifically,	the	addition	

of	30	wt.%	m‐CCTO	 into	 the	PDMS	matrix	 raises	 the	dielectric	 constant	by	74%,	

from	 3.13	 to	 5.45	 at	 1	 kHz.	 The	 slight	 increment	 for	 this	 composite	 as	

compared	with	 the	one	observed	 in	composite	with	20	wt.%	of	m‐CCTO,	may	be	

ascribed	 to	 the	 particles	 agglomeration	 tendency	 at	 high	 filler	 loadings.	 The	

dielectric	 permittivity	 of	 all	 the	 samples	 showed	 a	 frequency	 independent	

behaviour,	 which	 indicates	 the	 absence	 of	 localised	 movement	 of	 charges,	 i.e.	
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interfacial	 polarisation	 or	 Maxwell‐Wagner‐Sillars	 polarisation,	 within	 the	

composites	 and	 suggests	 that	 the	 charge	 remains	 confined	 in	 the	 particles.	 This	

phenomenon	 can	 be	 ascribed	 to	 the	 semi‐conductive	 character	 of	 the	 CCTO	

ceramic	 and	 has	 also	 been	 reported	 by	 Dang	 et	 al.	 [Dang	 et	 al.	 2009b],	 which	

showed	 a	 weak	 dependence	 on	 frequency	 for	 the	 dielectric	 permittivity	 of	

CCTO/Polyimide	composites	with	CCTO	loadings	above	30	vol.%.		

	

Figure	 5.18.	 Dielectric	 permittivity	 for	 m‐CCTO/PDMS	 and	 n‐CCTO/PDMS	
composites	at	different	filler	concentrations.	

	
In	 the	 case	 of	 n‐CCTO/PDMS	 composites,	 the	 incorporation	 of	 2.5	 and	 5.0	

wt.%	 of	 n‐CCTO	 slightly	 decreases	 the	 dielectric	 permittivity	 of	 the	 elastomer,	

while	 the	 addition	 of	 10	wt.%	 showed	 similar	 dielectric	 permittivity	 to	 the	 neat	

PDMS.	 Roy	 et	 al.	 [Roy	 et	 al.	 2005]	 have	 also	 observed	 this	 behaviour	 for	

polyethylene	composites	filled	with	5	wt.%	of	untreated	silica	nanoparticles.	They	

concluded	 that	 due	 to	 their	 high	 surface	 area,	 silica	 nanoparticles	 are	 prone	 to	

restrict	 the	 polymeric	 chain	 movement,	 which	 in	 turn	 reduces	 polymer	 chain	

relaxation,	 thus	 lowering	 the	 overall	 dielectric	 permittivity	 value.	More	 recently,	

Tuncer	et	al.	 [Tuncer	et	al.	 2009]	have	 reported	 a	decrease	of	 about	60%	 in	 the	

dielectric	permittivity	of	polymethylmetacrylate	(PMMA)	 filled	with	2.95	wt.%	of	

CoFe2O4	nanoparticles	compared	 to	 the	unfilled	PMMA.	Using	Monte	Carlo	based	

simulation	method	 to	 analyse	 the	 complex	 dielectric	 permittivity,	 these	 authors	

were	able	to	show	that	the	molecular	motion	of	the	polymeric	chains	was	blocked	

by	the	presence	of	the	metal	nanoparticles.	In	the	case	of	composites	containing	n‐

CCTO,	 this	 phenomenon	 of	 nano‐confinement	 seems	 to	 be	 the	 most	 plausible	
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reason	 for	 the	 decrease	 of	 the	 dielectric	 permittivity	 observed.	 The	 trend	 of	 the	

dielectric	 loss	 tangent	 (Figure	 2.19)	 of	 both	 m‐CCTO/PDMS	 and	 n‐CCTO/PDMS	

composites	 remains	 roughly	 the	 same	 as	 for	 the	 neat	 PDMS	 (except	 at	 high	

frequencies).	 Thus,	 these	 results	 suggest	 that	 the	 addition	of	 the	m‐CCTO	and	n‐

CCTO	does	not	introduce	any	additional	loss	mechanisms,	confirming	that	there	is	

no	charge	dissipation	within	the	composites.	Hence,	the	dielectric	character	of	the	

PDMS	matrix	was	preserved.		

	

Figure	 5.19.	 Loss	 tangent	 for	 m‐CCTO/PDMS	 and	 n‐CCTO/PDMS	 composites	 at	
different	filler	concentrations.	

	

The	 addition	 of	 both	m‐CCTO	 and	 n‐CCTO	was	 carried	 out	 to	 improve	 the	

dielectric	 permittivity	 of	 the	 neat	 elastomer	 matrix.	 While	 m‐CCTO	 showed	

improvements	 of	 up	 to	 two	 times,	 n‐CCTO	 showed	 no	 improvements.	 The	 high	

surface	area	of	n‐CCTO	as	compared	with	m‐CCTO	resulted	in	a	greater	interfacial	

area	in	the	nanocomposites	even	at	the	same	particle	loading,	which	can	affect	the	

molecular	 dynamics	 of	 the	 polymer	 surrounding	 the	 particles,	 thus	 displaying	

different	dielectric	properties.	Therefore,	the	electro‐mechanical	performance	of	n‐

CCTO/PDMS	 composites	 were	 not	 further	 characterised	 since	 they	 did	 not	

accomplish	the	desired	properties.		

A	number	of	theoretical	models	have	been	proposed	and	used	to	estimate	the	

effects	of	second	phases	on	the	dielectric	properties	of	the	composites	[Carpi	et	al.	

2008a].	Following	these	classical	dielectric	mixing	rules,	it	is	possible	to	predict,	up	

to	 a	 certain	 level,	 the	 effective	 dielectric	 permittivity	 of	 a	 composite.	 These	

approaches	 consider	 the	 composite	 as	 an	 isotropic	 medium	 of	 dielectric	

permittivity	 	and	volume	 	filled	with	a	dielectric	phase	of	permittivity	 	and	
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volume	 1 	 [Sihvola	2000;	Dang	et	al.	2012].	Here,	 five	different	models	

are	analysed	to	provide	a	rough	estimate	of	the	dielectric	permittivity	boundaries	

(the	 first	 two	 models)	 and	 a	 finer	 prediction	 based	 on	 the	 Maxwell‐Garnett	

approximation.	As	a	starting	point,	it	is	possible	to	identify	the	lower	( , )	and	

upper	( , 	)	bound	for	the	composite	effective	dielectric	permittivity,	 ,	as:	

	

, 	

	

(5.xiii)

	

, 	
	

(5.xiv)

	

which	correspond	to	the	equivalent	series	and	parallel	model	circuits,	respectively.	

In	 general,	 and	 based	 on	 the	 random	 spatial	 arrangements	 of	 the	 filler,	 it	 is	

expected	 that	 the	 effective	 dielectric	 permittivity	 of	 a	 composite,	 ,	 must	 lie	

somewhere	 between	 these	 two	 extremes.	 Further	 refinements	 of	 the	 dielectric	

modelling	of	binary	mixtures	have	been	accomplished	in	the	framework	of	the	so‐

called	 Maxwell‐Garnett	 approximation	 [Garnett	 1904].	 This	 theoretical	 model	

assumes	 a	 two‐phase	 isotropic	 dielectric	 component	 with	 spherical	 shaped	

inclusions	 ideally	 dispersed,	 thus	 defining	 the	 effective	 dielectric	 permittivity	 as	

follows:		
	

	 1
3

2
	

	

(5.xv)	

	

In	 the	 case	 that	 the	 dispersed	 particles	 are	 not	 spherical	 in	 shape,	 this	

equation	needs	 to	be	modified	 in	order	 to	 take	 into	account	 the	geometry	of	 the	

filler	particles.	A	 common	way	 to	 include	 the	 information	about	 the	geometry	of	

dispersed	 particles	 is	 to	 introduce	 a	 depolarisation	 factor	A,	 which	 is	 related	 to	

their	deviation	from	sphericity.	The	Bruggeman’s	model	[Bruggeman	1935],	which	

is	 an	 extension	 of	 the	 Maxwell‐Garnett	 approximation,	 permits	 to	 assess	 the	

overall	electrical	response	at	high	loading	contents	( 	values	up	to	0.5)	with	the	

premise	 that	 the	 dispersed	 spheres	 do	 not	 form	 a	 percolative	 path	 through	 the	

medium	 and	 includes	 the	 polarisability	 of	 the	 inclusions	 in	 the	 calculation,	

resulting	the	following	expression	for	the	dielectric	permittivity:		
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3 2

3
	

	

(5.xvi)	

	

This	 model	 is	 particularly	 attractive	 for	 a	 disordered	 system,	 where	

dispersed	 particles	may	 become	 very	 close	 to	 each	 other	 and	 even	 agglomerate.	

Finally,	 the	more	 accurate	 Yamada’s	model	 is	 based	 on	 the	 assumption	 that	 the	

polymer	 dielectric	 characteristics	 are	 very	 different	 from	 those	 of	 the	 filler	 and	

introduces	a	shape	parameter	n	for	non‐spherical	inclusions	[Yamada	et	al.	1982].	

This	geometry	factor	corresponds	to	n	=	3	for	spherical	particles,	while	n	<	3	and	n	

>	 3	 correspond	 to	 oblate	 and	 prolate	 particles	 in	 the	 applied	 electric	 field,	

respectively.	
	

	 1
1

	

	

(5.xvii)

	
The	dielectric	 constant	 values	 used	 for	 fitting	 the	 dielectric	mixing	 rules	 in	

the	 case	 of	 m‐CCTO/PDMS	 composites	 (Figure	 5.20)	 are	 calculated	 from	 the	

respective	dielectric	permittivity	curves	at	10	Hz	( 3.16	and	 142.92).		

	

Figure	5.20.	 	 (Left)	Experimental	dielectric	permittivity	values	(at	10	Hz)	 for	m‐
CCTO/PDMS	 composites	 as	 a	 function	 of	 the	 m‐CCTO	 volume	
fraction	 employed.	 The	 lines	 correspond	 to	 the	 fittings	 of	 the	
described	 models.	 (Right)	 Schematic	 diagram	 outlining	 the	 two‐
phase	 composite	 models:	 (a)	 parallel,	 (b)	 random	 and	 (c)	 series	
model,	where	the	polymer	is	represented	in	blue,	the	filler	 in	pink	
and	the	electrodes	as	black	lines.	
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As	 shown	 in	 Figure	 5.20,	 the	 experimental	 dielectric	 data	 lies	 somewhere	

between	 the	 lower	 , 	 and	 upper	 , 	 bound	 for	 m‐CCTO/PDMS	

composite.	 Maxwell‐Garnett	 and	 Bruggeman’s	 models	 fail	 to	 predict	 the	

experimental	 dielectric	 permittivity	 of	 the	 developed	 composites	 mainly	 due	 to	

both	the	high	dielectric	contrast	between	the	filler	and	the	elastomeric	matrix	and	

the	 non‐spherical	 shape	 of	 m‐CCTO	 particles	 as	 evidenced	 by	 SEM.	 The	

experimental	 dielectric	 data	 at	 10	 Hz	 are	 found	 to	 fit	 reasonably	 well	 in	 the	

expression	developed	by	Yamada	for	n	=	12.5.	This	value	corresponds	to	prolate‐

shaped	particles	along	 the	electric	 field	direction	and	 is	 in	 concordance	with	 the	

results	reported	by	Prakash	and	Varma	[Prakash	and	Varma	2007]	and	Thomas	et	

al.	 [Thomas	 et	 al.	 2010]	 for	 m‐CCTO	 particles	 in	 an	 epoxy	 and	 PVDF	 matrices,	

respectively.	 These	 results	 evidence	 the	 applicability	 of	 this	 model	 to	 predict	

effectively	the	dielectric	characteristics	of	m‐CCTO	composites.	

5.3.3.1.2 Electro‐mechanical	characterisation	

The	theoretical	electro‐mechanical	performance	values	 	of	m‐CCTO/PDMS	

composites	 are	 displayed	 in	 Table	 5.11.	 Since	 1	 in	 all	 the	 cases,	 composites	

containing	m‐CCTO	particles	should	a	priori	show	an	improved	electro‐mechanical	

response	compared	with	the	neat	PDMS	matrix.	Moreover,	the	electro‐mechanical	

performance	 	value	 increases	with	the	m‐CCTO	content	up	to	20	wt.%	showing	

that	the	enhancement	in	the	actuation	properties	 is	due	to	both	the	 increment	of	

the	dielectric	permittivity	value	and	the	preservation	of	the	tensile	stress	at	50%	

strain.	Above	this	optimal	concentration,	the	increase	in	the	dielectric	permittivity	

is	 not	 enough	 to	 overcome	 the	 increase	 in	 the	 stiffness	 of	 the	 composite,	 thus	

decreasing	the	electro‐mechanical	performance	value.	

	

Table	 5.11.	 Theoretical	 electro‐mechanical	 performance	 for	 PDMS	 and	 its	
composites.	

Sample	 	at	1	kHz 	(MPa)	 	at	50%	
strain	

PDMS		 3.1	 0.29	±	0.01	 1	

m‐CCTO	
(wt.%)	

10	 4.5	 0.29		0.02	 				1.4	

20	 5.2	 0.29		0.01	 				1.7	

30	 5.4	 0.36		0.03	 				1.4	
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The	 experimental	 actuation	 strain	 percentages	 for	 materials	 studied	 are	

displayed	in	Figure	5.21	as	a	function	of	the	applied	nominal	electric	field,	where	

each	curve	represents	 the	average	of	at	 least	5	 independent	actuator	devices.	All	

composite	 actuators	 show	 an	 improved	 performance	 compared	 with	 the	

elastomer,	the	trend	of	the	experimental	actuation	being	similar	to	the	theoretical	

performance	 	value	previously	defined.	

	

Figure	 5.21.	 Experimental	 electro‐mechanical	 performance	 of	 PDMS	 and	 m‐
CCTO/PDMS	actuators	 showing	actuation	 strain	 (%)	as	 a	 function	
of	the	nominal	electric	field.	

	
The	 maximum	 actuation	 sensitivity	 is	 achieved	 for	 the	 composite	 with	 20	

wt.%	 of	m‐CCTO	 (which	 correspond	 to	 a	 5.1	 vol.%	 of	m‐CCTO).	 This	 composite	

shows	an	actuation	strain	of	around	4%	at	20	V/µm,	which	is	an	increment	in	the	

actuation	strain	of	about	100%	and	a	reduction	of	25%	in	the	electric	field	to	reach	

the	same	strain	compared	to	the	PDMS	matrix	(Figure	5.22).	Recently,	Böse	et	al.	

[Böse	et	al.	2011]	have	reported	a	similar	improvement	of	about	100%	(measured	

at	20	V/µm)	in	the	actuation	strain	but	for	a	20	vol.%	dried	BaTiO3	(particle	size	<	

3	 µm)/PDMS	 composite.	 Stoyanov	 et	 al.	 [Stoyanov	 et	 al.	 2011]	 obtained	 their	

maximum	improvement	 for	15	vol.%	silicone	oil	 coated	TiO2	nanoparticles/SEBS	

composites,	 with	 a	 corresponding	 reduction	 in	 activation	 fields	 of	 27%.	 These	

results	 indicate	 that	 the	 insulated	and	homogeneously	distributed	high	dielectric	

constant	 m‐CCTO	 filler	 makes	 a	 significant	 contribution	 to	 the	 increase	 of	 the	

electro‐mechanical	performances	of	the	PDMS	here	reported.		
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Figure	5.22.	(Left)	Actuation	strain	(%)	values	at	a	nominal	electric	field	of	5,	10,	
15	and	20	V/µm.	(Right)	nominal	electric	field	(V/µm)	at	2,	4	and	6%	
actuation	strain	for	PDMS	and	(wt.%)	m‐CCTO/PDMS	actuators.	

	
To	corroborate	that	the	deformation	observed	in	all	the	samples	is	due	to	the	

Maxwell	electrostatic	pressure,	the	aforementioned	curves	should	display	a	linear	

relationship	of	the	actuation	strain	vs.	the	squared	nominal	electric	field	as	detailed	

in	equation	(5.x).		

	

Figure	 5.23.	 Experimental	 actuation	 strain	 vs.	 squared	 nominal	 electric	 field.	
Linear	fittings	are	shown	as	solid	lines.	

	

All	the	samples	follow	a	linear	trend	(Figure	5.23),	thus	demonstrating	that	

the	 actuation	mechanism	 observed	 is	 due	 to	 the	Maxwell	 electrostatic	 pressure.	

Besides,	the	slope	values	of	the	linear	fits	(Table	5.12)	show	a	substantial	increase	
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of	 the	 actuation	 strain	 as	 a	 function	 of	 loading	 fraction	 up	 to	 the	 optimum	

concentration.	 Further	 analysis	 of	 the	 data	 can	 provide	 an	 indication	 of	 the	

intrinsic	nature	of	the	electro‐mechanical	improvements.	The	quotient	of	the	slope	

obtained	for	each	composite	and	that	for	the	PDMS	should	agree	with	the	electro‐

mechanical	 factor	 	 already	defined,	 indicating	 that	 the	observed	 improvements	

are	 the	 result	 of	 the	 changes	 experienced	 by	 the	 dielectric	 and	 mechanical	

properties.	
	

	

	

(5.xviii)

	
Table	5.12.	Experimental	linear	fitting	parameters	and	electro‐mechanical	factors	

	and	 .	

Sample	
Linear	Fitting		

	 	at	50%	
strain		Slope	 Correlation	

coefficient	r2	
PDMS		 6.84		10‐3	 0.998	 1	 1	

m‐CCTO	
(wt.%)	

10	 9.54	10‐3	 0.999	 				1.3	 				1.4	

20	 9.84		10‐3	 0.999	 				1.4	 				1.7	

30	 7.42	10‐3	 0.997	 				1.1	 				1.4	

	

As	shown	in	Table	5.12,	experimental	factor	 	agrees	reasonably	well	with	

the	 electro‐mechanical	 results	 ,	 thus	 corroborating	 that	 the	 actuation	

improvement	 is	 a	 consequence	 of	 the	 composite	 intrinsic	 properties.	 The	 slight	

deviation	arises	from	the	biaxial	strains	in	the	experimental	set‐up	and	the	uniaxial	

stress‐strain	measurements	used	for	the	 	and	 	calculations,	respectively.		

One	of	the	most	useful	parameters	when	comparing	actuator	materials	is	the	

actuation	 energy	 density	 (ea).	 This	 parameter	 establishes	 the	 maximum	

mechanical	energy	output	per	cycle	and	per	unit	of	volume	of	the	material	and	can	

be	calculated	as	follows	[Kornbluh	and	Pelrine	2008b]:	
	

	
	

(5.xix)	
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where	 	is	the	dielectric	permittivity	of	the	free	space,	 	is	the	voltage	applied,	 ,	

	 and	 	 are	 the	 thickness,	 dielectric	 permittivity	 and	 Young’s	 modulus	 of	 the	

dielectric	material,	respectively.		

The	actuation	energy	density	and	 the	electrical	breakdown	Eb	 values	 for	an	

electric	 field	 of	 20	 V/µm	 are	 displayed	 in	 Table	 5.13.	 The	 addition	 of	 m‐CCTO	

particles	 enhances	 the	 actuation	 energy	 density	 at	 a	 given	 field,	 being	 in	 the	

composite	 loaded	 with	 20	 wt.%	 of	 m‐CCTO	 even	 three	 times	 higher	 than	 neat	

PDMS.	This	result	is	quite	remarkable	if	we	take	into	account	the	actuation	energy	

densities	 of	 ceramic/elastomer	 composites	 found	 in	 the	 literature.	 Nguyen	 et	al.		

[Nguyen	 et	 al.	 2009]	 have	 reported	 an	 elastic	 energy	 density	 of	 500	 J/m3	 at	

relatively	 low	electric	fields	(20	V/µm	or	lower)	for	a	synthetic	elastomer	loaded	

with	 80	 phr	 (parts	 per	 hundred	 of	 rubber)	 of	 a	 commercial	 plasticiser	 (dioctyl	

phthalate	DOP)	and	a	TiO2	loading	of	40	phr.	Stoyanov	et	al.	[Stoyanov	et	al.	2011]	

have	obtained	an	actuation	energy	density	of	about	1500	J/m3	at	25	V/µm	for	SEBS	

sample	loaded	with	10	vol.%	of	TiO2.	

	

Table	 5.13.	 Actuation	 energy	 density	 values	 and	 electrical	 breakdown	 field	 for	
PDMS	and	its	m‐CCTO	composites.	

Sample	 Actuation	energy	density
ea(J/m3)	at	20	V/µm	

Breakdown	field	
Eb	(V/µm)	

PDMS	 		424	 55.9		1.3	

m‐CCTO	
(wt.%)	

10	 		868	 37.9		7.8	
20	 1206	 27.4		3.9	
30	 1035	 23.6		5.8	

	

The	 observed	 Eb	 decreasing	 trend	 with	 loading	 fraction	 has	 also	 been	

reported	 for	 composites	 of	 BaTiO3	 in	 LDPE	 [Khalil	 2000].	 He	 reported	 that	 the	

addition	of	1	wt.%	of	this	ceramic	decreased	the	breakdown	field	by	16%	due	to	

filler	 particles	 acting	 as	 electrical	 defect	 centres	 that	 distort	 the	 local	 field.	 This	

issue	has	also	been	reported	by	Stoyanov	et	al.	[Stoyanov	et	al.	2011]	in	TiO2	filled	

SEBS‐based	actuators	that	ascribed	it	to	a	possible	Joule	effect.	This	effect	disrupts	

the	 dielectric	 medium	 as	 the	 result	 of	 the	 increase	 in	 the	 kinetic	 or	 vibrational	

energy	of	the	dielectric	medium	ions,	which	is	then	macroscopically	manifested	as	

a	heat	rise.	Finally,	the	sharp‐edged	morphology	of	the	m‐CCTO	particles	may	even	
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promote	 this	 behaviour	 since	 charges	 are	 prone	 to	 accumulate	 at	 the	 particles	

edges.	 Recently,	 the	 decrease	 of	 the	 electrical	 breakdown	 has	 been	 ascribed	 to	

polarisation	 saturation	 [Liu	 et	 al.	 2012].	 These	 authors	 suggest	 that	 when	 low	

voltages	are	applied	on	a	dielectric	elastomer,	the	randomly	oriented	dipoles	start	

to	 slightly	 rotate	 and	 orientate.	 But	 if	 the	 applied	 voltage	 is	 high	 enough,	 the	

dipoles	 rotate	 until	 a	 perfect	 alignment	 is	 achieved,	 leading	 to	 what	 is	 called	

“saturation	of	polarisation”.	

As	 stated	 in	 Chapter	 3,	 m‐CCTO	 particles	 were	 modified	 to	 prevent	 this	

decrease	 in	the	dielectric	breakdown	while	maintaining	the	 improvements	 in	 the	

dielectric	 permittivity.	 In	 this	 sense,	m‐CCTO	 particles	were	 subjected	 both	 to	 a	

thermal	annealing	and	a	PDMS‐based	encapsulating	process.	 In	the	 first	case,	 the	

more	rounded‐like	morphology	should	prevent	the	accumulation	of	charges	at	the	

edges,	 while	 in	 the	 second	 the	 organic	 dielectric	 shell	 could	 act	 as	 interparticle	

barrier	 to	 prevent	 m‐CCTO	 particles	 from	 direct	 connection	 while	 improving	

compatibility	with	the	PDMS	matrix.	The	efficiency	of	these	two	types	of	m‐CCTO	

modifications	in	terms	of	mechanical,	dielectric	and	electro‐mechanical	properties	

is	detailed	in	the	following	section.	

5.3.3.2 Modified	m‐CCTO	particles/PDMS	composites	

5.3.3.2.1 Composite	characterisation	

PDMS	composites	containing	20	wt.%	of	modified	m‐CCTO	particles	(thermal	

and	 encapsulated,	 hereafter	 denoted	 as	 m‐CCTOT	 and	 m‐CCTOE,	 respectively)	

were	 develop	 using	 standard	 mixing	 protocols	 already	 detailed	 in	 the	 previous	

section.		

The	 vulcanisation	 kinetics	 for	 both	 types	 of	 composites	 was	 followed	 in	 a	

Rubber	 Process	 Analyzer	 at	 170	 °C.	 Figure	 5.24	 shows	 the	 cross‐linking	 of	 neat	

PDMS	and	its	composites	at	170	C.	The	curing	parameters	are	compiled	in	Table	

5.14.	 Both	 types	 of	 m‐CCTO	 modifications	 lead	 to	 a	 slight	 increment	 in	 the	

vulcanisation	 rate	 as	 compared	 with	 neat	 PDMS,	 as	 shown	 by	 the	 t90	 and	 CRI	

values.	 The	 thermal	 annealing	 process	 does	 not	 significantly	 alter	 the	 low	

reinforcing	 effect	 of	 the	 initial	 m‐CCTO	 particles,	 while	 their	 encapsulation	

decreases	 the	 maximum	 torque	 achieved	 during	 the	 vulcanisation	 process	

probably	due	to	the	PDMS	oil	acting	as	a	plasticiser.	
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Figure	 5.24.	 Vulcanisation	 kinetics	 for	 composites	 containing	 20	 wt.%	 of	 m‐
CCTOT	and	m‐CCTOE.	Curves	corresponding	to	PDMS	and	20	wt.%	
m‐CCTO/PDMS	shown	for	comparison.		

	
Table	5.14.	 Vulcanisation	 parameters	 for	 composites	 containing	 20	 wt.%	 of	m‐

CCTOT	and	m‐CCTOE.	Values	 corresponding	 to	 PDMS	 and	 20	wt.%	
m‐CCTO/PDMS	shown	for	comparison.		

Sample	 	
(min)	

	
(min)	

	
(dNm)	

	
(dNm)	

∆ 		
(dNm)	

CRI	
(min‐1)	

PDMS	 1.06	 2.57	 3.96	 0.31	 3.65	 66.22	

m‐CCTO	 0.89	 2.13	 4.33	 0.31	 4.01	 80.64	

m‐CCTOT	 0.93	 2.25	 4.26	 0.23	 4.03	 75.75	

m‐CCTOE	 1.01	 2.37	 3.94	 0.19	 3.75	 73.52	

	

Uniaxial	 tensile	 tests	 were	 performed	 in	 order	 to	 evaluate	 the	 mechanical	

performance	of	 the	 composites.	The	experimental	 results	 (Table	5.15)	 show	 that	

the	tensile	stresses	 	measured	at	different	strains	(50,	100	and	300%)	slightly	

increase	 in	 both	 m‐CCTOT	 and	 m‐CCTOE	 composites	 as	 compared	 with	 m‐

CCTO/PDMS.	 Additionally,	 the	 inclusion	 m‐CCTOE	 particles	 also	 increases	 the	

elongation	at	break	value	(eb),	thus	evidencing	that	the	surface	modification	of	the	

m‐CCTO	 particles	 with	 the	 polydimethylsiloxane	 based	 oil	 is	 enhancing	 the	

compatibility	of	the	particles	with	the	PDMS	matrix.		
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Table	5.15.	Tensile	stress	values	 	at	different	strain	levels	(50,	100	and	300%)	
and	elongation	at	break	(eb)	values.		

Sample	 	(MPa)	 	(MPa)	 	(MPa)	 eb	(%)	

PDMS	 0.29	±	0.01	 0.37		0.02	 0.86		0.04	 711		30	

m‐CCTO	 0.29		0.01	 0.38		0.01	 0.83		0.03	 745		49	
m‐CCTOT	 0.32		0.01	 0.42		0.01	 0.89		0.03	 765		84	
m‐CCTOE	 0.31		0.02	 0.42		0.02	 0.97		0.03	 797		37	

	

The	 dielectric	 properties	 of	 the	 PDMS	 and	 the	 different	 composites	

measured	 at	 room	 temperature	 as	 a	 function	 of	 frequency	 are	 shown	 in	 Figure	

5.25.	The	addition	of	20	wt.%	of	m‐CCTOT	particles	leads	to	a	slight	increment	in	

the	 dielectric	 permittivity	 as	 compared	 with	 neat	 PDMS.	 Nevertheless,	 this	

increment	 is	 not	 as	 significant	 as	 the	 one	 obtained	with	 the	 same	 amount	 of	m‐

CCTO	 particles.	 Indeed,	 when	 compared	 with	 m‐CCTO,	 the	 incorporation	 of	 m‐

CCTOT	decreases	the	dielectric	permittivity	throughout	the	entire	frequency	range,	

from	 5.22	to	 3.48	at	1	kHz.	On	the	other	hand,	the	m‐CCTOE	composite	not	

only	shows	a	rather	 low	dielectric	permittivity,	as	compared	with	m‐CCTO,	but	 it	

also	 displays	 a	 dielectric	 permittivity	 value	 lower	 than	 that	 of	 the	 PDMS	matrix.	

This	 issue	could	be	ascribed	to	 the	PDMS‐based	passivation	 layer	that	effectively	

insulates	 CCTO	 particles.	 The	 apparent	 reduction	 of	 the	 dielectric	 loss	 tangent	

values	 in	 both	 types	 of	 composites	 suggests	 that	 the	 surface	 modifications	

performed	do	not	introduce	any	additional	loss	mechanisms.	

	

Figure	5.25.	Dielectric	spectra	for	PDMS	and	its	composites	containing	m‐CCTOT	
and	 m‐CCTOE	 particles,	 showing:	 (left)	 the	 dielectric	 permittivity,	
and	(right)	the	loss	tangent.		
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Composites	of	m‐CCTOT/PDMS	and	m‐CCTOE/PDMS	were	also	 investigated	

by	 SEM	 in	 order	 to	 determine	 the	 particle	 distribution	 in	 the	 polymer	 matrix.	

Figure	 5.26	 clearly	 shows	 that	 both	 types	 of	 m‐CCTO	 particles	 are	 individually	

distributed	 and	 uniformly	 dispersed	 within	 the	 PDMS	matrix.	 In	 the	 case	 of	 m‐

CCTOE/PDMS,	 the	 absence	of	 pores	 indicates	 that	 the	 low	dielectric	 permittivity	

value	is	related	to	the	surrounding	thin	PDMS	layer,	which	graduates	the	dielectric	

contrast	between	the	matrix	and	the	CCTO	particles.		

	

Figure	5.26.	 	SEM	of	cryo‐fracture	surface	of	PDMS	composites	with	20	wt.%	of:	
(left)	m‐CCTOT	and	(right)	m‐CCTOE.		

	

5.3.3.2.2 Electro‐mechanical	characterisation	

The	 theoretical	 electro‐mechanical	 performance	 values	 	 of	 PDMS	

containing	m‐CCTOT	and	m‐CCTOE	particles	are	displayed	in	Table	5.16.	Although	

the	 addition	 of	 both	m‐CCTOT	 and	m‐CCTOE	 has	 no	 effect	 on	 the	 theoretical	 	

values,	 the	 corresponding	 electro‐mechanical	 experiments	 were	 measured	 to	

determine	 whether	 the	 surface	 modifications	 had	 an	 effect	 on	 the	 dielectric	

strength	 of	 the	 systems.	 The	 experimental	 actuation	 strain	 percentages	 for	 the	

PDMS	matrix	and	the	corresponding	composites	are	displayed	in	Figure	5.27	as	a	

function	 of	 the	 applied	 nominal	 electric	 field,	 where	 each	 curve	 represents	 the	

average	of	at	least	5	independent	actuator	devices.	Both	types	of	surface	modified	

m‐CCTO/PDMS	composites	 showed	an	electro‐mechanical	 trend	according	 to	 the	

theoretical	 performance	 	 value.	 That	 is,	 m‐CCTOT/PDMS	 composite	 showed	

similar	 trend	 as	 elastomeric	 matrix,	 while	 m‐CCTOE/PDMS	 showed	 a	 drastic	

decrease	in	the	electro‐mechanical	performance	in	terms	of	its	actuation	strain.		
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Table	5.16.	Theoretical	electro‐mechanical	performance	for	PDMS	and	composites	
with	20	wt.%	of	m‐CCTO,	m‐CCTOT	and	m‐CCTOE.		

Sample	 	at	1	kHz		 	(MPa)	 	at	50%	
strain	

PDMS	 3.1	 0.29	±	0.01	 													1	

m‐CCTO	 5.2	 0.29		0.01	 1.7	

m‐CCTOT	 3.5	 0.32		0.01	 1.0	

m‐CCTOE	 2.6	 0.31		0.02	 0.8	

	

	

Figure	 5.27.	 Experimental	 electro‐mechanical	 behaviour	 of	 PDMS	 and	 surface	
modified	 m‐CCTO/PDMS	 actuators	 showing	 the	 actuation	 strain	
(%)	as	a	function	of	the	nominal	electric	field.	

	

The	 linear	 fitting	 to	 the	 Maxwell	 equation	 of	 the	 experimental	 results	 is	

displayed	 in	 Figure	 5.28.	 Both	 m‐CCTOT/PDMS	 and	 m‐CCTOE/PDMS	 actuators	

displayed	 a	 linear	 fitting,	 thus	 demonstrating	 that	 the	 actuation	 mechanism	

observed	is	due	to	the	Maxwell	electrostatic	pressure.	Further	analysis	of	the	data	

shows	that	the	experimental	factor	 	of	the	m‐CCTOT	sample	(Table	5.17)	agrees	

well	 with	 the	 dielectric	 and	 mechanical	 properties	 ),	 while	 it	 shows	 a	

drastic	deviation	from	the	theoretical	values	for	the	m‐CCTOE	composite.		
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Figure	 5.28.	 Experimental	 actuation	 strain	 vs.	 squared	 nominal	 electric	 field.	
Linear	fittings	are	shown	as	solid	lines.	

	

Table	5.17.	Linear	fitting	parameters	and	electro‐mechanical	factors	 	and	 .	

Sample	
Linear	Fitting

	 	at	50%	
strain	Slope	

Correlation	
coefficient	r2	

PDMS	 6.84		10‐3	 0.998	 						1	 										1	

m‐CCTO	 9.84		10‐3	 0.999	 1.4	 1.7	

m‐CCTOT	 6.98		10‐3	 0.999	 1.0	 1.0	

m‐CCTOE	 2.21		10‐3	 0.995	 0.3	 0.8	

	

Breakdown	 field	 values	 and	 calculated	 actuation	 energy	 densities	 for	 an	

electric	 field	 of	 20	 V/µm	 of	 composites	 containing	 20	wt.%	 of	 MCCTOT	 and	m‐

CCTOE	are	 compiled	 in	Table	5.18.	Regarding	 the	actuation	energy	density,	 both	

m‐CCTOT	and	m‐CCTOE	actuators	displays	a	 lower	value	 than	m‐CCTO	actuators	

as	 a	 consequence	 of	 the	 lower	 dielectric	 permittivity.	 Finally,	 the	 electrical	

breakdown	 values	 present	 remarkable	 differences	 between	 both	 surface	

modifications	 (Table	 5.18).	 The	 m‐CCTOT,	 similarly	 to	 the	 unmodified	 m‐CCTO	

actuators,	 shows	 an	Eb	 decrease	 of	 60%	 compared	with	 the	 PDMS	 from	 55.9	 to	

21.6	V/µm.	Meanwhile,	the	m‐CCTOE	actuators	increase	the	electrical	breakdown	

value	by	an	impressive	140%	over	that	of	m‐CCTO	actuators.	This	increase	in	the	

Eb	agrees	with	 the	behaviour	observed	by	Molberg	et	al.	 [Molberg	et	al.	2010]	 in	
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encapsulated	polyaniline/PDMS	actuators	and	 indicates	 that	 the	encapsulation	of	

CCTO	particles	is	a	powerful	strategy	to	obtain	high	dielectric	strength	composites	

	

Table	5.18.	 Electrical	 breakdown	 field	 and	 energy	 density	 values	 for	 PDMS	 and	
composites	containing	m‐CCTOT	and	m‐CCTOE	particles.		

Sample	 Breakdown	field
	Eb	(V/µm)	

Actuation	energy	density		
ea	(J/m3)	at	20	V/µm	

PDMS	 55.9		1.3	 424	

20	wt.%	m‐CCTO	 27.4		3.9	 																				1206	

20	wt.%	m‐CCTOT	 21.6		3.9	 475	

20	wt.%	m‐CCTOE	 66.7		8.2	 284	

	

5.4 Conclusions	

	

In	 this	 chapter,	 planar	 DE	 actuators	 were	 successfully	 fabricated	 using	

slightly	pre‐strained	PDMS	thin	films.	The	actuation	performance	was	observed	to	

increase	 with	 the	 film	 pre‐stretch	 ratio	 and	 the	 conductivity	 of	 the	 electrodes	

employed.	Throughout	this	study,	the	DE	actuator	configuration	with	a	pre‐stretch	

ratio	of	 1.5	and	using	natural	graphite	as	compliant	electrodes	was	selected	as	

the	 best	 configuration	 in	 terms	 of	 actuation	 strain	 and	 response,	 minimal	

reduction	in	breakdown	field	and	a	balanced	compromise	between	complexity	and	

cost	manufacturing.	

Two	different	approaches	were	here	evaluated	with	the	aim	to	enhance	the	

dielectric	permittivity	of	the	PDMS:	

‐ Sub‐percolative	 approach	 using	 as	 conductive	 fillers	 both	 in‐house	 produced	

nanotubes	and	functionalised	graphene	sheets.	

‐ Dielectric	filler	approach	using	calcium	copper	titanate	(CCTO)	as	high	dielectric	

permittivity	ceramic.		

The	 sub‐percolative	 approach	 is	 a	 promising	 approach	 to	 increase	 the	

permittivity	 of	 elastomers,	 since	 the	 results	 here	 presented	 show	 that	 the	

dielectric	permittivity	of	a	given	elastomeric	matrix	can	be	significantly	increased	

below	the	percolation	threshold.	Although	the	dielectric	strength	was	reduced,	the	

electro‐mechanical	 performance	 in	 terms	 of	 the	 actuation	 strain	was	 about	 four	

times	higher	than	the	neat	PDMS.	
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In	 the	 case	 of	 the	 dielectric	 filler	 approach,	 it	 was	 shown	 that	 the	

incorporation	 of	 a	 novel	 high	 dielectric	 permittivity	 ceramic	 such	 as	 calcium	

copper	titanate	CCTO	is	an	effective	strategy	to	increase	the	relative	permittivity	of	

an	 elastomer	 without	 adversely	 altering	 the	 mechanical	 properties.	 The	 results	

here	presented	have	shown	a	particle	size	limit	since	composites	filled	with	CCTO	

nanoparticles	not	only	decreased	the	dielectric	permittivity	but	also	increased	the	

elastic	 modulus	 of	 neat	 PDMS.	 The	 best	 electro‐mechanical	 performance	 was	

observed	for	composites	filled	with	CCTO	particles	in	the	micrometer	range	due	to	

a	remarkable	combination	of	dielectric	permittivity	increment	and	preservation	of	

both	the	dielectric	loss	value	and	the	tensile	stress	values	at	different	strains.	The	

optimum	 concentration	 was	 20	 wt.%	 of	 m‐CCTO,	 having	 an	 increment	 in	 the	

actuation	 strain	 of	 about	 100%	 together	with	 a	 reduction	 of	 25%	 in	 the	 electric	

field.	 Although	 the	m‐CCTO	particles	 decreased	 the	 dielectric	 strength,	 they	 also	

showed	 a	 large	 improvement	 in	 the	 actuation	 energy	 density.	 The	 thermal	

modification	to	overcome	the	dielectric	breakdown	was	not	successful.	Meanwhile,	

the	encapsulation	showed	its	suitability	to	improve	the	interaction	between	filler‐

matrix	 phases,	 thus	 preventing	 the	 detrimental	 interfacial	 polarisation	 and	

resulted	in	an	increment	in	the	electrical	breakdown	value.		
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The	 main	 conclusion	 that	 can	 be	 drawn	 from	 this	 Doctoral	 Thesis	 is	 that	

dielectric	elastomer	actuators	with	enhanced	electro‐mechanical	performance	can	

be	achieved	by	means	of	a	composite	approach.	The	two	studied	routes	(conductive	

and	dielectric	 fillers	approach)	have	 shown	 to	be	 suitable	paths	 to	 systematically	

increase	the	dielectric	permittivity	and,	hence,	the	electro‐mechanical	response	of	

a	PDMS	matrix.	Moreover,	it	is	worth	nothing	that	functionalised	graphene	sheets	

and	calcium	copper	titanate	have	here	been	identified	and	used	for	the	first	time	to	

enhance	the	dielectric	properties	of	a	PDMS.	

From	the	results	presented	the	next	general	conclusions	can	be	extracted:	

	

 The	CCTO	final	particle	size	showed	a	strong	relationship	with	the	dielectric	

properties,	 being	 the	 dielectric	 permittivity	 higher	 in	 the	 case	 of	 CCTO	

particles	 in	 the	micrometer	 range	 than	 in	 the	 case	 of	 nanoparticles	 due	 to	

their	larger	grain	size	and	the	preservation	of	the	stoichiometry	relationship.	

	

 The	 morphology	 of	 the	 conductive	 nanofillers	 and	 the	 mixing	 conditions	

employed	 in	 the	 liquid‐PDMS	 grades	 were	 key	 factors	 to	 improve	 the	

mechanical	 properties	 and	 to	 obtain	 an	 interpenetrating	network	 structure	

within	the	elastomeric	matrix.	

	

 Special	 attention	 must	 be	 paid	 when	 using	 fillers	 in	 liquid‐PDMS	 systems	

cross‐linked	 with	 Pt‐based	 catalysts.	 This	 type	 of	 catalysts	 are	 rather	

sensitive	 to	certain	compounds	 that	have	 the	power	 to	 inhibit	or	even	stop	

their	activity,	thus,	delaying	or	cancelling	the	cross‐linking	reaction.	

	

 Pre‐stretching	 ratio	 and	 electrodes’	 conductivity	 showed	 to	 be	 powerful	

parameters	 to	enhance	 the	electro‐mechanical	 response	of	PDMS	 thin	 films	

due	 to	 the	 films’	 thinner	 thickness	 and	 to	 the	 higher	 generation	 of	

electrostatic	 forces,	 respectively.	 Thus,	 a	 pre‐stretch	 ratio	 of	 1.5	 and	

natural	graphite	electrodes	with	a	surface	resistance	of	100	kΩ	were	selected	

as	the	best	configuration,	since	they	offered	the	most	balanced	compromise	

between	DEA	performance,	manufacture	complexity,	cost	and	scalability.	
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 The	addition	of	both	types	of	conductive	nanofillers	(carbon	nanotubes	and	

functionalised	 graphene	 sheets)	 was	 an	 effective	 strategy	 to	 modify	 the	

broadband	 dielectric	 characteristics	 of	 a	 solid‐PDMS	 matrix	 below	 the	

electrical	 percolation	 threshold.	 Nevertheless,	 composites	 containing	 h‐

MWNTs	 revealed	 a	 percolated	 network	 whereas	 not	 such	 network	 was	

observed	in	the	FGS	containing	composites	at	the	same	concentration,	due	to	

the	higher	aspect	ratio	of	 the	h‐MWNTs.	 In	 the	case	of	FGS,	 the	presence	of	

functional	 groups	 on	 their	 surface	 reduced	 their	 surface	 electrical	

conductivity	and	 favoured	 the	 filler/elastomer	compatibility;	 thus,	 reducing	

the	Maxwell‐Wagner‐Sillars	polarisation	phenomenon	at	low	frequencies.	

	

 The	electrical	breakdown	reduction	observed	 in	 the	solid‐PDMS	based	sub‐

percolative	 composites	 was	 shown	 to	 be	 independent	 of	 the	 loss	 tangent	

value.	 The	 premature	 dielectric	 breakdown	 observed	 was	 ascribed	 to	 an	

avalanche	 discharge	 process,	 which	 led	 to	 the	 early	 short‐circuiting	 of	 the	

device.	Even	so,	the	sample	with	the	lowest	concentration	of	FGS	showed	an	

improvement	 in	 the	 actuation	 strain	 at	 low	 electric	 fields	 about	 four	 times	

higher	than	neat	PDMS	actuators.	

	

 In	the	case	of	the	dielectric	filler	approach,	the	inclusion	of	m‐CCTO	particles	

in	 a	 solid‐PDMS	 matrix	 led	 to	 a	 remarkable	 combination	 of	 dielectric	

permittivity	 increase,	 obeying	 the	 Yamada	 mixing	 rule,	 and	 to	 the	

preservation	 of	 both	 dielectric	 losses	 and	 mechanical	 properties.	 The	

synergism	of	these	properties	produced	a	large	enhancement	in	the	electro‐

mechanical	response	of	the	solid‐PDMS,	being	the	maximum	actuation	for	the	

composite	containing	20	wt.%	of	m‐CCTO.	

	

 The	 incorporation	of	m‐CCTO	 led	 to	a	decrease	 in	 the	electrical	breakdown	

strength	 limiting	 the	 maximum	 performance,	 due	 to	 the	 accumulation	 of	

charges	at	their	sharp	edges	or	due	to	a	possible	Joule	effect	produced	by	the	

direct	coupling	of	the	m‐CCTO	particles.	
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 The	 thermal	 treatment	 and	 surface	 encapsulation	 methods	 employed	 to	

overcome	 the	breakdown	 strength	 issue	 reduced	 the	dielectric	 permittivity	

of	 the	 initial	 m‐CCTO	 particles,	 and	 thus,	 lowered	 the	 electro‐mechanical	

performance	of	the	composites	developed	as	compared	with	neat	PDMS.	

	

 Surface	encapsulation	treatment	showed	to	be	an	effective	strategy	not	only	

to	improve	the	filler/matrix	interaction	but	also	to	prevent	m‐CCTO	particles	

from	 direct	 coupling,	 thus	 resulting	 in	 an	 increase	 in	 the	 electrical	

breakdown.		

	
This	Doctoral	Thesis	 represents	a	step	 forward	 in	 the	understanding	of	 the	

suitable	 methods	 to	 develop	 new	 composite	 materials	 with	 improved	 electro‐

mechanical	response	and	actuation	energy	density.		
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I. Polymer	 blending	 has	 long	 been	 recognised	 as	 an	 effective	 strategy	 to	

improve	 different	 specific	 properties‐	 such	 as,	 toughening	 and	 solvent	 and	

chemical	 resistance,	 among	 others‐,	 processability	 or	 recyclability.	 Initial	

studies	 of	blends	 in	DEAs	have	 also	 shown	 some	promising	 results	 in	both	

dielectric	and	mechanical	properties	[Carpi	et	al.	2008b;	Gallone	et	al.	2010].	

In	this	sense,	the	development	of	elastomeric	blends	with	a	highly	polarisable	

elastomer	phase,	 such	as	PU	or	NBR,	 can	provide	a	means	 to	overcome	 the	

elastomer	stiffening	produced	by	fillers.	

Some	experiments	regarding	this	issue	have	been	started	and	are	here	

shown	 to	provide	 a	preliminary	overview	of	 the	 suitability	 of	 this	 strategy.	

Thus,	blending	a	SEBS	matrix	with	either	PU	or	NBR	polarisable	phases	leads	

to	 an	 overall	 enhancement	 in	 the	 dielectric	 permittivity,	 being	 the	

improvement	higher	in	the	case	of	SEBS/PU	blends	(Figure	Ιa).	These	blends	

also	display	a	lower	loss	tangent	value,	compared	with	SEBS/NBR	blends,	as	

a	 result	 of	 the	 lower	 conductivity	 of	 the	PU	phase	 and	due	 to	 an	 enhanced	

interface	compatibility.	

	

Figure	Ιa.	(Left)	Dielectric	permittivity	and	(right)	loss	tangent	of	(top):	SEBS/NBR	
and	(bottom)	SEBS/PU	blends.	



Future	Work	

	 186	

	

Figure	Ιb.	Mechanical	properties	of	(left):	SEBS/NBR	and	(right)	SEBS/PU	blends	

	

The	mechanical	 properties	 (Figure	 Ιb)	 show	 that	 the	 tensile	 stress	 at	

different	strains	 is	 relatively	preserved	 for	SEBS/NBR	blends	at	 low	strains	

due	 to	 the	 low	 stiffness	 of	 the	 un‐vulcanised	 NBR	 phase.	 Contrary,	 for	

SEBS/PU	blends,	the	tensile	stress	at	different	strains	increases	with	the	PU	

loading	fraction	as	a	result	of	its	higher	elastic	modulus.		

	

Figure	 Ιc.	Electro‐mechanical	performance	of	SEBS/PU	and	SEBS/NBR	blends	as	
compared	with	neat	SEBS.	

	
Electro‐mechanical	properties	have	 initially	been	studied	 for	 the	SEBS	

samples	containing	20	wt.%	of	NBR	and	10	wt.%	of	PU,	since	they	display	the	

best	 combination	 of	 dielectric	 and	 mechanical	 properties.	 The	 actuation	

experiments	(Figure	Ιc)	reveal	that	the	SEBS/NBR	80/20	sample	has	higher	

electro‐mechanical	response	as	compared	with	neat	SEBS	but	its	breakdown	
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strength	 is	 greatly	 reduced,	 due	 to	 the	 increased	 loss	 tangent	 value.	

Meanwhile,	 the	SEBS/PU	90/10	blend	exhibits	 the	same	actuation	strain	as	

neat	 SEBS	 in	 all	 the	 electric	 field	 range	 but	 it	 is	 able	 to	 withstand	 higher	

electric	fields,	thus	increasing	the	electric	breakdown	by	a	factor	of	two.	

Both	 SEBS/NBR	 and	 SEBS/PU	 blends	 display	 interesting	 actuation	

behaviour	and	further	study	is	undergoing	to	fully	understand	the	observed	

electro‐mechanical	behaviour	in	both	cases.	

	

II. As	stated	in	the	introduction,	not	only	the	nature,	but	also	the	morphology	

of	 a	 given	 non‐ferroelectric	 ceramic	 can	 have	 a	 remarkable	 effect	 on	 the	

composite	dielectric	properties.	Recently,	it	has	been	shown	that	the	use	of	

ceramic	 nanowires	 in	 a	 PVDF	 matrix	 increased	 not	 only	 its	 dielectric	

permittivity	but	also	 its	 electric	breakdown	strength	while	decreasing	 the	

discharge	speed	[Tang	and	Sodano	2013].	

These	 results	 suggest	 that	 ceramic	 nanowires	 could	 represent	

disruptive	 fillers	 for	 applications	 in	 DEAs,	 since	 they	 could	 provide	

nanocomposites	 with	 a	 remarkable	 combination	 of	 large	 dielectric	

permittivity,	 high	 breakdown	 strength,	 energy	 density	 and	 efficiency.	

Moreover,	the	possibility	of	aligning	these	ceramic	nanowires	parallel	to	the	

applied	 electric	 field	 opens	 the	 way	 to	 further	 improvements	 in	 the	

dielectric	permittivity	value	as	stated	by	classical	mixing	rules.		

	

III. Prior	 DE	 research	 has	 studied	 several	 approaches	 for	 enhancing	 the	

actuator	 electro‐mechanical	 response	with	promising	 results,	 however	 no	

reports	 in	the	literature	have	been	found	on	the	use	of	nanocomposites	to	

enhance	 the	 performance	 in	 generator	 or	 sensor	 applications.	 In	 fact,	 the	

available	 information	about	DEGs	 refers	 to	un‐filled	acrylic	 [Kaltseis	et	al.	

2011;	Koh	et	al.	2011;	Kornbluh	et	al.	2012;	Wang	and	Wu	2012;	Huang	et	

al.	2013],	natural	rubber	[Koh	et	al.	2011],	PU	[Graf	et	al.	2013]	and	PDMS	

[Maas	and	Graf	2012]	films,	reporting	energy	densities	from	2.8	J/kg	to	560	

J/kg.	The	harvesting	conditions	of	most	systems	were	designed	to	maximise	

the	durability	 of	 the	 films,	 resulting	on	 low	energy	densities	 compared	 to	
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the	maximum	theoretical	value	of	1700	J/kg	on	acrylic	elastomers	[Huang	

et	al.	2013].	

Although	 the	 nanocomposite	 approach	 has	 not	 been	 established	 for	

DEGs,	 a	 simple	 model	 has	 inferred	 that	 the	 power	 generation	 efficiency	

depends,	 among	 other	 parameters,	 on	 the	 effective	 stiffness	 and	

permittivity	 [Kang	et	al.	2011].	Hence,	 the	nanocomposite	approach	could	

bring	 the	 appropriate	 material	 improvement	 required	 to	 overcome	 the	

experimental‐theoretical	energy	density	differences.	
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RESUMEN	
	

I. Introducción	y	motivación	

	

Durante	 los	últimos	años	ha	 surgido	un	enorme	 interés	en	el	desarrollo	de	

materiales	 y	 estructuras	 inteligentes	 que	 respondan	 de	 modo	 reversible	 y	

controlable	 ante	 un	 estímulo	 físico	 o	 químico	 externo,	 modificando	 sus	

propiedades	 [Addington	 and	 Schodek	 2005].	 Una	 de	 las	 aplicaciones	 más	

atractivas	de	estos	materiales	 se	basa	en	el	desarrollo	de	actuadores	o	músculos	

artificiales	capaces	de	convertir	la	energía	electroquímica	en	energía	mecánica.	Los	

candidatos	 más	 prometedores	 son	 los	 polímeros	 electro‐activos,	 gracias	 a	 sus	

peculiares	 características	 tales	 como	 fácil	 procesabilidad,	 alta	 resistencia	 a	 la	

corrosión,	 y	 bajo	 coste	 de	 fabricación	 [Mirfakhrai	 et	 al.	 2007;	 Bar‐Cohen	 2009].	

Atendiendo	al	 tipo	de	estimulo	externo	que	genera	 la	deformación	mecánica,	 los	

polímeros	 electro‐activos	 pueden	 clasificarse	 como	 iónicos	 y	 eléctricos.	De	 entre	

estos	últimos,	destacan	llamativamente	los	elastómeros	dieléctricos	(DE)	debido	a	

que	presentan	 respuestas	más	 rápidas	 y	mayor	 grado	de	deformación	mecánica.	

Concretamente,	los	actuadores	basados	en	elastómeros	dieléctricos	constan	de	una	

membrana	 elastomérica	 situada	 entre	 dos	 electrodos	maleables,	 de	modo	que	 al	

aplicar	un	voltaje	se	induce	un	campo	eléctrico	entre	los	electrodos,	introduciendo	

fuerzas	electrostáticas	o	esfuerzos	de	Maxwell	( )	que	actúan	perpendicularmente	

a	la	superficie	de	la	membrana,	provocando	la	respuesta	mecánica	del	polímero.	En	

general,	la	respuesta	electro‐mecánica	( )	de	un	actuador	basado	en	elastómeros	

dieléctricos	viene	dada	por	la	siguiente	expresión	[Pelrine	et	al.	2000b]:	
	

	 	

	

	

donde	 	es	la	presion	efectiva	producida	por	los	electrodos	sobre	la	membrana	en	

función	del	voltaje	aplicado,	 	y	 	son	respectivamente	la	permitividad	del	vacío	y	
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la	relativa	del	elastómero;	 	es	el	campo	eléctrico	aplicado;	 	es	el	voltaje	aplicado,	

	 es	 el	 modulo	 de	 Young	 del	 elastómero	 y	 	 es	 el	 espesor	 empleado	 de	 la	

membrana	elastomérica.		

Debido	 a	 los	 altos	 valores	 de	 deformación	 que	 presentan	 este	 tipo	 de	

materiales,	estos	actuadores	cuentan	con	aplicaciones	directas	de	 interés	público	

en	diversos	sectores,	tales	como	en	robótica,	en	robots	biomiméticos,	o	interfaces	

táctiles,	en	el	sector	industrial,	en	micro‐válvulas	o	brazos	articulados,	en	el	sector	

electrónico,	 en	 altavoces	 ultraplanos	 o	 posicionadores	 de	 lentes,	 y	 en	 el	 sector	

biomédico,	en	prótesis	y	vendajes	activos.	

Sin	 embargo,	 a	 día	 de	 hoy,	 uno	 de	 los	 principales	 inconvenientes	 que	 está	

retrasando	la	aparición	de	dispositivos	comerciales	basados	en	esta	tecnología	es	

la	necesidad	de	altos	voltajes,	del	orden	de	kilovoltios,	para	inducir	la	deformación	

mecánica.	La	solución	a	este	problema,	sin	embargo,	puede	abordarse	mediante	el	

desarrollo	de	nuevos	materiales	con	un	alto	valor	de	permitividad	dieléctrica	sin	

afectar	de	forma	adversa	al	potencial	de	interrupción	ni	a	las	propiedades	finales	

del	material.		

Este	 aumento	 de	 la	 permitividad	 dieléctrica	 puede	 realizarse	 a	 través	 de	

diferentes	 estrategias,	 desde	 la	 modificación	 química	 de	 la	 cadena	 elastomérica	

hasta	 el	 desarrollo	 de	materiales	 compuestos	 [Kussmaul	 et	al.	 2011;	 Opris	 et	al.	

2011;	 Stoyanov	 et	 al.	 2011].	 Concretamente,	 esta	 última	 estrategia	 presenta	 la	

ventaja	 de,	 por	 un	 lado,	 ser	 fácilmente	 escalable	 a	 nivel	 industrial,	 y	 por	 otro,	

combinar	los	altos	valores	de	permitividad	dieléctrica	de	ciertas	cargas	con	el	alto	

valor	de	ruptura	dieléctrica	de	 los	elastómeros.	Sin	embargo,	 la	 incorporación	de	

estas	cargas	generalmente	produce	un	 incremento	en	paralelo	de	 la	 componente	

de	pérdidas	dieléctricas	así	 como	el	 refuerzo	del	elastómero,	hechos	que	pueden	

llegar	 a	disminuir	 la	 respuesta	 electro‐mecánica	del	material	 en	 cuestión.	Es	por	

ello	que	el	reto	en	este	campo	es	el	desarrollo	de	nuevos	materiales	que	presenten	

el	mejor	equilibrio	entre	los	tres	requisitos	mencionados:	permitividad	dieléctrica	

alta,	pérdidas	dieléctricas	bajas	y	valores	bajos	del	módulo	de	Young.		
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II. Objetivos	principales	de	la	Tesis	

	

El	 objetivo	 principal	 de	 la	 presente	 Tesis	 Doctoral	 es	 el	 desarrollo	 de	

materiales	 compuestos	 basados	 en	 polidimetilsiloxano	 (PDMS),	 comúnmente	

conocido	como	silicona,	con	una	respuesta	electro‐mecánica	mejorada.	Para	ello,	se	

utilizaron	dos	estrategias	diferentes:	

	

‐ Estrategia	 de	 cargas	 conductoras	 o	 sub‐percolativa	 mediante	 el	 uso	 de	

nanopartículas	 conductoras	 en	 base	 carbono,	 como	 son	 los	 nanotubos	 de	

carbono	y	las	láminas	de	grafeno	funcionalizadas.		

‐ Estrategia	 de	 cargas	 dieléctricos	mediante	 el	 uso	 de	 un	 cerámico	 de	 alta	

permitividad	como	es	el	titanato	de	cobre	y	calcio	(CCTO).		

	

Los	objetivos	específicos,	en	ambos	casos,	son	los	siguientes:		

‐ Síntesis	 y	 caracterización	 de	 las	 cargas	 conductoras/de	 alta	 permitividad	

dieléctrica.	

‐ Diseño,	estudio	y	optimización	de	un	actuador	basado	en	PDMS.	

‐ Desarrollo	de	materiales	(nano)compuestos	basados	en	PDMS	con	mejores	

propiedades	dieléctricas.		

‐ Desarrollo	 de	 materiales	 (nano)compuestos	 basados	 en	 PDMS	 con	 un	

comportamiento	electro‐mecánico	mejorado.		

	

III. Estructura	de	la	tesis	

	

La	presente	Tesis	Doctoral	está	divida	en	6	capítulos	donde	se	detalla	desde	

la	 síntesis	 de	 los	 aditivos	 conductores	 o	 de	 alta	 constante	 dieléctrica	 hasta	 el	

desarrollo	 de	 actuadores	 basados	 en	 PDMS	 con	 respuesta	 electro‐mecánica	

mejorada.	

El	Capítulo	1	presenta	una	breve	introducción	al	tema	de	estudio	así	como	la	

motivación	principal	y	los	objetivos	específicos	definidos	para	su	desarrollo.	

El	Capítulo	2	presenta	una	introducción	sobre	los	tipos	de	polímeros	electro‐

activos	 existentes	 en	 la	 actualidad,	 detallando	 de	 forma	 más	 específica	 los	

fundamentos	 teóricos	y	 requerimientos	necesarios	de	 los	 actuadores	basados	 en	
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elastómeros	 dieléctricos.	 Este	 capítulo	 se	 completa	 con	 un	 estado	 del	 arte	

pormenorizado	 sobre	 los	 elastómeros	 dieléctricos,	 así	 como	 las	 estrategias	 más	

adecuadas	para	mejorar	su	respuesta	electro‐mecánica.	

El	 Capítulo	 3	 presenta	 los	 métodos	 de	 síntesis	 de	 las	 diferentes	 cargas	

empleadas	así	como	las	técnicas	experimentales	utilizadas	para	su	caracterización.	

Así,	en	el	caso	de	los	nanotubos	de	carbono,	se	expone	una	detallada	comparación	

entre	 nanotubos	 comerciales	 y	 aquellos	 producidos	 en	 nuestro	 laboratorio	

mientras	que	en	el	caso	de	 las	 láminas	de	grafeno	funcionalizadas,	se	presenta	el	

proceso	 de	 síntesis	 utilizado	 (oxidación	 química−reducción	 térmica)	 y	 su	

caracterización	 a	 lo	 largo	 del	 mismo.	 Para	 finalizar,	 este	 capítulo	 describe	 la	

síntesis,	caracterización	y	modificación	superficial	de	las	partículas	de	titanato	de	

cobre	y	calcio.	

El	 Capítulo	 4	 se	 dedica	 en	 exclusiva	 a	 la	 evaluación	 de	 la	 estrategia	 sub‐

percolativa	en	dos	siliconas	de	grado	líquido	con	diferentes	viscosidades.	En	este	

capítulo	también	se	detalla	 la	caracterización	reológica,	mecánica	y	dieléctrica	de	

los	nanocompuestos	desarrollados	basados	en	dos	sistemas	líquidos	de	PDMS.		

El	Capítulo	5	describe	los	protocolos	empleados	(grado	de	pre‐estiramiento	y	

conductividad	 de	 los	 electrodos)	 para	 la	 optimización	 de	 la	 respuesta	 electro‐

mecánica	 de	 un	 grado	 sólido	 de	 PDMS.	 Así	mismo,	 este	 capítulo	 explora	 las	 dos	

estrategias,	 sub‐percolativa	 y	 carga	 dieléctrica,	 en	 dicho	 grado	 sólido	 de	 PDMS.	

Este	 capítulo	 expone	 el	 efecto	 de	 los	 aditivos	 conductores	 y	 de	 alta	 constante	

dieléctrica	 en	 las	 propiedades	 reológicas,	 mecánicas,	 dieléctricas	 y	 electro‐

mecánicas	del	grado	sólido	de	PDMS.	

Finalmente,	 las	 conclusiones	 generales	 de	 esta	 Tesis	 así	 como	 las	

aportaciones	fundamentales	del	trabajo	realizado	se	presentan	en	el	Capítulo	6.		

	

IV. Conclusiones	y	aportaciones	fundamentales	

	

La	conclusión	principal	que	se	puede	extraer	de	esta	Tesis	Doctoral	es	que	el	

desarrollo	 de	 materiales	 (nano)compuestos	 es	 una	 vía	 eficaz	 para	 mejorar	 el	

comportamiento	 electro‐mecánico	 de	 un	 elastómero	 dado.	 Las	 dos	 rutas	

estudiadas	 (cargas	 conductoras	 y	 dieléctricas)	 son	 caminos	 viables	 para	

incrementar	 de	 manera	 sistemática	 la	 permitividad	 dieléctrica	 y,	 por	 ende,	 la	
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respuesta	 electro‐mecánica	 de	 una	matriz	 de	 polidimetilsiloxano.	 Cabe	 destacar,	

que	tanto	las	láminas	de	grafeno	funcionalizadas	como	las	partículas	de	titanato	de	

cobre	y	calcio	han	sido	identificadas	y	empleadas	por	primera	vez	para	mejorar	las	

propiedades	dieléctricas	de	una	matriz	de	PDMS.		

	

Además,	de	los	resultados	obtenidos	durante	este	estudio	se	pueden	extraer	

las	siguientes	conclusiones:		

 El	tamaño	final	de	partícula	(micrométrico	o	nanométrico)	del	CCTO	influye	

de	manera	significativa	en	las	propiedades	dieléctricas	finales,	siendo	el	valor	

de	 la	 permitividad	 dieléctrica	 mayor	 en	 el	 caso	 de	 partículas	 con	 tamaño	

micrométrico	 debido	 a,	 principalmente,	 su	 mayor	 tamaño	 de	 grano	 y	 la	

conservación	 de	 la	 relación	 estequiométrica	 entre	 los	 cationes	

constituyentes.		

	

 La	 morfología	 de	 las	 nanocargas	 conductoras	 así	 como	 las	 condiciones	 de	

mezclado	empleadas	en	los	grados	líquidos	de	PDMS	son	factores	clave	para	

mejorar	las	propiedades	mecánicas	de	dichas	matrices	elastoméricas	y	para	

obtener	una	red	interpenetrante	dentro	de	las	mismas.	

	

 El	 desarrollo	 de	 materiales	 compuestos	 en	 los	 grados	 líquidos	 de	 PDMS	

requiere	 un	 examen	 detenido	 del	 tipo	 y	 la	 funcionalidad	 de	 las	 cargas	

incluidas	debido	al	 tipo	de	 catalizador	empleado	en	estos	 sistemas.	En	este	

sentido,	 los	 agentes	 catalizadores	 basados	 en	 platino	 (Pt),	 que	 se	 utilizan	

comúnmente	 en	 los	 grados	 de	 PDMS	 curados	 a	 temperatura	 ambiente,	 son	

muy	 sensibles	 a	 ciertos	 compuestos	 presentes	 en	 algunas	 cargas.	 Estos	

compuestos	 son	 capaces	 de	 inhibir	 o	 incluso	 detener	 la	 actividad	

entrecruzante	 del	 catalizador,	 retrasando	 o	 cancelando	 totalmente	 la	

reacción	de	curado.		

	

 Tanto	el	grado	de	pre‐estiramiento	como	la	conductividad	de	los	electrodos	

son	herramientas	prácticas	y	poderosas	para	aumentar	la	respuesta	electro‐

mecánica	 de	 actuadores	 basados	 en	 PDMS,	 debido	 a	 la	 disminución	 del	

espesor	 de	 la	 película	 elastomérica	 y	 a	 la	 generación	 de	 una	 fuerza	
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electroestática	 mayor,	 respectivamente.	 Así,	 a	 partir	 de	 los	 estudios	

realizados	en	un	grado	sólido	de	PDMS	pudo	concluirse	que	la	configuración	

que	 presenta	 una	 mejor	 relación	 entre	 comportamiento	 electro‐mecánico,	

complejidad	 de	 construcción,	 coste	 y	 escalabilidad	 es	 aquella	 desarrollada	

con	 un	 grado	 de	 pre‐estiramiento	 correspondiente	 a	 =1.5	 y	 utilizando	

electrodos	de	grafito	natural	con	una	resistencia	superficial	de	100	kΩ.		

	

 La	 adición	 de	 los	 dos	 tipos	 de	 nanocargas	 conductoras	 (nanotubos	 de	

carbono	 y	 láminas	 de	 grafeno	 funcionalizadas)	 por	 debajo	 de	 la	

concentración	de	percolación	eléctrica	mejora	las	características	dieléctricas	

del	 grado	 sólido	 de	 PDMS.	 Sin	 embargo,	 a	 altas	 concentraciones,	 los	

compuestos	 desarrollados	 con	 nanotubos	 sintetizados	 en	 el	 laboratorio	

mostraron	una	componente	electrónica	de	conductividad	que	no	se	observa	

en	 el	 caso	 de	 los	 compuestos	 con	 grafeno,	 debido	 principalmente,	 a	 la	 alta	

relación	 de	 aspecto	 (longitud/diámetro)	 de	 los	 primeros.	 En	 el	 caso	 de	 los	

grafenos,	 la	 presencia	 de	 grupos	 funcionales	 en	 su	 superficie	 reduce	 la	

conductividad	 eléctrica	 superficial	 al	 tiempo	 que	 mejora	 la	 compatibilidad	

carga/elastómero	 reduciendo,	 así,	 el	 fenómeno	 de	 polarización	 a	 bajas	

frecuencias	conocido	como	polarización	Maxwell‐Wagner‐Sillars.		

	

 La	disminución	observada	en	el	campo	eléctrico	de	ruptura	en	el	caso	de	los	

nanocompuestos	 sub‐percolativos	 basados	 en	 el	 grado	 sólido	 de	 PDMS	 es	

independiente	del	valor	de	las	pérdidas	dieléctricas	y	es	debido	a	un	proceso	

de	 descarga	 por	 avalancha	 que	 provoca	 el	 cortocircuito	 prematuro	 de	 los	

nanocompuestos.	 A	 pesar	 de	 esta	 disminución,	 la	 muestra	 con	 la	

concentración	 más	 baja	 de	 grafeno	 mostró	 una	 deformación	 de	 actuación	

cuatro	veces	mayor	que	la	correspondiente	a	la	matriz	elastomérica	neta.		

	

 En	el	caso	de	la	estrategia	de	cargas	dieléctricas,	la	inclusión	de	partículas	de	

CCTO	 con	 tamaño	micrométrico	 en	 el	 grado	 sólido	 de	 PDMS,	 produce	 una	

excelente	 combinación	 de	 alta	 permitividad	 dieléctrica	 y	 bajas	 pérdidas	

dieléctricas	 manteniéndose	 las	 propiedades	 mecánicas	 inalteradas.	 La	

sinergia	 de	 estas	 propiedades	 da	 lugar	 a	 un	 gran	 aumento	 en	 el	
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comportamiento	electro‐mecánico	del	grado	sólido	de	PDMS.	En	concreto,	el	

compuesto	 con	 un	 20	%	 en	 peso	 de	 CCTO	muestra	 la	 mayor	 deformación	

para	un	campo	eléctrico	dado.		

	

 La	incorporación	de	las	partículas	de	CCTO	en	tamaño	micrométrico	reduce	

el	 campo	 eléctrico	 de	 ruptura,	 limitando	 así	 la	 respuesta	 electro‐mecánica	

máxima	del	material.	Este	hecho	puede	ser	debido	tanto	a	la	acumulación	de	

cargas	en	 los	bordes	de	 las	partículas,	como	al	Efecto	 Joule	generado	por	el	

contacto	directo	entre	las	mismas.	

	

 Con	objeto	de	minimizar	la	reducción	del	campo	de	ruptura,	las	partículas	de	

CCTO	de	tamaño	micrométrico	fueron	sometidas	a	un	tratamiento	térmico	y	

a	 un	 proceso	 de	 encapsulación.	 Estos	 dos	 tipos	 de	 modificaciones	

superficiales	 disminuyen	 la	 permitividad	 dieléctrica	 de	 las	 partículas	

precursoras,	 lo	 cual	 repercute	negativamente	en	el	porcentaje	de	 actuación	

de	los	materiales	desarrollados.	

	

 El	 tratamiento	de	encapsulación	demuestra	ser	una	estrategia	efectiva	para	

mejorar	 no	 solo	 la	 interacción	 carga/elastómero	 sino	 para	 prevenir	 el	

contacto	 directo	 entre	 las	 partículas	 de	 CCTO	 y	 así	 aumentar	 de	 manera	

sustancial	el	campo	eléctrico	de	ruptura.		

	

Para	finalizar,	esta	Tesis	doctoral	facilitó	la	apertura	de	una	nueva	línea	de	

investigación	diferenciada	e	 innovadora	en	un	grupo	de	 investigación	emergente	

en	un	área	pionera	como	la	Nanotecnología,	mediante	la	preparación	de	materiales	

poliméricos	 con	 alto	 valor	 añadido	 para	 aplicaciones	 avanzadas	 en	 diferentes	

sectores	industriales	como	la	automoción,	energía,	electrónica,	biomedicina,	etc.	
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