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Abstract 

Dielectric elastomers (DEs), which have high flexibility, low weight, high electrical and 

mechanical breakdown strength and elasticity, as well as great stability with respect to a large 

range of chemicals, are well-known materials with a large variety of novel and advanced 

electromechanical applications, namely as actuators, sensors and generators. Silicone 

elastomers are one of the most promising materials for DEs, as they can be operated at a wide 

frequency range and offer high efficiency and fast response time. However, the most obvious 

challenge facing current silicone elastomers is that they possess low dielectric permittivity 

and need high driving voltages to activate them, limiting the applications of silicone-based 

DEs. Therefore, new approaches must be undertaken in order to improving the performance 

of silicone-based DEs. The objective of this project is improving the performance of silicone-

based DEs as actuators or sensors, particularly enhancing the dielectric properties, sensing 

properties, and biocompatibility. This ambitious goal is accomplished by incorporating liquid 

filler with high permittivity and a high biocompatible solid filler into silicone network, and 

each of the methods for improving the target property is demonstrated in the following 

chapters.  

First, high-permittivity silicone-based DEs were prepared by synthesizing a silicone 

elastomer loaded with ionic liquids (ILs). The influence of the structure and the amounts of 

ILs on the material properties was discussed, and important properties for material 

applications as DEs, such as dielectric permittivity, gel fraction, and mechanical properties, 

were also investigated. It was found that 1-butyl-3-methylimidazolium hexafluoroantimonate 

(BmimSbF6) is the most suitable IL for the given system. The dielectric permittivity of the 

material with 90 parts per hundred rubber (phr) BmimSbF6 was 3.2 times higher than that of 

the pristine silicone elastomer. The Young’s modulus decreased in line with the increasing 

amount of BmimSbF6 in the elastomer, as expected. A simpler figure of merit (F
om) than the 

traditional figure of merit  for actuators was used, and the F
om of the elastomer with a 90 phr 

IL loading was 10.4, thereby indicating that the material has a great advantage when used in 

actuators. 

Secondly, wool keratin, with high biodegradability, biocompatibility and stability, was 

selected as a solid filler for increasing the mechanical properties and biocompatibility of the 

silicone-based DEs. Three keratin models and 621 ILs, including 27 cations and 23 anions, 

were used to evaluate keratin dissolution capability via a screening method based on 

COSMO-RS. From the prediction results of logarithmic activity coefficients (lnγ) for the 

three keratin models, it can be concluded that anions play a leading role in keratin 

dissolution, while cations only have a moderate effect on the dissolution process. In addition, 

the experimental solubility of ten ILs was in accordance with that of the prediction lnγ, 

thereby indicating that the prediction value of lnγ via COSMO-RS can effectively reflect the 

keratin dissolution capability of ILs.  
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Lastly, a novel pressure sensor with remarkably improved force sensing characteristics 

was obtained through combined usage of PDMS and IL. Keratin was dispersed 

homogeneously in the PDMS matrix to serve as a reinforcing filler. High conductivity IL was 

employed as sensitivity-enhancing constituent in the elastomer, and the effect of the amount 

of IL on elastomers’ pressure-sensing performance was investigated. The elastomer with 70 

phr IL showed excellent pressure-sensing performance. This novel pressure sensor 

demonstrates high linear sensitivity (0.037 kPa-1) in a large pressure region of 0-10 kPa. 

Response and recovery times were 8 ms and 11 ms, respectively, which are much shorter than 

previously reported times. Moreover, the pressure sensor could distinguish different pressures 

via stable sensing signals in the pressure range of 0 to 50 kPa. The excellent performance of 

the novel pressure sensor has application potential in various fields, such as health monitoring 

and soft robotics. 
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Resumé 

Dielektriske elastomerer (DE), der har høj fleksibilitet, lav vægt, høj elektrisk og mekanisk 

sammenbrudsstyrke og elasticitet, såvel som kemikalieresistens, er velkendte materialer til en 

stor portefølje af nye og avancerede elektromekaniske anvendelser, såsom aktuatorer, 

sensorer og generatorer. Silikone elastomerer er en af de mest lovende typer af elastomerer til 

anvendelse som DE, da de kan opereres i et bredt frekvensområde med høj effektivitet og 

hurtig responstid. Dog er den mest åbenlyse udfordring for silikone elastomerer deres lave 

dielektriske permittivitet og dermed behov for høje spændinger for at aktuere dem, hvilket 

sætter begrænsninger på anvendelserne. Derfor er nye metodikker til forbedring af disse 

udfordringer nødvendige. Formålet med denne afhandling er at forbedre silikone elastomers 

performance som sensorer og aktuatorer med fokus på dielektriske egenskaber, sensor-

egenskaber og biokompatibilitet. Dette gøres via integrering af ioniske væsker med høj 

dielektrisk permittivity samt et biokompatibelt fast fyldstof. 

Først blev høj-permittivitets silikone-baserede DEs fremstillet via syntese af en silikone 

elastomer med ionisk væske (IL). Indflydelsen af struktur og mængder af IL på 

materialeegenskaberne diskuteres, og vigtige parametre, såsom dielektrisk permittivitet, 

gelfraktion og mekaniske egenskaber undersøges også. Det blev fundet, at 1-butyl-3-

methylimidazolium hexafluoroantimonate (BmimSbF6) er den bedste IL til systemet. Den 

dielektriske permittivitet af elastomeren ved 90 dele per hundrede gummi (phr) var 3,2 gange 

højere end den oprindelige silikone elastomer. Youngs modulet reducerede proportionalt med 

den øgede mængde IL i elastomeren, som forventet. En simplere sammenligningsfaktor for 

sensorer (figure of merit, F
om) end den klassiske, generelle sammenligningsfaktor for 

dielektriske elastomerer blev benyttet, og F
om elastomeren med 90 phr IL indhold var 10,4, 

hvilket indikerer en 10 gange bedre performance som sensor. 

Dernæst blev uld keratin, med høj biodegraderbarhed, biokompatibilitet og stabilitet, 

udvalgt til fyldstof til elastomererne for at forbedre de mekaniske egenskaber og 

biokompatibiliteten af sensorerne. Tre modeller for keratin og 621 IL par, fra 27 kationer og 

23 anioner, blev benyttet til at evaluere opløseligheden af keratin via en screeningsmetode 

baseret på COSMO-RS. Fra modelforudsigelserne af de logaritmiske aktivitetskoefficienter 

(lnγ) for de tre keratin modeller kan det konkluderes at anionerne spiller hovedrollen i 

opløsningen af keratin, hvorimod kationerne kun har en moderat effekt på 

opløselighedsprocessen. Endvidere var de eksperimentelt opløseligheder i overensstemmelse 

med de teoretiske, hvilket indikerer COSMO-RS’s brede anvendelighed.  

Til sidst blev der fremstillet en ny tryksensor med kraftigt forbedrede kraftsensoriske 

egenskaber fra den synergetiske effekt af PDMS, keratin og IL. Keratin blev homogent 

dispergeret i PDMS matricen som et mekanisk forstærkende fyldstof. Høj-konduktivitets IL 

blev benyttet til at øge sensitiviteten, og effekten af IL indhold på tryk-sensitiviteten blev 

undersøgt. Elastomeren med 70 phr IL udviste meget høj tryksensorisk evne. Denne nye 
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sensor har endvidere høj lineær sensitivitet (0.037 kPa-1) over det brede trykområde 0-10 kPa. 

Respons- og genoprettelse-tider var hhv 8 og 11 ms, hvilket er meget kortere end tidligere 

rapporterede sensor-karakteristiske tider. Endvidere kunne sensoren differentiere forskellige 

tryksignaler i trykområdet 0 to 50 kPa med stabilt output. Disse karakteristika gør, at 

sensoren har stort potentiale som praktisk tryksensor. 
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List of abbreviations and symbols 

 Abbreviations 

  

 Ionic liquids 

AmimCl                1-allyl-3-methylimidazolium chloride 

BmimCl 1-butyl-3-methylimidazolium chloride 

BmimDCA 1-ethyl-3-methylimidazolium dicyanamide    

BmimSbF6 1-butyl-3-methylimidazolium hexafluoroantimonate 

BmimSCN 1-n-butyl-3-methylimidazolium thiocyanate    

BmpyrrCl 1-butyl-1-methylpyrrolidinium chloride 

BN boron nitride 

COSMO-RS                                            conductor like screening model for real solvents 

CB    carbon black 

CPO copper-phthalocyanine oligomer 

CYS cysteine 

DE   dielectric elastomer 

DEA dielectric elastomer actuator 

DEG dielectric elastomer generator 

DES dielectric elastomer sensor 

DRS    dielectric relaxation spectroscopy 

DET dielectric elastomer transducer 

EAP   electroactive polymer 

FT-IR                  fourier-transform infrared spectroscopy 

GSSG oxidized glutathione 

IL ionic liquid 

LM liquid metal 

MWCNT multi-walled carbon nanotube 

NP nanoparticle 

PDMS polydimethylsiloxane 

PEG polyethylene glycol 

phr   per hundred rubber 

PMS polymethylvinylsiloxane 

PMVS polymethylvinylsiloxane 

PP   polypeptide 

PPMS polyphenylmethylsiloxanes 

PU polyurethane 

SEM                  scanning electron microscopy 
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BpyCl n-butyl-pyridinium chloride 

EmimAc 1-ethyl-3-methylimidazolium acetate 

EmimCl 1-ethyl-3-methylimidazolium chloride 

EmimDEP 1-ethyl-3-methylimidazolium diethylphospate 

HOEtmimCl 1-2-hydroxylethyl-3-methylimidazolium chloride 

 Symbols (List in the order of introduced) 

p Maxwell pressure 

0 vacuum permittivity (8.85410-12 F/m) 

r relative permittivity  

E                          electric field 

U applied voltage 

d thickness  

Y Young´s modulus 

 Poisson coefficient 

sz elastic compressive strain 

C capacitance of the device 

A electrode area 

S sensitivity of the pressure sensor 

C                        relative capacitance change 

C0 initial capacitance without pressure 

P applied pressure 

W electrical energy 

W                       electrical energy change 

W1 electrical energy before being relaxed of the stretched DE film 

W2 electrical energy after being relaxed of the stretched DE film 

C1 capacitance before being relaxed of the stretched DE film 

C2 capacitance after being relaxed of the stretched DE film 

U1 voltage before being relaxed of the stretched DE film 

U2 voltage after being relaxed of the stretched DE film 

Tg glass transition temperature 

Wgel gel fraction 

me weight after extraction and drying 

m0 initial weight of the sample 

mIL weight of IL in the initial sample 

Fom
traditional traditional figure of merit  

EB                         electrical breakdown strength 

Fom
                        simplified figure of merit  

εr,0                         dielectric permittivity of the reference DEs 
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Y0 Young’s modulus of the reference DEs 

lnγ logarithmic activity coefficients 

RSS residual sum of squares 

R2 coefficient of determination 

V                         relative voltage change 

V0                          initial voltage without pressure 
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1. Introduction 

1.1 Introduction to electroactive polymers 

Electroactive polymers (EAPs), which can respond to electrical stimulation with a significant 

shape or dimensional change,[1] are often referred to as “artificial muscles” in the literature 

due to the action mode of EAPs having similarities with biological muscles, and they can 

generally be classified into two major categories according to their activation mechanism: 

ionic EAPs or electronic EAPs.[2-4] Ionic EAPs, such as polymer gels, ionic polymer-metal 

composites and carbon nanotubes, are driven by the migration of ions or molecules within the 

bulk of the material, and usually work at low voltages (less than 5V required for actuation).[5] 

The disadvantages of ionic EAPs are slow response and low energy efficiency.[5-6] In contrast 

to ionic EAPs, electronic EAPs are activated by electric fields or Coulomb forces. Some 

examples of electronic EAPs are ferroelectric polymers,[7-8] electrostrictive polymers[9-10] and 

dielectric elastomers (DEs).[11-12] These materials have high mechanical energy density, fast 

response and long lifetime, and the most obvious challenge facing current electronic EAPs is 

that they need high driving voltage to activate them. [2-3] Comparing with other EAPs, DEs, 

which have light weight, low cost, high flexibility, large actuation strain and high actuation 

speed, are the most favourable in a broad range of applications covering actuators, sensors 

and generators.[3] 

1.2 Overview of dielectric elastomers 

1.2.1 Basic principles of dielectric elastomers 

Dielectric elastomer (DE) can be regarded as a flexible capacitor.[13] The DE working 

mechanism was first reported by Wilhelm Conrad Röntgen in 1880, when a pre-stretched 

rubber band with 16 cm wide and 100 cm long was actuated by high voltage corona discharge 

produced airborne ions and an elongation of several centimeters was observed.[14] As 

illustrated in Figure 1.1, a soft and thin DE film is sandwiched between two uniform 

compliant electrodes. When a voltage is applied to the electrodes, the opposite charges 

distribute on both sides of the DE film, which leads to the DE film compressing in thickness 

and stretching in area. When the DE is used in the actuation mode, the electrical energy can 

be converted to mechanical energy, which means that DEs can be used as actuators or 

sensors; while DE is used in the electricity generating mode, the mechanical energy will 

change into electrical energy, indicating DEs can be applied in energy-harvesting 

generators.[13] The detailed working principles and state of arts of DEs in actuators, sensors, 

and generators are described in the following subsections. 
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Figure 1.1 Illustration of the DEs actuation principle 

1.2.2 Dielectric elastomer actuators (DEAs) 

The working principle of DEAs is demonstrated in Figure 1.1. Electrical energy is converted 

into mechanical energy during the working process of DEA. When a voltage is applied to the 

compliant electrodes, the electrostatic attraction between the opposite charges of both 

electrodes generate a Maxwell pressure on the film, thus the DEA decreases in thickness 

while expands in area.[15]  

The fundamental equation that characterizes DEA is based on the Maxwell pressure (p), 

which is defined as:[16] 

                                            𝑝 = 0𝑟𝐸2 = 0𝑟 (
𝑈

𝑑
)

2

                                                  (1.1) 

 

Where 0 is the vacuum permittivity (8.85410-12 F/m) and 𝑟 is the relative permittivity, E is 

the electric field, U is the applied voltage, and d is the thickness of DE. 

Assuming that Young´s modulus (Y) remains a constant throughout the actuation cycle 

and the Poisson coefficient =0.5, the Maxwell pressure can be related to the elastic 

compressive strain, sz, which is given as 

                                   𝑠𝑧 = −
𝑝

𝑌
= −

0𝑟 𝐸
2

𝑌
= −

0𝑟

𝑌
(

𝑈

𝑑
)

2

                                        (1.2) 

This equation clarifies that the mechanical and dielectric properties of DE films effect the 

performance of DEA devices. 

DEAs have attracted great interest in a wide range of application fields, such as soft-

robotics,[17-19] tunable optics[20-21] and biomedical devices,[22] due to the inherent flexibility, 

large strain, high efficiency, high energy density, and fast response of the material, and 

silicone-based DEAs are also known as one of the most promising candidates for artificial 

muscle.[23]  

1.2.3 Dielectric elastomer sensors (DESs)  

Sensors can generate signals when receiving input from the external environment, such as 

force, pressure, and stretching. Based on the basic transduction method, the mechanical 

sensors can be divided into several categories, for example piezoresistive sensors, capacitive 
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sensors, iontronic sensors, and piezoelectric sensors.[24] The output results of the sensors can 

be expressed by capacitance, voltage, current or resistance, depending on the type of test 

platform and sensor. Pure silicone DE film is considered as an excellent candidate for a 

capacitive sensor, which will provide a signal according to the electrical capacitance (𝐶) of 

the device. The capacitance of the sensor is defined as,[25] 

                                                           𝐶 =
0𝑟 𝐴

𝑑
                                                           (1.3) 

where A is the electrode area. The working principle of silicone DE sensor is shown in 

Figure 1.2. The sensitivity (S) of the capacitive sensor is calculated using the following 

equation: 

                                                         𝑆 =
𝑑(𝐶

𝐶0
⁄ )

𝑑𝑃
                                                         (1.4) 

Here, 𝐶 is the relative capacitance change, 𝐶0 is the initial capacitance of the sensor without 

pressure, and 𝑃 is the applied pressure. This equation indicates that the capacitive sensing 

performance is related to the dielectric permittivity and thickness of the DE film, and the area 

of the electrode. 

 

Figure 1.2 Working principle of silicone DE sensor 

DESs with high flexibility have attracted great interest due to their significant potential in 

diverse applications including intelligent robotics, [26] wearable monitor products,[27-28] health 

care devices[29-30] and electronic skins. [31-32] 

1.2.4 Dielectric elastomer generators (DEGs) 

The working principle of the DEG is essentially the reverse of that of the DEA. As depicted 

in Figure 1.3, the electrical energy after the DE material being relaxed are gained from the 

input of mechanical energy (generally strain).[33] At first, the DE film is stretched under an 

external mechanical force, and a voltage is applied to the stretched DE film. After removing 

the external force, the DE film relaxed to a low stretch state. The distance of unlike charges 

increases with the increasing thickness of the DE film and the distance of like charges 

decreases with the decreasing of the electrode area during the relaxation of the dielectric film, 

resulting in the increases of the voltage.[34] 
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The basic energy transformation principle of DEG is based on the electrical energy (W) 

stored in the capacitor, as follows,[34] 

                                              𝑊 =
1

2
𝐶𝑈2 =

1

2

0𝑟 𝐴

𝑑
𝑈2                                                  (1.5) 

Considering the charges and the volume remain unchanged, the garnered electric energy 

(W) is calculated using: 

                                      ∆𝑊 = 𝑊2 − 𝑊1 =
1

2
𝐶2𝑈2

2 −
1

2
𝐶1𝑈1

2
                                     (1.6) 

Where 𝑊1 and 𝑊2 are the electrical energies stored in the capacitor before and after being 

relaxed of the stretched DE film, 𝐶1and 𝐶2 are the capacitances at the two states above, 𝑈1 

and 𝑈2 are the voltages at the two states above, respectively. 

 

 

Figure 1.3 Working principle of silicone DE generator 

DEGs are promising for energy harvesting due to their ability to sustain large stretches, 

fast response, high electric fields and low mass density.[35] In recent years, DEGs have not 

only been tested in the lab, but also they have been used in actual environment, for example, 

wind, human walking, and water waves.[36-38]  

1.3 Overview on dielectric elastomer materials 

Already understanding the working principles of dielectric elastomer transducers (DETs), 

which refer to the system of elastomer and electrode, and the parameters influencing the 

performance of DETs, it might relatively easy to select the best DE materials for the specific 

application. However, in the decades from 1990 to the present, a large number of soft 

materials, such as silicones, polyacrylates, and polyurethanes (PUs), have been explored as 

DE materials.[39-43] When taking dielectric permittivity as one of the important parameters, 

the more obvious choices with respect for DETs are polyacrylates and PUs, since both of 

them have rich polar groups in the polymer network, thus making them have high efficient 

when undergoing polarization. [34, 44] However, the viscoelastic properties of polyacrylates 

lead to low electromechanical conversion efficiency and low response speed.[45-46] In addition, 

both polyacrylates and PUs are susceptible to uncontrollable water condensation, and these 
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water will form a conductive path throughout the network, leading to the increased 

probability of electric breakdown. By contrast, silicones have relatively high breakdown 

strength, fast response rate, wide operating temperature, high conversion efficiency and long 

lifetime. However, the dielectric constant of silicone is only about 3, which leads to silicone 

have low energy density and need a high driving voltage.[39-40] Based on the vast amount of 

research reports, it is obvious that in spite of its disadvantages, silicones is the most 

commonly used materials as DETs. The detailed introduction to silicones can be seen in the 

following section. 

1.3.1 Silicone dielectric elastomers 

Silicones, namely polysiloxane, have a polymer backbone with basic alternating units of 

silicon and oxygen (-Si-O-) bonds, which differ from other traditional polymers with carbon-

carbon backbone. The name of silicone was first used by Kipping in 1901 to describe the new 

compounds with generic formula R2SiO.  

 Silicone polymers are almost entirely amorphous, therefore the elastic response increased 

significantly when crosslinked into an elastomer.[47] Silicone elastomers can be crosslinked 

using hydrosilylation, condensation, and radical reaction. Hydrosilylation and condensation 

are the most commonly used reactions to produce silicone elastomers.[47] Hydrosilylation 

curing silicone elastomers are the easiest to formulate and prepare in a reliable way, and there 

are virtually no by-products in the synthesis process.[48] The disadvantage of hydrosilylation 

reaction is that the catalysts Pt and Rh are easily bonded to electron donating substances, for 

example, amine or sulphur, leading the deactivation of catalyst and termination of reaction.[48] 

The crosslinking chemistry is depicted in Figure 1.4a.  Meanwhile, condensation silicone 

elastomers are obtained by crosslinking reaction of hydroxyl terminated polysiloxane pre-

polymers with alkoxy silanes, as shown in Figure 1.4b.[49] The advantages of condensation 

silicones compared to hydrosilylation are the relatively low cost, the curing rate largely being 

independent of temperature, and the catalyst being nontoxic, while by-products are released 

throughout this reaction and a certain level of humidity is required. 

The most common used silicone as DEs is polydimethylsiloxane (PDMS).[48] PDMS has 

high inherent flexibility and softness due to the Si-O backbone, and the glass transition 

temperature (Tg) of PDMS is usually lower than that of other DEs, such as PUs, polyacrylates. 

Therefore, PDMS has a much wider operating temperature range from -100 oC to 300 oC. 

PDMS has been shown to be extremely durable and capable of withstanding millions of 

stretch-release cycles. Furthermore, PDMS possesses relatively high electric breakdown 

strength, and has high conversion efficiency due to low viscosity loss. However, PDMS also 

has low dielectric constant, which leads to PDMS has low energy density and need a high 

driving voltage.[50-51] Therefore, it is necessary to improve the performance of PDMS DETs 

to promote their applications in electrical fields. Approaches aiming at enhancing the 

performance of DETs are discussed in chapter 1.4. 



 

 

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 (a) Hydrosilylation curing (also known as addition curing) and (b) condensation 

curing of silicone polymers into silicone elastomers.  

1.4 Methods to improve the performance of silicone-based DETs 

Based on the discussion in section 1.2, the methods for enhancing the performances of DETs 

are all related to the optimization of the DE film and the electrodes. Approaches aiming at 

enhancing the performance of DETs will be discussed herein.  

1.4.1 Compliant electrodes 

Compliant electrodes are closely related to the performance of DETs. Therefore, the selection 

of the electrode for different applications must be carefully studied to ensure the optimal 

operation of DETs. An excellent electrode has to be uniformly conductive to ensure the 

uniformly charges distribution and the fast response of DET. In addition, the electrode has to 

deform largely consistent with the DE film while remain the high conductivity and adhere 

well to DE film under repeated large deformation. 

Generally, compliant electrodes used for DETs can be roughly divided into three 

categories: metallic thin-film electrodes, carbon-based electrodes and ionic electrodes.[23] 

Metallic thin film electrodes, such as nanowires of copper, gold, and silver, display high 

conductivity, high stability and long life span, while the relatively high stiffness and low 

elasticity of metal film have to be considered when applying them to DETs. Furthermore, the 

metallic electrodes still suffer from cracking when high strains are applied to the film, even if 

(a) 

(b) 
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the crack problem can be partially eliminated by deposing the metals onto a pre-stretched 

film.[52-55] Carbon-based electrodes are the most commonly used compliant electrodes for 

DETs. They can be divided into three main categories: (1) Carbon powders, for example, 

carbon black, have high conductivities and will not contribute the stiffness of the DE films. 

However, the conductivity of elastomers incorporating carbon powders cannot be sustained at 

high strains, and the carbon powders can get detached from DE film surface reducing the 

durability of the electrodes.[56-59] (2) Carbon crease, which is consist of carbon particles 

dispersed into a viscous fluid, can sustain relatively large stains while remaining conductive. 

This technique is commonly used in laboratories due to its simplicity and the negligible 

mechanical impact of the electrode on the performance of DETs. However, the possible 

drying of the grease and diffusion into the DE film limited the lifetime of the electrode, and 

the viscous nature reduces the response speed of the electrode.[60-61] (3) Carbon compounds 

are fabricated by the dispersion of carbonaceous particles into a curable elastomer, for 

example, a PDMS pre-elastomer. Although carbon compounds electrodes have high 

conductivity, long lifetime and stability, and excellent adhesion to the film, the contribution 

of these electrodes to the DE stiffness can not be neglected.[62-64] Ionic electrode, which not 

only remain high conductivity under large deformation but also meet the demand of 

transparent and self-healing, is a new kind of compliant electrode. The limitations of the ionic 

electrodes are that they have high resistivity and low response speed.[65-67] So far, there is no 

definite answer to the question of which electrode is the best. It is still an important area of 

study for enhancing the performances of DETs.   

1.4.2 Pre-stretching of silicone-based DE film 

It has been proven that providing DE film with a pre-stretching can improve the performance 

of DETs.[68-70] The thickness of silicone-based DE film can be effective reduced by 

performing both biaxial and uniaxial pre-stretching. Therefore, the pre-stretching DE film 

drive a higher actuation strain due to the higher Maxwell pressure, which increases in line 

with decreasing thickness of DE film. Further studies have also indicated that pre-stretching 

increases the dielectric breakdown strength and suppresses the electromechanical instability 

which are the main causes of soft dielectric failure.[71-72] However, pre-stretching also stiffens 

the DE film and reduces the freedom of alignment. Because the limitation of the maximum 

elongation and stiffening effect of DE film, it does not mean that the higher pre-stretching 

ratio the better performance of DE film. Akbari et al.[73] theoretically calculated the optimum 

pre-stretch ratio and found that further stretching above the optimum ratios will unnecessarily 

stiffen the elastomer and increase the actuation voltage. In spite of the advantages of pre-

stretching, the main disadvantage of pre-stretching is that a heavy, rigid frame is required, 

increasing the total weight and space of the DETs. Moreover, pre-stretching usually causes 

some long-time stress relaxation of the DE devices.[11] 
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1.4.3 Young’s modulus of silicone-based DE film 

According to the working principle of silicone based DETs, reducing the Young’s modulus of 

the DE film will enhance the performance of DETs. Many studies have focused on 

decreasing the Young’s modulus of DE film by adding additives, such as dioctyl phthalate, 

different kinds of oils.[74-75] It has been reported that by adding 30 wt% soybean oil to the 

pure elastomer, the Young’s modulus decreased from 1.6 MPa to 0.75 Mpa, leading to an 

increase of about 100% in the actuation strain over that of pure elastomer.[74] However, the 

volatile or migrating nature of this kind additives will decrease the durability of the DE 

devices.[33]  

A different strategy to reduce the Young’s modulus of DE film is through the 

modification of their molecular weights, cross-linking densities and fabrication processing 

parameters, for example, curing time and temperature. Shankar et al.[76] investigated the 

effect of conductive filler and processing parameters on the mechanical properties of silicone-

based DE composite, and found that the Young’s modulus decreased with decreasing amount 

of conductive filler and curing agent, and lesser crosslinking occurs in this system leading to 

lower Young’s modulus.  Although many promising results of reducing Young’s modulus to 

improving the performance of silicone-based DETs have been reported, very soft elastomers 

will decrease the reliability of silicone-based DETs.[74-75] Therefore, a balance between 

mechanical properties and actuation strain should be considered when designing a new DE. 

1.4.4 Dielectric permittivity of silicone-based DE film 

Increasing the dielectric permittivity of silicone-based DE film is another common way to 

enhance the performance of DETs. A common technique for increasing dielectric permittivity 

is to introduce high dielectric permittivity fillers or moieties into a silicone elastomer system 

by physical or chemical means.[12] These strategies can be divided into three categories: 

chemically modified silicones, silicone/polymer blends, and silicone-based composites. 

1.4.4.1 Chemically modified silicones 

Chemical modification of silicone elastomer is a promising method to increase the dielectric 

permittivity of silicone-based DE film. The general idea is to graft the high permittivity 

moieties onto the silicone backbone.[12] This method makes it possible to graft various polar 

groups onto the silicone backbone, therefore the main advantage is the versatility of this 

method. In addition, the chemical modification method relies on covalent grafting of non-

silicone entities onto silicone backbone, in which case the migration of immiscible 

components will be hindered.[12] Significant progress has been achieved in regard to polar 

silicones with enhanced permittivity. A novel electroresponsive silicone elastomer modified 

with nitrile groups was presented by Dünki et al.,[77] and the dielectric permittivity could be 

turned from 4.3 to 17.4 with different amount of nitrile groups. This provides a unique insight 

into how the nitrile content effects critical materials properties such as permittivity, dielectric 
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loss, conductivity, and elastic modulus. Although the chemical modification method 

increases the permittivity of silicone-based DE film, this approach also dramatically 

decreases the achievable concentration of high permittivity fillers. Obviously the challenge of 

this method lies in the grafting process of high permittivity moieties onto the silicone 

backbone.[12]It has been reported that some aspects, such as, low Tg of the base polymer, 

range of molar masses and dispersity, choice of polar groups and connection chemistry, and 

choice of reactive groups for subsequent crosslinking, have to be considered in the designing 

chemical modification process of grafting polar groups to ensure the introduction of polar 

groups while maintaining the miscibility of the reactants and the crosslinking 

functionalities.[78]  

1.4.4.2 Silicone/polymer blends  

The dielectric permittivity of silicone-based DE can also be improved by blending silicone 

with another polymer, which has high permittivity. The polymers in this method should be 

non-reactive to make sure that there is no chemically influence on the network structure. For 

instance, Tugui et al. [79] prepared a new elastomer by using a polydimethylsiloxane-α,ω-diol 

(PDMS) as a dielectric component and as a matrix for the incorporation of the polyimides 

with different structures. The resulting semi-interpenetrated structures showed noticeable 

dielectric permittivity (up to 11), and breakdown strength (Eb up to 88 μm V−1), 

improvements as compared with the starting polymers. Furthermore, increased electrical 

breakdown strength and increased dielectric permittivity of silicone-based dielectric 

elastomers were also achieved by means of the addition of so-called voltage-stabilisers, such 

as PPMS, PEG and phenyl-functional copolymers, into silicone elastomer system.[80-81] 

However, The most challenge of silicone/polymer blends is the incompatibility of most of 

polymers with PDMS. Although the migration of the blending polymer out of the elastomer 

maybe will not happen during the preparation and testing time, it will appear on the timescale 

of months, or even years. Therefore, it is very important to consider the long-term stability of 

the silicone/polymer blend when choosing a silicone/polymer blend as the DE film for the 

DETs. 

1.4.4.3 Silicone-based composites 

The high dielectric permittivity can also be achieved by combining the high dielectric 

permittivity fillers with silicone elastomers. There have been a number of publications in 

which the dielectric permittivity of silicone-based DE was successfully enhanced through 

adding conductive fillers with high permittivity into the silicone formula.  Metal and carbon-

based particles are the most commonly used conductive fillers for increasing the dielectric 

permittivity.[58-59, 82-84]  These fillers can be blended directly into the elastomers via the 

simplest process. With the further study of fillers to enhance the dielectric permittivity,  

Lewis et al.[85] found that the dielectric properties of nanofillers are not only related to the 
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nature of the used nanoparticle but also the interfaces between nanoparticles and polymers. 

Hence, using nanofillers to increasing the dielectric permittivity of DEs has attracted a lot of 

interests. For instance, Xu et al.[86] presented a composite with remarkably improved 

electromechanical performance by using Ecoflex as the matrix and MWCNTs as filler. The 

uniform dispersion of MWCNTs and multilayer capacitor stack structure led to a large 

increase in dielectric constant while maintaining a low dielectric loss and low modulus. In 

addition to conductive fillers, inorganic fillers, such as TiO2,
[87-89] Al2O3, 

[90-91] BN[92-93] and 

BaTiO3,
[94-97] are also commonly used to improve the dielectric permittivity of silicone-based 

DE films. Although, these silicone-based composites with high dielectric permittivity solid 

fillers display high dielectric permittivities, these methods are usually followed by increasing 

dielectric loss, decreasing breakdown strength, limited durability or increasing Young’s 

modulus, which is not expected for DETs.  

Few publications have introduced liquid fillers to increase the dielectric permittivity and 

tried to avoid the problems caused by using solid fillers. Pan et al.[98] reported a class of 

stretchable liquid metal (LM) elastomer nanocomposites and investigated the effect of LM 

inclusions on the dielectric and mechanical properties of these composites. It was found that 

embedding an elastomer with a poly-disperse distribution of nanoscale LM inclusions can 

enhance its dielectric permittivity without significantly degrading its elastic compliance, 

stretchability, or dielectric breakdown strength. Furthermore, Mazurek et al.[99] developed a 

silicone elastomer composite based on a commercially available PDMS composition, which 

has been modified by embedding glycerol droplets into its matrix.  The glycerol droplets 

efficiently enhanced the dielectric permittivity, and the liquid filler also acted as a softener 

that effectively decreased the elastic modulus of the composite. All the results indicated that 

the dielectric permittivities of DEs with liquid fillers are significantly increased, and 

accompanied by a decrease in Young´s moduli. Nonetheless, the limitation of this approach is 

that the liquid fillers need to have high dielectric permittivity, be highly non-volatile and 

stable in the curing environment of silicone elastomer, and non-volatile at room temperature. 

1.5 Research motivation 

Until now, some works have been performed on improving the performance of DE devices 

by different methods, especially by means of incorporating high permittivity solid fillers into 

silicone elastomers. Although, these silicone-based composites with high dielectric 

permittivity solid fillers display high dielectric permittivities, these fillers can also lead to 

large dielectric losses and low breakdown strength. Furthermore, the Young’s moduli of 

elastomers with fillers are always increased compared to Young’s moduli of unfilled 

elastomers, which is often to a greater extent than the increase of dielectric permittivity. 

Therefore, no overall system improvement is forthcoming. The promising method to improve 

the performance of silicone-based DEs is by incorporating liquid fillers into silicone 

elastomers. However, the performance improvements of silicone-based DEs are still limited 
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by the compatibility, volatility and stability of the liquid fillers. Therefore, new liquid fillers 

have to be explored in order to make further improvements for DEs. 

Ionic liquids (ILs), which have high dielectric permittivity, high conductivity, stability, 

nonvolatility and nonflammability, can be considered as a potential liquid filler to increase 

the dielectric permittivity and decrease the Young’s modulus of the silicone-based DEs, 

resulting in the improving of the performances of DEs. The aim of this project is therefore to 

apply ionic liquids as liquid filler to improve the performance of silicone-based DEs as 

actuators or sensors. In this thesis, five ILs are selected and added as fillers into silicone 

elastomers. The effects of the ILs’ structure on the cross-linking efficiency of elastomer are 

then analysed, and the influence of IL amounts on dielectric elastomer properties, such as 

dielectric permittivity, dielectric losses and conductivity, are also tested, to obtain the optimal 

silicone-based composite DEs.  

Biocompatibility is crucial for the application of DEs in wearable electronic devices. In 

order to enhance the biocompatibility of the silicone-based DEs, it is the most common and 

simple way to compound a filler with excellent biocompatibility with silicone elastomer. 

Wool keratin, with high biodegradability, biocompatibility and stability, is an excellent filler 

for increasing the mechanical properties and biocompatibility of elastomers. Unfortunately, 

the tight packing of secondary structures in the polypeptide, aligned with strong inter- and 

intra-molecular hydrogen bonds and disulphide bonds, renders keratin insoluble in common 

organic solvents. Ionic liquids (ILs), which can be considered green solvents, can effectively 

extract keratin from biopolymers due to their remarkable properties, especially their tuneable 

structure. Therefore, the logarithmic activity coefficients (lnγ) of keratin models in 621 ILs, 

formed from 27 cations and 23 anions, are predicted to evaluate their ability to dissolve wool 

keratin by COSMO-RS (Conductor like Screening Model for Real Solvents). 

Additionally, a novel flexible pressure sensor is constructed by incorporating IL and 

regenerated keratin into PDMS. The mechanical properties and sensing performance of the 

ionic pressure sensor thus produced are also investigated. 

1.6 Thesis outline 

This thesis describes experimental methods for improving the performance of silicone-based 

DEs by incorporating liquid fillers and solid fillers into silicone network, particularly for 

enhancing the dielectric properties, sensing properties and biocompatibility. A guideline 

across the main chapters is as follows: 

 Chapter 2. High-permittivity dielectric elastomer materials are prepared by 

synthesizing silicone elastomer loaded with ionic liquids (ILs). The influence of the 

structure and the amounts of ILs on the material properties is discussed, and important 

properties for material applications as DEs are also investigated. A simpler figure of 

merit (F
om) than the traditional figure of merit for actuators was used, and the F

om of 



 

 

15 

 

the elastomer with a 90 phr IL loading was 10.4, thereby indicating that the material 

has a great advantage when used in actuators. 

 Chapter 3. Wool keratin, with high biodegradability, biocompatibility and stability, 

is selected as a solid filler to enhance the biocompatibility of DEs. Three keratin 

models and 621 ILs, including 27 cations and 23 anions, were used to evaluate 

keratin dissolution capability via a screening method based on COSMO-RS. The 

experimental solubility of ten ILs was in accordance with that of the prediction 

results, indicating that the prediction results via COSMO-RS can effectively reflect 

the keratin dissolution capability of ILs. 

 Chapter 4. A novel pressure sensor with remarkably improved pressure sensing 

characteristics was obtained through combined usage of PDMS and IL. Keratin was 

dispersed homogeneously in the PDMS matrix to serve as a reinforcing filler. The 

ionic pressure sensor thus produced exhibited outstanding mechanical properties, 

fast response, wide detection range, and high sensitivity. 

Chapters 2 and 3 are reproduced from the published articles in Appendix A and Appendix 

B, respectively. Chapter 4 is based on the published article in Appendix C. Moreover, an 

overall conclusion and outlook are summarized in Chapter 5. 
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2. Silicone-based elastomers with high-permittivity ionic liquids loading  

Polydimethylsiloxane (PDMS) elastomers are one of the most commonly used materials for 

dielectric elastomers (DEs), as they can be operated at a wide frequency range and offer high 

efficiency and fast response times. However, the most obvious challenge facing current 

PDMS elastomers is that they possess low dielectric permittivity and need high driving 

voltages to activate them. The most common method utilised to improve the dielectric 

permittivity of silicone elastomer involves incorporating a PDMS with high-permittivity 

fillers, as discussed in section 1.4.4. While these methods are certainly efficient ways of 

increasing dielectric permittivity, they can also lead to large dielectric losses and low 

breakdown strength. Furthermore, the Young’s moduli of elastomers with fillers are always 

increased, which is often to a greater extent than dielectric permittivity, and thus no overall 

system improvement is forthcoming. It is therefore necessary to find new fillers to increase 

dielectric permittivity while ensuring losses remain constant.  

Ionic liquids (ILs), as with polymer material fillers, have garnered interest in recent years, 

due to their excellent properties, such as high dielectric permittivity, high conductivity, 

stability, nonvolatility and nonflammability.[100-103] Although there have been some studies on 

ionic liquids as polymer fillers, very few articles report on applying ionic liquids in PDMS, in 

order to increase dielectric permittivity. 

In this article, five ILs will be selected and added as fillers into silicone elastomers. The 

effects of the ILs’ structure on the cross-linking efficiency of elastomer will then be analysed, 

and the dielectric properties of films with different amounts of IL loading, such as dielectric 

permittivity, dielectric losses and conductivity, will also be tested, to investigate the influence 

of IL amounts on dielectric elastomer properties. Dielectric permittivity and dielectric losses 

at different temperatures will also be investigated in this work, as well as the mechanical 

properties of films with IL loading. A simpler figure of merit for actuators will be used to 

evaluate the performance of elastomer materials as actuators. A graphical abstract for chapter 

2 is demonstrated in Figure 2.1. 

The following sections of this chapter are based on the publication “Silicone Elastomers 

with High-Permittivity Ionic Liquids Loading” (X. Liu, L. Yu, Y. Nie, A. L. Skov, (2019). 

Adv. Eng. Mater., 2019, 21(10), 1900481, 175. See Appendix A.1 for the article in its 

published format and Appendix A.2 for the corresponding supporting information). 
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Figure 2.1 Graphical abstract for chapter 2: High-permittivity dielectric elastomer materials 

are prepared by synthesizing silicone elastomer loaded with ionic liquids (ILs). The influence 

of the structure and the amounts of ILs on the material properties is discussed, and important 

properties for material applications as dielectric elastomers (DEs) are also investigated. The 

elastomer with IL loading has high potential for use as an actuator. 

2.1 Experimental 

2.1.1 Materials and methods 

Vinyl-terminated PDMS, DMS-V31 (Mn = 28000 g mol-1) and a cross-linker with hydride-

functional HMS-301 (Mn = 1950 g mol-1) were purchased from Gelest Inc, USA. The silicone 

dioxide amorphous hexamethyldisilazane-treated particles (SIS6962.0) were obtained from 

Fluorochem, Belgium, and the platinum cyclovinylmethyl siloxane complex catalyst (511) 

was acquired from Hanse Chemie, Germany. 1-butyl-3-methylimidazolium 

hexafluoroantimonate (BmimSbF6), 1-allyl-3-methylimidazolium chloride (AmimCl), 1-

ethyl-3-methylimidazolium diethylphospate (EmimDEP), 1-ethyl-3-methylimidazolium 

acetate (EmimAc) and 1-2-hydroxylethyl-3-methylimidazolium chloride (HOEtmimCl) were 

purchased from Chengjie Chemicals Ltd, China. The inhibitor Pt88 was acquired from 

Wacker Chemie AG, Germany. The structure of the PDMS and ILs can be seen in Figure 2.2 

and Figure S1 (Appendix A.2). 

                                                               

 

Figure 2.2 PDMS and IL structures used in this work. 
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2.1.2 Preparation of elastomer/ionic liquids films 

Vinyl-terminated PDMS, DMS-V31 (5g, 0.18 mmol), 8-functional cross-linker (0.1045g, 

0.0536 mmol) and treated silica particles (25 wt%) were mixed with an inhibitor (1 wt%, 

Pt88) on a FlackTek Inc. DAC 150.1 FVZ-K SpeedMixer™. The catalyst (511) (15 ppm) was 

then added and the mixture was speedmixed, following which the different phr ionic liquid 

was added to the mixture and mixing was performed again. The phr (parts per hundred 

rubber) unit is often used due to its simplicity when formulating, since it states the weight of 

a given substance per 100 g of rubber.[12] For the control, the ionic liquid was not added. The 

uniform mixture was divided into two parts: one poured into a 1 mm-thick steel mould, and 

the other coated as 200 m films on a glass substrate, using a film applicator (3540 bird, 

Elcometer, Germany). The films were cured in an oven at 80 oC. 

2.1.3 Characterisation analysis 

Dielectric properties determination. Dielectric relaxation spectroscopy (DRS) was carried 

out using a Novocontrol Alpha-A high-performance frequency analyser (Novocontrol 

Technologies GmbH & Co) operating in the frequency range 10-1 to 106 Hz at different 

temperatures and with a low electrical field (about 1 V mm-1). The thickness of the tested 

samples was 1 mm, and the diameter was 20 mm. 

Determination of gel fractions. The gel fractions were determined from the previously 

reported procedure.[104] The film sample (about 200 mg) was immersed in chloroform (10 

mL) at room temperature for 48 h, and the chloroform was then replaced every 24 h. The 

solvent was decanted off and the films were washed several times with fresh solvent. Finally, 

the samples were dried for 48 h under ambient pressure at room temperature. The BmimSbF6 

is immiscible with chloroform. It is evident from the FT-IR spectra of the extraction solutions 

that the release of BmimSbF6 during the extraction can be neglected. The FT-IR spectra of 

the elastomers after extraction also show that BmimSbF6 still loaded into the elastomers. The 

details can be seen in Figure S2 and Figure S3 (Appendix A.2). Gel fractions were 

calculated using the following equation: 

                                                          
IL

ILe
gel

mm

mm
W






0

                                                         (2.1) 

where me is the weight after extraction and drying, m0 is the initial weight of the sample and 

mIL is the weight of IL in the initial sample. It is assumed that BmimSbF6 is not released 

during the extraction. The amount of bonded and non-bonded species in the silicone networks 

can be elucidated by the gel fraction. 

FT-IR properties determination. FT-IR spectra of the samples were acquired in the 

wavenumber range 400-4000 cm-1, using a PerkinElmer Spectrum One model 2000 Fourier 

Transform Infrared apparatus equipped with a universal attenuated total reflection accessory 
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on a ZnSe/diamond composite. Spectra were obtained via 32 scans and at a resolution of 4 

cm−1. All the spectra were baseline-corrected. 

Electrical breakdown strength determination. Electrical breakdown tests were performed 

on an in-house-built device which was manufactured based on international standards (IEC 

60243-1 (1998) and IEC 60243-2 (2001)). Film thicknesses were measured by using 

microscopy of cross-sectional cuts. An indent of less than 5% of sample thickness was 

applied to ensure that the spherical electrodes were in contact with the sample. The 

breakdown strength was measured by applying a stepwise increasing voltage (50-100 V step-

1) at a rate of 0.5–1 steps s-1. Each sample was tested 12 times in parallel and an average of 

these values was given as the breakdown strength of the sample. 

Mechanical properties determination. The tensile stress-strain behaviour of the elastomers 

was measured using a material tester (Instron 3340 materials testing system, INSTRON, US). 

Samples 60 mm in length and 6 mm width were placed between two clamps and initially 

separated by a distance of 30 mm. The test specimen was elongated uniaxially at 50 mm min-

1 with respect to length. Each composition was subjected to three tensile measurements, 

which were then averaged. 

Figure of merit. The performance of dielectric elastomer actuators (DEAs), when a constant 

potential is applied, is expressed in a single parameter, a so-called ‘figure of merit’, which 

provides guidance for the elastomer performance optimisation of dielectric elastomer 

actuators. In the work by Sommer-Larsen et al.[105] the figure of merit for a given dielectric 

elastomer was described as: 

                                                𝐹𝑜𝑚
𝑡𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙(𝐷𝐸𝐴) =

3𝜀𝑟𝜀0𝐸𝐵
2

𝑌
                                                (2.2)                                            

where ε0 is vacuum permittivity (a constant equal to approximately 8.854×10-12 F m-1), εr is 

the dielectric permittivity of the elastomer, Y is the Young’s modulus and EB is electrical 

breakdown strength, which is the maximum applicable voltage for a film of a given thickness.  

But, in many instances a given voltage will be used for a given product, for example a 

particular battery. Therefore, a simpler figure of merit for actuators was used in this work. 

The equation for the simpler figure of merit is given by:[12]                    

                                                𝐹𝑜𝑚
 (𝐷𝐸𝐴) =

𝜀𝑟

𝑌
𝜀𝑟,0

𝑌0

⁄ =
𝜀𝑟

𝜀𝑟,0

𝑌0

𝑌
                                                 (2.3) 

where εr,0 is the dielectric permittivity of the reference material value and Y0 is the Young’s 

modulus of the reference material value. The equation for the simpler figure of merit states 

the actuation strain improvements for a certain applied electrical field below the electrical 

breakdown strength of the given elastomer. 

Scanning electron microscopy (SEM) observation. The morphology of the samples was 

investigated with an FEI Quanta 200 ESEM (Thermo Fisher Scientific, USA) scanning 

electron microscope, equipped with a field emission gun. The samples were coated in 5 nm-

thick gold by means of a sputter coater (Q150R ES, Quorum Technologies, UK) under 
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vacuum condition and a current of 40 mA for 10 seconds. The sample’s cross-section was 

detected with a secondary electron detector for an incident electron beam of spot 3.5 

accelerated to 5 k eV. The samples were first immersed in liquid nitrogen for a few minutes 

then broken and deposited on the aluminium SEM holder. 

2.2 Results and discussion 

2.2.1 Effect of ionic liquids on elastomer materials 

As reported previously, the addition of a chlorine functional group can increase the dielectric 

permittivity of elastomer materials.[106] The ionic liquids AmimCl and HOEtmimCl were 

selected herein as fillers for the elastomer materials. EmimDEP, EmimAc and BmimSbF6 

were considered based on the work of Kusuma et al.[107] and Horowitz et al.[108] From Table 

S1 (Appendix A.2), it is evident that a cured film was only obtained upon adding BmimSbF6 

as a liquid filler to the elastomer material. The films with AmimCl, HOEtmimCl, EmimDEP 

and EmimAc loading did not cure at 80 oC, which may be due to the halogen ions and acetate 

ions causing the catalyst to deactivate.[109-110] The amount of ionic liquid in the system is 1 

phr. The effect of ionic liquid on dielectric properties of elastomer materials was investigated 

in this article by using BmimSbF6 as the liquid filler. 

2.2.2 Ionic liquid in elastomer materials 

                                                                                      

 

Figure 2.3 FT-IR spectra of films with different amounts of BmimSbF6 loading. 

FT-IR spectra were investigated to verify if BmimSbF6 loaded successfully into the elastomer 
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materials. As illustrated in Figure 2.3, all films with a BmimSbF6 loading show distinctive C-

H and N-H stretchable peaks at approximately 3200 cm-1 and 3180 cm-1, respectively, and all 

of them display the characteristic peaks of an imidazole ring at 1580 cm-1. Enlarged FT-IR 

spectra at the wavenumber region running from 3300 cm-1 to 3100 cm-1, and from 1700 cm-1 

to 1500 cm-1, are also shown in Figure 2.3. The imidazole peaks of 90 phr BmimSbF6 are 

sharper than those of 1 phr BmimSbF6, thereby confirming the higher amount of BmimSbF6 

in this material. Furthermore, the SEM images show that the ionic liquid well dispersed in the 

silicone network (Figure S4, Appendix A.2) 

2.2.3 Effect of ionic liquid on dielectric properties  

Effect of ionic liquid content. Dielectric spectroscopy tests over a wide frequency range, 

from 10-1 Hz to 106 Hz, were performed in order to determine the effect of ionic liquid 

content on dielectric properties. In Figures 2.4, the dielectric relaxation spectra are shown 

along with details on the frequency-dependent storage permittivity, loss permittivity, 

conductivity and loss tangent of films with different BmimSbF6 loadings, as well as the pure 

film. The storage permittivity and loss tangent at 106 Hz and 10-1 Hz are presented in Table 

2.1. 

Compared to the pure PDMS film, a significant increase in dielectric permittivity for all 

films with BmimSbF6 loading is observed. The dielectric permittivity of elastomers with 

BmimSbF6 loading increased in line with an increasing amount of BmimSbF6, while 

dielectric permittivity at 106 Hz increased from 2.37 for the pure film up to 7.53 for the 

sample with 90 phr BmimSbF6 loading. This means that the dielectric permittivity of an 

elastomer with 90 phr BmimSbF6 loading has increased by 2.2 times compared with the pure 

PDMS. It should be noted that the dielectric permittivity of all samples exhibited no 

significant changes when the frequency was changed, one possible explanation for which 

may be that the dielectric response depends mainly on bulk polarisation processes in 

materials with ILs.[111] The dielectric loss of elastomers with BmimSbF6 loading is slightly 

more pronounced in the frequency range 100 Hz to 10-1 Hz, which is due to Maxwell 

polarisation.[112] In line with this more severe loss, an increase of Tan  occurs in the same 

frequency region. It is notable from Figure 2.4 that the conductivity of elastomer film is not 

changed significantly by increasing the content of ionic liquid. Furthermore, samples with 

BmimSbF6 loading show slightly higher electric conductivity at a low frequency, albeit 

overall conductivity is considered to be exceptionally low for all of the investigated samples.  
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Figure 2.4 Storage permittivity (a), loss permittivity (b), conductivity (c) and tan  (d) of 

films with different amounts of BmimSbF6 loading at room temperature. 

 

Table 2.1 Dielectric properties of elastomer materials at room temperature.  

Samples 
Permittivity 

at 10
6
 Hz 

Permittivity 

at 10
-1

Hz 

Tan  at 

10
6 Hz 

Tan  at  

10
-1 Hz 

Pure 2.37 2.39 3.67×10-4 9.62×10-3 

1 phr 

BmimSbF6 
2.83 2.89 1.13×10-4 1.70×10-1 

5 phr 

BmimSbF6 
3.23 3.31 5.86×10-4 1.41×10-1 

10 phr 

BmimSbF6 
3.35 3.46 1.67×10-3 1.93×10-1 

30 phr 

BmimSbF6 
4.52 4.64 1.64×10-3 1.97×10-1 

50 phr 

BmimSbF6 
5.53 5.71 2.35×10-3 1.35×10-1 

70 phr 

BmimSbF6 
6.32 6.43 2.74×10-3 2.97×10-1 

90 phr 

BmimSbF6 
7.53 7.61 3.07×10-3 1.66×10-1 

(a)  (b) 

(c) (d) 



 

 

23 

 

Effect of temperature. The stability of the dielectric elastomer between -40 oC and 100 oC is 

important for advanced electromechanical applications, so the dielectric permittivity of pure 

PDMS-, BmimSbF6- and 90 phr BmimSbF6-loaded elastomers were tested, to study the effect 

of temperature on dielectric permittivity.   

As shown in Figure 2.5, pure BmimSbF6 has very high dielectric permittivity, which 

increased slightly in reaction to increased temperature. There is a characteristic peak of 

dipolar relaxation in dielectric loss in the frequency region between 103 to 106 Hz, and the 

higher the temperature, the steeper the relaxation step. From the results presented in Figure 

2.5, it is evident that the dielectric permittivity of the pure PDMS film and the elastomer with 

90 phr BmimSbF6 loading decreased following a rise in temperature. Silicone elastomer 

materials have the opposite effect of pure BmimSbF6, due to the different polarisation types 

of elastomer and BmimSbF6, i.e. BmimSbF6 possess ion displacement polarisation, while 

silicone elastomer has relaxation polarisation. Vucong et al.[113] also reported that the 

dielectric permittivity of silicone elastomers decreased when the temperature increased. 

Although the dielectric permittivity of the elastomer with 90 phr BmimSbF6 loading 

decreased in line with a rise in temperature, dielectric permittivity at 100 oC is still higher 

than for the pure PDMS. These results indicate that the addition of ionic liquid did not cause 

a change in the effect of temperature on dielectric permittivity. Furthermore, the DSC curves 

of pure PDMS, PDMS with 10 phr and 90 phr BmimSbF6 respectively loading show that 

there are no phase transitions in the elastomers between -40 oC and 100 oC (Figure S5). 

 

 

(a) (b) 

(c) (d) 
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Figure 2.5 Dielectric permittivity of pure BmimSbF6 (a), tan  of pure BmimSbF6 (b), 

dielectric permittivity of pure PDMS (c), tan  of pure PDMS (d), dielectric permittivity of 

film with 90 phr BmimSbF6 loading (e) and tan  of film with 90 phr BmimSbF6 loading. 

2.2.4 Effect of ionic liquid on mechanical properties  

Gel fraction. In order to illustrate the amount of bonded (gel fraction) and non-bonded (sol 

fraction) species in the elastomer network, the gel fractions of the films were investigated 

through swelling experiments with chloroform. Here, the release of BmimSbF6 during the 

extraction can be neglected. The gel fractions were determined from Equation 2.1. It is 

notable in Figure 2.6 that the gel fractions decreased in line with an increased amount of 

BmimSbF6 in the elastomer. The gel fractions are summarised further in Table 2.2. The 

lowest gel fraction was obtained for the film with 90 phr BmimSbF6 loading, possibly due to 

the slow curing of the film, thus indicating that not all reactive end groups on the PDMS 

react, which leaves larger fractions of non-bonded substructures in the networks. The result of 

the gel fraction also suggests that there is a slight inhibition in terms of cross-linking 

efficiency when adding BmimSbF6. 

 

Figure 2.6 Gel fractions of films with different amounts of BmimSbF6 loading. Gel fractions 

were determined from Equation (1). 

(e) (f) 
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Young’s modulus and tensile strain. Samples with various amounts of BmimSbF6 

incorporated into PDMS were tested, in order to analyse the effect of ionic liquid on 

mechanical properties. The mechanical behaviour of V31 PDMS was investigated for 

reference purposes. The results are shown in Figure 2.7, where it can be seen clearly that the 

pure elastomer exhibits the highest Young’s modulus. The Young’s modulus of elastomers 

with BmimSbF6 loading decreased in line with the increasing amount of BmimSbF6, as 

expected due to dilution of the network.  

 

 

Figure 2.7 Young’s modulus of films with different amounts of BmimSbF6 loading at room 

temperature. 

 As illustrated in Figure 2.8, the tensile strain of elastomer changes only slightly 

compared to the pure PDMS film when the loading amount of BmimSbF6 is below 50 phr. 

The tensile strains of elastomers with 70 phr and 90 phr BmimSbF6 loading exhibit a small 

decrease. The Young’s modulus and tensile strain of elastomers are summarised further in 

Table 2.2. All of the films display typical linear elastic behaviour up to strains of around 

20%, as shown in Figure S6 (Appendix A.2). 

The dielectric and tensile properties of the elastomers after extracting the sol fraction 

were investigated. As shown in Figure S7 (Appendix A.2), the dielectric permittivity of the 

pure PDMS and elastomer with 10 phr BmimSbF6 loading before and after extracting the sol 

fraction exhibited no significant changes within the measured frequency range 10-1 to 106 Hz. 

Similarly, the dielectric permittivity of the elastomer with 90 phr BmimSbF6 loading before 

extracting the sol fraction showed almost frequency-independent. While it can be noted that 

an obvious relaxation appeared for the elastomer after extracting the sol fraction in the low 

frequency range 0.1-10 Hz, which is due to the enhancement of the dipolar group mobility 

after extracting the larger sol fraction that increases the polarization in the network at low 

frequency. The Young´s modulus, tensile stress and strain of all the elastomers were 

increased after extracting the sol fraction (Figure S8) (Appendix A.2). This is due to the 
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removal of the sol fraction in the network which makes the elastomer tougher and leads to the 

enhanced tensile properties. 

 

Figure 2.8 Tensile strain of films with different amounts of BmimSbF6 loading at room 

temperature. 

 

Figure 2.9 Viscous losses of films with different amounts of BmimSbF6 loading at room 

temperature. 

 The viscoelastic properties of the films were measured by linear shear rheology, and the 

resulting viscous losses (Tan δvisc) are shown in Figure 2.9 and Table 2.2. The elastomers 

became increasingly softer in line with an increasing amount of BmimSbF6, and the viscous 

losses also increased in line with an increasing amount of BmimSbF6. This was expected, due 

to the larger amounts of non-bonded structures in the networks giving rise to viscoelastic 
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relaxation. These viscous losses, however, remained very low with the amount of BmimSbF6 

up to 90 phr. 

 

Table 2.2 Young’s modulus, tensile strain, viscous losses and gel fraction of films with 

different amounts of BmimSbF6 loading. 

Samples 
Young’s modulus 

(MPa) 

Tensile strain 

(%) 

Tan δvisc   

at 10-1 Hz 

Gel fraction 

(%) 

Pure PDMS 0.49  0.07 318  30 0.02 100 

1 phr 

BmimSbF6 
0.45  0.04 315  20 0.02 97 

5 phr 

BmimSbF6 
0.42  0.09 301  9 0.03 92 

10 phr 

BmimSbF6 
0.40  0.01 297 10 0.04 86 

30 phr 

BmimSbF6 
0.34  0.06 295  20 0.07 79 

50 phr 

BmimSbF6 
0.27  0.06 299  9 0.09 77 

70 phr 

BmimSbF6 
0.2  0.05 267  22 0.11 70 

90 phr 

BmimSbF6 
0.15  0.03 240  10 0.13 64 

 

Table 2.3 Figure of merit of films with various amounts of BmimSbF6 loading. 

Samples 
Permittivity 

at 10-1 Hz 

Young’s 

modulus (MPa) 

EB  

(V/μm) 
Fom Fom

* 

Pure PDMS 2.39 0.49 55 1.00 1.00 

1 phr 

BmimSbF6 
2.89 0.45 40 0.70 1.32 

5 phr 

BmimSbF6 
3.31 0.42 30 0.48 1.62 

10 phr 

BmimSbF6 
3.46 0.40 24 0.34 1.77 

30 phr 

BmimSbF6 
4.64 0.34 19 0.33 2.80 

50 phr 

BmimSbF6 
5.71 0.27 13 0.24 4.33 

70 phr 

BmimSbF6 
6.43 0.2 10 0.22 6.59 

90 phr 

BmimSbF6 
7.61 0.15 7.5 0.19 10.40 
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2.2.5 Effect of ionic liquid on the figure of merit for actuators 

In order to evaluate the performance of elastomers with BmimSbF6 loading as actuators, the 

electrical breakdown strength (EB) and Sommer-Larsen figure of merit (Fom) were tested in 

this work. In Table 2.3, the EB and Fom of elastomers with BmimSbF6 loading decreased with 

an increasing amount of BmimSbF6. But, in many instances a given voltage will be used for a 

given product, for example a particular battery. Therefore, a simpler figure of merit (F
om) for 

actuators was used in this work. From the F
om equation, the elastomer performance as an 

actuator depends on dielectric permittivity and the Young’s modulus, i.e. higher dielectric 

permittivity and a low Young’s modulus will be more advantageous in this regard. 

The figures of merit of elastomers with different amounts of BmimSbF6 can be seen in 

the Figure 2.10. The detailed data for F
om can also be found in Table 2.3. It is clear that the 

F
om of elastomers with BmimSbF6 loading increased in line with the increasing amount of 

BmimSbF6. The F
om of the elastomer with 90 phr BmimSbF6 is 10.40, which means this 

material has high potential for use as an actuator. 

 

Figure 2.10 Figure of merit of films with various amounts of BmimSbF6 loading. 

2.3 Conclusions 

In summary, IL structures affect the cross-linking reaction of PDMS, and Cl-, DEP- and Ac- 

can deactivate the catalyst. Dielectric permittivity increases in line with increasing amounts 

of BmimSbF6, while the dielectric permittivity of a film with 90 phr BmimSbF6 loading was 

3.2 times higher than that of the pristine silicone elastomer. Dielectric losses and conductivity 

also experience a slight increase compared with the reference film, albeit they remain low. 

Compared to the reference elastomer, elastomers with IL loading became increasingly softer, 

in line with an increasing amount of BmimSbF6. The gel fraction of the elastomer decreased 

with an increase in ionic liquid content. The simpler figure of merit of an elastomer with 90 
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phr BmimSbF6 loading is 10.40, thus indicating that this material has high potential for use as 

an actuator. 

 The dielectric permittivity of pure silicone elastomer and elastomers with IL loading 

decreased in all cases when the temperature increased, while the dielectric permittivity of a 

film with 90 phr BmimSbF6 loading was still higher than that of the pristine silicone 

elastomer, which means this elastomer can be used over a wide range of temperatures.¨ 
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3. Screening of ionic liquids for keratin dissolution by means of COSMO-

RS and experimental verification 

Biocompatibility is crucial for the application of DEs in wearable electronic devices. In order 

to enhance the biocompatibility of the silicone-based DEs, it is the most common and simple 

way to compound a filler with excellent biocompatibility with silicone elastomer. Keratin, a 

natural fibrous protein, has significant application value in many fields, due to its excellent 

performance in areas such as biodegradability, biocompatibility and stability. Wool keratin, is 

an excellent fillers for increasing the mechanical properties and biocompatibility of 

elastomers. Unfortunately, the tight packing of secondary structures in the polypeptide, 

aligned with strong inter- and intra-molecular hydrogen bonds and disulphide bonds, renders 

keratin insoluble in common organic solvents.[114] 

In order to extract the protein, several traditional methods, such as oxidation,[115] 

reduction[116] and sulfitolysis,[117] have been investigated in terms of dissolution. While these 

methods are efficient in obtaining keratin, they also lead to its degradation and serious 

environmental pollution. Ionic liquids (ILs), which can be considered green solvents, can 

effectively extract keratin from biopolymers due to their remarkable properties, especially 

their tuneable structure.[118-120] Promising results have been published in this regard.[114, 118] 

Although there have been extensive studies on keratin dissolution in ILs, it is still a huge 

challenge to identify the best IL for this undertaking; for instance, the experimental 

measurement of these systems is not practically feasible, due to the very large number of 

combinations, and so an effective screening method to predict keratin dissolution capacity for 

ILs is needed.  

COSMO-RS, a well-defined method for predicting the thermophysical properties of 

liquids, is a useful tool for predicting the solubility of polymers through the hypothesis that 

polymers can be treated as solutions consisting of monomers or oligomers with a small 

number of repeat units.[121] It has also attracted a significant amount of attention in terms of 

ILs, as it integrates the dominant interaction forces of H-bonds, misfits and van der Waals in 

ILs systems.[122-123] 

Herein, we select three different models with disulphide bonds to represent keratin. The 

logarithmic activity coefficients (lnγ) of keratin models in 621 ILs, formed from 27 cations 

and 23 anions, were predicted to evaluate their ability to dissolve wool keratin by COSMO-

RS. Predictive σ-profiles, σ-potentials and excess enthalpy were also used to analyse the 

keratin dissolution capability of ILs. Furthermore, the solubility of wool keratin in ten ILs 

was measured to verify the prediction results in this work. Experimental verification versus 

COSMO-RS prediction assisted in identifying the best IL and keratin model. (Figure 3.1) 

The following sections of this chapter are based on the publication “Screening of ionic 

liquids for keratin dissolution by means of cosmo-rs and experimental verification.” (X. Liu, 

Y. Nie, Y. Liu, S. Zhang, A. L. Skov, (2018) ACS Sustain. Chem. Eng., 2018, 6(12), 17314-
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17322. See Appendix B.1 for the article in its published format and Appendix B.2 for the 

corresponding supporting information). 

 

 

Figure 3.1 Graphical abstract for chapter 2: Herein, three keratin models and 621 ILs, 

including 27 cations and 23 anions, were used to evaluate keratin dissolution capability via a 

screening method based on COSMO-RS. The experimental solubility of ten ILs was in 

accordance with that of the prediction results, indicating that the prediction results via 

COSMO-RS can effectively reflect the keratin dissolution capability of ILs. 

3.1 Experimental 

3.1.1 COSMO-RS implementation 

All of the COSMO-RS calculations presented in this work were carried out using the 

commercial COSMOthermX (version C3.0 release 17.01) suite, applied with 

parameterisation BP-TZVP-FINE-C30-1701. ctd, COSMOlogic GmbH & Co. KG, 

Leverkusen, Germany. σ-profiles and corresponding input COSMO-files of cations, anions 

and molecular solutes can be seen from COSMObase and COSMObaseIL. It is not possible 

to include all the COSMO files of compounds, but those for the missing ions were created by 

two steps. First, the ions’ structures were optimised by the quantum chemical Gaussian09 

package at the B3LYP/6-31++G (d, p) level. In the second step, the optimised structures’ 

files were opened by Gaussian03 and calculated using the BVP86/TZVP/DGA1 level theory 

to produce input files directly for COSMO-RS calculation. 

As previously reported, the cations and anions of ILs are treated as independent 

components of the mixture when COSMO-RS is employed to calculate activity coefficients. 

In this work, the molar fractions of the cations and anions of ILs were treated as an equimolar 

mixture, which helped compare the contribution of each counterion in relation to their affinity 

with the keratin molecule. Whilst calculating logarithmic activity coefficients and excess 

enthalpies for the solutions, the molar fractions of the ILs cations and anions were set to 0.25, 

and the molar fraction of the given keratin model was set to 0.5. The calculation temperature 

was set to 120   ̊C, and experimental verification was performed at the same temperature.  
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3.1.2 Structures of cations and anions 

According to the work of Zheng et al.[124] ILs with an imidazolium cation show significant 

keratin dissolution capability, while ILs with tetrabutylammonium and 

tetrabutylphosphonium do not. The most efficient anions for keratin dissolution are acetate, 

formate, phosphate, and chloride. Morpholinium-based, pyridinium-based, and 

pyrrolidinium-based ILs with the functional groups of ethyl, allyl, 2-hydroxyethyl, 2-

methoxyethyl, or acryloyloxypropyl were considered based on the work of Liu et al.[123] 

Kuzmina et al.[125] and Liu et al.[126] Both concluded that azabicyclo-based superbase ILs 

possess large potential for dissolving biomass. Idris et al.[114] indicated that choline-based ILs 

could dissolve feather keratin without addition of solvent or other chemicals. In this research, 

methylimidazolium, pyridinium, ethylmorpholinium, methylpyrrolidinium, azabicyclo and 

choline with different functional groups were combined with 23 anions resulting in 621 ILs. 

The total of 621 ILs were selected to assess their ability to dissolve wool keratin via 

COSMO-RS. The details of their structures and abbreviations are listed in Table 3.1 

Table 3.1. Chemical structures of cations and anions used in this work 

Structure of cations 

Methylimidazolium 

         

    

Pyridinium 

                                

                           

Ethylmorpholinium 
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Methylpyrrolidinium 

  

   

Azabicyclo 

                

                        

Choline 

                  

Structure of anions 

Sulphate 

                                         

Phosphate 
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Others 

                            

                    

                          

         

 

3.1.3 Keratin models 

Keratin is a natural fibrous protein with multiple strong inter- and intra-molecular bonds. 

Unlike other polymers, keratin molecules have no regular repeating units, which makes it 

difficult to build a proper model to describe it properly. Based on previous studies, keratin 

has higher stability and lower solubility, due to inter- and intra-chain disulphide bond cross-

links.[126-127] Based on our previous study, we found that the cleavage of disulfide bond plays 

an important role on keratin dissolution.[127] In the keratin molecule, disulfide bonds are 

present in cysteine. So, we selected cysteine (CYS) as the first model to present the keratin. 

The second model is oxidized glutathione (GSSG), which contains other amino acids with 

high contents in keratin, except cysteine. A polypeptide (PP), include two cysteine and other 

amino acids, as the third model. The optimised structures of the three models were obtained 

according to the procedures described in section 3.1.1, and along with charge surface regions 

they are shown in Figure 3.2. 

3.1.4 Chemicals  

Triethyl phosphate (≥98%) was supplied by the Tokyo Chemical Industry Co., Ltd. N-

methyl- imidazole (≥98%) was provided by Sinopharm Chemical Reagent Co., Ltd. 1-ethyl-

3-methylimidazolium acetate (EmimAC, ≥99%), 1-allyl-3-methylimidazolium chloride 

(AmimCl, ≥99%), N-butyl-pyridinium chloride (BpyCl, ≥99%), 1-Butyl-1-



 

 

35 

 

methylpyrrolidinium chloride (BmpyrrCl, ≥99% ) and 1-2-hydroxylethyl-3-

methylimidazolium chloride (HOEtmimCl, ≥99%) were purchased from Chengjie Chemicals 

Ltd. 1-ethyl-3-methylimidazolium chloride (EmimCl, ≥98%) and 1-butyl-3-

methylimidazolium chloride (BmimCl, ≥98%) were purchased from Sigma-Aldrich. Wool 

keratin was provided by Henan Zhongrong Biotechnology Co., Ltd.  

                   

                                  

          Model 1: Cystine (CYS)      Model 2: Glutathione (GSSG)    Model 3: Polypeptide (PP)         

Figure 3.2   Optimised structures and charge surface regions of three models. Red zones 

illustrate positive surface charge, yellow and green zones indicate almost neutral charges, and 

navy blue designates a negative surface charge.     

3.1.5 Experimental apparatus and procedure 

The detailed synthetic procedure for EmimDEP was developed in our laboratory according to 

procedures described in the literature.[128] BmimDCA and BmimSCN were synthesised under 

the previously reported conditions, respectively.[129-130] Before the experiment, these ILs were 

purified by using an oil pump vacuum at 353 K for several days, in order to remove any 

residual water. The water content of the ILs was measured, before use, with a C20 

Coulometric KF Titrator (Mettler Toledo) (Table S1, Appendix B.2).). The purity and 

structure of these ILs were analysed via NMR, detailed data for which are provided in 

supporting information.  

Wool keratin, which consists of approximately 95% pure keratin, was used for the 

verification experiment, in which the wool keratin was added to the ILs, magnetically stirred 

in a tube at 393 K and then shattered into small pieces before dissolution. The degree of 

dissolution at a given time was investigated by using a microscope via light scattering with a 

200× objective lens, and keratin solubility in IL was determined when keratin fibers were not 

completely dissolved within 24 h. 



 

 

36 

 

3.2 Results and discussion 

3.2.1 σ-potential of the three keratin models 

Based on the quantum chemical calculation result, COSMO-RS can estimate the 

thermodynamic properties of a compound(s) via 3D molecular surface polarity distribution. 

σ-potential is a thermodynamic property utilised to analyse the affinity of the system to a 

polarity σ surface. The σ-potential is divided into three main regions, namely the H-bond 

donor region (where σ < -0.0082 e Å-2 and is related to its ability to interact with hydrogen 

bond donors), the non-polar region (where -0.0082 e Å-2 < σ < +0.0082 e Å-2 and is related to 

its ability to interact with non-polar groups) and the H-bond acceptor region (where +0.0082 

e Å-2 < σ and is related to its ability to interact with hydrogen bond acceptors). In essence, the 

more negative the σ-potential values, the more favourable the interaction. From Figure 3.3, 

σ-potential values for the CYS model are more negative than for the GSSG and PP models in 

the H-bond acceptor region, which means that CYS results in more affinity for the H-bond 

acceptor surfaces. 

 

Figure 3.3. σ-potentials of three keratin models predicted by COSMO-RS 

Furthermore, σ-potential values for model GSSG are more negative than for the other two 

models in the H-bond donor region, which means that GSSG causes more affinity for H-bond 

donor surfaces. 

3.2.2 Predicting the logarithmic activity coefficient (lnγ)       

The logarithmic activity coefficients (lnγ) of the three keratin models in 621 ILs were 

predicted, in order to analyse the effect of ILs structure on the solubility of keratin. The 

results are illustrated in Figure 3.4-3.6. The cations and anions are arranged in sequence 

according to their keratin dissolution ability, which for the cations, from top to bottom, and 

the anions, from left to right, decreases gradually. The best IL for keratin dissolution was 

placed at the higher-left corner of each of the three figures. 

It should be noted that the logarithmic activity coefficient (lnγ) sequence of cations in 

Figure 3.4 and Figure 3.5 is almost identical, while the sequence of the cations in Figure 3.6 
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is slightly different. The lnγ order of the anions from the three keratin models is almost the 

same. From Figure 3.4-3.6, the ILs with the methylpyrrolidinium cation have a lower 

predicted lnγ than the others, while ILs with anions Ac-, Dec-, HCOO-, Cl-, DEP-, DMP-, 

DBP-, BEN-, Br- or TOS- also have a lower lnγ, thereby suggesting that they have high 

keratin dissolution capability. Furthermore, the lnγ of these three keratin models in different 

ILs with varying cations matches closely; however, the structures of ILs are different. The 

slight difference in lnγ is due to the effect caused by the cations. Conversely, there is a big 

difference between the lnγ of these three keratin models in different ILs with varying anions, 

thus indicating that the keratin dissolution capacity of ILs is indeed affected by cations and 

anions, albeit the anion plays a leading role in this regard. These findings are in accordance 

with the conclusion of previous reports.[131-132] Wang et al.[133] also reported that the solubility 

of keratin is related significantly to the polarity of the ILs, and the dissolution capability 

increases when increasing the polarity of ILs. The detailed logarithmic activity coefficient 

(lnγ) data from this work are listed in Table S3-S5 in Appendix B.2.  

 

Figure 3.4 The logarithmic activity coefficients (lnγ) prediction of the CYS keratin model in 

621 ILs at 120°C.  

 

Figure 3.5 The logarithmic activity coefficients (lnγ) prediction of the GSSG keratin model 

in 621 ILs at 120°C. 
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Figure 3.6 The logarithmic activity coefficients (lnγ) prediction of the PP keratin model in 

621 ILs at 120°C. 

3.2.3 Verification experiments 

The solubility of keratin in ten ILs was measured at 120°C to validate the COSMO-RS 

prediction results. In these ten ILs were the functional groups ethyl, allyl, butyl or 2-

hydroxylethyl, along with methylimidazolium, methypyrrolidinium and pyridinium selected 

as cations, and Ac-, DEP-, Cl-, DCA- or SCN- as anions. From Table 3.2, it is evident that the 

keratin solubility trend in ILs is almost the same as in the logarithmic activity coefficient 

(lnγ). We also compared our data with the literature values. The results show that our 

experimental data is reliable. The details of the literature values are shown in Table S2, 

Appendix B.2. 

Cation effect. The effect of cation side chain lengths on the dissolution capability of keratin 

can be analysed from the keratin solubility of AmimCl, EmimCl and BmimCl. In this case, in 

line with the predicted results, the solubility of these three ILs was not much different. This 

result also indicated that cation side chain lengths do not play a significant role in the 

dissolution process. Moreover, we found the hydroxyl group in cations has an important 

influence on the solubility of keratin in ILs, by comparing the keratin solubility of EmimCl 

and HOEtmimCl. Zheng et al. [124] explained that the reason for the effect of the hydroxyl 

group on dissolution capability is the formation of intramolecular H-bonds between ILs and 

keratin molecules, which reduces the ability to cleave H-bonds between keratin molecules. 

Unfortunately, when we investigated the effect of the cation host on keratin solubility, it was 

found that BmpyrrCl and BpyCl were solid at 120°C. This is actually one of the main 

disadvantages of COSMO-RS, in that the morphology of ILs under simulated conditions 

cannot be distinguished. Consequently, we tested the solubility of BmpyrrCl, BpyCl and 

BmimCl at 180°C to analyse the effect of the cation host on keratin solubility. These three 

ILs have dissolution trends identical to the predicted lnγ trends, and the cation host has a 

moderate impact on the dissolution process. In these three ionic liquids, 1) The effect of the 

number of heteroatoms in cation on keratin dissolution capability can be analyzed by the 
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difference of keratin solubility between methylpyrrolidinium-based (BmpyrrCl) and 

methylimidazolium-based ILs (BmimCl); 2) The effect of the size of the ring in cations on 

keratin dissolution capability can be obtained by analyzing the difference of keratin solubility 

between Pyridinium-based (BpyCl) and methylpyrrolidinium-based ILs (BmpyrrCl). 

Anion effect. To compare the influence of different anions on keratin dissolution, EmimAc, 

EmimDEP, EmimCl, BmimCl, BmimDCA and BmimSCN were used at 120°C. Since 

BmimCl has a lower lnγ than that of BmimDCA and BmimSCN, higher keratin solubility in 

BmimCl compared to that of BmimDCA and BmimSCN was expected. The same rationale 

can be used to understand the different levels of keratin solubility for EmimAc vs. EmimDEP 

and EmimAc vs. EmimCl. Unexpectedly, EmimDEP had higher solubility than EmimCl, 

although its lnγ value was higher. This divergence between prediction and experimental 

results might be explained by that the ability for H-bonds formation of Cl- is not clear and it 

is difficult to give a proper model in COSMO-RS. Kahlen et al.[134] and Liu et al.[123] also 

give identical interpretation to explain why experimental results and prediction data for ILs 

with chloride anion do not always agree.[123, 134] In these verification experiments, the lnγ of 

ILs with different anions changed from -0.49 (GSSG) to -1.53 (GSSG), and the 

corresponding keratin solubility changes from 1 wt% to 38 wt%, thus indicating that anions 

play the main role in the keratin dissolution process. 

Summing up, anions play a leading role in keratin dissolution, while cations only have a 

moderate effect on the dissolution process. ILs with anions Ac-, Dec-, HCOO-, Cl-, DEP-, 

DMP-, DBP-, BEN-, Br-, or TOS- have high keratin dissolution capability. However, it should 

be noted that the stability of ionic liquids plays an important role in their long-term 

application.[135] In industrial applications, the solubility and stability of ionic liquids should 

be considered comprehensively when choosing ionic liquids as solvent. 

Table 3.2 Experimental solubility of wool keratin in ten ILs and lnγ prediction results 

for three keratin models 

No. ILs Solubility 

(wt%) 

Temperature 

̊ C 

lnγ prediction results at 120°C  

CYS 

model 

GSSG 

model 

PP 

model 

a EmimAc 38 120 -2.35 -1.53 -1.63 

b EmimDEP 22 120 -1.82 -1.18 -1.41 

c AmimCl 13 120 -1.89 -1.27 -1.40 

d EmimCl 14 120 -1.86 -1.26 -1.37 

e BmimCl 11 120 -1.85 -1.25 -1.41 

f HOEtmimCl 3 120 -1.46 -1.03 -1.14 

g BmimDCA 1.5 120 -0.79 -0.55 -0.66 

h BmimSCN < 1 120 -0.67 -0.49 -0.56 

i BmpyrrCl 40 180 -2.10 -1.38 -1.56 

j BpyCl 36 180 -1.83 -1.25 -1.41 

k BmimCl 35 180 -1.85 -1.25 -1.41 
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Keratin model effect. In order to check whether these keratin models are able to describe the 

keratin, the residual sum of squares (RSS) and R square (R2) between the lnγ of the three 

keratin models and keratin solubility were analysed further. Figure 3.7 shows that the R 

squares (R2) were 0.71, 0.66, 0.65 by using CYS, GSSG and PP as the keratin model, and the 

residual sum of squares (RSS) were 0.68, 0.32 and 0.37, respectively. The R squares (R2) of 

the three keratin models were similar, while the residual sum of squares for CYS was higher 

than for the other two models. These findings suggest that the lnγ of GSSG and PP are better 

correlated with the experimental keratin solubility results than that of CYS. As illustrated in 

the predicted lnγ of the three keratin models, the values of lnγ when using CYS are lower 

than for other two models, which might be due to the fact that the CYS model is too simple to 

represent keratin. 

 

Figure 3.7 Experimental keratin solubility in ten ILs plotted against lnγ at 120°C 

3.2.4 Prediction of σ-profiles  

σ-profiles can be used to analyse the dissolution capability of ILs. As such, the σ-profiles 

between the three keratin models and several cations and anions were also predicted by 

COSMO-RS. Figure 3.8 shows that the σ-profiles of Ac- and the three keratin models are 

almost overlapping in the H-bond donor, the non-polar and the H-bond acceptor regions. The 

same phenomenon is found in the σ-profiles of DEP- and the three keratin models. 

Nonetheless, the σ-profile overlap of Ac- and the three keratin models in the non-polar region 

is better than that of DEP- and the three keratin models, which means that ILs with Ac- have a 

higher keratin dissolution capability than the ILs with DEP- when they have the same cation. 

This result is also supported by the research of Liu et al.[126] In addition, the σ-profiles of 

DCA- and the three keratin models are not particularly complementary in the non-polar and 

H-bond acceptor regions. From the verification experiment, EmimAc has a higher keratin 

dissolution capability than EmimDEP, and BmimDCA has a weak ability to dissolve keratin, 

which is consistent with the predicted result for σ-profiles and the logarithmic activity 

coefficient (lnγ) by COSMO-RS. 
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Figure 3.8 σ-profiles of the three keratin models: CYS (black line), GSSG (red line), PP 

(blue line) and anions Ac− (green line), DEP− (purple line) and DCA− (yellow line). 

In order to study further the interactions of keratin models and cations, the σ-profiles of 

the three keratin models and several cations are compared in Figure 3.9. As evidenced in 

Figure 3.9, the range of peaks in the σ-profile plots of [Emim]+, [Epy]+ and [Eemor]+ are 

similar, and the intensity of the peaks is slightly different, which indicates that ILs cations 

have a moderate effect on the dissolution process. This conclusion is also in agreement with 

the results for the predicted logarithmic activity coefficient (lnγ) and the verification 

experiment. The analysis of σ-profiles between the three keratin models and several cations 

and anions further indicates that anions play a leading role in keratin dissolution, and cations 

have a moderate influence on the keratin dissolution capability of ILs.  

 

Figure 3.9 σ-profiles of three keratin models: CYS (black line), GSSG (red line), PP (blue 

line) and cations [Emim]+ (green line), [Epy]+ (purple line) and [Eemor]+ (yellow line). 

3.2.5 Predicting excess enthalpy  

Excess enthalpies between three keratin models and ten ILs were calculated, in order to explain 

further the possible interactions of keratin molecules and ILs structures. Combining the results 

presented in Figure 3.10-3.12, it is evident that the main forces in the keratin dissolution process in 

ILs are H-bonds, while the contributions of misfit forces and van der Waals forces are secondary, 
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which was agreement with the viewpoint of Zhang et al.[136] The reason for the difference between 

the solubility of HOEtmimCl and EmimCl is the formation of intramolecular H-bonds 

between ILs and keratin molecules, which leads to a drop of the ability to cleave H-bonds 

between keratin molecules, which again also support that the hydrogen bonding is the main 

force. Ji et al.[137] investigated the extraction of keratin from feather by using ionic liquids and 

concluded that ILs are strong polar molecules that can break hydrogen bonds of keratin. 

Ghosh et al.[138] reported that the chloride-containing IL was the best solvent of keratin 

among the ILs they tested, which can be due to the high concentration of Cl- and its 

nucleophilic activity exhibiting a strong effect on H-bonds. Moreover, the excess enthalpies of 

ILs with the same cations and different anions exhibit a big difference, which can be proven by the 

excess enthalpy differences between EmimAc, EmimDEP and EmimCl. This conclusion can also be 

drawn from the excess enthalpy differences between BmimCl, BmimDCA and BmimSCN, albeit 

there is a slight difference between those of ILs with the same anions and different cations, such as the 

six ILs with Cl- shown in Figure 3.10-3.12. This is in agreement with the deduction that anions play a 

crucial role in disrupting chemical interactions and therefore dissolution.  

 

Figure 3.10 Excess enthalpies between the CYS keratin model and ten ILs 

 

Figure 3.11 Excess enthalpies between the GSSG keratin model and ten ILs 
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Figure 3.12 Excess enthalpies between the PP keratin model and ten ILs 

3.3 Conclusions 

In summary, three keratin models were selected to represent keratin, and a screening method 

based on COSMO-RS was used to evaluate the keratin dissolution capability of ILs. 

Prediction results for the logarithmic activity coefficient (lnγ) indicate that anions play a 

major role in the keratin dissolution process, while cations have a moderate effect on the 

keratin dissolution capability of ILs. In particular, the hydroxyl group in cations has an 

important influence on the solubility of keratin in ILs. Ac-, Dec-, HCOO-, Cl-, BEN-, DMP-, 

DEP-, DBP-, TOS- and Br-, with the various cations studied in this work, exhibited 

particularly good properties for keratin dissolution.   

The experimental solubility of ten ILs was in accordance with that of the prediction lnγ, 

thereby indicating that the prediction value of lnγ via COSMO-RS can effectively reflect the 

keratin dissolution capability of ILs. Furthermore, the GSSG and PP keratin models are better 

at describing keratin than the CYS options. Finally, our excess enthalpy calculations 

indicated that H-bonds play a main role in the keratin dissolution process, followed by misfit 

forces and van der Waals forces. 
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4. Silicone-ionic liquid elastomer composite with keratin as reinforcing 

agent utilized as pressure sensor 

Flexible and soft pressure sensors have attracted significant attention for their applications in 

various fields, such as soft robotics,[139-140] wearable electronic devices,[141-143] and energy 

storage.[144-146] The ability to sense low pressure (1-10 kPa), which is an important range 

covering intra-body pressure, is particularly important for pressure sensors.[147] In recent 

years, vast efforts have been made to improve the performance of pressure sensors: e.g., via 

the integration of polymers with various nanomaterials including carbon nanotubes,[148-151] 

gold/silver nanowires,[152-155] graphene nanosheets,[156-159] and metal nanoparticles.[160-161] 

While the structures and materials of these novel pressure sensors are different, they all 

typically operate based on force-induced changes in piezoresistivity, capacitance, and 

piezoelectricity.[147, 162] For example, Qin et al. prepared a pressure sensor by integrating 

hydrophobic carbon nanotubes into hydrophobically associated polyacrylamide hydrogel, 

reaching a sensitivity of 0.127 kPa-1 in the large-pressure region of 0-50 kPa.[148] Lee et al. 

realized an ultra-robust, wide-range pressure sensor based on polyurethane foam coated with 

both conformal silicone rubber and CNT/TPU nanocomposite islands, the sensitivity of 

which was controlled from 0.013 kPa-1 to 0.032 kPa-1. [163] 

Even though pressure sensors fabricated by incorporating nanomaterials into polymers 

show high sensitivity, they consequently display limited stretchability and long response 

times, thereby significantly limiting their applications. In order to produce an improved smart 

wearable sensor, it is therefore necessary to develop a highly stretchable and flexible sensor 

with short response and recovery times. 

Silicone elastomers represent an excellent matrix for sensors[164-165] due to their high 

stretchability and flexibility, as well as their inherent physical and chemical stability[12, 166] 

even at elevated temperatures.[167] Ionic liquids (ILs), which have high conductivity, low 

viscosity and chemical stability, were also considered as excellent material candidates for the 

development of novel, improved pressure sensors.[168] However, the electromechanical 

instability of pure ILs limits their application as pressure sensors and require a mechanically 

robust matrix. Ionic pressure sensors based on polymer-IL composites and possessing both 

the elasticity of the elastomer and the electrical conduction of the ILs have therefore received 

significant attention from researchers.[169-172] For example, a flexible capacitive pressure 

sensor that incorporates micro-patterned pyramidal ionic gel was fabricated which showed 

excellent pressure sensitivity and a broad sensing range.[173] Despite the great progress in the 

iontronic pressure sensor achieved so far, the development of ionic pressure sensors is still 

limited due to the complicated fabrication process, high cost, and small linear response range.  

Herein, a novel high-performance pressure sensor was fabricated by incorporating 1-

butyl-3-methylimidazolium hexafluoroantimonate (BmimSbF6), a high permittivity ionic 

liquid, into polydimethylsiloxane (PDMS) elastomers. Regenerated wool keratin, which has 
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high biodegradability, biocompatibility, and stability, was added as a reinforcing filler. In 

addition to improving the performance of the material as pressure sensors this method also 

provides a simplified preparation scheme with great potential for the large-scale production 

of ionic materials. Different loading amounts of BmimSbF6 were tested in order to produce 

an optimized pressure sensor with excellent mechanical properties, high force sensing 

characteristics, and a wide detection pressure range. More specifically, the optimized sensor 

demonstrated a sensitivity of 0.037 kPa-1 at pressures below 10 kPa and a sensitivity of 0.003 

kPa-1 in the range between 10 kPa-1 and 50 kPa-1. Finally, the response time of the 70 phr 

BmimSbF6-loaded pressure sensor showed a response time of 8 ms to a pressure input of 1.6 

kPa (0.04 N), which is much shorter than previously reported.  

The following sections of this chapter are based on the publication “Silicone-ionic liquid 

elastomer composite with keratin as reinforcing agent utilized as pressure sensor.” (X. Liu, Y. 

Nie, L. Yu, A. L. Skov, (2020). Macromol. Rapid Commun. DOI:10.1002/marc.202000602. 

See Appendix C.1 for the article in its published format and Appendix C.2 for the 

corresponding supporting information). 

 

Figure 4.1 Graphical abstract for chapter 4: A novel pressure sensor with remarkably 

improved pressure sensing characteristics was obtained through combined usage of 

polydimethylsiloxane (PDMS) and ionic liquid (IL). Keratin was dispersed homogeneously 

in the PDMS matrix to serve as a reinforcing filler. The ionic pressure sensor thus produced 

exhibited outstanding mechanical properties, fast response, wide detection range, and high 

sensitivity.  

4.1. Experimental 

4.1.1 Materials 

Vinyl-terminated PDMS, DMS-V31 (Mn = 28000 g mol-1) and a cross-linker with hydride-
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functional HMS-301 (Mn = 1950 g mol-1) were purchased from Gelest Inc, USA. The 

regenerated keratin from wool was obtained from Tokyo Chemical Industry Co., Ltd, and the 

platinum cyclovinylmethyl siloxane complex catalyst (511) was purchased from Hanse 

Chemie, Germany. 1-butyl-3-methylimidazolium hexafluoroantimonate (BmimSbF6) was 

purchased from Chengjie Chemicals Ltd, China. The structures of the PDMS and BmimSbF6 

are given in Figure S1 (Appendix C.2). 

4.1.2 Fabrication of IL-loaded pressure sensor.  

Figure 4.2 illustrates the complete manufacturing process of the BmimSbF6-loaded pressure 

sensor. Vinyl-terminated PDMS, DMS-V31 (5g, 0.18 mmol), cross-linker HMS-301 

(0.1045g, 0.0536 mmol) and the catalyst (Pt 511) (15 ppm) were mixed using a dual 

asymmetric centrifuge SpeedMixer (DAC 150.1 FVZ-K, Synergy Devices Ltd, UK). As 

previously reported, pure PDMS elastomers suffer from low tear and tensile strength and are 

therefore considered intrinsically weak.[12] The traditional choice of reinforcing fillers for 

silicones is silica particles, due to their inherent compatibility. However, silica particles have 

low biodegradability and biocompatibility. Wool keratin, which has high biodegradability, 

biocompatibility, and stability, was used as a replacement for SiO2 as reinforcing filler. 

BmimSbF6 (phr, the volume fraction can be found in Table S1, (Appendix C.2)) was then 

added as liquid filler, and the mixture was speed mixed again at 3500 revolutions per minute 

(rpm) for 2 minutes. The homogeneous mixture obtained was then coated as a film onto a 

glass substrate using a film applicator (3540 bird, Elcometer, Germany). The film was then 

fully cured in the oven at 80 oC for 2 h, after which sensors 5 mm x 5 mm in dimension were 

cut out from the film. Copper sheets were attached to the two surfaces of the film as 

electrodes, and specimens were investigated using the voltage response test at room 

temperature. 

 

Figure 4.2 Fabrication process and test setup of the BmimSbF6-loaded pressure sensor. 
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4.1.3 Characterization analysis 

Dielectric properties determination. Dielectric relaxation spectroscopy (DRS) was 

performed using a Novocontrol Alpha-A high-performance frequency analyser (Novocontrol 

Technologies GmbH & Co, Germany) operating in the frequency range of 10-1 to 106 Hz at 

room temperature and with a low electrical field (about 1 V mm-1). Tested samples were 1 

mm thick, with a diameter of 20 mm. 

FT-IR properties determination. Fourier transform infrared (FT-IR) spectroscopy was 

conducted using a Nicolet iS50 FT-IR fitted with a diamond crystal attenuated total reflection 

accessory (ATR), which operated in the range of 4000-400 cm-1 at a resolution of 4 cm-1 and 

32 scans per measurement. All spectra were baseline corrected. 

Determination of gel fractions. Gel fractions were determined based on a previously 

reported procedure.[81] The film sample (about 200 mg) was immersed in chloroform (10 mL) 

at room temperature for 48 h, and the chloroform was replaced every 24 h. Films were 

subsequently washed several times with fresh solvent. Finally, the samples were dried for 48 

h at ambient pressure and room temperature. Gel fractions were calculated using the 

following equation: 

                                                  
IL

ILe
gel

mm

mm
W






0

                                                         (4.1) 

where me is the weight after extraction and drying, m0 is the initial weight of the sample, and 

mIL is the weight of IL in the initial sample. As previously reported for this system, the release 

of BmimSbF6 during extraction is neglible.[174] The amount of covalently bonded and non-

bonded species in the silicone networks can be elucidated by the gel fraction. 

Mechanical properties determination. The tensile stress-strain behavior of the elastomers 

was measured using an Instron 3340 materials testing system (INSTRON, USA). The tested 

sample was 6 cm long and 3mm wide. Samples were placed between two clamps and initially 

separated by a distance of 3 cm. The test specimen was then elongated uniaxially at 50 mm 

min-1. Each composition was subjected to three tensile measurements and the average was 

reported. 

Scanning electron microscopy (SEM) observation. The morphology of the samples was 

investigated with a FEI Quanta 200 ESEM (Thermo Fisher Scientific, USA) scanning 

electron microscope equipped with a field emission gun. Before testing, samples were coated 

with an approximately 5 nm thick gold layer by means of a sputter coater (Q150R ES, 

Quorum Technologies, UK) under vacuum condition and a current of 40 mA for 10 seconds. 

The sample’s cross-section was detected with a secondary electron detector. 

Voltage response test platform. A voltage response test platform consisting of a personal 

computer (PC)-controlled wave-maker and a signal acquisition system was designed to study 

the performance of the fabricated BmimSbF6-loaded pressure sensor. A control signal was 

generated via National Instruments’ LabVIEW software and sent to an Asahi Seisakusyo 
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APD-050FCA controller. A small force stimulus was generated by the wave-maker (SL-0505, 

Asahi Seisakusyo, Japan) and applied to the top surface of the pressure sensor via a shaker 

rod. A load cell (ZNLBM-1KG Micro Load cell, Bengbu Zongnuo Sensor Inc, China) was 

mounted on the stimulation rod to measure the practical force applied to the pressure sensor. 

The voltage data generated by the pressure sensor was recorded using a National Instruments 

PCIe-6351 data acquisition board[170]. The sensitivity (S) was calculated using the following 

equation: 

                                                                𝑆 =
𝑑(𝑉

𝑉0
⁄ )

𝑑𝑃
                                                          (4.2) 

where V is the relative voltage change, V0 is the initial voltage without pressure, and P is the 

applied pressure. 

4.2 Results and discussion 

Morphology of ionic liquid in elastomer films. FT-IR spectra were acquired in order to 

verify successful BmiSbF6 loading into the silicone elastomer. For films into which 

BmimSbF6 has been successfully incorporated, the FT-IR spectra display a characteristic 

imidazole ring peak at 1580 cm-1 (SI Figure S2, Appendix C.2). Furthermore, the SEM 

images show that the ionic liquids (black dots) and keratin powders (white dots) are well-

dispersed throughout the silicone network (SI Figure S3, Appendix C.2). 

Gel fractions. Gel fractions of the films were investigated via swelling experiments with 

chloroform in order to analyze the amount of bonded (gel fraction) and non-bonded (sol 

fraction) species in the elastomer network. The measured gel fractions of films with various 

BmimSbF6 concentrations are shown in Figure 4.3, demonstrating that the gel fractions of 

BmimSbF6-loaded films were lower than that of pure PDMS film. Moreover, the gel fractions 

of the films decreased with an increased loading amount of BmimSbF6. As Figure 4.3 shows, 

the lowest gel fraction was obtained from the film loaded with 70 phr BmimSbF6, which can 

be explained by the increased inhibiting effect of the IL at higher concentrations. The gel 

fraction data are also summarized in Table S1 (Appendix C.2)..  
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Figure 4.3 Gel fractions of films loaded with different amounts of BmimSbF6. Gel fractions 

were determined from Equation (1). 

Mechanical properties. A comparison of the mechanical properties of pure PDMS film with 

SiO2 and pure PDMS film with keratin is shown in Figure S4 (Appendix C.2). Films with 

keratin as filler displayed similar mechanical properties to films with SiO2 as filler which is 

an interesting finding since it indicates that keratin can replace SiO2 as a solid filler to 

enhance the mechanical properties of the film. This can potentially have great impact in 

making silicone elastomers more sustainable. However, this is not the scope of the current 

article. 

 

Figure 4.4 Stress-strain curves of the different elastomers (length: 6 mm, width: 3 mm) at 

room temperature with a stretch rate of 50 mm min-1. 

 

Figure 4.5 Young’s moduli of films with different amounts of BmimSbF6 at room 

temperature.  
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Figure 4.6 Tensile strains of films with different amounts of BmimSbF6 at room 

temperature. 

The tensile stress–strain curves for PDMS-based films with various BmimSbF6 amounts 

are presented in Figure 4.4, while the corresponding Young’s modulus and tensile strengths 

are depicted in Figure 4.5 and Figure 4.6, respectively. It is clear that the tensile strength and 

Young´s modulus of the BmimSbF6-loaded films are lower than those of the pure PDMS film, 

and that the tensile strength and Young´s modulus decreased with increasing amount of 

BmimSbF6. With an increase of BmimSbF6 amount from 0 to 5 phr, both the tensile strain and 

Young’s modulus decreased significantly, indicating that ionic liquid fillers act as softeners 

in the system, so that their addition effectively enhances the flexibility of the elastomer 

materials. The tensile strain and Young’s modulus of the films investigated are given in 

Table S1 (Appendix A.2).   

 

 

Figure 4.7 Schematic illustration of pressure sensor operation principle 
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Figure 4.8 Voltage changes for films with different loadings of BmimSbF6 in response to a 

pressure input of 24 kPa (0.6 N). 

     

Figure 4.9 Sensitivity of film with 70 phr BmimSbF6 in response to varying pressures.  

Pressure response. A dedicated test bench consisting of a personal computer (PC)-controlled 

wave-maker and a signal acquisition system was designed to evaluate pressure sensor 

performance, as illustrated in Figure 4.2. The operation principle of the pressure sensor is 

analogue with the previously reported operational principle of iontronic pressure sensors,[24] 

and a schematic illustration of the operation principle is shown in Figure 4.7. In order to 

50 phr IL 

0 phr IL 

70 phr IL 
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describe the effect of BmimSbF6 on the sensing performance of the investigated films, the 

sensitivity and voltage change curves for elastomers with different BmimSbF6 amounts in 

response to an instantaneous pressure input of 40 kPa (1.0 N) are compared in Figure 4.8. A 

tunable voltage change depending on the loading amount of BmimSbF6 was observed, with 

the 70 phr BmimSbF6-loaded sensor exhibiting the highest voltage change due to the 

increased charge density with increased IL loading (Figure 4.8).[24] This behavior confirms 

that the amount of BmimSbF6 is vital to improving pressure sensor sensitivity. The sensitivity, 

which is calculated based on Equation 4.2, is defined as S1 in the low-pressure range (0-10 

kPa) and S2 in the high-pressure range (10-50 kPa). As Figure 4.9 clearly shows, the 70 phr 

BmimSbF6-loaded pressure sensor has a high sensitivity of 0.037 kPa-1 (1.56 N-1) in the range 

of 0-10 kPa, while the sensitivity declines with increasing pressure in the high pressure range 

(S2=0.003 kPa-1, 0.12 N-1). The sensitivity of 70 phr BmimSbF6-loaded pressure sensor 

(0.037 kPa-1) is much higher than that of 50 phr BmimSbF6-loaded pressure sensor (0.001 

kPa-1), as illustrated in Figure 4.9 and Figure S6 (Appendix C.2), further indicating that the 

importance of BmimSbF6 as critical to the sensitivity of the pressure sensor. Compared to the 

reported performance of the pressure sensors with various fillers listed in Table 1, the sensors 

developed within this study display high sensitivity and a wider linear response range. 

Sensors have a variety of applications in different pressure response ranges, and applications 

below 10 kPa include ultra-sensitive e-skins, touchscreens, and medical diagnostics.[175] 

 

Figure 4.10 Voltage change of 70 phr BmimSbF6-loaded film after a sudden increase 

pressure from 0 kPa to 1.6 kPa (0.04 N). 

An additional advantage of the BmimSbF6-loaded pressure sensor is that it responds 

quickly to applied pressure. As shown in Figure 4.10, the 70 phr BmimSbF6-loaded pressure 

sensor responds to a pressure input of 1.6 kPa (0.04 N) in 8 ms—much more quickly than 

most previously reported sensors. When external pressure was removed, the pressure sensor 

returned to its initial state in 11 ms—a shorter recovery time than that reported for any other 
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sensor. This excellent response time is due to the liquid, and thus mobile, nature of the 

BmimSbF6 in the network. 

 

Figure 4.11 Relative voltage changes in response to a repeated pressure input of 44 kPa (1.1 

N).  

   

Figure 4.12 Applied force and relative voltage change in response to a step-wise increase of 

pressure from 2.4 kPa (0.06 N) to 46.8 kPa (1.2 N). 
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The stability of the 70 phr BmimSbF6-loaded sensor was tested by multiple applications 

of a cyclic high pressure of 40 kPa (1.0 N). As depicted in Figure 4.11, the responsive 

signals were highly consistent under cyclic pressures. The voltage changes upon a step 

increase of pressure from 2.4 kPa (0.06 N) to 46.8 kPa (1.2 N) were measured to investigate 

the response over a relatively wide pressure range. As shown in Figure 4.12, the voltage 

change dramatically increased with rising pressure, demonstrating the BmimSbF6-loaded 

pressure sensor’s capacity to distinguish various pressures via stable sensing signals. It also 

can be seen that the pressure sensor responds quickly to an applied pressure, and returns to 

the initial state in short time when the external pressure was removed. 

An ideal pressure sensor with excellent performance should possess high sensitivity, wide 

linearity range, and short response time. The 3D chart presented in Figure 4.13 shows a 

sensing characteristics comparison of the pressure sensor developed within this study and 

pressure sensors with different fillers reported previously.  As Figure 4.13 shows, by the 

overall evaluation of the sensitivity, response time and linearity range, the novel pressure 

sensor in this work is an overall better sensor. While it does not have the highest sensitivity, 

its response time is 75 times faster than that of a carbon nanotubes / hydrophobically 

associated hydrogel sensor,[148] 15 times faster than that of the graphene-paper pressure 

sensor,[157] and 3 times faster than that of the ionic gel pressure sensor.[[173]] Moreover, the 

BmimSbF6-loaded sensor also has a wide linear pressure range. These results are also listed 

in Table 4.1. 

 

Figure 4.13 Comparison of three key pressure sensor parameters: sensitivity, response time, 

and linear pressure range.  
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Table 4.1 Reported sensitivity, response time, linear pressure range and fillers for different 

sensors. 

Reference Sensitivity 

 (kPa
-1

) 

Response time 

 (ms) 
Linear pressure 

Range (kPa) 
Fillers 

This work 0.037 8 10 [Bmim][SbF6] 

Ref.[5a] 0.127 600 50 Hydrophobic carbon 

nanotubes 

Ref.[7a] 0.8 100 1 Graphene Oxide 

Ref.[7b] 0.17 120 2 Graphene 

Ref.[10] 0.032 29 40 Carbon nanotubes 

Ref.[16] 41.64 21 0.5 [EMI][TFSA] 

Ref. [18a] 0.016 54 40 Graphene/Silver 

nanowires 

Ref. [18b] 0.36 80 1.25 Reduced graphene 

oxide 

Ref. [18c] 0.088 30 10 MWNT-rGO 

Ref.[18d] 0.042 96 27 Sugar granules 

Furthermore, not only can the 70 phr BmimSbF6 loaded film be used as an iontronic 

pressure sensor, but it is also an excellent candidate for a capacitive pressure sensor. The 

dielectric permittivity, which is a critical parameter for the sensitivity of the capacitive 

pressure sensor, was also tested here. Unlike conventional PDMS elastomers, BmimSbF6-

loaded films exhibit high permittivity, as shown in Figure S9 (Appendix C.2). The storage 

permittivity of BmimSbF6 elastomer increased with increasing amount of BmimSbF6. The 

dielectric permittivity at 106 Hz increased from 2.24 for the pure PDMS elastomer to 10.34 

for the sample with 70 phr BmimSbF6—i.e. almost 5-fold. Storage permittivities of 

BmimSbF6-loaded films at both106 Hz and 10-1 Hz are also presented in Table S2 (Appendix 

C.2). 

4.3 Conclusion 

In summary, a novel flexible pressure sensor was constructed by incorporating BmimSbF6 

into PDMS. The ionic pressure sensor thus produced exhibited outstanding mechanical 

properties, fast response, wide detection range, and high sensitivity. Furthermore, the 70 phr 

BmimSbF6-loaded pressure sensor showed high pressurizing cycling stability under high 

applied pressure, as well as the ability to distinguish various pressures via stable sensing 

signals over the pressure range from 0 kPa to 50 kPa. Its response time of 8 ms to a pressure 

input of 1.6 kPa (0.04 N) is much shorter than that of most previously reported pressure 

sensors, and its recovery time of 11 ms is the shortest yet reported. This novel pressure 

sensor’s excellent comprehensive performance and facile fabrication process mean that is has 

great potential for healthcare and smart wearable device applications. 
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5. Conclusion and future perspectives 

In this project, the performance of silicone-based composite DEs were improved by 

incorporating new kinds of liquid fillers and solid fillers into silicone network, particularly 

for enhancing the dielectric properties, sensing properties and biocompatibility. 

Ionic liquids (ILs), with high dielectric permittivity, high conductivity and stability, were 

selected as a new kind liquid filler for enhancing the performance of silicone-based 

composite DEs. It was found that the structures of ILs affect the cross-linking reaction of 

PDMS, and Cl-, DEP- and Ac- can deactivate the catalyst. Dielectric permittivity of DE film 

with BmimSbF6 loading increases in line with increasing amounts of BmimSbF6, while the 

dielectric permittivity of a film with 90 phr BmimSbF6 loading was 3.2 times higher than that 

of the pristine silicone elastomer. Moreover, DEs with IL loading became increasingly softer, 

in line with an increasing amount of BmimSbF6. The simpler figure of merit of an elastomer 

with 90 phr BmimSbF6 loading is 10.40, thus indicating that this material has high potential 

for use as an actuator. 

Wool keratin, which has high biodegradability, biocompatibility, and stability, was used as 

a replacement for SiO2 as reinforcing filler to improve the mechanical properties and 

biocompatibility. The premise of the reuse of wool keratin is the effective regeneration of it. 

Therefore, three keratin models were selected to represent keratin, and a screening method 

based on COSMO-RS was used to evaluate the keratin dissolution capability of ILs. 

Prediction results for the lnγ indicate that anions play a major role in the keratin dissolution 

process, while cations have a moderate effect on the keratin dissolution capability of ILs. The 

experimental solubility of ten ILs was in accordance with that of the prediction lnγ, thereby 

indicating that the prediction value of lnγ via COSMO-RS can effectively reflect the keratin 

dissolution capability of ILs. The regeneration of wool keratin not only promotes the 

development of keratin-based biomaterials, but also has important for environmental 

protection. 

Based on the results above, a novel flexible pressure sensor was constructed by 

incorporating BmimSbF6 and regenerated keratin into PDMS. The ionic pressure sensor thus 

produced exhibited outstanding mechanical properties, fast response, wide detection range, 

and high sensitivity. Furthermore, the 70 phr BmimSbF6-loaded pressure sensor showed high 

pressurizing cycling stability, and its response time of 8 ms to a pressure input of 1.6 kPa 

(0.04 N) is much shorter than that of most previously reported pressure sensors, and its 

recovery time of 11 ms is the shortest yet reported. This novel pressure sensor’s excellent 

comprehensive performance and facile fabrication process mean that is has great potential for 

healthcare and smart wearable device applications. 

The core of this project is improving the performance of silicone-based composite DEs, 

and the approaches reported here are worthy of further optimization and study. The 

biocompatibility of DE with keratin as filler can be explored by investigating the effect of 
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these materials on the cell viability, and the further applications of these materials in 

healthcare, wearable monitor devices and electronic skin are expected to take place. 

Furthermore, the sensitivity of the DE developed here can be improved by fabricating 

micropatterned structures pressure sensor in the future. 
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Silicone Elastomers with High-Permittivity Ionic Liquids
Loading

Xue Liu, Liyun Yu, Yi Nie,* and Anne Ladegaard Skov*

The most obvious challenge facing current dielectric elastomers (DEs) is the high
driving voltages necessary to activate them, and so, an effective way to overcome
this shortcoming is to increase their dielectric permittivity. Herein, high-
permittivity dielectric elastomer materials are prepared by synthesizing silicone
elastomer loaded with ionic liquids (ILs). The influence of the structure and the
amounts of ILs on the material properties is discussed, and important properties
for material applications as DEs, such as dielectric permittivity, gel fraction,
and mechanical properties, are also investigated. It is found that 1-butyl-3-
methylimidazolium hexafluoroantimonate (BmimSbF6) is the most suitable IL for
the given system. The dielectric permittivity of the material with 90 parts per
hundred rubber (phr) BmimSbF6 is 3.2 times higher than that of the pristine
silicone elastomer, whereas the dielectric permittivity of pure silicone elastomer
and elastomer loaded with ILs decreases in line with increased temperature in
all cases. Young’s modulus decreases in line with the increasing amount of
BmimSbF6 in the elastomer, as expected. A simpler figure of merit (F*om) for
actuators is used, and F*om of the elastomer with a 90 phr IL loading is 10.40,
thereby indicating that the material has a great advantage when used in
actuators.

1. Introduction

Dielectric elastomers (DEs), which consist of soft and thin elas-
tomer films sandwiched between compliant electrodes, are well-
known materials with a large variety of novel and advanced

electromechanical applications, namely,
actuators, sensors, and generators.[1–4]

The popularity of DEs is due to their many
favorable properties, which include flexibil-
ity, low weight, high electrical and mechan-
ical breakdown strength and elasticity, and
great stability with respect to a large range
of chemicals.[5,6] Polydimethylsiloxane
(PDMS) elastomers are one of the most
commonly used materials for DEs, as they
can be operated at a wide frequency range
and offer high efficiency and fast response
times.[7–9] However, the most obvious chal-
lenge facing current PDMS elastomers is
that they possess low dielectric permittivity
and need high driving voltages to activate
them.[10,11]

One effective way to overcome this
shortcoming is to increase the dielectric
permittivity of DE materials while keeping
Young’s modulus constant.[4] The most
common method utilized to improve the
dielectric permittivity of silicone elastomer
involves blending a PDMS with high-
permittivity fillers, the most common of

which is in the form of metal oxide fillers, such as TiO2,
[12,13]

Al2O3,
[14] and BaTiO3.

[15,16] A number of conductive fillers have
also been used, including carbon nanotubes,[17] graphite,[18] and
graphene,[19] among other solutions, and they may also be
blended with polymers. While these methods are certainly
efficient ways of increasing dielectric permittivity, they can also
lead to large dielectric losses and low breakdown strength.
Furthermore, Young’s moduli of elastomers with fillers are
always increased, which is often to a greater extent than dielectric
permittivity, and thus, no overall system improvement is forth-
coming.[4] It is, therefore, necessary to find new fillers to increase
dielectric permittivity while ensuring losses remain constant.

Ionic liquids, as with polymer material fillers, have garnered
interest in recent years, due to their excellent properties, such as
high dielectric permittivity, high conductivity, stability, nonvola-
tility, and nonflammability.[20–26] Promising results relating to
ionic liquids as fillers for enforcing polymer materials have been
published. Taylor and Panzer,[27] for instance, synthesized fully
zwitterionic copolymer scaffolds for ionogel electrolytes by using
1-ehtyl-3-methylimidazolium bis(trifluoromethylsulfony)imide
(EmimTFSI) as a filler, resulting in high ionic conductivity.
The results reported by Horowitz and Panzer[28] also showed that
the addition of EmimTFSI can increase capacitance and ionic
conductivity, whereas Kusuma et al.[29] found that ionic liquids
with the least basic anion TFSI� and aromatic cations containing
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an acidic proton provided the most stable and miscible ion gels.
The PDMS-supported ion gels with ionic liquids as a filler exhib-
ited favorable ionic conductivity and excellent mechanical behav-
ior.[6] Although there have been extensive studies on ionic liquids
as polymer fillers, very few articles report on applying ionic
liquids in PDMS, to increase dielectric permittivity.

In this article, five ILs will be selected and added as fillers into
silicone elastomers. The effects of the ILs’ structure on the cross-
linking efficiency of elastomer will then be analyzed, and the
dielectric properties of films with different amounts of IL loading,
such as dielectric permittivity, dielectric losses, and conductivity,
will also be tested, to investigate the influence of IL amounts on
dielectric elastomer properties. Dielectric permittivity and dielec-
tric losses at different temperatures will also be investigated in this
work, as well as themechanical properties of films with IL loading.
A simpler figure of merit for actuators will be used to evaluate the
performance of elastomer materials as actuators.

2. Experimental Section

2.1. Materials and Methods

Vinyl-terminated PDMS, DMS-V31 (Mn¼ 28 000 gmol�1),
and a cross-linker with hydride-functional HMS-301 (Mn¼
1950 gmol�1) were purchased from Gelest Inc, USA. The
silicone dioxide amorphous hexamethyldisilazane-treated
particles (SIS6962.0) were obtained from Fluorochem,
Belgium, and the platinum cyclovinylmethyl siloxane complex
catalyst (511) was acquired from Hanse Chemie, Germany. 1-
butyl-3-methylimidazolium hexafluoroantimonate (BmimSbF6),
1-allyl-3-methylimidazolium chloride (AmimCl), 1-ethyl-3-
methylimidazolium diethylphospate (EmimDEP), 1-ethyl-3-
methylimidazolium acetate (EmimAc), and 1-2-hydroxylethyl-3-
methylimidazolium chloride (HOEtmimCl) were purchased
from Chengjie Chemicals Ltd, China. The inhibitor Pt88 was
acquired from Wacker Chemie AG, Germany. The structure
of the PDMS and ILs can be seen in Figure 1 and Figure S1,
Supporting Information.

2.2. Preparation of Elastomer/Ionic Liquids Films

Vinyl-terminated PDMS, DMS-V31 (5 g, 0.18mmol), 8-func-
tional cross-linker (0.1045 g, 0.0536mmol), and treated silica par-
ticles (25 wt%) were mixed with an inhibitor (1 wt%, Pt88) on a

FlackTek Inc. DAC 150.1 FVZ-K SpeedMixer. The catalyst (511)
(15 ppm) was then added, and the mixture was speed mixed, fol-
lowing which the different phr ionic liquids were added to the
mixture and mixing was performed again. The phr unit is often
used due to its simplicity when formulating, as it states the
weight of a given substance per 100 g of rubber.[30] For the con-
trol, the ionic liquid was not added. The uniform mixture was
divided into two parts: one poured into a 1mm thick steel mold,
and the other coated as 200 μm films on a glass substrate, using a
film applicator (3540 bird, Elcometer, Germany). The films were
cured in an oven at 80 �C.

2.3. Characterization Analysis

2.3.1. Dielectric Properties Determination

Dielectric relaxation spectroscopy (DRS) was carried out using a
Novocontrol Alpha-A high-performance frequency analyzer
(Novocontrol Technologies GmbH & Co) operating in the fre-
quency range of 10�1–106 Hz at different temperatures and with
a low electrical field (about 1 Vmm�1). The thickness of the
tested samples was 1mm, and the diameter was 20mm.

2.3.2. Determination of Gel Fractions

The gel fractions were determined from the previously reported
procedure.[31] The film sample (about 200mg) was immersed in
chloroform (10mL) at room temperature for 48 h, and the chlo-
roform was then replaced every 24 h. The solvent was decanted
off, and the films were washed several times with fresh solvent.
Finally, the samples were dried for 48 h under ambient pressure
at room temperature. The BmimSbF6 is immiscible with chloro-
form. It is evident from the Fourier-transform infrared (FT-IR)
spectra of the extraction solutions that the release of BmimSbF6
during the extraction can be neglected. The FT-IR spectra of the
elastomers after extraction also show that BmimSbF6 still loaded
into the elastomers. The details can be seen in Figure S2 and S3,
Supporting Information. Gel fractions were calculated using the
following equation

Wgel ¼
me �mIL

m0 �mIL
(1)

where me is the weight after extraction and drying, m0 is the ini-
tial weight of the sample, andmIL is the weight of IL in the initial

Figure 1. PDMS and IL structures used in this work.
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sample. It is assumed that BmimSbF6 is not released during
extraction. The amount of bonded and nonbonded species in
the silicone networks can be elucidated by the gel fraction.

2.3.3. FT-IR Properties Determination

FT-IR spectra of the samples were acquired in the wavenumber
range of 400–4000 cm�1, using a PerkinElmer Spectrum One
model 2000 Fourier Transform Infrared apparatus equipped
with a universal attenuated total reflection accessory on a
ZnSe/diamond composite. Spectra were obtained via 32 scans
and at a resolution of 4 cm�1. All the spectra were baseline-
corrected.

2.3.4. Electrical Breakdown Strength Determination

Electrical breakdown tests were performed on an in-house-built
device, which was manufactured based on international stand-
ards (IEC 60243-1 [1998] and IEC 60243-2 [2001]). Film thick-
nesses were measured using microscopy of cross-sectional
cuts. An indent of <5% of sample thickness was applied to
ensure that the spherical electrodes were in contact with the
sample. The breakdown strength was measured by applying a
stepwise increasing voltage (50–100 V step�1) at a rate of
0.5–1 steps s�1. Each sample was tested 12 times in parallel,
and an average of these values was given as the breakdown
strength of the sample.

2.3.5. Mechanical Properties Determination

The tensile stress–strain behavior of the elastomers was mea-
sured using a material tester (Instron 3340 materials testing sys-
tem, INSTRON, US). Samples 60mm in length and 6mm in
width were placed between two clamps and initially separated
by a distance of 30mm. The test specimen was elongated uniax-
ially at 50mmmin�1 with respect to length. Each composition
was subjected to three tensile measurements, which were then
averaged.

2.3.6. Figure of Merit

The performance of dielectric elastomer actuators (DEAs), when
a constant potential is applied, is expressed in a single parameter,
a so-called “figure of merit,” which provides guidance for the
elastomer performance optimization of DEAs. In the work by
Sommer-Larsen and Larsen,[32] the figure of merit for a given
dielectric elastomer was described as

Ftraditional
om ðDEAÞ ¼ 3εrε0E2

B

Y
(2)

where ε0 is the vacuum permittivity (a constant equal to
�8.854� 10�12 Fm�1), εr is the dielectric permittivity of the
elastomer, Y is Young’s modulus, and EB is the electrical break-
down strength, which is the maximum applicable voltage for a
film of a given thickness. But, in many instances, a given
voltage will be used for a given product, for example, a particular
battery. Therefore, a simpler figure of merit for actuators was

used in this work. The equation for the simpler figure of merit
is given by[30]

F�
omðDEAÞ ¼

εr
Y

�
εr,0
Y0

¼ εr
εr,0

Y0

Y
(3)

where εr,0 is the dielectric permittivity of the reference material
value and Y0 is Young’s modulus of the reference material value.
The equation for the simpler figure of merit states the actuation
strain improvements for a certain applied electrical field below
the electrical breakdown strength of the given elastomer.

2.3.7. Scanning Electron Microscopy Observation

The morphology of the samples was investigated with an FEI
Quanta 200 ESEM (Thermo Fisher Scientific, USA) scanning
electron microscope, equipped with a field emission gun. The
samples were coated in 5 nm thick gold by means of a sputter
coater (Q150R ES, Quorum Technologies, UK) under vacuum
condition and a current of 40mA for 10 s. The sample’s cross
section was detected with a secondary electron detector (SE)
for an incident electron beam of spot 3.5 accelerated to 5 keV.
The samples were first immersed in liquid nitrogen for a few
minutes and then broken and deposited on the aluminum
SEM holder.

3. Results and Discussion

3.1. Effect of Ionic Liquids on Elastomer Materials

As reported previously, the addition of a chlorine functional
group can increase the dielectric permittivity of elastomer mate-
rials.[10] The ionic liquids AmimCl and HOEtmimCl were
selected herein as fillers for the elastomer materials.
EmimDEP, EmimAc, and BmimSbF6 were considered based
on the work of Kusuma et al.[29] and Horowitz and Panzer.[6]

From Table S1, Supporting Information, it is evident that a cured
film was only obtained upon adding BmimSbF6 as a liquid filler
to the elastomer material. The films with AmimCl, HOEtmimCl,
EmimDEP, and EmimAc loading did not cure at 80 �C, which
may be due to the halogen ions and acetate ions causing the cat-
alyst to deactivate.[33,34] The amount of ionic liquid in the system
is 1 phr. The effect of ionic liquid on dielectric properties of elas-
tomer materials was investigated in this article using BmimSbF6
as the liquid filler.

3.2. Ionic Liquid in Elastomer Materials

FT-IR spectra were investigated to verify if BmimSbF6 loaded
successfully into the elastomer materials. As shown in
Figure 2, all films with a BmimSbF6 loading show distinctive
C—H and N—H stretchable peaks at �3200 and 3180 cm�1,
respectively, and all of them display the characteristic peaks of
an imidazole ring at 1580 cm�1. Enlarged FT-IR spectra at the
wavenumber region running from 3300 to 3100 cm�1, and from
1700 to 1500 cm�1, are also shown in Figure 2. The imidazole
peaks of 90 phr BmimSbF6 are sharper than those of 1 phr
BmimSbF6, thereby confirming the higher amount of
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BmimSbF6 in this material. Furthermore, the SEM images show
that the ionic liquid well dispersed in the silicone network
(Figure S4, Supporting Information).

3.3. Effect of Ionic Liquid on Dielectric Properties

3.3.1. Effect of Ionic Liquid Content

Dielectric spectroscopy tests over a wide frequency range, from
10�1 to 106 Hz, were performed to determine the effect of ionic
liquid content on dielectric properties. In Figure 3, the dielectric
relaxation spectra are shown along with details on the frequency-
dependent storage permittivity, loss permittivity, conductivity,
and loss tangent of films with different BmimSbF6 loadings,
as well as the pure film. The storage permittivity and loss tangent
at 106 and 10�1 Hz are presented in Table 1.

Compared with the pure PDMS film, a significant increase
in dielectric permittivity for all films with BmimSbF6 loading
is observed. The dielectric permittivity of elastomers with
BmimSbF6 loading increased in line with an increasing amount

Figure 2. FT-IR spectra of films with different amounts of BmimSbF6
loading.

Figure 3. a) Storage permittivity, b) loss permittivity, c) conductivity, and d) tan δ of films with different amounts of BmimSbF6 loading at room
temperature.
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of BmimSbF6, whereas dielectric permittivity at 106 Hz increased
from 2.37 for the pure film up to 7.53 for the sample with 90 phr
BmimSbF6 loading. This means that the dielectric permittivity
of an elastomer with 90 phr BmimSbF6 loading has increased
by 2.2 times compared with the pure PDMS. It should be
noted that the dielectric permittivity of all samples exhibited
no significant changes when the frequency was changed, one
possible explanation for which may be that the dielectric
response depends mainly on bulk polarization processes in mate-
rials with ILs.[7] The dielectric loss of elastomers with BmimSbF6
loading is slightly more pronounced in the frequency range of
100–10�1 Hz, which is due to Maxwell polarization.[35] In line
with this more severe loss, an increase in Tan δ occurs in the
same frequency region. It is notable from Figure 3 that the
conductivity of elastomer film is not changed significantly by
increasing the content of ionic liquid. Furthermore, samples
with BmimSbF6 loading show slightly higher electric conductiv-
ity at a low frequency, albeit overall conductivity is considered to
be exceptionally low for all of the investigated samples.

3.3.2. Effect of Temperature

The stability of the dielectric elastomer between �40 and 100 �C
is important for advanced electromechanical applications, so the
dielectric permittivity of pure PDMS-, BmimSbF6-, and 90 phr
BmimSbF6-loaded elastomers was tested, to study the effect of
temperature on dielectric permittivity.

As shown in Figure 4, pure BmimSbF6 has very high dielectric
permittivity, which increased slightly in reaction to increased
temperature. There is a characteristic peak of dipolar relaxation
in dielectric loss in the frequency region between 103 and 106 Hz,
and the higher the temperature, the steeper the relaxation step.
From the results presented in Figure 4, it is evident that the
dielectric permittivity of the pure PDMS film and the elastomer
with 90 phr BmimSbF6 loading decreased, following a rise in
temperature. Silicone elastomer materials have the opposite
effect of pure BmimSbF6, due to the different polarization
types of elastomer and BmimSbF6, i.e., BmimSbF6 possess
ion displacement polarization, whereas silicone elastomer has
relaxation polarization. Vucong et al.[36] also reported that the
dielectric permittivity of silicone elastomers decreased when
the temperature increased. Although the dielectric permittivity

of the elastomer with 90 phr BmimSbF6 loading decreased in
line with a rise in temperature, dielectric permittivity at
100 �C is still higher than for the pure PDMS. These results indi-
cate that the addition of ionic liquid did not cause a change in the
effect of temperature on dielectric permittivity. Furthermore, the
DSC curves of pure PDMS, PDMS with 10 phr, and 90 phr
BmimSbF6, respectively, loading show that there are no
phase transitions in the elastomers between �40 and 100 �C
(Figure S5, Supporting Information).

3.4. Effect of Ionic Liquid on Mechanical Properties

3.4.1. Gel Fraction

To illustrate the amount of bonded (gel fraction) and nonbonded
(sol fraction) species in the elastomer network, the gel fractions
of the films were investigated through swelling experiments with
chloroform. Here, the release of BmimSbF6 during the extrac-
tion can be neglected. The gel fractions were determined from
Equation (1). It is notable in Figure 5 that the gel fractions
decreased in line with an increased amount of BmimSbF6 in
the elastomer. The gel fractions are summarized further in
Table 2. The lowest gel fraction was obtained for the film with
90 phr BmimSbF6 loading, possibly due to the slow curing of
the film, thus indicating that not all reactive end groups on
the PDMS react, which leaves larger fractions of nonbonded
substructures in the networks. The result of the gel fraction also
suggests that there is a slight inhibition in terms of cross-linking
efficiency when adding BmimSbF6.

3.4.2. Young’s Modulus and Tensile Strain

Samples with various amounts of BmimSbF6 incorporated into
PDMS were tested, to analyze the effect of ionic liquid on
mechanical properties. The mechanical behavior of V31
PDMS was investigated for reference purposes. The results
are shown in Figure 6, where it can be seen clearly that the pure
elastomer exhibits the highest Young’s modulus. Young’s mod-
ulus of elastomers with BmimSbF6 loading decreased in line
with the increasing amount of BmimSbF6, as expected due to
dilution of the network.

As shown in Figure 7, the tensile strain of elastomer changes
only slightly compared with the pure PDMS film when the load-
ing amount of BmimSbF6 is below 50 phr. The tensile strains of
elastomers with 70 and 90 phr BmimSbF6 loading exhibit a small
decrease. Young’s modulus and tensile strain of elastomers are
summarized further in Table 2. All of the films display typical
linear elastic behavior up to strains of around 20%, as shown
in Figure S6, Supporting Information.

The dielectric and tensile properties of the elastomers
after extracting the sol fraction were investigated. As shown
in Figure S7, Supporting Information, the dielectric permittiv-
ity of the pure PDMS and elastomer with 10 phr BmimSbF6
loading before and after extracting the sol fraction exhibited
no significant changes within the measured frequency range
of 10�1–106 Hz. Similarly, the dielectric permittivity of the
elastomer with 90 phr BmimSbF6 loading before extracting
the sol fraction showed almost frequency-independent, while

Table 1. Dielectric properties of elastomer materials at room temperature.

Samples
Permittivity
at 106 Hz

Permittivity
at 10�1 Hz

Tan δ
at 106 Hz

Tan δ
at 10�1 Hz

Pure 2.37 2.39 3.67� 10�4 9.62� 10�3

1 phr BmimSbF6 2.83 2.89 1.13� 10�4 1.70� 10�1

5 phr BmimSbF6 3.23 3.31 5.86� 10�4 1.41� 10�1

10 phr BmimSbF6 3.35 3.46 1.67� 10�3 1.93� 10�1

30 phr BmimSbF6 4.52 4.64 1.64� 10�3 1.97� 10�1

50 phr BmimSbF6 5.53 5.71 2.35� 10�3 1.35� 10�1

70 phr BmimSbF6 6.32 6.43 2.74� 10�3 2.97� 10�1

90 phr BmimSbF6 7.53 7.61 3.07� 10�3 1.66� 10�1
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it can be noted that an obvious relaxation appeared for the elas-
tomer after extracting the sol fraction in the low-frequency
range of 0.1–10 Hz, which is due to the enhancement of the
dipolar group mobility after extracting the larger sol fraction
that increases the polarization in the network at low frequency.

Young’s modulus, tensile stress, and strain of all the elastomers
were increased after extracting the sol fraction (Figure S8,
Supporting Information). This is due to the removal of the
sol fraction in the network, which makes the elastomer tougher
and leads to the enhanced tensile properties.

Figure 4. a) Dielectric permittivity of pure BmimSbF6, b) tan δ of pure BmimSbF6, c) dielectric permittivity of pure PDMS, d) tan δ of pure PDMS,
e) dielectric permittivity of film with 90 phr BmimSbF6 loading, and f) tan δ of film with 90 phr BmimSbF6 loading.
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The viscoelastic properties of the films were measured by lin-
ear shear rheology, and the resulting viscous losses (Tan δvisc) are
shown in Figure 8 and Table 2. The elastomers became increas-
ingly softer in line with an increasing amount of BmimSbF6, and
the viscous losses also increased in line with an increasing
amount of BmimSbF6. This was expected, due to the larger
amounts of nonbonded structures in the networks giving rise
to viscoelastic relaxation. These viscous losses, however,
remained very low with the amount of BmimSbF6 up to 90 phr.

3.5. Effect of Ionic Liquid on the Figure of Merit for Actuators

To evaluate the performance of elastomers with BmimSbF6 load-
ing as actuators, the electrical breakdown strength (EB) and

Figure 5. Gel fractions of films with different amounts of BmimSbF6 load-
ing. Gel fractions were determined from Equation (1).

Table 2. Young’s modulus, tensile strain, viscous losses, and gel fraction
of films with different amounts of BmimSbF6 loading.

Samples
Young’s

modulus [MPa]
Tensile

strain [%]
Tan δvisc
at 10�1 Hz

Gel fraction
[%]

Pure PDMS 0.49� 0.07 318� 30 0.02 100

1 phr BmimSbF6 0.45� 0.04 315� 20 0.02 97

5 phr BmimSbF6 0.42� 0.09 301� 9 0.03 92

10 phr BmimSbF6 0.40� 0.01 297� 10 0.04 86

30 phr BmimSbF6 0.34� 0.06 295� 20 0.07 79

50 phr BmimSbF6 0.27� 0.06 299� 9 0.09 77

70 phr BmimSbF6 0.2� 0.05 267� 22 0.11 70

90 phr BmimSbF6 0.15� 0.03 240� 10 0.13 64

Figure 6. Young’s modulus of films with different amounts of BmimSbF6
loading at room temperature.

Figure 7. Tensile strain of films with different amounts of BmimSbF6 load-
ing at room temperature.

Figure 8. Viscous losses of films with different amounts of BmimSbF6
loading at room temperature.
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Sommer-Larsen figure of merit (Fom) were tested in this work. In
Table 3, EB and Fom of elastomers with BmimSbF6 loading
decreased with an increasing amount of BmimSbF6. But, in
many instances, a given voltage will be used for a given product,
for example, a particular battery. Therefore, a simpler figure of
merit (F*om) for actuators was used in this work. From the F*om
equation, the elastomer performance as an actuator depends on
dielectric permittivity and Young’s modulus, i.e., higher dielec-
tric permittivity and a low Young’s modulus will be more advan-
tageous in this regard.

The figures of merit of elastomers with different amounts of
BmimSbF6 can be seen in Figure 9. The detailed data for F*om
can also be found in Table 3. It is clear that F*om of elastomers
with BmimSbF6 loading increased in line with the increasing
amount of BmimSbF6. F*om of the elastomer with 90 phr
BmimSbF6 is 10.40, which means this material has high poten-
tial for use as an actuator.

4. Conclusions

In summary, IL structures affect the cross-linking reaction of
PDMS, and Cl�, DEP�, and Ac� can deactivate the catalyst.
Dielectric permittivity increases in line with increasing amounts
of BmimSbF6, whereas the dielectric permittivity of a film with
90 phr BmimSbF6 loading was 3.2 times higher than that of the
pristine silicone elastomer. Dielectric losses and conductivity
also experience a slight increase compared with the reference
film, albeit they remain low. Compared with the reference elas-
tomer, elastomers with IL loading became increasingly softer, in
line with an increasing amount of BmimSbF6. The gel fraction of
the elastomer decreased with an increase in ionic liquid content.
The simpler figure of merit of an elastomer with 90 phr
BmimSbF6 loading is 10.40, thus indicating that this material
has high potential for use as an actuator.

The dielectric permittivity of pure silicone elastomer and elas-
tomers with IL loading decreased in all cases when the tempera-
ture increased, whereas the dielectric permittivity of a film with
90 phr BmimSbF6 loading was still higher than that of the pris-
tine silicone elastomer, which means this elastomer can be used
over a wide range of temperatures.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported by the Department of Chemical and Biochemical
Engineering, Technical University of Denmark, and the National Natural
Science Foundation of China (21576262 and 21776276).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
dielectric elastomers, ionic liquids, permittivity, temperature-dependent

Received: April 30, 2019
Revised: July 3, 2019

Published online: August 20, 2019

[1] S. Bauer, S. Bauer-Gogonea, I. Graz, M. Kaltenbrunner, C. Keplinger,
R. Schwödiauer, Adv. Mater. 2014, 26, 149.

[2] D. Chen, Q. Pei, Chem. Rev. 2017, 117, 11239.
[3] S. Rosset, H. R. Shea, Appl. Phys. Rev. 2016, 3, 031105.
[4] R. Pelrine, R. Kornbluh, Q. Pei, J. Joseph, Science 2000, 287, 836.
[5] F. B. Madsen, A. E. Daugaard, S. Hvilsted, A. L. Skov, Macromol.

Rapid Commun. 2016, 37, 378.
[6] A. I. Horowitz, M. J. Panzer, Angew. Chem. Int. 2014, 53, 9780.
[7] F. B. Madsen, L. Yu, A. E. Daugaard, S. Hvilsted, A. L. Skov, Polymer

2014, 55, 6212.
[8] C. Löwe, X. Zhang, G. Kovacs, Adv. Eng. Mater. 2005, 7, 361.
[9] P. Brochu, Q. Pei, Macromol. Rapid Commun. 2010, 31, 10.

Table 3. Figure of merit of films with various amounts of BmimSbF6
loading.

Samples
Permittivity
at 10�1 Hz

Young’s modulus
[MPa]

EB
[V μm�1] Fom Fom*

Pure PDMS 2.39 0.49 55 1.00 1.00

1 phr BmimSbF6 2.89 0.45 40 0.70 1.32

5 phr BmimSbF6 3.31 0.42 30 0.48 1.62

10 phr BmimSbF6 3.46 0.40 24 0.34 1.77

30 phr BmimSbF6 4.64 0.34 19 0.33 2.80

50 phr BmimSbF6 5.71 0.27 13 0.24 4.33

70 phr BmimSbF6 6.43 0.2 10 0.22 6.59

90 phr BmimSbF6 7.61 0.15 7.5 0.19 10.40

Figure 9. Figure of merit of films with various amounts of BmimSbF6
loading.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2019, 21, 1900481 1900481 (8 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.aem-journal.com


[10] F. B. Madsen, L. Yu, P. Mazurek, A. L. Skov, Smart Mater. Struct.
2016, 25, 075018.

[11] L. Yu, F. B. Madsen, S. Hvilsted, A. L. Skov, RSC Adv. 2015, 5, 49739.
[12] H. Liu, L. Zhang, D. Yang, Y. Yu, M. Tian, Soft Mater. 2013, 11, 363.
[13] S. Vudayagiri, S. Zakaria, L. Yu, S. S. Hassouneh, M. Benslimane,

A. L. Skov, Smart Mater. Struct. 2014, 23, 105017.
[14] Y. Liu, L. Liu, Z. Zhang, J. Leng, Smart Mater. Struct. 2009, 18, 95024.
[15] G. Gallone, F. Galantini, F. Carpi, Polym. Int. 2010, 59, 400.
[16] P. Lotz, M. Matysek, P. Lechner, M. Hamann, H. F. Schlaak, in

Proceedings of SPIE - The International Society for Optical
Engineering, 2008, Vol. 6927, p. 692723-692723-10.

[17] S. K. Yadav, I. J. Kim, H. J. Kim, J. Kim, S. M. Hong, M. K. Chong,
J Mater. Chem. C 2013, 1, 5463.

[18] S. S. Hassouneh, A. E. Daugaard, A. L. Skov, Macromol. Mater. Eng.
2015, 300, 542.

[19] A. Javadi, Y. Xiao, W. Xu, S. Gong, J. Mater. Chem. 2011, 22, 830.
[20] S. K. Ameri, P. K. Singh, A. J. Angelo, M. J. Panzer, S. R. Sonkusale,

Adv. Electron. Mater. 2016, 2, 1500355.
[21] J. L. Bideau, L. Viau, A. Vioux, Chem. Soc. Rev. 2011, 40, 907.
[22] S. J. Park, O. S. Kwon, H. L. Sang, H. S. Song, H. P. Tai, J. Jang, Nano

Lett. 2012, 12, 5082.
[23] S. K. Ameri, P. K. Singh, S. R. Sonkusale, Carbon 2014, 79, 572.

[24] N. Terasawa, Sens. Actuators, B 2018, 257, 815.
[25] S. Zhang, H. Feng, Green Energy Environ. 2016, 1,

S2468025716300176.
[26] Z. Zhang, X. Zhang, Y. Nie, H. Wang, S. Zheng, S. Zhang, Sci. China

Chem. 2017, 60, 934.
[27] M. E. Taylor, M. J. Panzer, J Phys. Chem. B. 2018, 122, 8469.
[28] A. I. Horowitz, M. J. Panzer, J. Mater. Chem. 2012, 22, 16534.
[29] V. A. Kusuma, M. K. Macala, L. Jian, A. M. Marti, R. J. Hirsch, L. J. Hill,

D. Hopkinson, J. Membr. Sci. 2017, 545, 292.
[30] A. L. Skov, L. Yu, Adv. Eng. Mater. 2018, 20, 1700762.
[31] P. J. Madsen, L. Yu, S. Boucher, A. L. Skov, RSC Adv. 2018, 8,

23077.
[32] P. Sommer-Larsen, A. L. Larsen, in Smart Structures and Materials

2004: Electroactive Polymer Actuators and Devices (EAPAD),
International Society for Optics and Photonics 2004, Vol. 5385,
pp. 68–78.

[33] P. Forzatti, Catal. Today. 1999, 52, 165.
[34] E. B. Maxted, Adv. Catal. 1951, 3, 129.
[35] K. Goswami, F. Galantini, P. Mazurek, A. E. Daugaard, G. Gallone,

A. L. Skov, Smart Mater. Struct. 2013, 22, 208.
[36] T. Vucong, C. Jeanmistral, A. Sylvestre, Smart Mater. Struct. 2012, 21,

5036.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2019, 21, 1900481 1900481 (9 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.aem-journal.com


 

 

76 

 

A.2 Supporting information  

 

      

  
Figure S1 The structures of four platinum catalyst poisoning ionic liquids used in this work. 

 

        
Figure S2 FT-IR spectra of the extraction solutions, showing there is no BmimSbF6 in the 

extraction solutions.  
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Figure S3 FT-IR spectra of the elastomers after extraction of the sol fraction. 

 

 

Table S1 Effect of ILs’ structures on the curing of PDMS-AmimCl, PDMS-HOEtmimCl, 

PDMS-EmimDEP, PDMS-EmimAc and PDMS-BmimSbF6 elastomer materials.  

 

ILs Catalyst Curing 

AmimCl 15 ppm No 

HOEtmimCl 15 ppm No 

EmimDEP 15 ppm No 

EmimAc 15 ppm No 

BmimSbF6 15 ppm Yes 
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Figure S4 SEM images of elastomers, (a) pure PDMS magnified 1000×, (b) pure PDMS 

magnified 2000×, (c)    pure PDMS magnified 5000×, (d) PDMS with 10 phr BmimSbF6 

loading magnified 1000×, (e) PDMS with 10 phr BmimSbF6 loading magnified 2000×, (f) 

PDMS with 10 phr BmimSbF6 loading magnified 5000×, (g) PDMS with 90 phr BmimSbF6 

loading magnified 1000×, (h) PDMS with 90 phr BmimSbF6 loading magnified 2000×, (i) 

PDMS with 90 phr BmimSbF6 loading magnified 5000×. 

 

 

Figure S5 DSC curves of three relevant elastomers. 
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Figure S6 Stress-strain curves of the elastomers with different amount of BmimSbF6 loading 

at room temperature with stretch rate 50 mm min-1. 

 

Figure S7 Storage permittivity of different films at room temperature. 
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Figure S8 Stress-strain curves of the different elastomers at room temperature with stretch 

rate 50 mm min-1. 
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Appendix B 

Supplemental material for chapter 3 

B.1 Article in its published format 

Liu, X., Nie, Y., Liu, Y., Zhang, S., Skov, A. L. “Screening of ionic liquids for keratin 

dissolution by means of cosmo-rs and experimental verification” ACS Sustainable Chemistry 

& Engineering, 2018, 6(12), 17314-17322. 
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ABSTRACT: It is a challenging undertaking to screen the best ionic
liquid for keratin dissolution, due to the complexity of keratin
molecules and the variety of ionic liquids (ILs). Herein, three keratin
models and 621 ILs, including 27 cations and 23 anions, were used to
evaluate keratin dissolution capability via a screening method based on
COSMO-RS. From the prediction results of logarithmic activity
coefficients (ln γ) for the three keratin models, it can be concluded
that anions play a leading role in keratin dissolution, while cations only
have a moderate effect on the dissolution process. The hydroxyl group
on the cation side chain has a significant effect on the keratin
dissolution capability of ILs. In addition, the experimental solubility of
wool keratin in 10 ILs was used to verify the theoretical predictions.
Experimentally determined keratin solubility agrees well with the predicted ln γ. The residual sum of squares (RSS) and R
square (R2) between the ln γ of three keratin models and keratin solubility illustrate that the models glutathione (GSSG) and
polypeptide (PP) represent keratin better than cystine (CYS). Ac−, Dec−, HCOO−, Cl−, BEN−, DMP−, DEP−, DBP−, TOS−,
and Br−, with the various cations studied in this work, exhibited particularly good properties for keratin dissolution. Excess
enthalpy calculations indicated that the main forces in keratin dissolution in ILs are H bonds, while the contribution of misfit
forces and van der Waals forces is a secondary factor.

KEYWORDS: Keratin, Screening, Ionic liquids, dissolution capability, H-bond

■ INTRODUCTION

Keratin, a natural fibrous protein, has significant application
value in many fields, due to its excellent performance in areas
such as biodegradability, biocompatibility, and stability.1 It is
abundantly available as the main composition of wool, feathers,
hair, and animal horn.2 These properties have led to the rapid
development of keratin-based materials in the field of
biodegradable fibers, biocompatible film, and biomedical
devices, among others.3−5 Wool keratin, which consists of
about 95% pure keratin, is one of the most important sources;6

however, secondary pollution and resource waste are caused by
low-grade and waste keratin textiles.7 Therefore, it is an urgent
and challenging necessity to use waste keratin for functional
biomaterials. Unfortunately, the tight packing of secondary
structures in the polypeptide, aligned with strong inter- and
intramolecular hydrogen bonds and disulfide bonds, renders
keratin insoluble in common organic solvents.8,9

In order to extract the protein, several traditional methods,
such as oxidation,10 reduction,11 and sulfitolysis,12 have been
investigated in terms of dissolution. While these methods are
efficient in obtaining keratin, they also lead to its degradation
and serious environmental pollution. These limitations have
inspired researchers to develop new and efficient solvents.

Ionic liquids (ILs), which can be considered green solvents,
can effectively extract keratin from biopolymers due to their
remarkable properties, especially their tunable structure.13−15

Promising results have been published in this regard.7,13,16

As previously reported, ILs with an imidazolium cation show
significantly high keratin dissolution capability, while ILs with
tetrabutylammonium and tetrabutylphosphonium cannot
achieve this task.6,17 The side chain length has a slight
influence on keratin dissolution capability, but the hydroxyl
group on the cation side chain has a significant effect in this
regard, due to the formation of intramolecular hydrogen bonds
between keratin molecules and ILs.6 The most efficient anions
for keratin dissolution are acetate, formate, phosphate, and
chloride.7,6,13,16−18 Some researchers state that keratin
dissolution in ILs is an anion-dependent process,19 while
others claim that both cations and anions play a role.6,17

Moreover, Zhang et al.17 found that the breakage of disulfide
bonds has a significant effect on the keratin dissolution process.
The results reported by Liu et al.18 also support this
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conclusion. Although there have been extensive studies on
keratin dissolution in ILs, it is still a huge challenge to identify
the best IL for this undertaking; for instance, the experimental
measurement of these systems is not practically feasible, due to
the very large number of combinations, and so an effective
screening method to predict keratin dissolution capacity for
ILs is needed.
COSMO-RS, a well-defined method for predicting the

thermophysical properties of liquids, is a useful tool for
predicting the solubility of polymers through the hypothesis
that polymers can be treated as solutions consisting of
monomers or oligomers with a small number of repeat
units.20 It has also attracted a significant amount of attention in
terms of ILs, as it integrates the dominant interaction forces of
H bonds, misfits, and van der Waals in ILs systems.21,22 Many
results on the prediction of polymer properties in ILs have
been reported, and it is obvious that calculating the activity
coefficients,23 solubility coefficients,1,24 and excess enthalpy25

of polymer in ILs is an effective way of evaluating the
dissolution ability of the ILs. Casas et al.,26 for instance, found
that the solubility of cellulose and lignin could be accurately
predicted by using activity coefficients and excess enthalpy via
COSMO-RS. A study by Loschen and Klamt20 also reported
the high predictive accuracy of activity coefficients, solubility
coefficients, and partition coefficients obtained from COSMO-
RS. However, no results about forecasting keratin solubility in

ILs have been reported so far, perhaps because keratin
molecules do not have regular repeating units, thereby making
it difficult to build proper models to represent keratin.
Herein, we select three different models with disulfide bonds

to represent keratin. The logarithmic activity coefficients (ln γ)
of keratin models in 621 ILs, formed from 27 cations and 23
anions, were predicted to evaluate their ability to dissolve wool
keratin by COSMO-RS. Predictive σ profiles, σ potentials, and
excess enthalpy were also used to analyze the keratin
dissolution capability of ILs. Furthermore, the solubility of
wool keratin in 10 ILs was measured to verify the prediction
results in this work. Experimental verification versus COSMO-
RS prediction assisted in identifying the best IL and keratin
model.

■ EXPERIMENTAL SECTION
COSMO-RS Implementation. All of the COSMO-RS calcu-

lations presented in this work were carried out using the commercial
COSMOthermX (version C3.0 release 17.01) suite, applied with
parametrization BP-TZVP-FINE-C30−1701. ctd, COSMOlogic
GmbH & Co. KG, Leverkusen, Germany. The σ profiles and
corresponding input COSMO-files of cations, anions, and molecular
solutes can be seen from COSMObase and COSMObaseIL. It is not
possible to include all the COSMO files of compounds, but those for
the missing ions were created by two steps. First, the ions’ structures
were optimized by the quantum chemical Gaussian 09 package at the
B3LYP/6-31++G (d, p) level. In the second step, the optimized

Table 1. continued
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structures’ files were opened by Gaussian 03 and calculated using the
BVP86/TZVP/DGA1 level theory to produce input files directly for
COSMO-RS calculation.
As previously reported, the cations and anions of ILs are treated as

independent components of the mixture when COSMO-RS is
employed to calculate activity coefficients. In this work, the molar
fractions of the cations and anions of ILs were treated as an equimolar
mixture, which helped compare the contribution of each counterion in
relation to their affinity with the keratin molecule. While calculating
logarithmic activity coefficients and excess enthalpies for the solutions,
the molar fractions of the ILs cations and anions were set to 0.25, and
the molar fraction of the given keratin model was set to 0.5. The
calculation temperature was set to 120 °C, and experimental
verification was performed at the same temperature.
Structures of Cations and Anions. According to the work of

Zheng et al.,6 ILs with an imidazolium cation show significant keratin
dissolution capability, while ILs with tetrabutylammonium and
tetrabutylphosphonium do not. The most efficient anions for keratin
dissolution are acetate, formate, phosphate, and chloride. Morpholi-
nium-based, pyridinium-based, and pyrrolidinium-based ILs with the
functional groups of ethyl, allyl, 2-hydroxyethyl, 2-methoxyethyl, or
acryloyloxypropyl were considered based on the work of Liu et al.22

Kuzmina et al.27 and Liu et al.18 Both concluded that azabicyclo-based
superbase ILs possess great potential for dissolving biomass. Idris et
al.7 indicated that choline-based ILs could dissolve feather keratin
without the addition of solvent or other chemicals. In this research,
methylimidazolium, pyridinium, ethylmorpholinium, methylpyrrolidi-
nium, azabicyclo, and choline with different functional groups were
combined with 23 anions, resulting in 621 ILs. A total of 621 ILs were
selected to assess their ability to dissolve wool keratin via COSMO-
RS. The details of their structures and abbreviations are listed in
Table 1
Keratin Models. Keratin is a natural fibrous protein with multiple

strong inter- and intramolecular bonds. Unlike other polymers, keratin
molecules have no regular repeating units, which makes it difficult to
build a proper model to describe it properly. On the basis of previous
studies, keratin has higher stability and lower solubility, due to inter-
and intrachain disulfide bond cross-links.17,18 On the basis of our
previous study, we found that the cleavage of disulfide bond plays an
important role in keratin dissolution.17 In the keratin molecule,
disulfide bonds are present in cysteine. So, we selected cysteine (CYS)
as the first model to present the keratin. The second model is oxidized
glutathione (GSSG), which contains other amino acids with high
contents in keratin, except cysteine. A polypeptide (PP), including
two cysteines and other amino acids, was the third model. The
optimized structures of the three models were obtained according to
the procedures described in the COSMO-RS Implementation section,
and along with charge surface regions they are shown in Figure 1.
Chemicals. Triethyl phosphate (≥98%) was supplied by the

Tokyo Chemical Industry Co., Ltd. N-methyl-imidazole (≥98%) was
provided by Sinopharm Chemical Reagent Co., Ltd. 1-Ethyl-3-

methylimidazolium acetate (EmimAC, ≥ 99%), 1-allyl-3-methylimi-
dazolium chloride (AmimCl, ≥ 99%), N-butyl-pyridinium chloride
(BpyCl, ≥ 99%), 1-butyl-1-methylpyrrolidinium chloride (BmpyrrCl,
≥ 99%), and 1−2-hydroxylethyl-3-methylimidazolium chloride
(HOEtmimCl, ≥ 99%) were purchased from Chengjie Chemicals
Ltd. 1-Ethyl-3-methylimidazolium chloride (EmimCl, ≥ 98%) and 1-
butyl-3-methylimidazolium chloride (BmimCl, ≥ 98%) were
purchased from Sigma-Aldrich. Wool keratin was provided by
Henan Zhongrong Biotechnology Co., Ltd.

Experimental Apparatus and Procedure. The detailed
synthetic procedure for EmimDEP was developed in our laboratory
according to procedures described in the literature.28 BmimDCA and
BmimSCN were synthesized under the previously reported
conditions.29,30 Before the experiment, these ILs were purified by
using an oil pump vacuum at 353 K for several days, in order to
remove any residual water. The water content of the ILs was
measured, before use, with a C20 Coulometric KF Titrator (Mettler
Toledo; Table S1). The purity and structure of these ILs were
analyzed via NMR, detailed data for which are provided in the
Supporting Information.

Wool keratin, which consists of approximately 95% pure keratin,
was used for the verification experiment, in which the wool keratin
was added to the ILs, magnetically stirred in a tube at 393 K, and then
shattered into small pieces before dissolution. The degree of
dissolution at a given time was investigated by using a microscope
via light scattering with a 200× objective lens, and keratin solubility in
IL was determined when keratin fibers were not completely dissolved
within 24 h.

■ RESULTS AND DISCUSSION

σ Potential of the Three Keratin Models. On the basis
of the quantum chemical calculation result, COSMO-RS can
estimate the thermodynamic properties of a compound(s) via
3D molecular surface polarity distribution. σ potential is a
thermodynamic property utilized to analyze the affinity of the
system to a polarity σ surface. The σ potential is divided into
three main regions, namely, the H-bond donor region (where σ
< −0.0082 e Å−2 and is related to its ability to interact with
hydrogen bond donors), the nonpolar region (where −0.0082
e Å−2 < σ < + 0.0082 e Å−2 and is related to its ability to
interact with nonpolar groups), and the H-bond acceptor
region (where +0.0082 e Å−2 < σ and is related to its ability to
interact with hydrogen bond acceptors). In essence, the more
negative the σ-potential values, the more favorable the
interaction. From Figure 2, σ-potential values for the CYS
model are more negative than for the GSSG and PP models in
the H-bond acceptor region, which means that CYS results in
more affinity for the H-bond acceptor surfaces.

Figure 1. Optimized structures and charge surface regions of three models. Red zones illustrate positive surface charge. Yellow and green zones
indicate almost neutral charges, and navy blue designates a negative surface charge.
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Furthermore, σ-potential values for model GSSG are more
negative than for the other two models in the H-bond donor
region, which means that GSSG causes more affinity for H-
bond donor surfaces.
Predicting the Logarithmic Activity Coefficient (ln γ).

The logarithmic activity coefficients (ln γ) of the three keratin
models in 621 ILs were predicted, in order to analyze the effect
of IL structure on the solubility of keratin. The results are
illustrated in Figures 3−5. The cations and anions are arranged

in sequence according to their keratin dissolution ability, which
for the cations, from top to bottom, and the anions, from left
to right, decreases gradually. The best IL for keratin dissolution
was placed at the higher-left corner of each of the three figures.
It should be noted that the logarithmic activity coefficient

(ln γ) sequences of cations in Figure 3 and Figure 4 are almost
identical, while the sequence of the cations in Figure 5 is
slightly different. The ln γ order of the anions from the three
keratin models is almost the same. From Figures 3−5, the ILs
with the methylpyrrolidinium cation have a lower predicted ln
γ than the others, while ILs with anions Ac−, Dec−, HCOO−,
Cl−, DEP−, DMP−, DBP−, BEN−, Br−, or TOS− also have a
lower ln γ, thereby suggesting that they have high keratin
dissolution capability. Furthermore, the ln γ of these three
keratin models in different ILs with varying cations matches
closely; however, the structures of ILs are different. The slight
difference in ln γ is due to the effect caused by the cations.
Conversely, there is a big difference between the ln γ of these
three keratin models in different ILs with varying anions, thus
indicating that the keratin dissolution capacity of ILs is indeed
affected by cations and anions, albeit the anion plays a leading
role in this regard. These findings are in accordance with the
conclusion of previous reports.19,31 Wang and Cao32 also
reported that the solubility of keratin is related significantly to
the polarity of the ILs, and the dissolution capability increases
when increasing the polarity of ILs. The detailed logarithmic
activity coefficient (ln γ) data from this work are listed in
Tables S3−S5 in the Supporting Information.

Verification Experiments. The solubility of keratin in 10
ILs was measured at 120 °C to validate the COSMO-RS
prediction results. In these 10 ILs were the functional groups
ethyl, allyl, butyl, or 2-hydroxylethyl, along with methylimida-
zolium, methypyrrolidinium, and pyridinium selected as
cations and Ac−, DEP−, Cl−, DCA−, or SCN− as anions.
From Table 2, it is evident that the keratin solubility trend in
ILs is almost the same as in the logarithmic activity coefficient
(ln γ). We also compared our data with the literature values.
The results show that our experimental data are reliable. The
details of the literature values are shown in Supporting
Information Table S2.

Cation Effect. The effect of cation side chain lengths on the
dissolution capability of keratin can be analyzed from the
keratin solubility of AmimCl, EmimCl, and BmimCl. In this
case, in line with the predicted results, the solubility of these
three ILs was not much different. This result also indicated
that cation side chain lengths do not play a significant role in
the dissolution process. Moreover, we found the hydroxyl

Figure 2. σ potentials of three keratin models predicted by COSMO-
RS.

Figure 3. Logarithmic activity coefficients (ln γ) prediction of the
CYS keratin model in 621 ILs at 120 °C.

Figure 4. Logarithmic activity coefficients (ln γ) prediction of the
GSSG keratin model in 621 ILs at 120 °C.

Figure 5. Logarithmic activity coefficients (ln γ) prediction of the PP
keratin model in 621 ILs at 120 °C.
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group in cations has an important influence on the solubility of
keratin in ILs, by comparing the keratin solubility of EmimCl
and HOEtmimCl. Zheng et al.6 explained that the reason for
the effect of the hydroxyl group on dissolution capability is the
formation of intramolecular H bonds between ILs and keratin
molecules, which reduces the ability to cleave H bonds
between keratin molecules. Unfortunately, when we inves-
tigated the effect of the cation host on keratin solubility, it was
found that BmpyrrCl and BpyCl were solid at 120 °C. This is
actually one of the main disadvantages of COSMO-RS, in that
the morphology of ILs under simulated conditions cannot be
distinguished. Consequently, we tested the solubility of
BmpyrrCl, BpyCl, and BmimCl at 180 °C to analyze the
effect of the cation host on keratin solubility. These three ILs
have dissolution trends identical to the predicted ln γ trends,
and the cation host has a moderate impact on the dissolution
process. In these three ionic liquids, (1) the effect of the
number of heteroatoms in the cation on keratin dissolution
capability can be analyzed by the difference in keratin solubility
between methylpyrrolidinium-based (BmpyrrCl) and methyl-
imidazolium-based ILs (BmimCl), and (2) the effect of the
size of the ring in cations on keratin dissolution capability can
be obtained by analyzing the difference in keratin solubility
between pyridinium-based (BpyCl) and methylpyrrolidinium-
based ILs (BmpyrrCl).
Anion Effect. To compare the influence of different anions

on keratin dissolution, EmimAc, EmimDEP, EmimCl,
BmimCl, BmimDCA, and BmimSCN were used at 120 °C.
Since BmimCl has a lower ln γ than that of BmimDCA and
BmimSCN, higher keratin solubility in BmimCl compared to
that of BmimDCA and BmimSCN was expected. The same
rationale can be used to understand the different levels of
keratin solubility for EmimAc vs EmimDEP and EmimAc vs
EmimCl. Unexpectedly, EmimDEP had higher solubility than
EmimCl, although its ln γ value was higher. This divergence
between prediction and experimental results might be
explained by the ability for H-bonds formation of Cl− not
being clear, and it is difficult to give a proper model in
COSMO-RS. Kahlen et al.33 and Liu et al.22 also give identical
interpretation to explain why experimental results and
prediction data for ILs with chloride anions do not always
agree.22,33 In these verification experiments, the ln γ of ILs with
different anions changed from −0.49 (GSSG) to −1.53
(GSSG), and the corresponding keratin solubility changed
from 1 wt % to 38 wt %, thus indicating that anions play the
main role in the keratin dissolution process.

Summing up, anions play a leading role in keratin
dissolution, while cations only have a moderate effect on the
dissolution process. ILs with anions Ac−, Dec−, HCOO−, Cl−,
DEP−, DMP−, DBP−, BEN−, Br−, or TOS− have high keratin
dissolution capability. However, it should be noted that the
stability of ionic liquids plays an important role in their long-
term application.34 In industrial applications, the solubility and
stability of ionic liquids should be considered comprehensively
when choosing ionic liquids as solvents.

Keratin Model Effect. In order to check whether these
keratin models are able to describe the keratin, the residual
sum of squares (RSS) and R2 between the ln γ of the three
keratin models and keratin solubility were analyzed further.
Figure 6 shows that the R2 values were 0.71, 0.66, and 0.65 by

using CYS, GSSG, and PP as the keratin model, and the
residual sums of squares (RSS) were 0.68, 0.32, and 0.37,
respectively. The R2 values of the three keratin models were
similar, while the residual sum of squares for CYS was higher
than for the other two models. These findings suggest that the
ln γ values of GSSG and PP are better correlated with the
experimental keratin solubility results than that of CYS. As
illustrated in the predicted ln γ of the three keratin models, the
values of ln γ when using CYS are lower than for the other two
models, which might be due to the fact that the CYS model is
too simple to represent keratin.

Table 2. Experimental Solubility of Wool Keratin in 10 ILs and ln γ Prediction Results for Three Keratin Models

ln γ prediction results at 120 °C

no. ILs solubility (wt%) temperature ° C CYS model GSSG model PP model

a EmimAc 38 120 −2.35 −1.53 −1.63
b EmimDEP 22 120 −1.82 −1.18 −1.41
c AmimCl 13 120 −1.89 −1.27 −1.40
d EmimCl 14 120 −1.86 −1.26 −1.37
e BmimCl 11 120 −1.85 −1.25 −1.41
f HOEtmimCl 3 120 −1.46 −1.03 −1.14
g BmimDCA 1.5 120 −0.79 −0.55 −0.66
h BmimSCN <1 120 −0.67 −0.49 −0.56
i BmpyrrCl 40 180 −2.10 −1.38 −1.56
j BpyCl 36 180 −1.83 −1.25 −1.41
k BmimCl 35 180 −1.85 −1.25 −1.41

Figure 6. Experimental keratin solubility in 10 ILs plotted against ln γ
at 120 °C
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Prediction of σ Profiles. σ profiles can be used to analyze
the dissolution capability of ILs. As such, the σ profiles
between the three keratin models and several cations and
anions were also predicted by COSMO-RS. Figure 7 shows

that the σ profiles of Ac− and the three keratin models are
almost overlapping in the H-bond donor, the nonpolar, and the
H-bond acceptor regions. The same phenomenon is found in
the σ profiles of DEP− and the three keratin models.
Nonetheless, the σ-profile overlap of Ac− and the three keratin
models in the nonpolar region is better than that of DEP− and
the three keratin models, which means that ILs with Ac− have a
higher keratin dissolution capability than the ILs with DEP−

when they have the same cation. This result is also supported
by the research of Liu et al.18 In addition, the σ profiles of
DCA− and the three keratin models are not particularly
complementary in the nonpolar and H-bond acceptor regions.
From the verification experiment, EmimAc has a higher keratin
dissolution capability than EmimDEP, and BmimDCA has a
weak ability to dissolve keratin, which is consistent with the
predicted result for σ profiles and the logarithmic activity
coefficient (ln γ) by COSMO-RS.
In order to study further the interactions of keratin models

and cations, the σ profiles of the three keratin models and
several cations are compared in Figure 8. As evidenced in
Figure 8, the range of peaks in the σ-profile plots of [Emim]+,
[Epy]+, and [Eemor]+ are similar, and the intensity of the
peaks is slightly different, which indicates that IL cations have a
moderate effect on the dissolution process. This conclusion is
also in agreement with the results for the predicted logarithmic
activity coefficient (ln γ) and the verification experiment. The
analysis of σ profiles between the three keratin models and
several cations and anions further indicates that anions play a
leading role in keratin dissolution, and cations have a moderate
influence on the keratin dissolution capability of ILs.
Predicting Excess Enthalpy. Excess enthalpies between

three keratin models and 10 ILs were calculated, in order to
explain further the possible interactions of keratin molecules
and IL structures. Combining the results presented in Figure 9,
Figure 10, and Figure 11, it is evident that the main forces in
the keratin dissolution process in ILs are H bonds, while the
contributions of misfit forces and van der Waals forces are

secondary, which was in agreement with the viewpoint of
Zhang et al.35 The reason for the difference between the
solubility of HOEtmimCl and EmimCl is the formation of
intramolecular H bonds between ILs and keratin molecules,
which leads to a drop in the ability to cleave H bonds between
keratin molecules, which again also supports the hydrogen
bonding being the main force. Ji et al.36 investigated the
extraction of keratin from feathers by using ionic liquids and
concluded that ILs are strong polar molecules that can break
hydrogen bonds of keratin. Ghosh et al.37 reported that the
chloride-containing IL was the best solvent of keratin among
the ILs they tested, which can be due to the high concentration
of Cl− and its nucleophilic activity exhibiting a strong effect on
H bonds. Moreover, the excess enthalpies of ILs with the same
cations and different anions exhibit a big difference, which can
be proven by the excess enthalpy differences between EmimAc,
EmimDEP, and EmimCl. This conclusion can also be drawn
from the excess enthalpy differences between BmimCl,

Figure 7. σ profiles of the three keratin models: CYS (black line),
GSSG (red line), PP (blue line) and anions Ac− (green line), DEP−

(purple line), and DCA− (yellow line).

Figure 8. σ profiles of three keratin models: CYS (black line), GSSG
(red line), and PP (blue line) and cations [Emim]+ (green line),
[Epy]+ (purple line), and [Eemor]+ (yellow line).

Figure 9. Excess enthalpies between the CYS keratin model and 10
ILs.
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BmimDCA, and BmimSCN, albeit there is a slight difference
between those of ILs with the same anions and different
cations, such as the six ILs with Cl− shown in Figures 9−11.
This is in agreement with the deduction that anions play a
crucial role in disrupting chemical interactions and therefore
dissolution.

■ CONCLUSIONS
In summary, three keratin models were selected to represent
keratin, and a screening method based on COSMO-RS was
used to evaluate the keratin dissolution capability of ILs.
Prediction results for the logarithmic activity coefficient (ln γ)
indicate that anions play a major role in the keratin dissolution
process, while cations have a moderate effect on the keratin
dissolution capability of ILs. In particular, the hydroxyl group
in cations has an important influence on the solubility of
keratin in ILs. Ac−, Dec−, HCOO−, Cl−, BEN−, DMP−, DEP−,

DBP−, TOS−, and Br−, with the various cations studied in this
work, exhibited particularly good properties for keratin
dissolution.
The experimental solubility of 10 ILs was in accordance with

that of the prediction ln γ, thereby indicating that the
prediction value of ln γ via COSMO-RS can effectively reflect
the keratin dissolution capability of ILs. Furthermore, the
GSSG and PP keratin models are better at describing keratin
than the CYS options. Finally, our excess enthalpy calculations
indicated that H bonds play a main role in the keratin
dissolution process, followed by misfit forces and van der
Waals forces.
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B.2 Supporting information  

 

1. Synthesis and characterization of ILs 

1.1 Properties of ten ILs 

Table S1. Properties of ten ILs 

 

ILs 

 

cation(m/z)  

 

negion(m/z) 

 

Water  

content(ppm) 

 

Purity 

EmimAc 111.0931 --- 2890 99% 

EmimDEP 111.0917  153.0311 1310 --- 

AmimCl 123.0930 --- 2508 99% 

EmimCl 111.0931 --- 1163 98% 

BmimCl 139.1247 --- 2727 98% 

HOEtmimCl 127.0896 --- 9001 99% 

BmimDCA 139.1253 --- 4237 --- 

BmimSCN 139.1264 --- 2606 --- 

BmpyrrCl 142.1629 --- 9661 99% 

BpyCl 136.1158 --- 2200 99% 

 

1.2 NMR analysis and Electronic spray mass spectrum of three synthesis ILs 

EmimDEP: 1H NMR (d6-DMSO): 9.32[s, 1H, (Im)], 7.86[t, J=1.7 Hz, 1H, (Im)], 7.76[t, 

J=1.6 Hz, 1H, (Im)], 4.23[q, J=7.3 Hz, 2H, CH2-CH3], 3.88[s, 3H, N-CH3], 3.62[p, J=7.0 Hz, 

4H, 2(O-CH2)], 1.40[t, J=7.3 Hz, 3H,CH2-CH3], 1.07[t, J=7.1 Hz, 6H, 2(O-CH2-CH3)]; 13C 

NMR: 136.86, 123.51, 121.94, 58.98, 43.98, 35.55, 16.68, 15.14. 

BmimSCN: 1H NMR (d6-DMSO): 9.10[d, J=1.9 Hz, 1H, (Im)], 7.77[d, J=1.9 Hz, 1H, (Im)], 

7.70[d, J=1.9Hz, 1H, (Im)], 3.85[s, J=7.3 Hz, 2H, N-CH2-], 3.34[s, 3H, N-CH3], 1.76[m, 

J=7.3 Hz, 2H, -CH2-CH2-CH3], 1.26[q, J=7.4 Hz, 2H,CH2-CH3], 0.90[t, J=7.4 Hz, 3H, -CH3];
 

13C NMR: 136.67, 123.95, 122.52, 48.97, 36.26, 31.80, 18.93, 13.41. 

BmimDCA: 1H NMR (d6-DMSO): 9.10[d, J=1.7 Hz, 1H, (Im)], 7.76[t, J=1.8 Hz, 1H, (Im)], 

7.70[t, J=1.9Hz, 1H, (Im)], 3.84[t, J=7.3 Hz, 2H, N-CH2-], 3.31[s, 3H, N-CH3], 1.76[m, J=7.3 

Hz, 2H, -CH2-CH2-CH3], 1.25[m, J=7.1 Hz, 2H,CH2-CH3], 0.90[t, J=7.4 Hz, 3H, -CH3];
 13C 

NMR: 137.12, 123.80, 122.74, 48.97, 36.26, 31.64, 18.93, 13.41. 
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Electronic spray mass spectrum 

EmimDEP: 

Cation: 

  

Figure S1. Electronic spray mass spectrum of [Emim]+  

 

Anion: 

 

Figure S2. Electronic spray mass spectrum of [DEP]- 

 

BmimDCA: 

Cation: 

 

Figure S3. Electronic spray mass spectrum of [Bmim]+ 
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BmimSCN: 

Cation: 

 

Figure S4. Electronic spray mass spectrum of [Bmim]+ 

 

2. Literature values of keratin dissolution in ionic liquids 

Table of S2 The literature values of keratin dissolution in ionic liquids 

 

Material 

 

ILs 

Conditions 

Temperature 

(℃) 

Solid:liquid Time Solubility 

(wt%) 

Yield of 

keratin 

Ref 

Wool AmimCl 130 -- 640min 21% -- 1[176

] 

Wool BmimCl 130 -- 535min 15% -- 1 

Wool BmimCl 120 1:6 30min -- 57% 2[138

] 

Wool BmimCl 150 1:6 30min -- 35% 2 

Wool BmimCl 180 1:6 30min -- 18% 2 

Feathers BmimCl 130 1:2 10h 50% 60% 3[114

] 

Feathers AmimCl 130 1:2 10h 50% 60% 3 

Feathers Choline 

thioglycolate 

130 1:2 10h 45% 55% 3 

Wool BmimOAc 130 1:12.5 10min -- -- 4[124

] 

Wool BmimSCN 130 1:12.5 900min -- -- 4 

Wool BmimFeCl4 130 1:12.5 nda -- -- 4 

Wool BmimDMP 130 1:12.5 90min -- -- 4 

Wool EmimDMP 130 1:12.5 90min -- -- 4 

Wool BmimCl 130 1:12.5 300min -- -- 4 

Wool P4444Cl 130 1:12.5 nda -- -- 4 

Wool N4444Cl 130 1:12.5 nda -- -- 4 

Wool N2221DMP 130 1:12.5 180min -- -- 4 

Wool EmimDEP 120 1:12.5 90min -- 0.3553g/g 5[126

] 

Wool EmimDMP 120 1:12.5 150min -- 0.3118g/g 5 

Wool DBNEDEP 120 1:12.5 180min -- 0.4471g/g 5 

83.0615

139.1264

+MS, 0.1-0.1min #(5-7)
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Wool DBNMDMP 120 1:12.5 210min -- 0.4000g/g 5 

Wool DBNHOAc 120 1:12.5 30min -- 0.1697g/g 5 
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3. Logarithmic activity coefficients of three keratin models 

Table S3. Prediction lnγ of CYS by COMSO-RS 
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Table S4. Prediction lnγ of GSSG by COMSO-RS  
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Table S5. Prediction lnγ of PP by COMSO-RS  
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Abstract 

Development of a flexible pressure sensor is crucial for the future improvement of the 

wearable electronic devices designed to detect dynamic human motion. In this study, a novel 

pressure sensor with remarkably improved force sensing characteristics is obtained through 

combined usage of polydimethylsiloxane (PDMS) and ionic liquid (IL). Keratin is dispersed 

homogeneously in the PDMS matrix to serve as a reinforcing filler. High conductivity IL is 

employed as sensitivity-enhancing constituent in the elastomer, and the effect of the amount 

of IL on elastomers’ pressure-sensing performance is investigated. The elastomer with 70 

parts per hundred rubber (phr) IL shows excellent pressure-sensing performance. This novel 

pressure sensor demonstrates high linear sensitivity (0.037 kPa-1) in the large pressure region 
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of 0-10 kPa. Response and recovery times are 8 ms and 11 ms, respectively, which are much 

shorter than previously reported. Moreover, the pressure sensor could distinguish different 

pressures via stable sensing signals in the pressure range of 0 to 50 kPa. The excellent 

performance of the novel pressure sensor has application potential in various fields, such as 

health monitoring and soft robotics. 

Keywords: PDMS, ionic liquid, keratin, pressure sensor, fast response 

 

Introduction 

Flexible and soft pressure sensors have attracted significant attention for their applications in 

various fields, such as soft robotics,[1] wearable electronic devices,[2] and energy storage.[3] 

The ability to sense low pressure (1-10 kPa), which is an important range covering intra-body 

pressure, is particularly important for pressure sensors.[4] In recent years, vast efforts have 

been made to improve the performance of pressure sensors: e.g., via the integration of 

polymers with various nanomaterials including carbon nanotubes,[5] gold/silver nanowires,[6] 

graphene nanosheets,[7] and metal nanoparticles.[8] While the structures and materials of these 

novel pressure sensors are different, they all typically operate based on force-induced 

changes in piezoresistivity, capacitance, piezoelectricity and iontronic.[4, 9] For example, Qin 

et al. prepared a pressure sensor by integrating hydrophobic carbon nanotubes into 

hydrophobically associated polyacrylamide hydrogel, reaching a sensitivity of 0.127 kPa-1 in 

the large-pressure region of 0-50 kPa.[5] Lee et al. realized an ultra-robust, wide-range 

pressure sensor based on polyurethane foam coated with both conformal silicone rubber and 

CNT/TPU nanocomposite islands, the sensitivity of which was controlled from 0.013 kPa-1 to 

0.032 kPa-1. [10]  
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Even though pressure sensors fabricated by incorporating nanomaterials into polymers 

show high sensitivity, they consequently display limited stretchability and long response 

times, thereby significantly limiting their applications. In order to produce an improved smart 

wearable sensor, it is therefore necessary to develop a highly stretchable and flexible sensor 

with short response and recovery times. 

Silicone elastomers represent an excellent matrix for sensors due to their high 

stretchability and flexibility,[11]  as well as their inherent physical and chemical stability[12] 

even at elevated temperatures.[13] Ionic liquids (ILs), which have high conductivity, low 

viscosity and chemical stability, were also considered as excellent material candidates for the 

development of novel, improved pressure sensors.[14] However, the electromechanical 

instability of pure ILs limits their application as pressure sensors and require a mechanically 

robust matrix. Iontronic pressure sensors based on polymer-IL composites and possessing 

both the elasticity of the elastomer and the electrical conduction of the ILs have therefore 

received significant attention from researchers.[15] For example, a flexible capacitive pressure 

sensor that incorporates micro-patterned pyramidal ionic gel was fabricated which showed 

excellent pressure sensitivity and a broad sensing range.[16] Despite the great progress in the 

iontronic pressure sensor achieved so far, the development of iontronic pressure sensor is still 

limited due to the complicated fabrication process, high cost, and small linear response range.  

Herein, a novel high-performance pressure sensor was fabricated by incorporating 1-

butyl-3-methylimidazolium hexafluoroantimonate (BmimSbF6) into polydimethylsiloxane 

(PDMS) elastomers. Wool keratin, which has high biodegradability, biocompatibility, and 

stability, was added as a reinforcing filler. In addition to improving the performance of the 

material as pressure sensor this method also provides a simplified preparation scheme with 

great potential for the large-scale production of ionic materials. Different loading amounts of 

BmimSbF6 were tested in order to produce an optimized pressure sensor with excellent 
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mechanical properties, high force sensing characteristics, and a wide linearity pressure range. 

More specifically, the optimized sensor demonstrated a sensitivity of 0.037 kPa-1 at pressures 

below 10 kPa and a sensitivity of 0.003 kPa-1 in the range between 10 kPa-1 and 50 kPa-1. 

Finally, the response time of the 70 phr BmimSbF6-loaded pressure sensor showed a response 

time of 8 ms to a pressure input of 1.6 kPa (0.04 N) and a recovery time of 11 ms, which is 

much shorter than previously reported.  

2. Results and discussion 

2.1 Fabrication of IL-loaded pressure sensor.  

Figure 1 illustrates the complete manufacturing process of the BmimSbF6-loaded pressure 

sensor. Vinyl-terminated DMS-V31, cross-linker HMS-30 and the catalyst (Pt 511) were 

mixed using a SpeedMixer. Wool keratin was used as a replacement for SiO2 as reinforcing 

filler. BmimSbF6 (volume fractions varied from 0 to 44%, see supplementary information 

(SI) Table S1) was then added as liquid filler, and the mixture was speed mixed again. 

Structures are shown in SI Figure S1. The system of ionic liquid and elastomer has been 

investigated in a previous study.[17] The homogeneous mixture obtained was then coated as a 

film and cured in the oven at 80 oC for 2 h. Copper sheets were attached to the two surfaces 

of the film as electrodes, and specimens were investigated using a voltage response test as 

described in the experimental section in SI.  

2.2 Properties of IL-loaded elastomer films. 

FT-IR spectra were acquired in order to verify successful BmiSbF6 loading into the silicone 

elastomer. For films into which BmimSbF6 has been successfully incorporated, the FT-IR 

spectra display a characteristic imidazole ring peak at 1580 cm-1 (SI Figure S2). 

Furthermore, the SEM images show that the ionic liquids (black dots) and keratin powders 
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(white dots) are well-dispersed throughout the silicone network (SI Figure S3). 

Gel fractions of the films were investigated in order to analyze the amount of bonded (gel 

fraction) and non-bonded (sol fraction) species in the elastomer network. The measured gel 

fractions of films with various BmimSbF6 concentrations are shown in Figure 2a, 

demonstrating that the gel fractions of the films decreased with an increased loading amount 

of BmimSbF6, which can be explained by the increased inhibiting effect of the IL at higher 

concentrations.  

A comparison of the mechanical properties of pure PDMS film with SiO2 and pure PDMS 

film with keratin is shown in SI Figure S4. Films with keratin as filler displayed similar 

mechanical properties to films with SiO2 as filler which is an interesting finding since it 

indicates that keratin can replace SiO2 as a solid filler to enhance the mechanical properties of 

the film. This can potentially have great impact in making silicone elastomers more 

sustainable. However, this is not the scope of the current article. 

The tensile stress–strain curves for PDMS-based films with various BmimSbF6 amounts 

are presented in SI Figure S5, while the corresponding Young’s modulus and tensile 

strengths are depicted in Figure 2b and Figure 2c, respectively. It is clear that the tensile 

strength and Young´s modulus of the BmimSbF6-loaded films are lower than those of the 

pure PDMS film, and that the tensile strength and Young´s modulus decreased with 

increasing amount of BmimSbF6. With an increase of BmimSbF6 amount from 0 to 5 phr, 

both the tensile strain and Young’s modulus decreased significantly, indicating that ionic 

liquid fillers act as softeners in the system, so that their addition effectively enhances the 

flexibility of the elastomer materials.  

2.3 Pressure responses of IL-loaded sensors. 
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A dedicated test bench was designed to evaluate pressure sensor performance, as illustrated in 

Figure 1. The operation principle of the pressure sensor is analogue with the previously 

reported operational principle of iontronic pressure sensors,[9] and a schematic illustration is 

shown in SI Figure S6. In order to describe the effect of BmimSbF6 on the sensing 

performance of the investigated films, the voltage change curves for elastomers with different 

BmimSbF6 amounts in response to an instantaneous pressure input of 40 kPa (1.0 N) are 

compared in Figure 3a. A tunable voltage change depending on the loading amount of 

BmimSbF6 was observed, with the 70 phr BmimSbF6-loaded sensor exhibiting the highest 

voltage change due to the increased charge density with increased IL loading.[9] This behavior 

confirms that the amount of BmimSbF6 is vital to improving pressure sensor sensitivity. As 

Figure 3b shows, the 70 phr BmimSbF6-loaded pressure sensor has a high sensitivity of 

0.037 kPa-1 (1.56 N-1) in the range of 0-10 kPa, while the sensitivity declines with increasing 

pressure in the high pressure range (S2=0.003 kPa-1, 0.12 N-1), and the sensitivity is much 

higher than that of 50 phr BmimSbF6-loaded pressure sensor (0.001 kPa-1; SI Figure S7), 

further indicating that the importance of BmimSbF6 as critical to the sensitivity of the 

pressure sensor.  

An additional advantage of the BmimSbF6-loaded pressure sensor is that it responds 

quickly to applied pressure. As shown in Figure 3c, the 70 phr BmimSbF6-loaded pressure 

sensor responds to a pressure input of 1.6 kPa (0.04 N) in 8 ms—much more quickly than 

most previously reported sensors. When external pressure was removed, the pressure sensor 

returned to its initial state in 11 ms—a shorter recovery time than that reported for any other 

sensor. This excellent response time is due to the liquid, and thus mobile, nature of the 

BmimSbF6 in the network. 

The stability of the 70 phr BmimSbF6-loaded sensor was tested by multiple applications 

of a cyclic high pressure of 40 kPa (1.0 N). As depicted in SI Figure S8, the responsive 



 

 

105 

 

signals were highly consistent under cyclic pressures. The voltage changes upon a step 

increase of pressure from 2.4 kPa (0.06 N) to 46.8 kPa (1.2 N) were measured to investigate 

the response over a relatively wide pressure range. As shown in Figure 3d, the voltage 

change dramatically increased with rising pressure, demonstrating the BmimSbF6-loaded 

pressure sensor’s capacity to distinguish various pressures via stable sensing signals. It also 

can be seen that the pressure sensor responds quickly to an applied pressure, and returns to 

the initial state in short time when the external pressure was removed. 

An ideal pressure sensor with excellent performance should possess high sensitivity, wide 

linearity range, and short response time. The 3D chart presented in Figure 4a shows a 

sensing characteristics comparison of the pressure sensor developed within this study and 

pressure sensors with different fillers reported previously.[5, 7, 10, 16, 18]  By the overall 

evaluation of the sensitivity, response time and linearity range, the novel pressure sensor in 

this work is an overall better sensor. While it does not have the highest sensitivity, its 

response time is 75 times faster than that of a carbon nanotubes / hydrophobically associated 

hydrogel sensor,[5a] 15 times faster than that of the graphene-paper pressure sensor,[7b] and 3 

times faster than that of the ionic gel pressure sensor.[16] Moreover, the BmimSbF6-loaded 

sensor also has a wide linear pressure range. These results are also listed in Figure 4b. 

Furthermore, not only can the 70 phr BmimSbF6 loaded film be used as an iontronic 

pressure sensor, but it is also an excellent candidate for a capacitive pressure sensor. The 

dielectric permittivity, which is a critical parameter for the sensitivity of the capacitive 

pressure sensor, was also tested here. Unlike conventional PDMS elastomers, BmimSbF6-

loaded films exhibit high permittivity, as shown in SI Figure S9. The dielectric permittivity 

at 106 Hz increased from 2.24 for the pure PDMS elastomer to 10.34 for the sample with 70 

phr BmimSbF6—i.e. almost 5-fold. Storage permittivities of BmimSbF6-loaded films are also 

presented in SI Table S2. 
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3. Conclusion 

In summary, a novel flexible pressure sensor was constructed by incorporating BmimSbF6 

into PDMS. The ionic pressure sensor thus produced exhibited outstanding mechanical 

properties, fast response, wide detection range, and high sensitivity. Furthermore, the 70 phr 

BmimSbF6-loaded pressure sensor showed high pressurizing cycling stability under high 

applied pressure, as well as the ability to distinguish various pressures via stable sensing 

signals over the pressure range from 0 kPa to 50 kPa. Its response time of 8 ms to a pressure 

input of 1.6 kPa (0.04 N) is much shorter than that of most previously reported pressure 

sensors, and its recovery time of 11 ms is the shortest yet reported. This novel pressure 

sensor’s excellent comprehensive performance and facile fabrication process mean that is has 

great potential for healthcare and smart wearable device applications. 
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Figure 1 Fabrication process and test setup of the BmimSbF6-loaded pressure sensor. 
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      Figure 2 a) Gel fractions, b)Young’s moduli and c) tensile strains of films with different 

amounts of BmimSbF6.  

 

Figure 3 a) Voltage changes for films with different loadings of BmimSbF6 in response to a 

pressure input of 40 kPa (1.0 N); b) Sensitivity of film with 70 phr BmimSbF6 in response to 

varying pressures; c) Voltage change of 70 phr BmimSbF6-loaded film after a sudden 

increase pressure from 0 kPa to 1.6 kPa (0.04 N); d) Applied force and relative voltage 

changes in response to a step-wise increase of pressure from 2.4 kPa (0.06 N) to 46.8 kPa 

(1.2 N).  

 

 

(a) (b) (c) 
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Figure 4 a) 3D chart of a comparison of three key pressure sensor parameters: sensitivity, 

response time, and linear pressure range; b) Characteristics of reported pressure sensors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b)  
Reference Sensitivity 

 (kPa
-1

) 

Response time 

 (ms) 
Linear pressure 

Range (kPa) 
Fillers 

This work 0.037 8 10 [Bmim][SbF6] 

Ref. [5a] 0.127 600 50 Hydrophobic carbon 

nanotubes 

Ref. [7a] 0.8 100 1 Graphene Oxide 

Ref. [7b] 0.17 120 2 Graphene 

Ref. [10] 0.032 29 40 Carbon nanotubes 

Ref.[16] 41.64 21 0.5 [EMI][TFSA] 

Ref. [18a] 0.016 54 40 Graphene/Silver 

nanowires 

Ref. [18b] 0.36 80 1.25 Reduced graphene 

oxide 

Ref. [18c] 0.088 30 10 MWNT-rGO 

Ref. [18d] 0.042 96 27 Sugar granules 
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C.2 Supporting information 

 

                                                              

 

Figure S1 PDMS and IL structures used in this work.  

 

 

Figure S2 FT-IR spectra of films with different amounts of BmimSbF6 loaded 
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Figure S3 SEM images of elastomers, (a) pure PDMS, (b) PDMS with 10 phr BmimSbF6 

loaded, (c) PDMS with 70 phr BmimSbF6 loaded. 

 

 

 

 

Figure S4 Mechanical properties comparison of films with different fillers 

 

(a) (b) (c) 
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Figure S5 Stress-strain curves of the different elastomers (length: 6 mm, width: 3 mm) at 

room temperature with a stretch rate of 50 mm min-1. 
 

 

 

Figure S6 Schematic illustration of pressure sensor operation principle 
 

 

Figure S7 Sensitivity of film with 50 phr BmimSbF6 in response to varying pressures. 
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Figure S8 Relative voltage changes in response to a repeated pressure input of 40 kPa (1.0 

N).  

 

Figure S9 Storage permittivity of films with different amounts of BmimSbF6 at room 

temperature 
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Table S1 Gel fraction, Young’s modulus, tensile strain and volume fraction of BminSbF6 in 

the films with various amounts of BmimSbF6 loaded. 

Samples 
Volume fraction 

(%) 

Young’s modulus 

(MPa) 

Tensile strain 

(%) 

Gel fraction 

(%) 

Pure PDMS 0 0.58  0.03 234  28 100 

1 phr 

BmimSbF6 
0.8 0.35  0.05 218  17 97 

5 phr 

BmimSbF6 
4.2 0.23  0.02 182  16 91 

10 phr 

BmimSbF6 
8.0 0.22  0.04 173 9 86 

30 phr 

BmimSbF6 
21 0.18  0.03 154  7 64 

50 phr 

BmimSbF6 
38.2 0.15  0.02 111  13 45 

70 phr 

BmimSbF6 
44.3 0.12  0.03 62  8 31 

 

Table S2 Dielectric properties of the investigated composites at room temperature.  

Samples Pure 
1 phr 

BmimSbF6 

5 phr 

BmimSbF6 

10 phr 

BmimSbF6 

30 phr 

BmimSbF6 

50 phr 

BmimSbF6 

70 phr 

BmimSbF6 

Permittivity 

at 106 Hz 
2.24 2.87 3.15 3.90 6.05 8.10 10.34 

Permittivity 

at 10-1Hz 
2.56 3.57 4.00 5.61 8.24 13.70 20.73 
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