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Abstract 

There is growing interest in developing stretchable/soft silicone elastomers for applications in advanced 

devices, including soft robotics, stretchable electronics, medical devices, and microfluidics. High 

stretchability permits various distortion scenarios and exceptional deformations, enabling wider 

applications of the devices. Besides, preparing silicone elastomers with a combined softness and elasticity 

resembling that of human soft tissue has been of great interest for use in soft robotics. Although various 

strategies have been developed for stretchable and soft silicone elastomers, none of them are versatile 

enough to enable the preparation of silicone elastomers that are both highly stretchable and very soft. 

This work aims to develop routes for molecular design of highly stretchable/soft silicone elastomers and 

to apply the resulting elastomers in one of the most promising fields, i. e. dielectric elastomer actuators 

(DEAs). 

Firstly, elastomers, cured by forming concatenated rings, were substantiated through a series of 

experiments. In contrast to conventional silicone elastomers which are crosslinked, the novel silicone 

elastomers are prepared from heterobifunctional PDMS macromonomers without the use of crosslinkers. 

Size exclusion chromatography of extracts confirmed the formation of non-concatenated monocyclic 

PDMS. Swelling experiments confirmed mechanically stable networks and high swelling ratios. Linear 

viscoelasticity measurements also demonstrated a behavior different from both PDMS melts and 

conventional crosslinked networks. The observed properties were explained by a formation of a network 

of concatenated rings which give rise to a continuous structure with a large degree of flexibility. 

Secondly, a facile curing route was developed to tailor the stretchability and the softness of elastomers 

by creating highly entangled elastomers and bottle-brush elastomers. The curing chemistry was based on 

realizing that silicone elastomers form when telechelic/multiple Si-H functional PDMS and platinum 

catalyst are heated to 100℃ in air. This observation was explained through crosslinking reactions of the 

Si-H functional groups with otherwise inert constituents of the PDMS chain in the presence of oxygen (SiH 

crosslinking) as elucidated by subsequent mechanistic studies. Combining the hydrosilylation and SiH 

crosslinking reactions in a one-pot reaction allowed formation of highly entangled elastomers and bottle-

brush elastomers from commercial precursor polymers. The highly entangled elastomers showed high 

stretchability with maximum strains of 2800%, and the bottle-brush elastomers exhibited extremely low 

softness with shear moduli of 1.2-7.4 kPa. The reported curing chemistry was used to prepare a range of 

silicone elastomers with carefully tailored mechanical properties. 

To demonstrate the applications of the prepared materials, a highly stretchable silicone elastomer was 

applied in DEAs, aiming to decrease operation voltages by using thin prestretched films. The fabricated 

DEAs could be actuated to a 30% lateral strain at 4.3 kV for a 122 µm thick prestretched film, and to a 2.5% 

lateral strain at only 250 V for a 6.9 µm thick prestretched film. Lifetime and response speed tests further 

show that the DEAs are promising for applications where fast response speed is not strictly required. 
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Resumé 

Der er en stigende interesse i udviklingen af strækbare, bløde silikone elastomerer for anvendelser i 

avancerede enheder, inklusiv bløde robotter, strækbar elektronik, medical devices og mikrofluidiske 

enheder. Høj strækbarhed tillader for stor operationel frihed og exceptionelle deformationer og bevirker 

dermed bredere anvendelighed af enhederne. Derudover har det været af stor interesse at fremstille 

materialer med mekaniske egenskaber, der efterligner blødt humant væv, til brug i bløde robotter.  

Selvom adskillige strategier er udviklet til at fremstille strækbare og bløde silikone elastomerer, så er ingen 

af dem bredt anvendelige og tillader ikke at fremstille både meget strækbare og meget bløde materialer 

samtidigt. Dette arbejde fokuserer på at udvikle metoder til molekylært design af meget strækbare og 

bløde elastomerer og med fokus på at anvende disse i et af de mest lovende felter inden for bløde robotter, 

nemlig dielektriske elastomerer (DEA). 

Først fremstilles elastomerer af sammenkædede polymerringe og substantieres via en serie af forskellige 

eksperimenter. I modsætning til klassiske silikone elastomerer, som er kemisk krydsbundne, er de nye 

elastomerer fremstillet fra heterobifuntionelle polydimethylsiloxane (PDMS) makromonomerer uden 

kemiske krydsbindere. Størrelses eksklusion kromatografi af ekstrakter fra netværket bekræfter, at der 

findes ikke-sammenkædede monocykliske PDMS molekyler. Kvældningsforsøg efterviste at netværkene 

var mekanisk stabile og besad høje kvældningsgrader. Lineær viskoelastiske målinger viste også at disse 

netværk havde markant anderledes egenskaber end både PDMS smelter og konventionelle krydsbundne 

netværk. De observerede egenskaber forklaredes ved dannelsen af et netværk af sammenkædede ringe, 

hvilket bevirker en kontinuert struktur med en høj grad af fleksibilitet. 

Dernæst blev en nem hærderute udviklet for at designe strækbarheden og blødheden af elastomerer ved 

at fremstille meget sammenviklede elastomerer og flaskebørste elastomerer. Hærdekemien baseredes på 

erkendelsen at endefunktionaliserede og multiple Si-H funktionelle PDMS i tilstedeværelsen af katalysator 

danner netværk ved 100℃ i atmosfærisk luft. Denne observation blev forklaret via hærdereaktioner af Si-

H funktionelle grupper med forventede inaktive konstituenter på PDMS kæden ved tilstedeværelsen af ilt 

(såkaldt Si-H krydsbinding), hvilket verificeredes i efterfølgende mekanistiske studier. Ved kombination af 

hydrosilylering og Si-H krydsbindingsreaktioner i ét system kunne både meget sammenviklede 

elastomerer og flaskebørste elastomerer dannes fra kommercielt tilgængelige polymerer. De meget 

sammenviklede elastomerer udviste høj strækbarhed med maksimale tøjninger på 2800%, og 

flaskebørsteelastomererne udviste ekstrem blødhed med forskydningsmoduler på 1.2-7.4 kPa. Den 

rapporterede hærdekemi blev benyttet til at fremstille en række silikone elastomerer med designede 

mekaniske egenskaber. 

For at eftervise anvendelserne af de fremstillede materialer blev en meget strækbar silikone elastomer 

brugt som DEA med formålet om at sænke driftsspændingen af de anvendste tynde og præstrukne film. 

Den fremstillede DEA blev aktueret til 30% tværgående tøjning ved 4,3 kV for en 122 µm tynd, præstrukket 

film, og til 2,5% tværgående tøjning ved blot 250 V for en 6,9 µm tynd, præstrukket film. Livstids- og 

responstids-tests viste endvidere at disse DEA’ere er lovende materialer til anvendelser, hvor hurtig 

responstid ikke er strengt krævet. 

  



Publications and conference contributions 

iv 
 

Publications and conference contributions 

The thesis is based on the following publications/manuscripts: 

 Pengpeng Hu, Jeppe Madsen, Qian Huang, Anne Ladegaard Skov. Elastomers without Covalent 

Cross-Linking: Concatenated Rings Giving Rise to Elasticity. ACS Macro Letters 2020(9), 10, 1458–

1463.  

 Pengpeng Hu, Qian Huang, Peter Jeppe Madsen, Anne Ladegaard Skov. Soft silicone elastomers 

with no chemical cross-linking and unprecedented softness and stability. Electroactive Polymer 

Actuators and Devices (EAPAD), 11375, SPIE Smart Structures + Nondestructive Evaluation, 2020. 

 Pengpeng Hu, Peter Jeppe Madsen, Anne Ladegaard Skov. Super-stretchable silicone elastomer 

applied in low voltage actuators Electroactive Polymer Actuators and Devices (EAPAD), 11587, 

SPIE Smart Structures + Nondestructive Evaluation, 2021.  

 Pengpeng Hu, Peter Jeppe Madsen, Anne Ladegaard Skov. Highly Stretchable or Extremely Soft 

Silicone Elastomers? One Reaction to Make Them All - from Easily Available Materials! 2021. 

DOI:10.21203/rs.3.rs-685454/v1 (Manuscript under peer-review) 

 Pengpeng Hu, Fabio Beco Albuquerque, Peter Jeppe Madsen, Anne Ladegaard Skov. Highly 

stretchable silicone elastomer applied in soft actuators. (Manuscript in preparation) 

The described work has been presented at different international conferences, which are listed below: 

 Pengpeng Hu,Qian Huang, Peter Jeppe Madsen, Anne Ladegaard Skov. Soft elastomer without 

cross-linking shows excellent elasticity dominated by knotted rings and entanglements.  Rubber 

Division, ACS International Elastomer Conference, 2019, Cleveland, United States. (Oral 

presentation)  

 Pengpeng Hu, Qian Huang, Peter Jeppe Madsen, Anne Ladegaard Skov. Soft silicone elastomers 

with no chemical cross-linking and unprecedented softness and stability. Electroactive Polymer 

Actuators and Devices (EAPAD), SPIE Smart Structures + Nondestructive Evaluation – Online, 2020. 

(Oral presentation) 

 Pengpeng Hu, Peter Jeppe Madsen, Anne Ladegaard Skov. Super-stretchable silicone elastomer 

applied in low voltage actuators. Electroactive Polymer Actuators and Devices (EAPAD), SPIE Smart 

Structures + Nondestructive Evaluation – Online, 2021. (Oral presentation)  



Acknowledgements 

v 
 

Acknowledgements 

I would like to express my sincere gratitude to my main supervisor, prof. Anne Ladegaard Skov (Danish 

Polymer Center (DPC), DTU). Your enormous knowledge and broad views in the field of polymer materials 

provide solid support for my research projects. I appreciated your constructive suggestions at every stage 

of my research projects. I am deeply grateful for your efficient feedbacks on my experiments, paper 

writing, and presentations, which greatly motivated the progress of my research projects. I really enjoyed 

all the discussions with you. Your openness and patience offered me confidence in expressing my own 

idea freely although I sometimes felt difficulties in explanations due to language issues. I would not have 

achieved these research results without your support. 

Appreciation should be given to my cosupervisor, senior researcher Jeppe Madsen (DPC, DTU). Thank you, 

Jeppe, for providing me with your deep knowledge in polymer chemistry. Your suggestions and comments 

are always constructive, which greatly helped me progress my project. Thank you for your priority in 

answering my questions, no matter they are big or small. 

I also would like to thank prof. Qian Huang (former researcher in DPC, DTU), who was my referee for the 

Ph.D. position, and a co-supervisor for my PhD studies. I appreciated the deep discussions with you and 

valuable suggestions and comments from you. Thank you for your patience and clear explanations of all 

my questions.  

I am also thankful for prof. Herbert Shea (Soft Transducers Laboratory, Ecole Polytechnique Fédérale de 

Lausanne (EPFL)) for hosting me as a visiting Ph. D. student. It was a great working experience in your lab 

and a fantastic living experience in Switzerland. Thank Fabio Beco Albuquerque (Soft Transducers 

Laboratory, EPFL) for offering helpful and timely assistance in my lab work at EPFL, and useful guide in the 

tour in Switzerland. 

Special thanks should be given to senior researcher Liyun Yu (DPC, DTU), for patient and friendly assistance 

with my lab work (especially in silicone formulations). I appreciate all the discussions with prof. Ole 

Hassager (DPC, DTU) during my Ph. D. studies. 

Big thanks should be given to the DPC family. It is all of you who made me feel not alone. I enjoyed the 3-

year working experience with all of you.  

At last, I would like to thank my family and friends for supporting me all the time. Thank my parents and 

sister for your openness, encouragement, and endless love. It is you who allowed me to freely pursue my 

career and gave me encouragement and confidence when I encountered difficulties.  Thank you, Tingyu, 

my beloved girlfriend, for you and your company, support, encouragement, and happiness brought to me. 

  



Acknowledgements 

vi 
 

  

  

 

 

   



Contents 

vii 
 

Contents  

Preface ..................................................................................................................................................... i 

Abstract .................................................................................................................................................. ii 

Resume .................................................................................................................................................. iii 

Publications and conference contributions ............................................................................................. iv 

Acknowledgements ............................................................................................................................... vii 

Contents.............................................................................................................................................. viiix 

List of abbreviations ............................................................................................................................... ix 

Chapter 1 Background ............................................................................................................................. 1 

1.1 Introduction of stretchable/soft silicone elastomers ...................................................................... 1 

1.2 Stretchable/soft silicone network structures .................................................................................. 2 

1.2.1 Chemically crosslinked networks ............................................................................................. 2 

1.2.2 Topologically crosslinked networks ......................................................................................... 4 

1.2.3 Non-covalently crosslinked networks ...................................................................................... 5 

1.3 Silicone-based dielectric elastomer actuators ................................................................................ 7 

1.3.1 Introduction of dielectric elastomer actuators ......................................................................... 7 

1.3.2 Silicone-based DEAs ................................................................................................................ 7 

1.4 Motivation of research................................................................................................................... 8 

1.5 Outline of research ........................................................................................................................ 9 

Chapter 2 Concatenated ring networks.................................................................................................. 11 

2.1 Mechanical characterization ........................................................................................................ 11 

2.2 Rheological characterization ........................................................................................................ 12 

2.3 Size-exclusion chromatography .................................................................................................... 13 

2.4 Modeling of stress-strain behavior. .............................................................................................. 14 

2.5 Conclusion ................................................................................................................................... 15 

Chapter 3 Highly entangled networks & bottle-brush networks ............................................................. 17 

3.1 Elucidation of curing reaction....................................................................................................... 17 

3.2 Curing chemistries for highly stretchable/extremely soft silicone elastomers. .............................. 21 

3.3 Properties of highly stretchable silicone elastomers ..................................................................... 22 

3.4 Properties of extremely soft silicone elastomers .......................................................................... 23 

3.5 Conclusion ................................................................................................................................... 25 

Chapter 4 Highly stretchable silicone elastomers applied in soft actuators ............................................ 27 



Contents 

viii 
 

4.1 Characterizations of silicone elastomers ...................................................................................... 27 

4.2.1 Strain-voltage curves of DEAs ................................................................................................ 29 

4.2.2 Response speed of DEAs ....................................................................................................... 30 

4.2.3 Long-term strain stability of DEAs.......................................................................................... 31 

4.3 Conclusion ................................................................................................................................... 33 

Chapter 5 Conclusion............................................................................................................................. 35 

Chapter 6 Outlook ................................................................................................................................. 37 

Chapter 7 Experimental section ............................................................................................................. 39 

7.1 Experimental section for chapter 2 .............................................................................................. 40 

7.2 Experimental section for chapter 3 .............................................................................................. 43 

7.3 Experimental section for chapter 4 .............................................................................................. 45 

Reference  ............................................................................................................................................. 49 

Appendix 1 Publicated article ................................................................................................................ 59 

Appendix 2 Manuscript under peer-review ............................................................................................ 85 

Appendix 3 Manuscript in preparation ................................................................................................ 121 

 

  



List of abbreviations 

ix 
 

List of abbreviations 

AFM Atomic force microscope 

DC Direct current 

DE Dielectric elastomer 

DEA Dielectric elastomer actuator 

DNA Deoxyribonucleic acid 

IPN Interpenetrating polymer network 

LVE Linear viscoelasticity 

NMR Nuclear magnetic resonance 

PDMS Polydimethylsiloxane 

PEG Poly(ethylene oxide) 

PET Polyethylene terephthalate 

Pt Platinum 

SAOS Small amplitude oscillatory shear 

SEC Size exclusion chromatography 

 

Polydimethylsiloxane (PDMS) polymers 

DMS-HV15 α-monovinyl-ω-monohydride terminated PDMS with �̅�𝑛 ≈ 4 kDa 

DMS-HV22 α-monovinyl-ω-monohydride terminated PDMS with �̅�𝑛 ≈ 15 kDa 

DMS-HV31 α-monovinyl-ω-monohydride terminated PDMS �̅�𝑛 ≈ 27 kDa 

DMS-V22 Vinyl-terminated PDMS with �̅�𝑛 ≈ 8 kDa 

DMS-V25 Vinyl-terminated PDMS with �̅�𝑛 ≈ 14 kDa 

DMS-V41 Vinyl-terminated PDMS with �̅�𝑛 ≈ 35 kDa 

DMS-H11 Hydride-terminated PDMS with �̅�𝑛 ≈ 1 kDa 

DMS-H21 Hydride-terminated PDMS with �̅�𝑛 ≈ 6 kDa 



List of abbreviations 

x 
 

DMS-H25 Hydride-terminated PDMS with �̅�𝑛 ≈ 14 kDa 

DMS-H31 Hydride-terminated PDMS with �̅�𝑛 ≈ 24 kDa 

MCR-H21 Mono-hydride terminated PDMS with �̅�𝑛 ≈ 7 kDa 

MCR-V21 Mono-vinyl terminated PDMS with �̅�𝑛 ≈ 6 kDa 

MCR-V25 Mono-vinyl terminated PDMS with �̅�𝑛 ≈ 23 kDa 

DMS-T15 PDMS oil with �̅�𝑛 ≈ 4 kDa 

HMS-301 Multi-hydride functional PDMS PDMS with �̅�𝑛 ≈ 2 kDa and f= 7 

HMS-064 Multi-hydride functional PDMS PDMS with �̅�𝑛 ≈ 60 kDa and f =60 

  

  



Chapter 1 Background 

1 
 

Chapter 1 Background 

1.1 Introduction of stretchable/soft silicone elastomers  

With rapid advances in application fields of stretchable/soft devices, including soft robotics, stretchable 

electronics, medical devices, and microfluidics (Figure 1.1), stretchable/soft materials are of great interest 

for the fabrications of the devices.1–5 Silicone elastomers have been paid intense attention as one of the 

most promising stretchable/soft materials due to their unique properties in terms of stretchability, 

softness, heat resistance, chemical stability, electrical insulation, abrasion resistance, weatherability, and 

ozone resistance.6 High stretchability permits various distortion scenarios and exceptional deformations, 

enabling wider applications of the devices. Besides, significant effort has been devoted to preparing 

silicone elastomers with a combined softness and elasticity resembling that of human soft tissue for use 

in soft robotics.7-9  

 

Figure 1.1 Application illustrations of stretchable/soft devices. (a) Smart artificial skin with integrated stretchable sensors and 

actuators,10 Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature 
Communications, from Stretchable Silicon Nanoribbon Electronics for Skin Prosthesis, Kim, J., et al., 2014. (b) wearable sensing 
array on a subject’s wrist.11 Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, 
Nature, from Fully Integrated Wearable Sensor Arrays for Multiplexed in Situ Perspiration Analysis,Gao, W., et al, 2016. (c) self-
powered soft robot actuated in the Mariana Trench down to a depth of 10.9 kilometres,12 Reprinted by permission from Springer 
Nature Customer Service Centre GmbH: Springer Nature, Nature, from Self-powered soft robot in the Mariana Trench, Guorui Li 

et al, 2021.   

Silicone elastomers are typically prepared by crosslinking linear polydimethylsiloxane (PDMS) chains with 

cross-linkers using either a hydrosilylation reaction (usually Pt-catalyzed), a condensation reaction (usually 

Sn-catalyzed), or a radical reaction (usually peroxide-catalyzed).13–16 Figure 1.2 presents one of the most 

commonly used curing reactions, i. e. the hydrosilylation reaction of telechelic vinyl functional PDMS with 

a multi-hydride functional  cross-linker in the presence of a platinum catalyst. The structures of the 

crosslinked networks fundamentally determine the mechanical properties of the silicone elastomers. 

Ultimate extensionality (𝜆max) is an indicator of how much a material can be deformed until it breaks. The 

Kuhn model, one of the most commonly used models, estimates 𝜆max as the ratio of the strand length in 

the fully stretched state (∝ 𝑀, where 𝑀 is the average molar mass of network strands) to the strand 

length in a random coil state(∝ 𝑀0.5).17 This leads to the proportionality of 𝜆max to 𝑀0.5. In practice, most 

of 𝜆max were reported to range from 100% to 900% for mechanically stable silicone elastomers,18 and it 
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is difficult to further increase the upper limit by using longer precursor polymers, since they would bring 

difficulties to the fabrication process due to their high viscosity. 

 

Figure 1.2 Typical hydrosilylation curing chemistry to prepare silicone elastomers.13 

The softness of silicone elastomers is governed by the crosslinking density, namely the molar density of 

mechanically active strands 𝜈 = 𝜌/𝑀, where 𝜌 is the density. This suggests that soft elastomers with low 

𝜈 can be prepared by increasing 𝑀. However if 𝑀 is larger than entanglement molecular weight (𝑀𝑒), the 

entanglements in the cross-linked networks act as topological crosslinks,19 which impose a preordained 

lower limit for the crosslinking density , i. e. 𝑣 ≥ 𝜌/𝑀𝑒. Therefore, the softness of mechanically stable 

silicone elastomers prepared by classical means is limited around their entanglement threshold (elastic 

modulus of around 0.6 MPa).20,21  

1.2 Stretchable/soft silicone network structures 

Mechanical properties of silicone elastomers are fundamentally determined by the structures of the 

silicone network. Plenty of efforts have been put to prepare highly stretchable/soft silicone elastomers by 

controlling the network structure. Basically, silicone network structures are classified into chemically 

crosslinked networks, topologically crosslinked networks, and non-covalently crosslinked networks, 

according to types of crosslinking. 

1.2.1 Chemically crosslinked networks 

Highly entangled networks. The stretchability of silicone elastomers can be improved by using long 

precursor polymers. Once the precursor length is more than entanglement molecular weight of PDMS 

(around 12 kDa),21 chains will be entangled and eventually result in entangled networks. Therefore, 

precursor polymers of more than 12 kDa have been used to prepare highly entangled silicone elastomers 

(Figure 1.3a).16  However, the linear precursor polymers cannot be extremely long because they would 

bring difficulties to fabrication processes due to their high viscosity.21 In order to overcome the difficulties 

associated with the high viscosity, extremely long PDMS precursors (Mn=70 kDa) were crosslinked in 

solvent and subsequently subjected to solvent evaporation after curing. The resulting elastomers could 

be stretched to a maximum of 2900% strain.22 

Interpenetrating networks. An interpenetrating polymer network (IPN) consists of two or more 

interpenetrated polymer networks which are individually cross-linked (Figure 1.3b). The IPNs are 

interlocked and they cannot be pulled apart without breaking of the networks. Two main routes are used 

to prepare IPNs: either sequentially or simultaneously. For the sequential route, networks are formed in 

two consecutive steps, where initially a homo-network of polymer (I) is formed through cross-linking, 
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followed by crosslinking the swollen network  with a polymer(II) and a cross-linker.23 For the 

simultaneously route, IPNs are formed by cross-linking two sets of polymers through independent 

reactions.23 The IPNs are usually tough and stretchable due to their ability of energy dissipation,24 where 

the external energy would be dissipated simultaneously by both the interlocked networks via chain 

interactions and relaxations. Some of silicone-based IPNs have been reported to show high stretchability. 

For example, IPNs consisting of a silicone rubber and an acrylic rubber exhibited a maximum strain of 

750%25. IPNs containing a silicone moiety and a polystyrene at three different compositions exhibited a  

maximum strain up to 1508% and other excellent mechanical properties. However, extremely high 

stretchabilities have not been reported on the IPNs. 

Diluted networks. A direct and easy strategy to make an elastomer softer is to dilute the network with 

solvents or oils (Figure 1.3c)26,27. Shear modulus of a diluted network is predicted to be 𝐺0 = 𝐺N
0(1 −

𝜑)𝑎 (with 𝑎=1.8-2.3) where 𝐺N
0  is a shear modulus of the network before dilution, and 𝜑 is the volume 

fraction of oils.28–30 The method is easy to perform, however, the resulting networks tend to be 

mechanically instable due to the phase separations of the oils with the networks in a long term. 

Sparsely crosslinked networks.  

Silicone elastomers are generally prepared from the reaction of a vinyl-terminated linear PDMS and a 

multi-hydride functional crosslinker. The stoichiometry of the reaction, the ratio of the hydride groups to 

the vinyl groups, is usually between 1.1-1.4 to ensure the full the reaction of the linear PDMS.16 The 

resulting silicone elastomers are mechanically stable because the excess of hydride groups can be 

consumed by side reactions during curing or during post curing.31 However, very soft silicone elastomers 

have been prepared with stoichiometry less than unity,32 in which non-negligible sol and dangling fraction 

are formed due to incomplete reaction of linear chains (Figure 1.3d). The formed sol fraction induces 

mechanical instability of the elastomer in a long term.  

Bottlebrush networks. As mentioned before, softness of mechanically stable silicone elastomers prepared 

by classical means is limited by their entanglement threshold (entanglement molecular weight of around 

12 kDa21). Bottlebrush polymer expands the diameter of the polymer chains, diluting their entanglements 

without markedly increasing the stiffness of the chains. The resulting elastomers, so-called bottle-brush 

elastomers (Figure 1.3e), are intrinsically soft with shear moduli of 1-100 kPa.33–35 Preparing bottlebrush 

elastomers generally involves relatively complex synthesis, including synthesizing bottlebrush polymers 

and crosslinking reactions.34,36 Reynolds et al.36 synthesized PDMS macromonomer installing a norbornene 

group on one end. Subsequently, bottlebrush polymers with different poly(norbornene) backbone lengths 

were prepared by grafting-through ring-opening metathesis polymerization. Soft bottle-brush elastomers 

(shear modulus = 10-100 kPa) were prepared by crosslinking the prepared bottle-brush polymers with 

benzophenone functioned PDMS by exposure of UV light. Cai et al. simplified the process into one step 

by reacting mono-hydride functional linear PDMS, multi-vinyl functionalized PDMS and difunctional 

hydride linear PDMS.35 The mono-hydride functional linear PDMS grafted on the chains of multi-vinyl 

functionalized PDMS to form bottle-brush chains. Simultaneously, the multi-vinyl functionalized PDMS 

crosslinked with the difunctional hydride linear PDMS to continuous networks. The resulting elastomers 

showed the shear moduli as low as 7.4 kPa. It was observed that the softer elastomers were associated 

with larger adhesion and higher sol fractions (max. 24 wt%), which might be critical for some practical 

applications.  
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Figure 1.3 Various silicone network structures. (a) a highly entangled network, in which polymer chains and crosslinks are shown 
in orange and gray, respectively, (b) an interpenetrating network is formed by interlocking two networks, which are shown in 
orange and light blue, respectively, (c) a diluted network, in which a network is diluted with oils (shown in purple), (d) a sparsely 

crosslinked network, in which active functional groups are shown in red, (e) a bottlebrush network, in which side chains are shown 
in green, (f) a concatenated ring network, in which ring polymers are shown in orange, (g) a polyrotaxane network, in which 
polymer chains (shown in orange) with bulky end groups (shown in black) are topologically interlocked by figure-eight shaped 
crosslinks (shown in blue), (h) a non-covalently crosslinked network, in which polymer chains are crosslinked by non-covalent 
bonds (shown by white circles). 

1.2.2 Topologically crosslinked networks 

Concatenated ring networks. Catenanes are hydrocarbons having two or more rings connected in the 

manner of links of a chain, without a covalent bond.37 Concatenated ring networks (also called as Olympic 

gels, shown in Figure 1.3f) are formed solely by catenae subunits. In these networks, some rings are 

interlocked with more than one other rings and act as cross-link points. Although Olympic gels were 

conjectured by de Gennes for a long time,38 they have rarely been synthesized due to challenges in precise 

control of ring formations and ring concatenations. 

Simulation work has been done to analyze properties of Olympic gels.39–41 Vilgis and Otto found that the 

Olympic gel obeyed non-affine deformation regime where free energy scales linearly with the 

deformation in the small deformation regime. In the large (affine) deformation regime the free energy is 

shown to scale as 𝐹 ∝ 𝜆5/2 where 𝜆 is the deformation ratio.39 Swelling properties of simulated Olympic 

gels were investigated.42,43 It was found that the networks of longer strands swelled less than networks 

made of short cyclic molecules at otherwise identical preparation conditions. This is explained by the 

desinterspersion (reorganization by release of nontrapped entanglements) of overlapping non-

concatenated rings, which causes large non-affine contributions to the swelling of these gels at the 

available low average number of concatenations per ring. 
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A structure of kinetoplast DNA in the organism Crithidia fasciculata was discovered as a network formed 

entirely from thousands of catenanes. Such concatenated ring structure provides a beautiful example of 

how biology regulates the topology of concatenated ring networks to control functions such as gene 

expression.44 Topoisomerases were used to synthesize Olympic hydrogels formed by topologically 

interlinked DNA rings. Dynamic light scattering microrheology was used to probe the viscoelasticity of the 

DNA topological networks.45 It showed that the topoisomerase enabled facile preparation of active 

Olympic hydrogels which can be switched between liquid and solid states on demand. In synthetic systems, 

a polymer synthesized from the bulk polymerization of 1,2-dithiane was reported to plausibly consist of 

concatenated rings.46,47 The polymer showed significant differences in thermal and physical properties in 

comparison to linear poly(1,2-dithiane) prepared with benzylmercaptan end groups. 

Polyrotaxane network. In polyrotaxane networks, polymer chains with bulky end groups are topologically 

interlocked by figure-eight shaped crosslinks (Figure 1.3g).48,49 Hence, these crosslinks can freely move 

along the polymer chains to equalize the tension of the threading polymer chains similarly to pulleys, 

which is called the pulley effect. Due to the unique feature, the polyrotaxane networks afford a high 

swelling ability, high elasticity, and a high stress-releasing ability. The polyrotaxane networks are basically 

synthesized from cyclodextrin-based polyrotaxanes, which are inclusion complexes composed of linear 

polymer chains that are threaded through the cyclodextrin molecules and then capped by the bulky 

groups at the chain ends. The first polyrotaxane network was synthesized by Okumura and Ito, who used 

diamino-terminated poly(ethylene oxide) (PEG) as an axis of the polyrotaxane. Through intermolecular 

crosslinking of the α-cyclodextrins contained in the polyrotaxane, a transparent gel was obtained. Since 

then, synthesis of polyrotaxane has been enhanced, and backbone polymers have been developed from 

PEG to other chains, such as PDMS, polybutadiene, polyester, and others.50–54  Some silicone chemistries 

with polyrotaxane cross-linkers have been reported. Zhuo et al. prepared polyrotaxane silicone networks 

by crosslinking a multi-hydride functionalized PDMS with a vinyl-functionalized polyrotaxane, in which a 

backbone string was a polyethylene glycol chain, rings were vinyl-functionalized α-cyclodextrin, and two 

bulky end groups were adamantine.55 The resulting elastomers exhibited ultra-low ice adhesion strength 

(13.0 kPa) and excellent mechanical durability. Tran et al. presented a method to produce vinyl functional 

polyrotaxane cross-linkers which were compatible with silicones.56 The silicone elastomers fabricated with 

these novel cross-linkers were extensible (>350%) and did not exhibit strain hardening. Du et al. used 

polyrotaxane to crosslink PDMS chains by using hydrogen bonding. The resulting elastomer showed high 

stretchability (an max. strain of 2700%) and excellent self-healing properties.57  

1.2.3 Non-covalently crosslinked networks 

Conventional silicone networks are covalently crosslinked. The chains of the conventional silicone 

networks cannot recover once they are permanently broken. In contrast to covalent crosslinking, 

crosslinking with dynamic bonds (such as hydrogen bonding, ionic interaction, 𝜋 − 𝜋  interactions or 

coordinative bonds) may reestablish once they are broken, thereby restoring the mechanical strength and 

enhance the stretchability of the elastomers (Figure 1.3h).58 Various dynamic bonds have been introduced 

into the silicone networks, endowing high stretchability and self-healing properties. Maximum 

elongations of 1200-1500% have been achieved by incorporating hydrogen bonds in networks.59,60  

Maximum elongation of 548% was reached by introducing coordination and ionic bonds.61 Surprisingly, 

self-healing PDMS elastomers fabricated by introducing double reversible bonds (imine and hydrogen 

bonds) exhibited a maximum elongation of more than 4000%.62 
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Overall, various silicone network structures have been developed to circumvent intrinsic limitations of 

conventional silicone networks, achieving high stretchability and/or extremely low softness. However, 

each of the mentioned strategies has its pros and cons in terms of synthesis and materials properties. A 

summary of the various network structures is shown in Table 1.1. Specifically, highly entangled networks 

(Figure 1.3a) are easy to be realized by crosslinking long precursor polymers. However, the stretchability 

of the elastomers is often limited by the precursors length because the high viscosity of the exceptional 

long precursors would bring difficulties to the fabrication process.21
  Although adding solvent during the 

curing reaction followed by solvent evaporation after curing can avoid the issue and provide high 

stretchability, it requires a large amount of energy for solvent evaporation and in addition, the final shape 

of the resulting elastomers is hard to control.22 Interpenetrating networks (Figure 1.3b) often exhibit 

improved stretchability and high toughness due their ability of energy dissipation, however, very high 

stretchabilities have not been reported.24,25 Dilute networks (Figure 1.3c) and sparsely crosslinked 

networks (Figure 1.3d) with low softness are easily realized, but they suffer from instability due to the 

migration of the solvent/sol from the matrices in the long term.26,27,32 Although, bottlebrush networks 

(Figure 1.3e) are relatively stable, they often require complex synthesis.33–35 Concatenated networks 

(Figure 1.3f) and polyrotaxane networks (Figure 1.3g) are topologically crosslinked, which can endow 

flexibility and the ability to release pressure. The concatenated network has not been synthesized 

experimentally and only a polymer network, plausibly, consisting of concatenated rings has been 

reported.46,47 Reported polyrotaxane networks are mainly based on PEG. Only limited work is focused on 

silicone elastomers.55–57 Non-covalent crosslinked networks (Figure 1.3h) exhibit high extractability and 

self-healing properties. However, they often require relatively complex synthesis and the resulting 

elastomers often show an obvious softening effect.59–62 In summary, none of the mentioned strategies are 

versatile enough to enable the preparation of silicone elastomers that are both highly stretchable and 

very soft. There is thus a lack of available chemistries capable of efficiently preparing silicone elastomers 

with superior stretchability and softness. 

Table 1.1 Summary of structural features for various silicone networks 

Silicone network structure Main purpose Pros Cons Ref. 

Highly entangled network Improve stretchability Easy process Limited stretchability 63 

Interpenetrating network Improve stretchability High toughness Limited stretchability 23–25 

Diluted network Improve softness Easy process Instability 26,27 

Sparsely crosslinked 

network 

Improve softness and 

stretchability 

Easy process Instability 32 

Bottle-brush network Improve softness Stability  Complex process 34,36 

Concatenated ring 

network 

Improve stretchability  Flexible network Challenge in synthesis 46,47 

Polyrotaxane network  Improve stretchability Flexible network Complex process, 

limited polymers 

55–57 

Noncovalently crosslinked 

network 

Improve stretchability Self-healing Complex process, 

softening effect 

59–62 

 



Chapter 1 Background 

7 
 

1.3 Silicone-based dielectric elastomer actuators 

1.3.1 Introduction of dielectric elastomer actuators 

Traditional robots using rigid deformations have made significant contributions to industry productions 

as well as human daily life. With an increasing number of robots requiring to interact with humans under 

unstructured environment (environment that contains many obstacles and where vehicle localization is 

difficult), soft robots capable of enabling large deformations while inducing little pressure when 

maneuvering through confined spaces are in great demand.64–66 A soft actuator, often called an artificial 

muscle, is a key component in robots to enable smooth deformations.64 Dielectric elastomer actuators 

(DEAs) are recognized as one of the most promising soft actuators due to their properties resembling 

human muscles in terms of the soft properties, generated force, and actuation pressure.67 A DEA consists 

of a dielectric elastomer (DE) sandwiched between two compliant electrodes.68 Applying a voltage across 

the electrodes causes the DE to decrease in thickness and expand in area as a consequence of the 

electrostatic force between the electrodes (Figure 1.4).68,69 The DEA enables reversible and noiseless 

deformations by cyclic charging-discharging. An actuation strain in thickness (𝑠z) is usually expressed by: 
68 

𝑠z = −
𝜀0𝜀𝑟

𝑌
(
𝑈

𝑑
)2 (1.1) 

Where d is the actuated thickness of the DE, U is the applied voltage, 𝜀0 = 8.854 × 10−12 F m−1 is the vacuum 
permittivity, 𝜀𝑟 is the relative dielectric permittivity and Y is the Young’s modulus. 

 

Figure 1.4 Schematic working principle of dielectric elastomer actuators  

One of the most important components of a DEA is the DE, because it determines dielectric permittivity, 

electrical breakdown strength, actuation strains and actuation stability. The most commonly used DEs are 

silicone elastomers, acrylic elastomers (such as VHBs from 3M), polyurethane elastomers and natural 

rubber.69 Silicone elastomers are one of the most used materials for DEAs due to their high efficiency, 

reliability and fast response times and a broad range of operation temperatures.70,71 

There are a broad range of potential applications for the DEA technology. Some of them are already 

developed into commercial products, notably haptic feedback devices from Artificial Muscle Inc and Laser 

speckle reducers from Optotune AG. Other potential applications include biological cell stretchers,72 

tunable lenses,73,74 flexible motors,75 compliant grippers,76,77 and soft robotics.7,78 

1.3.2 Silicone-based DEAs 

Silicone elastomers are commercially available and extensive research has been conducted to map their 

performances79,80. However, further functionalization opens up for improved performances, and a 
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plethora of studies have been performed to decrease the operation voltages by decreasing the thickness 

and the Young´s moduli, and/or increasing the dielectric permittivities of the silicone elastomers:  

For example, the dielectric permittivity of silicone elastomers has been improved by physically or 

chemically incorporating high permittivity components, including particles, oils, and functional 

moieties.69,81 The physical incorporation of high permittivity components is easy to conduct, but it often 

leads to increased stiffness, phase-separation and long-term instabilities of the resulting elastomers.82,83 

Such disadvantages can be overcome by using chemically modified silicone elastomers grafted with high 

permittivity components.84,85 However, such systems often suffer from increased dielectric losses, which 

further leads to reduced dielectric breakdown strength.86  

Soft silicone elastomers were prepared by addition of solvents,26,27,87,88 through sparse crosslinking,32,89,90 

and by crosslinking bottle-brush PDMS.35,91 The first two strategies are easily implemented, however, they 

are prone to induce electromechanical instability of the resulting elastomers.87 Crosslinking bottle-brush 

PDMS gives ultra-soft and stable silicone elastomers but the strategy often requires relative complex 

synthesis.34 

Fabricating thin DE films is favorable because the actuation strain is inversely proportional to the squared 

thickness of the film. The film thickness is typically in the range of 20-100 µm as reliable fabrication is 

challenging below this range. Nevertheless, a DEA with a 3 µm thick pad-printed film has been fabricated, 

exhibiting a 7.5% lateral strain at only 245 V.92 Later on, a DEA with an even thinner film of only 1.4 µm 

was fabricated using a solvent-cast DE film and Langmuir-Schaefer transferred electrodes. The DEA 

enabled a 4.0% lateral strain at only 100 V.93 An alternative approach to reduce the thickness of DE films 

is via prestretching. This process circumvents the challenge of preparing reliable ultra-thin films (< 20 µm) 

although there are several issues: Firstly, the thickness is limited by the stretchability of the used 

elastomers. In particular, conventional silicone elastomers usually have maximum strains below 800% for 

uniaxial deformations.16 Secondly, prestretching requires rigid frames of the actuators, which may limit 

their applications. Besides, high extents of prestretching often lead to significantly increased stiffness of 

the DE films due to strain hardening effects. Therefore, a silicone elastomers with high stretchability and 

a low modulus even under high prestretches is needed to overcome these limitations for devices in which 

rigid prestretch frames are acceptable.  

1.4 Motivation of research 

Recently, a highly stretchable silicone elastomer prepared from heterobifunctional PDMS 

macromonomers without use of a covalent crosslinker was shown to exhibit an extreme elongation (> 

5000%) and excellent strain recovery.94 This is in clear contradiction with classical rubber elasticity 

theories because an elastomer with virtually no cross-links and no possibility of forming transient bonds 

should not possess such a high degree of elasticity and strain recovery. Understanding the mechanism of 

elasticity of these novel elastomers will open the route for molecular design of highly stretchable materials 

with optimized properties. 

Secondly, although various strategies have been developed for pursuing increased stretchability and 

lower softness of silicone elastomers, none of them are versatile enough to enable the preparation of 

silicone elastomers that are both highly stretchable and very soft. There is thus a lack of available 

chemistries capable of efficiently preparing silicone elastomers with superior stretchability and softness. 
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At last, silicone elastomers with thin thickness and low softness are favorable for use in low voltage DEAs. 

Thin silicone films can be realized by prestretching from thick films. Therefore, a highly stretchable, soft 

silicone elastomer would be interesting for use in low voltage DEAs by applying high prestretches.  

1.5 Outline of research 

The outline of the research is illustrated in Figure 1.5 and proceeds as follows: 

In chapter 2, in order to study the mechanism of the unprecedented elasticity of the silicone elastomer 

reported by Goff et al,94 a series of characterizations is implemented, including mechanical studies, 

polymer size studies, rheological tests, swelling experiments, and stress-strain modeling.  

In chapter 3, the observed formation of silicone elastomers when telechelic/multiple Si-H functional PDMS 

and a platinum catalyst were heated in air at 100 °C is investigated. This discovery is explained by 

crosslinking reactions of Si-H functional groups with otherwise inert PDMS chain constituents (SiH 

crosslinking) based on subsequent mechanism studies. Combining a hydrosilylation reaction with the SiH 

crosslinking, highly entangled elastomers and bottle-brush elastomers were prepared from commercial 

precursor polymers. The highly entangled elastomers show high stretchability, and the bottle-brush 

elastomers show extreme low softness. The mechanical properties and rheological properties of the 

prepared elastomers are tailored and studied. 

In chapter 4, highly stretchable silicone elastomer developed in chapter 3 was applied in DEAs. DEAs with 

different initial thickness and prestretches were fabricated. The performance of DEAs are shown and 

discussed in terms of strain-voltage curves, response speeds and long term strain stability. 

 

 

Figure 1.5 Outline of research 
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Chapter 2 Concatenated ring networks 

Recently, an extremely soft elastomer with an elongation of more than 5000% and a strain recovery of 

82% after 10 cycles of deformation to 80% of maximum strain was reported by Goff et al..94 Unlike 

conventional crosslinked elastomers produced from telechelic vinyl functional silicone polymers, 

multifunctional hydride crosslinker and platinum catalyst, this elastomer was produced solely using near-

monodisperse α-monovinyl-ω-monohydride telechelic PDMS and a platinum catalyst—i.e., without using 

a crosslinker.94 Because the degree of covalent crosslinking was below the detection level of nuclear 

magnetic resonance (NMR), traditional covalent crosslinking cannot account for the reported elastic 

behavior of this elastomer. Its combination of stable mechanical properties in the absence of chemical 

crosslinks departs from the classical understanding of rubber elasticity, according to which a material with 

virtually no crosslinks and no possibility of forming transient bonds should not possess such a high degree 

of elasticity or strain recovery.95 

From the reported reaction route, based on highly efficient Pt-catalyzed hydrosilylation with limited side 

reactions,96 it can be concluded that there are two possible topological structures present during curing, 

when macromonomers are of high purity: intermediate chain extended linear PDMS from intermolecular 

reaction, and cyclic PDMS from intramolecular reaction (Figure 2.1a). The linear macromolecules may 

either undergo an intermolecular reaction or an intramolecular reaction. Since the intermolecular 

reaction always results in end-functional macromolecules, the heterobifunctional ring closure reaction 

may happen for any intermediate linear PDMS. Due to the very high reaction efficiency and lack of NMR 

signals for unreacted end groups (see Figure S1 and Figure S2 in Appendix 1, where macromonomer purity 

is also shown), it is clear that two structures can exist in the final elastomer: namely, rings or extremely 

long polymer chains with unreacted end groups. This was earlier reported for a similar reaction of 

difunctional telecheleic PDMS reacting with difunctional crosslinker46,97,98 However, this system requires 

crosslinkers to connect the PDMS chains, which significantly lowers the possibility of forming rings since 

the ring formation depends on not only the molecular weight of the PDMS, but also the ratio of crosslinker 

and PDMS. 

2.1 Mechanical characterization  

In this work, we synthesize the above elastomers without silica fillers and compare these polymer-only 

networks to two reference samples—a conventional PDMS elastomer and an entangled PDMS melt—in 

order to demonstrate the unique mechanical properties of this new type of “concatenated ring network”. 

Materials and sample preparation are described in the ESI. Elastomer-HV15, Elastomer-HV22 and 

Elastomer-HV31 were prepared from α-monovinyl-ω-monohydride terminated PDMS of three chain 

lengths: DMS-HV15 ( �̅�𝑛 ≈ 4 kDa ), DMS-HV22 ( �̅�𝑛 ≈ 15 kDa ) and DMS-HV31 ( �̅�𝑛 ≈ 27 kDa ), 

respectively. In Figure 2.1b, the tensile properties of these elastomers are compared to a conventional 

crosslinked PDMS network prepared from a polymer of similar length to HV22 (DMS-V25, �̅�𝑛 ≈ 15 kDa). 

The concatenated networks are much softer and stretch to a much greater extent than the conventional 

PDMS elastomer with similar molecular weight between crosslinks. Indeed, the developed concatenated 

networks exhibit excellent elasticity, with maximum strain at break of 1270% and strain recovery of 96% 

after 3 cycles (Table S2 in Appendix 1). The elastomers’ high swelling ratios (Figure S4 in Appendix 1) 

further verify their permanent, yet very loose network structure. 
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Figure 2.1 (a) The possible reaction paths leading to ring structures of varying sizes. (b) Engineering stress (force divided by initial 
area) of the two prepared concatenated networks compared to a traditional PDMS network with covalent bonds (black curve). (c) 
Linear viscoelastic data for a concatenated network compared to a PDMS melt and a traditional PDMS network. (d) The different 
ring structures forming a network and a sol. The network consists of elastically active concatenated rings as well as dangling, 
elastically inactive rings that are concatenated with only one other elastically active ring structure. The sol consists of rings that are 

not connected to the network structures. 

2.2 Rheological characterization  

To further illustrate these elastomers’ peculiar rheological behavior, their linear viscoelastic responses are 

compared to those of the reference elastomer and an entangled polymer melt in Figure 2.1c. Both the 

melt and the reference network show the presence of an entanglement plateau of 0.2 MPa at high 

frequency. The concatenated ring networks, on the other hand, have a plateau of G´ far below the 

entanglement threshold for all investigated frequencies. This plateau indicates only minimal relaxation, 

meaning that most of the network structure is elastically active and that there are only limited unreacted 

polymer chain ends present, as otherwise these would relax by reptation (sol molecules) or by chain end 

withdrawal (dangling chains). The low G´ value further indicates that all the linear molecules present 

should be shorter than the length given by the molecular entanglement weight of PDMS and that they are 

not crosslinked in the traditional sense, since the plateau would then be described by a value of G´ higher 

than the entanglement plateau.  

The final feasible network structure would be a very lightly crosslinked network or infinitely long linear 

polymer chains with a large fraction of fast relaxing sol molecules with molecular weight lower than that 
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of entanglements. Since there is no trace of unreacted macromoners in the network (confirmed by NMR, 

see Figure S1 and Figure S2 in Appendix 1), the low molecular weight species must be free rings. 

Theoretically, the plateau of a diluted, well-entangled network is predicted to be 𝐺0 = 𝐺N
0(1 − 𝜑)𝑎 (with 

𝑎=1.8-2.3) where 𝜑 is the volume fraction of solvent28–30; in this case, sol fractions of 50%, 60% and 85% 

would be needed to reach the plateaus of 44 kPa, 26 kPa and 2 kPa for 4 kDa, 15 kDa and 27 kPa networks, 

respectively. However, since the networks possess sol fractions of only approximately 13%, 19% and 51%, 

respectively (see Figure S4 in Appendix 1), the low 𝐺0 of the concatenated networks cannot be exclusively 

due to contributions from an extractable sol fraction, but must also be due in part to dangling rings 

trapped in the network structure, thereby acting as internally trapped plasticizers. In other words, a simple 

possible network structure that explains these elastomers’ behavior consists of a mixture of concatenated 

rings of various sizes, “dangling” concatenated chains (i.e. rings with only one concatenation in the 

network), and “sol” rings (rings that are not linked to the network), as illustrated in Figure 2.1d. The 

dangling and sol structures are mainly small rings due to the strong decrease in probability of longer chains 

not being concatenated.32 The fact that network dilution by silicone oil in the curing phase causes classical 

scaling behavior is further evidence of this novel network structure; Elastomer-HV15 and Elastomer-HV22 

were shown to  possess a scaling exponent of 2.3 and 2.7 with the dilution, respectively (Figure S6 in 

Appendix 1), and thus indicating a binary interaction rather than the scaling exponent of 1 for un-

entangled networks (simple crosslink dilution). In other words, the network is dominated by 

entanglements despite the macromonomers (DMS-HV15) possessing a molecular weight below the 

classical entanglement threshold (12 kDa), however, it simultaneously displayed no rheological signature 

of classical entanglements. Rather, entanglement length appears to be governed by a combination of ring 

length and spatial restrictions imposed by the network. 

2.3 Size-exclusion chromatography 

To verify this proposed structure, we further investigated the ring formation. Direct detection of 

concatenated rings in the insoluble network fraction is challenging.99 However, the hypothesized structure 

includes the presence of cyclic PDMS in the sol fraction, which can be distinguished from linear chains of 

the same molecular mass using size exclusion chromatography (SEC),100 since the hydrodynamic volume 

of a cyclic polymer is smaller than its linear counterpart.101 Specifically the mean span is smaller by a factor 

of 𝜋 4⁄ .102 Figure 2.2a compares the SEC chromatogram of the extracted sol fraction from Elastomer-HV15 

with the chromatogram of unreacted DMS-HV15. The sol fraction exhibits a peak with a higher maximum 

retention volume compared to DMS-HV15, proving that a PDMS with smaller hydrodynamic volume than 

the original macromonomer—i.e., cyclic PDMS—is present in the concatenated network. Furthermore, 

addition of unreacted DMS-HV15 to this diluted sol fraction leads the peak to shift towards that of DMS-

HV15 (see inset in Figure 2a), accompanied by a corresponding increase in peak intensity, thereby 

eliminating experimental errors caused by pump flow variations.  

The DMS-HV22 network and corresponding sol fraction were also analyzed (see Figure 2.2b). The sol 

fraction exhibits only a small shoulder at around 15 mL, which occurs at larger elution volumes than for 

DMS-HV22. While this may indicate the presence of a small quantity of cyclics, further analysis is 

complicated by the overlap with the starting macromonomers and the low concentration of the elution 

volume at around 15 mL. If cyclic PDMS is indeed formed, more cyclics will be formed under dilute 

conditions, as the probability of intramolecular reaction increases with dilution.103 Therefore networks 

prepared under dilute conditions were tested . As expected, peaks appear under dilute reaction conditions 

(macromonomer diluted 1:1 and 1:3 with solvent, respectively, before reaction) at a larger elution volume 
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compared to the undiluted sample, verifying the presence of cyclic low-molecular weight species in the 

concatenated network prepared from larger macromonomers, albeit in lower concentrations than in the 

corresponding network prepared from a lower molecular weight macromonomer. The analyses 

performed in this study only definitively establish the presence of mono-cyclic rings with retention 

volumes larger than those of the macromers, which can therefore be distinguished from the initial 

macromer. However, theoretical studies have verified that, for a linear step growth polymerization system, 

macrocyclic PDMS of various sizes are formed containing concatenated rings.104 

   

Figure 2.2. (a) SEC curves of starting material DMS-HV15, sol fraction of Elastomer-HV15, and mixtures of the two (2-10 wt% 
DMS-HV15). (b) SEC curves of DMS-HV22, sol fraction of Elastomer-HV22, sol fraction of Elastomer-HV22 prepared with 
dilution ratio of 1:1 (sol of Elastomer-HV22-Di1:1), and Elastomer-HV22 prepared with dilution ratio of 1:3 (Elastomer-HV22-

Di1:3)  

2.4 Modeling of stress-strain behavior.  

Using scaling arguments, Vilgis and Otto suggest that monodisperse concatenated rings would exhibit very 

low elasticity.39 Given that the present system is far from monodisperse we here use affine and slip-link 

models to model the stress-strain behavior and investigate the origin and nature of elasticity for the two 

network types. The least-square fitting parameters from both models can be seen in Figure 2.3.39,105 The 

affine model accurately predicts the stress-strain behavior of the conventional network, but 

overestimates the stresses at strains of more than 50% for all concatenated networks due to the sliding 

nature of the concatenated rings compared to more sterically hindered covalent crosslinks. This sliding 

ability becomes more prominent with larger ring size, as shown by the fact that the prediction model’s 

performance worsens when the molecular weight of the macromonomer is increased (also see Figure S8 

in Appendix 1). The slip-link model, on the other hand, accounts for this partial sliding nature via a 

transient modulus (Gs) in addition to the classical, permanent elastic modulus (Gc), making it a natural 

model for entangled networks or networks resulting from concatenated rings. As Figure 2.3c makes 

evident, the contributions from both types of elasticity are of similar magnitude for both concatenated 

networks. Due to the absence of crosslinks, these will be referred to as pseudo-crosslinks moving forward. 

The concatenated rings initially behave as normal crosslinked or entangled polymer chains; for larger 

stretches, however, their mobility becomes limited due to the concatenation. In the conventional network, 

the crosslinks constitute the principal source of elasticity (Gc/Gs=10), since the molecular weight of the 
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precursor chain (15 kDa) is so close to Me for PDMS (12 kDa) that the contribution from entanglements is 

limited.21  

  

(c)  

Samples 
Molecular weight of 

precursor PDMS 
Gc (MPa) Gs (MPa) G=(Gc + Gs ) (MPa) 

Elastomer-HV15 4 kDa 0.063 0.021 0.084 

Elastomer-HV22 15 kDa 0.036 0.041 0.077 

Elastomer-HV31 27 kDa 0.003 0.008 0.011 

Elastomer-V25 15 kDa 0.251 0.025 0.276 
 

Figure 2.3. Experimental stress-strain and fitting curves based on affine and slip-link models, respectively, for (a) Elastomer-HV22 
and (b) traditionally crosslinked Elastomer-V25. (c) Fitting parameters based on the slip-link model. 

2.5 Conclusion 

In summary, in this work we demonstrated for the first time that the elasticity of the soft elastomers 

prepared from α-monovinyl-ω-monohydride terminated PDMS through hydrosilylation derives from a 

network structure of elastically active concatenated rings, with dangling structures of concatenated rings 

and a sol fraction consisting of single rings and slightly concatenated rings. The formation of monocyclic 

PDMS during crosslinking was confirmed via SEC chromatography, and the permanent nature of the 

network was demonstrated using swelling and tensile tests. Rheology and scaling studies revealed a new 

type of elastic behavior arising from the novel concatenated network structure. From a scaling point of 

view, the elastomers behave as highly entangled melts, but display no rheological signature of classical 

entanglements due to the fact that their entanglement length is dependent upon the ring size and 

tightness of the network structure. By circumventing the entanglement threshold, this novel network 

structure provides a foundation for the future preparation of numerous inherently soft, stable elastomers 

capable of meeting the complicated requirements of soft robotics applications. 
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Chapter 3 Highly entangled networks & bottle-brush networks 

As it is discussed in the chapter 1, although various strategies have been developed to improve elastomer 

extensibility or softness to some extent, none of them are versatile enough to enable the preparation of 

silicone elastomers that are both highly stretchable and very soft. There is thus a lack of available 

chemistries capable of efficiently preparing silicone elastomers with superior stretchability and softness. 

Silicone elastomers have been prepared from Si–H functionalized polymers at 250°C in air, where the 

crosslinking mechanism was found to originate from oxidative crosslinking of Si-H groups in the presence 

of oxygen.106 In this study, silicone elastomers are prepared from PDMS with telechelic/multiple Si-H 

groups and a platinum catalyst in air at the much lower temperature of 100℃ (see Figure 3.1b). In contrast 

to classical curing chemistries where the network strands are directly related to the length of the 

precursor polymers, the curing chemistry presented here, when combined with the hydrosilylation 

reaction, allows network strands to be tailored from normal linear precursors during the curing process. 

Specifically, we report highly stretchable silicone elastomers with ultra-long network strands and 

extremely soft silicone elastomers with bottle-brush strands, both of which are easily prepared from 

commercially available linear precursors (see Figure 3.1c and d). Both novel silicone elastomers are based 

on sequential crosslinking mechanisms in one-pot reactions, where the fast hydrosilylation reaction is 

followed by a slow crosslinking of residual Si-H functional groups. This allows independent control of 

network strand size and structure, as well as of crosslinking. 

3.1 Elucidation of curing reaction. 

In our previous work with platinum-catalyzed hydrosilylation reactions, we observed that elastomers 

were formed when only telechelic Si-H-functional PDMS and a platinum catalyst were present. This 

discovery of a potentially simple method for preparing elastomers prompted us to perform further studies 

in order to elucidate the mechanism of this formation.  

Hydrosilanes readily undergo hydrolysis and alcoholysis reactions with water and alcohols, respectively, 

under basic or strongly acidic conditions or in the presence of radicals, metals, or transition metal 

complexes.107 In the presence of a platinum catalyst and water, telechelic Si-H functional PDMS can thus 

be hydrolyzed into Si-OH, which may further undergo condensation to form extended chains. However, 

the hydrolysis and condensation reactions cannot account for the formation of elastomers from telechelic 

Si-H functional PDMS in a conventional manner. Instead, obtaining elastomers from telechelic Si-H 

functional PDMS requires either the formation of concatenated rings through intramolecular 

condensation reactions or some other unexplored crosslinking reaction.94,108 Water and oxygen are the 

possible reactants in the curing reaction with Si-H-containing precursor PDMS. The reaction was therefore 

carried out under conditions in which water and oxygen content could be carefully controlled. Specifically, 

in a series of experiments, a representative telechelic Si-H functional PDMS (DMS-H11, Mn=1 kDa) was 

heated at 100℃ for 48 h in a sealed flask under each of the following reaction conditions: dry N2 (a dried 

sample under dried nitrogen), wet N2 (a sample containing water with ~ 4 molar equivalent of 

hydrosilanes under dried nitrogen), dry air (a dried sample under dried air), and wet air (a sample 

containing water with ~4 molar equivalent of hydrosilanes under dried air). DMS-H11 was converted into 

a solid elastomer only under wet air conditions. As measured by 1H NMR, the conversion efficiency of Si-  
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Figure 3.1.  (a) Conventional curing reaction to prepare silicone elastomers.13 (b) Novel curing reaction to prepare silicone 

elastomers. (c) Highly stretchable silicone elastomers and (d) extremely soft silicone elastomers prepared from a one-pot curing 
reaction by combining hydrosilylation and subsequent Si-H crosslinking reactions.   

H groups for the three liquid products under dry N2, wet N2, and dry air conditions were found to be 6.6%, 

29.5%, and 52.9%,respectively (Figure 3.2a). These findings indicate that both water and oxygen 

participate in the reaction. A peak at 2.27 ppm in the 1H nuclear magnetic resonance (NMR) spectrum of 

the sample from the wet N2 atmosphere is assigned to a Si-OH structure (Figure 3.2a), suggesting a 

hydrolysis process of Si-H during the reaction.109 A further condensation process of Si-OH results in chain 

extension, as evidenced by the increased molecular weight of the sample (Figure S1, Appendix 2). Another 

new peak that appears at 3.47 ppm (Figure 3.2a) on the 1H spectrum of the sample from dry air 

atmosphere is contributed to a silyl ether (Si-O-CH2-Si) structure which has been reported to originate 

from oxidation reactions of Si-H with oxygen and methyl groups at much higher temperatures in the 

absence of a platinum catalyst.106 The presence of this silyl ether suggests that branched chains are formed 

during the oxidation of Si-H. The integration of the 1H spectrum shows that the amount of hydrogen on 
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silyl ether only accounts for 1.4% of the Si-H loss (Table S3 in Appendix 2), suggesting that most Si-H are 

oxidized into other structures which are not identified in the 1H spectrum. The minimal loss of Si-H (6.6%, 

Figure 3.2a) under dry N2 conditions is most likely due to trace amounts of air and water in the starting 

polymer, as well as a small amount of vinyl groups associated with the platinum catalyst. 

Direct investigations of the chemical composition of solid elastomers cured under a normal air 

atmosphere and a precursor polymer DMS-H11 were performed using 29Si solid-state NMR. Figure 3.2b 

shows that a peak at -7 ppm on the spectrum of the precursor polymer is assigned to Si-H functional 

groups.110 This peak vanishes on the spectra of the elastomers, suggesting an efficient conversion of Si-H 

after curing. New peaks located at 7 ppm and -64 ppm are observed on spectra of the elastomers and are 

assigned to (CH3)3SiO(or (CH3)2CH2SiO) and CH3SiO3, respectively.110–112 Since the hydrolysis of Si-H and 

further condensation of Si-H with Si-OH would only produce more backbone chains (-(CH3)2SiO-), the 

newly formed structures are the result of oxidation of Si-H functional groups. Integration of the spectra 

shows that Si atoms associated with these newly formed structures account for 1.5-2.5% of Si atoms in 

the elastomers(Table S4 in Appendix 2), suggesting that these oxidized structures play a major role in 

crosslinking. 

 

   

 

 

Figure 3.2. (a) 1H NMR spectra of a telechelic Si-H functional PDMS (DMS-H11) and its reaction products after heating at 100℃ 
for 48 h under dry N2, wet N2, and dry air conditions, respectively. (b) 29Si solid-state NMR spectra of elastomers (Ela_DMS-H11 
and Ela_DMS-H21) and a precursor polymer (DMS-H11). (c) Proposed mechanism of crosslinking Si-H functional groups in the 
presence of oxygen and a catalyst. 
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Based on the observations above, it is clear that oxidation of Si-H plays a role in creating branched chains 

to form networks, as hydrolysis and subsequent condensation of telechelic chains would only produce 

longer, linear chains. The oxidation processes are proposed as follows. Si-H functional groups are turned 

into silyl radicals (O(CH3)2Si∙) through hydrogen abstraction in the presence of air (Figure 3.2c-A).113,114 

After further oxidation processes, the silyl radicals are transformed into O(CH3)2SiO∙ (Figure 3.2c-B and 

C).106 Oxidation processes also happen on methyl groups of silicones: oxygen initially generates a carbon 

radical (SiCH2∙) by hydrogen atom abstraction (Figure 3.2c-D)115,116. Branching structures like SiCH2Si and 

SiOCH2Si are formed by combinations of SiCH2∙ with O(CH3)2Si∙ and O(CH3)2SiO∙, respectively (Figure 3.2c-

E and F). A combination of O(CH3)2Si∙ and O(CH3)2Si-O∙ only produces extended chains via the formation 

of SiOSi (Figure 3.2c-G). Further oxidation of SiCH2∙ leads to the creation of  SiCH2OO∙, which enables the 

formation of SiO3CH3 by a self-reaction (Figure 3.2c-H and I).115,116  

It should be noted that the same radicals mentioned above were also used to explain crosslinking during 

the oxidization of Si-H functional PDMS at high temperature (250℃) in the absence of a catalyst, in which 

a silyl ether (Si-O-CH2-Si) structure was the main oxidized structure produced.106 In our work, however, 

the oxidation process is faster and occurs at a much lower temperature due to the use of a platinum 

catalyst; the main oxidized structures produced are (CH3)2CH2SiO and CH3SiO3. Si-[Pt]-H complex is known 

to form by oxidative addition,117–119 and [Pt]-oxygen complex has been reported to significantly promote 

platinum catalyzed hydrosilylation reactions.120,121 These compounds may allow the reaction with oxygen 

to occur at moderate temperatures, thereby changing the main oxidized structures produced. 

This curing chemistry can be extended to the curing of multifunctional Si-H functional PDMS, where both 

hydrolysis/condensation and oxidation reactions may contribute to crosslinking. The prepared elastomers 

listed in Table 3.1 are named according to the precursor polymer used. Overall, the prepared silicone 

elastomers show tensile strains of 70-360%, Young´s moduli of 0.3-0.6 MPa, and tensile strengths of 0.2-

0.6 MPa. These mechanical properties are comparable to those of the two conventional silicone 

elastomers prepared via the classical curing route.18 

Table 3.1. Silicone elastomers prepared from telechelic/multi Si-H functional PDMS in presence of a platinum-divinyl 

tetramethyldisiloxane complex. Conventional elastomers (Ref_DMS-V25 and Ref_DMS-V41) were prepared as references from 
telechelic vinyl functional PDMS, a multi-Si-H functional PDMS, and a platinum catalyst. 

Sample 
 

Precursor length Tensile strain Tensile strength Young´s modulus 

kDa % MPa MPa 

Ela_DMS-H11 1 71 0.24 0.37 

Ela_DMS-H21 6 70 0.35 0.60 
Ela_DMS-H25 14 235 0.49 0.40 
Ela_DMS-H31 24 363 0.46 0.29 
Ela_HMS-064 60 118 0.52 0.52 
Ref_DMS-V25 14 127 0.54 0.84 
Ref_DMS-V41 35 482 0.44 0.19 

 

In order to compare the reaction kinetics of the Si-H functional PDMS system with those of the 

hydrosilylation reaction between Si-H and vinyl groups, platinum-catalyzed reactions of mono-Si-H 

functional PDMS and mono-Si-H functional PDMS with mono-vinyl functional PDMS, respectively, were 
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conducted at 100℃. The total concentration of functional groups was the same for both reactions. Figure 

3.3a shows that the reaction of mono-Si-H functional PDMS takes 6 h to complete 100%, compared to 2 

min for the hydrosilylation reaction. In addition, the reaction of mono-Si-H functional PDMS products a 

fraction of products that are more than 10-time molecular weight of precursor polymers (Figure 3.3a). 

This is consistent with the branching nature of Si-H oxidation. In comparison, the hydrosilylation reaction 

of mono-Si-H functional PDMS with mono-vinyl functional PDMS exclusively produces chains with double 

initial molecular weight (Figure 3.3a). 
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Figure 3.3 (a) Reaction progression over time for the platinum-catalyzed reactions at 100℃ of mono-hydrosilane functional PDMS, 
and mono-hydrosilane functional PDMS with mono-vinyl functional PDMS (stoichiometric amounts of hydride and vinyl). The 
inserts show molecular weight distributions over time during the two reactions. (b) Dependence of storage and loss moduli of 

representative highly stretchable and extremely soft silicone elastomers on curing time measured at 100°C, 1 Hz, and with a fixed 
strain of 1.0%. 

3.2 Curing chemistries for highly stretchable/extremely soft silicone elastomers.  

Preparing silicone elastomers with long strands is one way to efficiently obtain high stretchability. 

However, doing so using conventional curing chemistry requires exceptionally long precursor polymers 

whose high viscosity brings difficulties to fabrication process.17,21 Here, highly stretchable silicone 

elastomers are prepared from a platinum-catalyzed reaction between telechelic Si-H functional PDMS and 

telechelic vinyl functional PDMS using a small excess of Si-H groups (Figure 3.1c). In a one-pot reaction, 

both the hydrosilylation reaction between Si-H and vinyl groups and the water and oxygen-mediated 

crosslinking of Si-H (see above) take place. Due to the significant kinetic advantage of the hydrosilylation 

reaction over Si-H crosslinking (Figure 3.3a), the hydrosilylation reaction is expected to proceed to high 

conversion before any significant crosslinking occurs. Assuming the two reactions happen strictly in 

sequence, the hydrosilylation reaction results in extended chains which are subsequently cross-linked into 

elastomers through the reaction of excess Si-H with oxygen and water. In this case, the average molar 

mass of the network strands can be expressed using Equation 3.1 (derived from Equation S1 in Appendix 

2): 

𝑀extended =
𝑅𝑀DMS−H + 𝑀DMS−V

𝑅 − 1
 (3.1) 

 

where 𝑀DMS−H  is the molecular weight of telechelic Si-H functional PDMS, 𝑀DMS−V  is the molecular 

weight of telechelic vinyl functional PDMS, and R is the molar ratio of the Si-H-to-vinyl functional groups. 
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According to equation 1, even when the values of 𝑀DMS−H  and 𝑀DMS−V  are relatively low, ultra-long 

network strands can be achieved by setting R close to unity.  

Expanding the diameter of the polymer by attaching polymer brushes is a known method for diluting 

entanglements without markedly increasing chain stiffness. The resulting bottle-brush elastomers are 

intrinsically soft, with shear moduli of 1-100 kPa.33–35 However, preparing bottle-brush elastomers 

generally involves relatively complex multistep syntheses, including preparation of bottle-brush polymers 

followed by subsequent crosslinking reactions.34,36 Here, soft silicone elastomers are obtained by 

preparing bottle-brush elastomers through a platinum-catalyzed, one-pot curing reaction of multi-Si-H 

functional PDMS with mono-vinyl functional PDMS in the presence of excess of Si-H functional groups 

(Figure 3.1d). During the reaction, bottle-brush polymers are preferentially formed by grafting mono-vinyl 

functional PDMS onto the multi-Si-H functional PDMS through hydrosilylation. The resulting bottle-brush 

polymers are subsequently cross-linked into bottle-brush elastomers through the relatively slow 

crosslinking of Si-H in the presence of oxygen and water. Side chain lengths, and thus polymer diameter, 

are governed by the length of the mono-vinyl functional PDMS. Assuming crosslinking of Si-H takes place 

strictly after full side chain grafting, the molecular weight between Si-H groups on the bottle-brush chains 

can be determined as:  

𝑀c_SiH =
𝑀brush

𝑓brush + 1
 (3.2) 

 

where 𝑀brush (Equation S3 in Appendix 2) and 𝑓brush  (Equation S4 in Appendix 2) are the molecular 

weight and number of excess hydrides per chain, respectively, after full side chain grafting. 

Representative curing reactions for preparing highly stretchable, extremely soft elastomers were 

investigated by tracing the evolution of the storage and loss moduli during the two curing reactions (Figure 

3.3b).  Gel points are reached within 5 min at 100℃, suggesting fast curing processes. 

3.3 Properties of highly stretchable silicone elastomers  

A number of stretchable silicone elastomers were prepared using different hydrosilane-to-vinyl-functional 

polymer ratios as well as polymers of different molecular weights, as shown in Table 3.2. Figure 3.4a 

shows that, when using the same precursor polymers DMS-H21 and DMS-V22, the tensile strain increases 

from 1040% to 2400% when R decreases from 1.15 to 1.05. Tensile strain can be further increased to 2800% 

by using longer starting polymers DMS-H25 and DMS-V25. Longer extended chains improve tensile strain 

by enabling larger slippage lengths upon deformation (Table 3.2). The Kuhn model is widely used to 

estimate the ultimate extensibility of elastomers as 𝜆max = 𝐿/ℎ, where 𝐿 is the strand length in a fully 

stretched state, and ℎ is the strand length in a random coil state.17 𝜆max is thus proportional to 𝑀0.5 based 

on the relations of 𝐿 ∝ 𝑀 and ℎ ∝ 𝑀0.5. A linear relation between 𝜆max  and 𝑀theo
0.5  complies with the 

Kuhn model (Figure S3 in Appendix 2), suggesting that equation 1 is a valid description of the molar mass 

of the network strands, which supports the proposed curing route. Silicone elastomers with tailored 

stretchability can thus be realized by designing strand lengths based on equation 1. Elastomers’ linear 

viscoelastic responses are shown in Figure 3.4b. The storage modulus of the conventional elastomer 

reaches a plateau at low frequencies, while the storage moduli of the highly stretchable elastomers 

continue to decrease as the frequency approaches zero. This unusual behavior is explained by stress 
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relaxation from entanglements of highly extended strands upon deformation. Stretchable elastomers are 

often biaxially stretched in practical use.122,123 Figure 3.4c shows the area of stretchable silicone elastomer, 

Ela_DMS-H21_DMS-V22_R1.05, is biaxially extended 180-fold from an initial state—20 times greater 

extension than that of the conventional silicone elastomer Ref_DMS-V41. This significantly enhanced 

stretchability demonstrates the very high mechanical integrity of the elastomers studied here. 

Table 3.2. Specifications for studied highly stretchable silicone elastomers.  

Samples 
𝑴𝐃𝐌𝐒−𝐇 

(kDa) 

𝑴𝐃𝐌𝐒−𝐕 

(kDa) 
R 

𝑴𝐞𝐱𝐭𝐞𝐧𝐝𝐞𝐝 

(kDa) 
𝝀𝐦𝐚𝐱 

Ela_DMS-H21_DMS-V22_R1.05 6 8 1.05 286 2493 

Ela_DMS-H21_DMS-V22_R1.10 6 8 1.10 146 1602 

Ela_DMS-H21_DMS-V22_R1.15 6 8 1.15 99 1142 

Ela_DMS-H25_DMS-V25_R1.05 14 14 1.05 574 2864 
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Figure 3.4. Properties of highly stretchable silicone elastomers and a conventional silicone elastomer. (a) Uniaxial stress-strain 
curves. (b) Frequency dependence of storage and loss moduli measured at room temperature. (c) Biaxial stretching. (c-1) The highly 
stretchable silicone elastomer is marked with a red 1 cm2 square; (c-2) the area of the same film is manually extended 180-fold. (c-
3) The extended film subsequently covers the surface of a football with a diameter of 21 cm. (c-4) The conventional silicone 
elastomer marked with a 1 cm2 red square is extended to a maximum of 9 times its original area. 

3.4 Properties of extremely soft silicone elastomers 

A range of bottle-brush elastomers were fabricated according to the formulations in Table 3.3. Shear 

moduli of the prepared elastomers (𝐺) are taken to be equivalent to the plateau values of storage moduli 

at low oscillatory frequency (Figure 3.5a), and decrease from 7.4 kPa to 1.2 kPa when using either smaller 

R or 4-fold longer side chains. Such low shear moduli are comparable to those of hydrogels and human 
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soft tissue.124 Linear viscoelastic responses (Figure 3.5a) show that the prepared elastomers have near 

frequency-independent storage moduli, making them resemble a perfect rubber. Table 3.3 shows that 

the molecular weights of bottle-brush network strands (𝑀c) (Equation S6 in Appendix 2) are larger than 

the average molecular weight between Si-H groups on the bottle-brush chains ( 𝑀c_SiH ). Specially, 

𝑀c>10𝑀c_SiH for the elastomers with MCR-V21 side chains. The large differences between 𝑀c and 𝑀c_SiH 

can be explained by the preferentially intramolecular reactions of the multi-functional bottle-brush chains, 

which result in a large fraction of elastically inactive loops and dangling.125 Figure 3.5b shows the 

compressibility of the bottle-brush elastomer Ela_HMS-064_MCR-V21_R1.05 compared to that of the 

conventional elastomer Ref_DMS-V41. The bottle-brush elastomer is compressed to a strain of 88% under 

a pressure of 0.16 MPa, while the conventional elastomer only shows a compression strain of 19% under 

the same pressure. Importantly, despite the large compression strain imposed on the bottle-brush 

elastomer, it recovers to its initial state almost instantaneously upon pressure being released, displaying 

superior elasticity compared to normal soft elastomers, which often recover only partially. 

Table 3.3. Specifications for studied soft silicone elastomers.  

Samples 𝑹 
𝑴𝐇𝐌𝐒  

(kDa) 

𝑴𝐌𝐂𝐑−𝐕 

(kDa) 

𝑴𝐜_𝐒𝐢𝐇 

(kDa) 

𝑴𝐜 

(kDa) 

Ela_HMS-064_MCR-V21_R1.05 1.05 60 6 130 631 

Ela_ HMS-064_MCR-V21_R1.20 1.20 60 6 42 525 

Ela_ HMS-064_MCR-V21_R1.50 1.50 60 6 18 224 

Ela_ HMS-064_MCR-V25_R1.05 1.05 60 23 342 543 
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Figure 3.5. (a) Frequency dependence of storage and loss moduli of extremely soft silicone elastomers and a conventional silicone 
elastomer measured at room temperature. (b) Two stacked extremely soft specimens (8 mm in diameter) are compressed to a strain 
of 88% by a pressure of 0.16 MPa (the excess polymer is displaced up and down the sides of the geometries). After the pressure is 
released, the films are recovered from the compressed state. In comparison, two stacked conventional specimens (8 mm in diameter) 
were compressed to a strain of only 19% under the same pressure. 
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3.5 Conclusion 

Silicone elastomers with bespoke properties can be prepared via classical hydrosilylation chemistry 

combined with a platinum-catalyzed reaction of telechelic/multi-hydride functional PDMS, without using 

any additional cross-linker. The mechanism of the curing reaction is consistent with platinum-mediated 

crosslinking of hydrosilanes in the presence of trace water and oxygen, and thus may be considered a 

side-reaction in conventional formulations. Compared with classical curing chemistry—i.e., 

hydrosilylation reaction—Si-H crosslinking in the presence of moisture and oxygen proceeds much more 

slowly, thereby providing formulations with an inherent delayed crosslinking opportunity and allowing 

the preparation of highly diverse networks using simple one-pot reactions.  

Highly stretchable silicone elastomers and extremely soft silicone elastomers were developed by 

combining this curing chemistry with hydrosilylation reactions: the fast hydrosilylation reactions 

controlled the size and structures of network strands, after which elastomers were created through the 

much slower crosslinking of Si-H functional groups. Specifically, highly stretchable silicone elastomers 

were prepared by creating highly entangled (long-chain) silicone elastomers from the reaction between 

telechelic Si-H functional PDMS and telechelic vinyl functional PDMS. Tensile strains could be tailored from 

1500% to 2800% by varying precursor length and the molar ratio of Si-H-to-vinyl groups. We 

demonstrated a 180-fold extension in area by biaxial stretch for one such highly stretchable silicone 

elastomer. Extremely soft silicone elastomers were made by creating bottle-brush silicone elastomers 

from the reaction between multi-Si-H functional PDMS and mono-vinyl functional PDMS. The shear 

moduli of the prepared bottle-brush elastomers could be adjusted from 1.2 kPa to 7.4 kPa by changing 

the molar ratio of reactive groups and the side chain lengths. 

Both highly stretchable silicone elastomers and extremely soft silicone elastomers can be easily prepared 

via one-pot reactions using commercial precursors. In addition to enabling the preparation of highly 

stretchableorextremely soft elastomers, the general methodology based on slow crosslinking presented 

here enables the easy development of silicone elastomers with a wide range of functionalities.    
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Chapter 4 Highly stretchable silicone elastomers applied in soft 

actuators  

Fabricating thin silicone-based dielectric elastomer actuators (DEAs) films is favorable for lowering 

operation voltages. A thin DEA film can be enabled by prestretching from a thick film.  

In this work, we prepare a highly stretchable silicone elastomer using a simple one-pot reaction in which 

chain extension and crosslinking take place simultaneously. Due to the significant kinetic advantage of the 

chain extension reaction over the crosslinking reaction, the length of the PDMS chains is significantly 

increased before any meaningful crosslinking occurs. This mechanism has been previously described in 

chapter 3.126 The distance between chemical crosslinks is much longer in the resulting network compared 

to conventional silicone networks (Figure 4.1), enabling significantly increased stretchability. In addition, 

the modulus of the silicone elastomer produced here remains low even under highly stretched states. This 

material is then used to fabricate thin DEAs with high prestretches, with the aim of decreasing operation 

voltages. Strain-voltage curves, response speeds, and long-term stability of the fabricated DEAs are 

studied. 

 

Figure 4.1 Illustration of network structures: (a) a highly-stretchable silicone elastomer resulting from chain extension and 
crosslinking in a one-pot reaction where the chain extension reaction proceeds considerably before any significant crosslinking 

occurs; (b) a conventional silicone elastomer. 

4.1 Characterizations of silicone elastomers 

An elastomer’s ultimate strain determines its highest achievable extent of prestretch. Figure 4.2a presents 

uniaxial true stress versus strain curves for the highly stretchable silicone elastomer produced here 

compared to a conventional silicone elastomer. The former shows a maximum strain of 2300%, which is 

around 5 times as large as that of the conventional silicone elastomer (480%). Such high stretchability 

permits a significant reduction in thickness from large prestretches. The elastic modulus only increases 

from 0.19 MPa to 0.38 MPa under 1500% strain. The combination of high stretchability and low modulus 

under high stretch is favorable for application in low voltage DEAs. 

Equibiaxial is one of the most common types of prestretch. However, experimental data for biaxial strain-

stress curves is difficult to obtain, and therefore scarce. In order to predict the equibiaxial stress-strain 

curve, the Gent model—a hyperelastic model typically used in DEAs—is applied.127,128 The Gent free 

energy density (𝑊) is expressed as: 
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𝑊 = −
𝜇𝐽𝑚

2
(1 −

𝐼1 − 3

𝐽𝑚
) 

(4.1) 

where 𝜇 and 𝐽m are the shear modulus and the parameter defining the stretch at which the stress diverges, 

respectively. For uniaxial stretch, 𝐼1 = 𝜆2 + 2𝜆−1;  for equibiaxial stretch, 𝐼1 = 2𝜆2 + 𝜆−4, where 𝜆 is the 

stretch ratio. 

W has been used to characterize elastomers’ mechanical states and as the reference quantity for 

correlating uniaxial strain to equibiaxial strain.128–130 Here, since the elastomer was equibiaxially 

prestretched to a maximum strain of 500%, the equivalent uniaxial strain is 747% given the same energy 

density for the two types of stretch (these calculations are presented in full in the SI in appendix 3). 

Experimental data at uniaxial strains of 0-747% was therefore used for the model fitting. Figure 4.2b 

shows that the fitted curve agrees with the experimental data for the corresponding uniaxial stretch. The 

equibiaxial stress-strain curve can be predicted based on the fitted parameters: elastic moduli at 

equibiaxial stretch ratios of 3 and 6 (strains of 200% and 500%) are estimated to be E200-210%=0.16 MPa 

and E500-510%=0.41 MPa, respectively. 

0 400 800 1200 1600 2000 2400
0

2

4

6

8

10

12  Highly stretchable silicone elastomer

 Conventional silicone elastomer

T
ru

e
 s

tr
e

s
s
 (

M
P

a
)

Strain (%)

E0-10%=0.19 MPa

E500-510%=0.18 MPa

E1000-1010%=0.29 MPa

E1500-1510%=0.38 MPa

E2000-1200%=1.65 MPa

a

 

0 200 400 600 800
0.0

0.3

0.6

0.9

1.2

1.5

T
ru

e
 s

tr
e

s
s
 (

M
P

a
)

Strain (%)

 Experimental data for uniaxial stretch

 Fitting curve for a uniaxial stretch

 Predicted curve for an equibiaxial stretch

b

m=0.062 MPa, Jm=200

E200-210%=0.16 MPa

E500-510%=0.41 MPa

 

  

 

10-2 10-1 100 101 102
103

104

105

106

Highly stretchable silicone elastomer:

 Storage modulus  Loss modulus 

Conventional silicone elastomer:

 Storage modulus  Loss modulus 

Frequency (Hz)

M
o

d
u

lu
s
 (

P
a

)

c

 

10-2 10-1 100 101 102 103 104 105

2.0

2.5

3.0

3.5

4.0

4.5

5.0
Highly stretchable silicone elastomer

  No prestretch

  Prestretch 3

  Prestretch 6

Conventional silicone elastomer

  No prestretch

D
ie

le
c
tr

ic
 p

e
rm

it
ti
v
it
y
 (
e´

)

Frequency (Hz)

d

 

Figure 4.2. (a) Uniaxial stress-strain curves. (b) Uniaxial stress-strain curve at strains of 0-800%, as well as fitting stress-strain 
curves for both a uniaxial and an equibiaxial stretch. (c) Frequency dependence of storage and loss moduli. (d) Dielectric 

permittivity (ɛ´) as a function of frequency.4.2 Performances of DEAs 

Elastomers’ linear viscoelastic properties are shown in Figure 4.2c. An obvious relaxation behavior is 

observed for the highly stretchable silicone elastomer, as evidenced by the reduced storage modulus with 
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decreasing frequency. This relaxation behavior suggests that the entangled chains are unraveled due to 

their sliding ability under the measured shearing frequencies between 0.01-100 Hz. Moreover, the highly 

stretchable elastomer shows a higher viscous loss, as its loss modulus is higher than that of the 

conventional elastomer. Both the observed relaxation behavior and high viscous loss of the highly 

stretchable silicone elastomer can be attributed to its highly entangled and sparsely crosslinked structures. 

Figure 4.2d shows that the dielectric permittivity of the highly stretchable silicone elastomers remains 

almost constant in the frequency range of 10-2-105 Hz. The dielectric permittivity of the highly stretchable 

silicone elastomer without prestretch is around 3.3 at the measured frequencies, which is close to that of 

the conventional silicone elastomer. When the elastomer is stretched to ratios of 3 and 6, the dielectric 

permittivity is reduced to 2.4 and 2.5, respectively. Because the highly stretchable silicone elastomer 

consists of the same repeating (SiO(CH3)2)) units as the conventional silicone elastomer, their dielectric 

permittivities should be similar. As the elastomer is stretched equibiaxially, the PDMS chains become 

oriented in the stretching directions. When applying an electrical field perpendicular to the stretching 

plane, the movements of dipoles on the chains are constrained by the mechanical force. It is therefore 

expected that the dielectric permittivity perpendicular to the stretching direction will be lower than in the 

stretching direction[38–40],131–133 and that a decrease in dielectric permittivity will be observed. 

4.2.1 Strain-voltage curves of DEAs 

DEAs’ initial thickness and prestretch ratio affect their response to applied voltage, as they govern the 

final thickness of prestretched films. DEAs with different initial thicknesses (1100 μm, 280 μm, and 150 

μm) and equibiaxial prestretch ratios (3 and 6) were fabricated. As shown in Figure 4.3a, DEA_1100 μm_3 

can be maximally actuated to a strain of 30% at 4300 V—a much larger actuation strain than the reported 

maximum strains of 10-15% for conventional silicone-based DEAs[41–44]. This increased strain threshold 

can be attributed to the low modulus of 0.16 MPa at the equibiaxial prestretch ratio of 3, as determined 

from the fitting plot in Figure 4.2b. By decreasing the initial thickness or increasing the prestretch, DEAs 

can be actuated to the same strains at much lower voltages. Specifically, DEA_280 μm_3 shows a 

maximum strain of 11.8% at 1200 V, DEA_280 μm_6 shows a maximum strain of 2.5% at only 250 V, while 

DEA_1100 μm_3 requires 3 and 9 times the voltage, respectively, to enable the same strains. In terms of 

their achieved strains, the studied DEAs show promise for use at low voltage, circumventing the challenge 

posed by the typically high voltages (> 1 kV) needed to actuate silicone-based DEAs.69 

 

The electrical field is calculated as 𝐸 = 𝑈/𝑑. Lateral strain-electrical field plots are shown in Figure 4.3b. 

For DEAs with initial thicknesses of 1100 μm and 280 μm and the same prestretch ratios, these plots are 

mostly overlaid; this is consistent with the theoretical relationship between the lateral strain and the 

electrical field described by Equations 1 and 3 in appendix 3, since DEAs with the same prestretch ratio 

should possess identical Young´s moduli and dielectrical permittivities. The DEAs undergo electrical 

breakdown when the electrical field is further increased from the maximum strengths tested in Figure 

4.3b. The maximum electrical field was reduced from 59 V/μm to 35 V/μm by decreasing the initial 

thickness and increasing the prestretch ratio. 

In order to obtain the DEAs’ theoretical response, theoretical lateral strain-electrical field plots are 

determined by substituting the estimated Y and measured 𝜀𝑟 into Equations 1 and 3 in appendix 3. These 

theoretical plots fit well with the experimental plots overall, with the exception of results for the two 
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thinnest prestretched DEAs (DEA_280 μm_6 and DEA_150 μm_3; Figure 4.3c and 4.3d). This discrepancy 

may be due to amplificatory effects of defects in the thin films, which could originate from film and 

electrode fabrication processes. 
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Figure 4.3 (a) DEA strain-voltage plots. (b) DEA strain-electrical field plots. (c, d) Comparison of experimental vs. theoretical 
strain-electrical field plots. 

4.2.2 Response speed of DEAs 

DEA response speed is an important factor for practical applications, and response times ranging from 

tens of milliseconds to a few seconds have been reported for silicone-based DEAs.134,135 As shown in Figure 

4.4, the prestretched actuators studied here responded rapidly before slowing down as the strain 

approaches a plateau. Overall, it takes 0.1-0.5 s to achieve 50% of full strain and 2-14 seconds to reach 

90% (see Table 4.1). Such slow responses result from the highly entangled and sparsely crosslinked 

silicone network: the entangled structures slow down the response due to their sliding ability upon 

external stress, while the covalently crosslinked chains respond faster because they are fixed until break.    

DEAs with a prestretch ratio of 6 respond faster to voltage compared to DEAs with a prestretch ratio of 3. 

In particular, DEA_280 µm_3 requires 0.21 s and 9.7 s to reach 50% and 90% of the full strain, respectively, 

while DEA_280 µm_6 exhibits lower respective response times of 0.14 s and 2.1 s. Faster response times 

can be explained by the shorter slippage distance of the entangled structures under increased constraint. 
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Figure 4.4 Strain response as a function of actuation time for different prestretched actuators at relevant voltages. 

Table 4.1 Required times to reach 50% and 90% of achieved strain under DC conditions 

DEAs 
Uapplied 

(V) 

Time for full actuations (s) 

50% 90% 

DEA_1100 µm_3 4000 0.40 14.3 

DEA_1100 µm_6 1200 0.19 5.1 

DEA_280 µm_3 1000 0.21 9.7 

DEA_280 µm_6 250 0.14 2.1 

DEA_150 µm_3 400 0.46 7.2 

4.2.3 Long-term strain stability of DEAs 

Actuator lifetime, defined as the time required to reach 100% failure of devices, is another important 

feature when evaluating DEAs for practical applications. As Figure 4.5 shows, lifetimes vary considerably 

under DC conditions, from 1.6 h to more than 400 h, depending primarily on the electrical field applied. 

For example, all DEA_280 𝜇m_3 samples fail after applying an initial electrical field of 36.3 V/𝜇m for only 

1.6 h (Figure 4.5c). DEA_150 𝜇m_3, on the other hand, survives for 424.2 h before failure under a much 

lower initial electrical field of 19.6 V/𝜇m (Figure 4.5e). However, lower applied electrical fields often lead 

to lower strains, as confirmed by the strain ranges of 4.9-9.3% versus 1.4-2.6% for DEA_280 𝜇m_3 and 

DEA_150 𝜇 m_3, respectively. Actuator lifetime and achieved strain are thus the most important 

considerations when selecting which electrical field to apply. It should also be noted that DEAs with an 

equibiaxial prestretch ratio of 6 (Figure 4.5b and 4.5d) displayed a high incidence of early failure (4/5), 

while the failure of DEAs with an equibiaxial prestretch ratio of 3 is more evenly dispersed over time. This 

more frequent early failure may be caused by significantly enlarged defects resulting from the higher 

equibiaixal prestrech ratio.136 
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Figure 4.5. Failure incidence over time for various DEAs. 5 or 6 of each type of DEA were tested in parallel under the same DC 
voltage source. The applied voltage and strain range for each DEA is shown above. 

The ability to control strain over time is important to ensure reliable DEA function for long-term 

applications. Representative strain-time plots are shown in Figure 4.6. Overall, strain in the presence and 

absence of an electrical potential increases with time until electrical breakdown. Strain increase over time 

with an applied potential results from the fact that constant actuation exercises a softening effect on the 

silicone elastomer. The strain does not go back to zero when the voltage is turned off, indicating a 

response hysteresis. What is more, increasing the strain leads to reduced film thickness and increased 

electrical field, likely reducing the lifetime. Strain ranges for the various DEAs studied here are summarized 

in Table 4.2. DEA_1100 𝜇m_3 shows the widest strain change: from 3.5% to 15.2% over its full actuation 

lifetime. Although a high strain (over 10%) is achieved, such a high degree of strain instability over time is 

an obstacle to practical DEA applications. With a larger prestretch, DEA_1000 𝜇m_6 exhibits a much 

narrower strain range of 2.8-4.0% over its actuation lifetime (Table 4.2). As the observed results for DEAs 

with an initial thickness of 280 𝜇m show, higher prestretch significantly reduces strain change over time 

(Table 4.2). As with their faster observed responses, the narrower strain ranges of DEAs under larger 

prestretch can be explained by the more constrained network shape and shorter slippage distance of 

entangled chains.  

While the relatively slow response time and obvious strain changes over time of the DEAs studied here 

are not universally favorable for all potential practical applications, they are advantageous in applications 

which favor actuator damping. Various strategies have also been developed to overcome the viscous 

effects of acrylic-based DEAs, including regulating applied electric fields,137,138 modeling viscoelastic 

behavior,139 and changing states of robotic or mechatronic systems in discrete steps.140 By applying these 

strategies in the DEAs described above, it should be possible to control strain more accurately in the future. 
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Figure 4.6. Representative plots of strain over time for each type of DEA. DEAs are cyclically actuated with DC voltages. For 
each cycle, the target voltage is constantly applied for 1 h and then decreased to zero for 30 s. 

Table 4.2 Summary of lifetime tests  

DEA 

Average 
prestretched 

thickness 
Uapplied Range of sx 

Range of electrical 
field 

Longest 
lifetime 

𝝁𝒎 kV % V/𝝁𝒎 h 

DEA_1100 µm_3 120 2.0 3.5-15.2 17.8-22.1 >64.8 

DEA_1100 µm_6 27 0.9 2.8-4.0 34.9-35.7 31.6 

DEA_280 µm_3 30 1.0 4.9-9.3 36.3-39.4 1.6 

DEA_280 µm_6 8 0.3 1.1-1.7 37.0-37.3 236.0 

DEA_150 µm_3 16 0.3 1.4-2.6 19.6-20.1 424.2 

4.3 Conclusion 

In this work, we fabricated and tested a highly stretchable silicone elastomer. The maximum uniaxial strain 

of this elastomer is 2300%, and its elastic modulus is determined to be 0.41 MPa under an equibiaxial 

stretch ratio of 6. The elastomer exhibits an obvious stress relaxation behavior and a relatively high viscous 

loss compared to conventional silicone elastomers. The relative dielectric permittivity of the elastomer in 

a free standing state is 3.3, which is reduced to 2.5 and 2.4 for equibiaxial stretch ratios of 3 and 6, 

respectively. 

DEAs with initial thicknesses of 1100 μm, 280 μm, and 150 μm, and equibiaxial prestretch ratios of 3 and 

6 were fabricated from the highly stretchable silicone elastomer. Strain-voltage plots show that DEA_1100 

μm_3 fabricated with a 122 μm-thick prestretched film can be actuated to a 30% strain at 4.3 kV—a much 
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larger degree of strain than is achievable with common silicone-based DEAs. Applying a higher prestretch 

ratio or a lower initial thickness can greatly reduce the applied voltage. For example, DEA_280 μm_6 

fabricated with a 6.9 μm-thick prestretched film can be actuated to a strain of 2.5% at only 250 V. 

Due to the viscous nature of the highly stretchable elastomer used here, the fabricated DEAs respond 

slowly and show strain increases over time compared to conventional silicone-based DEAs—taking 0.1-

0.5 s and 2-14 s to reach 50% and 90% of fully strain, respectively. DEA_1100 µm_3 shows the widest 

strain range of 3.5%-15.2%, while applying a higher prestretch ratio of 6 narrows this to 2.8-4.0%. This 

inherent viscosity is not favorable for all potential actuator applications, but is advantageous for those in 

which actuator damping is desirable, such as in loudspeakers. Importantly, prestretch ratio can be used 

to tune DEAs’ response behavior.  

DEA lifetimes vary remarkably—from 1.6 h to more than 400 h—depending primarily on the applied 

electrical field. For example, DEA_150 𝜇m_3 can be actuated to a lateral strain of 1.4-2.6% for as long as 

424.2 h under an applied voltage of 300 V. Given the strains it is possible to achieve, DEAs show promise 

for use in applications where a high degree of prestretch is permissible and fast response times are not 

required. 
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Chapter 5 Conclusion 

In chapter 2, we demonstrated for the first time that the elasticity of the highly stretchable silicone 

elastomers prepared from α-monovinyl-ω-monohydride terminated PDMS through hydrosilylation 

derives from a network structure of elastically active concatenated rings, with dangling structures of 

concatenated rings and a sol fraction consisting of single rings and slightly concatenated rings. The 

formation of monocyclic PDMS during crosslinking was confirmed via SEC chromatography, and the 

permanent nature of the network was demonstrated using swelling and tensile tests. Rheology and scaling 

studies revealed a new type of elastic behavior arising from the novel concatenated network structure. 

By circumventing the entanglement threshold, this novel network structure provides a foundation for the 

future preparation of numerous inherently stretchable, stable elastomers.  

In chapter 3, silicone elastomers with bespoke properties can be prepared via classical hydrosilylation 

chemistry combined with a platinum-catalyzed reaction of telechelic/multi-hydride functional PDMS, 

without using any additional cross-linker. The mechanism of the curing reaction (SiH crosslinking) is 

consistent with platinum-mediated crosslinking of hydrosilanes in the presence of trace water and oxygen. 

Highly stretchable silicone elastomers and extremely soft silicone elastomers were developed by 

combining SiH crosslinking with hydrosilylation reactions: the fast hydrosilylation reactions controlled the 

size and structures of network strands, after which elastomers were created through the much slower 

crosslinking of Si-H functional groups. Specifically, highly stretchable silicone elastomers were prepared 

by creating highly entangled (long-chain) silicone elastomers from the reaction between telechelic Si-H 

functional PDMS and telechelic vinyl functional PDMS. Tensile strains could be tailored from 1500% to 

2800% by varying precursor length and the molar ratio of Si-H-to-vinyl groups. We demonstrated a 180-

fold extension in area by biaxial stretch for one such highly stretchable silicone elastomer. Extremely soft 

silicone elastomers were made by creating bottle-brush silicone elastomers from the reaction between 

multi-Si-H functional PDMS and mono-vinyl functional PDMS. The shear moduli of the prepared bottle-

brush elastomers could be adjusted from 1.2 kPa to 7.4 kPa by changing the molar ratio of reactive groups 

and the side chain lengths. 

In chapter 4, a highly stretchable silicone elastomer is applied in low voltage DEAs with high prestretches, 

taking advantages of its high stretchability and soft nature. Actuation results show that the fabricated 

DEAs can be actuated to a 30% lateral strain at 4.3 kV for a 122 μm thick prestretched film, and to a 2.5% 

lateral strain at only 250 V for a 6.9 μm thick prestretched film. The DEAs respond relatively slowly (2-14 

seconds to reach 90% of full strain) and show strain change over time due to the more viscous properties 

of the silicone elastomers, compared with conventional silicone elastomers. However, the response speed 

and the strain stability can be improved significantly with a higher prestretch. Lifetimes of our DEAs under 

DC actuation range from 1.6 h to 424 h, depending mainly on initial electrical fields. DEAs with 150 µm 

initial thickness and an equibiaxial prestretch ratio of 3 show 1.0-3.7% lateral strains for the longest 

lifetime of 424 h at only 300 V. Considering the actuation strain at low voltages, these DEAs are promising 

for applications where fast response speeds are not strictly required. 

Overall, concatenated ring networks, highly entangled networks and bottle-brush networks have been 

investigated in this thesis, targeting versatile preparation of highly stretchable and/or extremely soft 

silicone elastomers. The results of this work provide a foundation for the future preparation of numerous 
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inherently stretchable, stable elastomers, and offer a versatile strategy for facile preparation of highly 

stretchable/extremely soft silicone elastomers.  
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Chapter 6 Outlook 

Although the nature of the concatenated ring networks is proven in chapter 2, details like ring sizes and 

average number of concatenations per ring remain unclear. Atomic force microscope (AFM) has been 

used as a powerful tool to visualize single-polymer chain conformations directly.99,141,142 Currently, most 

of the AFM studies are focused on brush polymers (large chain diameter).142,143 It is challenging to visualize 

single PDMS chain conformations using AFM with current technology, however, it might be possible in 

the future with the advances of technology. Alternatively, simulation work can be performed to study the 

formation of concatenated rings in the same reaction system as described in chapter 2. Besides, the 

properties of the concatenated ring networks are affected by the size of rings and the average number of 

concatenations per ring as predicted from simulation work.39–41 It would be important to control the ring 

formations and concatenations for developing concatenated ring networks with tailored properties. The 

unimolecular ring closure reaction system described in chapter 2 involves two competitive reactions, i. e. 

the chain extension and the ring closure reaction. The chain extension possibility is reversely proportional 

to the concentration of the reactive polymers and the ring closure probability diminishes with the chain 

length as 𝑁−3/2 , where N represents the number of atoms in the polymer chain.144 Therefore, the 

concentration and the size of the reactive polymers are the possible controlling conditions for the ring 

formations. 

Improving dielectric permittivity of silicone elastomers is one of the most important strategies to enhance 

silicone-based DEAs´ performances.70 The proposed SiH curing chemistry in chapter 3 provides 

opportunities for the easy development of silicone elastomers with a wide range of functionalities. For 

example, the permittivity of the bottle-brush silicone elastomers developed in chapter 3 can be improved 

by grafting high permittivity side chains on backbone chains.  

Due to the viscous nature of the highly stretchable silicone elastomer in chapter 4, the fabricated DEAs 

respond slowly and show strain increase over time compared with normal silicone-based DEAs. Some 

effective strategies have been developed to dispel the viscous effects in acrylic-based DEAs, including 

discrete actuations140, regulating applied electric fields137,138, and modeling of viscoelastic behavior.139 

Those strategies can be potentially applied in the fabricated DEAs. 
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Chapter 7 Experimental section 

Polydimethylsiloxane (PDMS) (shown in Table 7.1) and platinum-divinyl tetramethyldisiloxane complex 

(3.0 wt% Pt, SIP 6830.3) were purchased from Gelest. Platinum cyclo-vinylmethyl siloxane complex (1.0 

wt% Pt, Catalyst 511) was purchased from Hanse Chemie. Information of instruments used in this thesis 

are shown in Table 7.2. 

Table 7.1 Information of PDMS used in this thesis 

Type of PDMS Chemical structure Abbreviation Mn
a (kDa) ĐM

b 

α-monovinyl-ω-monohydride 
terminated PDMS 

 

DMS-HV15 4.5 1.11 

DMS-HV22 15 1.17 

DMS-HV31 27 1.22 

Telechelic Si-H functional 
PDMS 

 

DMS-H11 1.1 1.35 

DMS-H21 5.9 1.62 

DMS-H25 14 2.33 

DMS-H31 24 1.54 

Mono-Si-H functional PDMS 

 

MCR-H21 7.2 1.11 

Multi-Si-H functional PDMS 
 

HMS-301c 2.0 - 

HMS-064c 60 - 

Telechelic vinyl functional 
PDMS 

 

DMS-V22 7.5 2.10 

DMS-V25 14 1.53 

DMS-V41 35 2.02 

Mono-vinyl functional PDMS 

 

MCR-V21 7.8 1.13 

MCR-V25 23 1.30 

PDMS oil 

 

DMS-T15 4.0 - 

a: Number average molecular weight. b: Dispersity. c: Concentrations of Si-H groups on HMS-301 and 
HMS-064 were determined to be 3.74 mol/kg and 0.830 mol/kg, respectively, based on integrations of  
1H spectra. 
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Table 7.2 Information of instruments used in this thesis 

Name Type Brand 

Speed mixer  DAC150FVZ Hauschild  

Universal testing machine Instron 3340  Instron 

Size exclusion chromatography (SEC) 
 

Viscotek VE 2001 GPC 
Solvent/Sample Module, Viscotek 
TriSEC Model 302 Triple Detector 

Malvern Panalytical 

HLC8320GPC  Tosoh Bioscience 

Rheometer  
ARES G2  

TA Instruments 
AR-2000  

1H nuclear magnetic resonance 
spectroscopy (NMR) 

AC 300 MHz  
Bruker 

29Si solid-state NMR Avance III HD  

Dielectric spectrometer  Alpha-A 
Novocontrol Technologies 
GmbH & Co, Germany 

 

7.1 Experimental section for chapter 2 

The elastomers investigated in the chapter 2 were compared to two different reference samples: (i) a 

conventional elastomer, and (ii) an entangled PDMS melt.  

Elastomers prepared in bulk. Elastomer-HV15, Elastomer-HV22 and Elastomer-HV31 were prepared from 

three different α-monovinyl-ω-monohydride terminated PDMS: DMS-HV15, DMS-HV22 and DMS-HV31 

with molecular weights of 4.5 kDa, 15 kDa and 27 kDa, respectively. These macromononers are the main 

constituents of the commercial Exsil® elastomers manufactured by Gelest Inc, which also include silica 

and a catalyst. In this study, however, we used a non-filled polymer system. A representative preparation 

procedure for Elastomer-HV15 is as follows: 

DMS-HV15 (10 g, 2.50 ×  10-3 mol of each reactive group) was mixed with platinum-divinyl 

tetramethyldisiloxane complex (SIP 6830.3, 10 mg, 1.50 × 10−6  mol, 6.20 × 10−4  equivalent) using a 

speed mixer for 1 min at 3500 rpm. The mixture was immediately poured into a mold and placed at 80°C 

in air for 10 h.  

Elastomers prepared in toluene solution. DMS-HV22 (2.0 g, ~1.3 × 10−4 mol, 2.1 mL) was dissolved in 

toluene (≥ 99.9 %, EMD Millipore Corporation) with dissolution ratios (volume ratio between DMS-HV22 

and toluene) of 1:1 and 1:3. A constant amount of catalyst (SIP 6830.3, 2.0 mg, 3.1 × 10−7 mol, 2.4 ×

10−3 equivalent) was added to the solutions. The reaction mixture was kept at 80 °C  for 30 h. The same 

procedure was applied for the reaction of DMS-HV31 with dilution ratios of 1:1 and 1:10. 

Both elastomers prepared in bulk and in solution were submerged in chloroform (≥ 99.8%, Sigma-Aldrich) 

at room temperature (after toluene evaporation from the elastomers prepared in solution). The liquid 

phase was decanted off after 48 h and concentrated by rotary evaporation, followed by vacuum drying at 

room temperature. The non-volatile residue constitute the sol fraction of the original samples. The 
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samples prepared with a large dilution ratios (1:3 and 1:10) were completely soluble in chloroform, while 

all other samples were only partially soluble.  

Reference I. Conventional elastomer. This was prepared by mixing two components, A and B, in line with 

commonly applied formulation procedures16: Part A was prepared by mixing vinyl terminated PDMS 

(DMS-V25,  5.0 g, 3.3 × 10−4 mol) with cross-linker (HMS-301,  0.69 g, 3.6 × 10−4 mol) using a speed 

mixer at 3000 rpm for 2 min. Part B was prepared by mixing DMS-V25 (5.0 g, 3.3× 10−4 mol) with a 

platinum cyclo-vinylmethyl siloxane complex catalyst (catalyst 511, 20 mg, 1.0 × 10−7mol) using the same 

speed mixer. Parts A and B were then mixed together at 3000 rpm for 30 s. The final mixture was poured 

into a mold and placed in air at 120 °C for 10 h. The prepared elastomer is denoted Elastomer-V25.  

Reference II. Entangled PDMS melt. A standard PDMS melt (Silicone putty, #10F077), with a known 

crossover point of storage modulus and loss modulus curves at (ω, G´) = (5.55 rad s-1, 2.6 × 104 Pa ) at 

30℃, was provided by TA Instruments.  

Elastomers prepared in silicone oil solution. Elastomer-HV15, Elastomer-HV22 and Elastomer-V25 were 

prepared with the addition of various fractions (10 wt%, 20 wt%, 30 wt%, 40 wt%, 50 wt% and 60 wt%, 

respectively) of non-reactive silicone oil (DMS-T15). A representative preparation procedure for 

Elastomer-HV15 and Elastomer-V25 with 20 wt% silicone oil is as follows: 

Silicone oil (2.0 g), DMS-HV15 (8.0 g, 2.5 × 10−3mol) and catalyst SIP 6830.3 (10 mg, 1.5 × 10−6 mol) 

were mixed using a speed mixer. The resulting mixture was poured into a mold and cured at 80℃ for 10 

h. The conventional elastomer Elastomer-V25 was prepared with addition of silicone oil as in Reference I 

(above), except that Part A was prepared by mixing silicone oil (2.67 g) with vinyl terminated PDMS (DMS-

V25, 5.0 g, 3.3 × 10−4 mol) and cross-linker (HMS-301, 0.69 g, 3.6 × 10−4 mol) using a speed mixer.  

The samples mentioned above are summarized in Table 7.3. 

Table 7.3 Details of all samples 

Classes Sample names Detail 

Elastomers Elastomer-HV15 Concatenated ring elastomer prepared from DMS-HV15 

 Elastomer-HV22 Concatenated ring elastomer prepared from DMS-HV22 

 Elastomer-HV31 Concatenated ring elastomer prepared from DMS-HV31 

Ref. I Elastomer-V25 Conventional elastomer prepared from DMS-V25 and HMS-301 

Ref. II PDMD melt Standard PDMS melt with crossover of storage modulus and loss 

modulus curves at 5.55 rad s-1, 2.6 × 104 Pa (30 ℃) 

Sol fraction Sol of Elastomer-

HV22-Di1:1 

Sol fraction of the elastomer prepared from DMS-HV22 in toluene 

with volume dilution ratio of 1:1 (partly soluble in chloroform) 

 Elastomer-HV22-

Di1:3 

Product from reaction of DMS-HV22 in toluene with volume dilution 

ratio of 1:3 (completely soluble in chloroform) 

 Elastomer-HV31-

Di1:1 

Product from reaction of DMS-HV31 in toluene with volume dilution 

ratio of 1:1 (completely soluble in chloroform) 

 Elastomer-HV31-

Di1:10 

Product from reaction of DMS-HV31 in toluene with volume dilution 

ratio of 1:10 (completely soluble in chloroform) 
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Tensile tests. Elastomer stress–strain responses were measured using a universal testing machine (Instron 

3340, Instron) at a crosshead speed of 500 mm min−1. Specimens were prepared with a dumbbell shape 

according to ASTM D-638 Type V (width: 3.18 mm; length: 9.53 mm; thickness: 1 mm). Strain recovery 

was measured by recording the changes in specimen length after stretching to 80% of strain at break and 

holding for 10 min, then comparing them to the specimen lengths after removing the applied force for 10 

min (strain recovery = (80% of strain at break - permanent strain) / 80% of strain at break)·100%. In order 

to better visualize specimen stretch, one specimen was dyed by painting a thin layer of red pigment 

(PGRED01, 50% in silicone oil, Gelest Inc.) on its surface. Elastic moduli were determined by linear fitting 

of the stress-strain data at a strain range of 0-10%. 

SEC. SEC was carried out on a chromatographic system consisting of a Viscotek VE 2001 GPC 

Solvent/Sample Module connected to a Viscotek TriSEC Model 302 Triple Detector Array (RI, Light 

scattering, Viscometer) and an evaporative light scattering detector (PL-ELS 2100 ELSD). The column set 

consisted of a PL Guard and two PL gel mixed D columns from Polymer Laboratories connected in series; 

this column combination provides good resolution up to 300,000 Daltons and was calibrated with narrow 

molar mass PDMS standards (PSS, Mainz, Germany). The mobile phase was tetrahydrofuran. All samples 

and calibration standards were analyzed using a flow rate of 1 mL min-1. Samples were analyzed using 

OmniSEC 5.10 software.  

Long term swelling. Extracted sol fraction amounts and elastomer swelling ratios were determined using 

long-term swelling experiments. Approximately 0.1 g sample (mass = 𝑚i, determined to 4 significant digits) 

with dimensions of approximately 10 mm × 10 mm × 1 mm was immersed in 20 mL of chloroform at 

room temperature. The chloroform was replaced after 1 day and decanted off after 2 days. The swollen 

sample (mass = 𝑚s ) was then washed with fresh chloroform and allowed to dry for 24 h at room 

temperature under ambient pressure (mass = 𝑚d). Following the same procedure, the dried sample (𝑚d) 

was immersed in chloroform for an additional 4 days (giving 6 days in total). The swollen sample was then 

washed with fresh chloroform and dried, and the dried sample was subjected to the same treatment for 

an additional two 6-day periods. Masses 𝑚i, 𝑚s and 𝑚d were recorded at each round. The extracted sol 

fraction (%) was calculated as  
𝑚i−𝑚d

𝑚i
× 100%, and the swelling ratio was calculated as 

𝑚s−𝑚d

𝑚d
. Each 

sample was measured in triplicate. 

Linear viscoelasticity (LVE).  Sample LVE was measured using a strain-controlled rheometer (ARES G2, TA 

Instruments), employing small amplitude oscillatory shear (SAOS). Samples with thickness of ∼1 mm cut 

into cylinders 8 mm in diameter were used for the measurements. The shear strain amplitude was fixed 

to 2% (ensuring the measurements were within the linear regime), and a frequency sweep was performed 

from 628 to 0.06 rad s-1. The temperature was controlled using an oven under nitrogen atmosphere. 

Except for the PDMS melt, all samples were measured at 25°C, 100°C and 200°C. The PDMS melt was 

measured by an ARES (TA Instruments) equipped with cooling N2 at -65°C, -50°C and 25°C due to its faster 

dynamics. Time−temperature superposition was used to create master curves based on a reference 

temperature of 25°C.  

NMR. 1H NMR spectra of precursor PDMS and sol fractions of elastomers was performed on a Bruker AC-

300 MHz spectrometer using 50 mg mL-1 solutions in CDCl3. All spectra were acquired using 128 scans. 29Si 

solid-state NMR MAS spectra of investigated elastomers were acquired on a Bruker Avance III HD 

spectrometer operating at a magnetic field of 14.05 T (𝜈L(29Si) = 119.2 MHz) and equipped with a 4 mm 

cross-polarization/MAS broadband probe. The spectra were acquired with a spinning frequency of 6 kHz, 
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a 𝜋/2 pulse of 4.75 ms, an acquisition time of 35 ms and 10 seconds of interscan delay. High-power 1H 

SPINAL-64 decoupling (𝜈RF = 100 kHz) was employed during acquisition. The prepared elastomers were 

cut into smaller pieces and packed in 4 mm o.d. zirconia rotors. Chemical shifts are reported relative to 

TMS (0.0 ppm). High-resolution 29Si NMR spectrum of a precursor PDMS (liquid state) was acquired on a 

Bruker Avance II spectrometer operating at a magnetic field of 9.4 T (𝜈L (29Si) = 79.495 MHz) and equipped 

with a 5mm BBFO probe. The NMR samples were prepared as-received (i.e. no deuterated solvent was 

added) and chemical shifts are referenced using the lock-field determined for a secondary CDCl3 sample. 

A Pi/6 pulse was used for excitation with an interscan delay of 15 seconds. Inverse-gated 1H decoupling 

was applied during acquisition. Data were analyzed using MestReNova-11.  

7.2 Experimental section for chapter 3 

Materials. Information on the chemicals used in this studies is shown in Table 7.1.  DMS-H11 (10 mL) was 

diluted in hexane (20 mL, ≥95%, Sigma-Aldrich) and dried over silica gel (5 g, particle size of 63-200 μm, 

high-purity grade, Sigma-Aldrich) in a sealed flask at a room temperature for 2 days. The dried solution 

was transferred into a dried flask using a syringe fitted with a filter. Subsequently, the hexane was 

removed by subjecting the flask to vacuum at room temperature for 6 h. Supplied gases (nitrogen and 

oxygen) were dried before uses by being passed through glass columns filled with calcium chloride 

(anhydrous, J. T. Baker) and activated 4 Å molecular sieves (4-8 mesh, Sigma-Aldrich), respectively. 

Silicone elastomers prepared from hydrosilane (Si-H) containing PDMS. All the telechelic Si-H functional 

PDMS and multi-Si-H functional PDMS in Table S1 were used to prepare silicone elastomers, respectively. 

A representative procedure is as follows: DMS-H11 (10 g, 1.0× 10−2 mol) was mixed with catalyst SIP 

6830.3 (2.0 mg, 3.1× 10−7 mol) using a speed mixer at 3000 rpm for 2 min. The mixture was poured into 

a mold and placed in an oven at 100°C for 24 h. 

Highly stretchable silicone elastomers and extremely soft silicone elastomers. Vinyl functional PDMS and 

catalyst SIP 6830.3 (2.0 mg, 3.1× 10−7 mol) were mixed using a speed mixer at 3000 rpm for 2 min. 

Subsequently, Si-H functional PDMS was added into the mixture and well-mixed. The final mixture was 

poured into a mold and placed in an oven at 100 °C for 24 h. All the prepared elastomers are listed in 

Table 7.4 and are named according to the precursor polymer used.  

Conventional silicone elastomers. The reference sample of Ref_DMS-V25 was prepared with the same 

formulation as Elastomer-V25 in chapter 2. For a reference sample of Ref_DMS-V41, part A was prepared 

by mixing DMS-V41 (10 g, 1.5 × 10−4 mol) with HMS-301 (0.14 g, 7.3 × 10−5 mol). Part B was prepared 

by mixing DMS-V41 (4.8 g, 7.7× 10−5 mol) with catalyst 511 (3.0 mg, 1.5 × 10−7 mol). Parts A and B were 

then mixed together using a speed mixer at 3000 rpm for 30 s. The final mixture was poured on the surface 

of a polyethylene terephthalate (PET) film (190 𝜇m, Pütz GmbH) and evenly distributed by applying an 

automatic applicator. The PET substrate together with the mixture was placed in an oven at 100°C for 5 

h. 

Kinetics study. Two reactions, (a) MCR-H21 (2 g) mixed with catalyst SIP6830.3 (2 mg) and (b) MCR-H21 (1 

g) mixed with MCR-V21 (1 g) and SIP6830.3 (2 mg) were run in an oven at 100℃. Samples were taken 

from the reaction (a) at reaction time of 10 min, 30 min, 60 min, 180 min and 360 min, using plastic 

pipettes. Samples were taken from reaction (b) at reaction time of 0.5 min, 1 min, 2 min, 5 min and 30 

min. All the samples were immediately cooled using dry ice and analyzed by 1H NMR and SEC.  
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Table 7.4. Formulations of preparing highly stretchable and extremely soft silicone elastomers 

Sample 

Si-H functional PDMS Vinyl functional PDMS 

Mass (g) 
Molar amount of Si-H  

(mol) 
Mass (g) 

Molar amount of vinyl 
(mol) 

Ela_DMS-H21_DMS-V22_R1.05 4.46 1.55× 10−3 5.54 1.47× 10−3 

Ela_DMS-H21_DMS-V22_R1.10 4.57 1.59× 10−3 5.43 1.44× 10−3 

Ela_DMS-H21_DMS-V22_R1.15 4.68 1.63× 10−3 5.32 1.41× 10−3 

Ela_DMS-H25_DMS-V25_R1.05 5.16 3.69× 10−4 4.84 3.46× 10−4 

Ela_DMS-H25_DMS-V25_R1.10 7.92 5.66 × 10−4 7.08 5.06 × 10−4 

Ela_HMS_064-MCR-V21_R1.05 1.39 1.16× 10−3 8.61 1.10× 10−3 

Ela_HMS_064-MCR-V21_R1.20 1.56 1.30× 10−3 8.44 1.08× 10−3 

Ela_HMS_064-MCR-V21_R1.50 1.88 1.56× 10−3 8.12 1.04× 10−3 

Ela_HMS_064-MCR-V25_R1.05 0.52 4.36× 10−4 9.48 4.15× 10−4 

 

Condition controlling experiments. Before reactions, glassware was dried at 130°C overnight. Platinum 

catalyst SIP 6830.3 (1 mg) and dried DMS-H11 (1 g) were added in 50 mL- round-bottom flasks sealed with 

a rubber septum and a stopcock adapter. The mixture was well mixed by vigorous shaking. Four reactions 

under four different atmospheres were created as follows: (a) Dry N2 atmosphere was created by 

evacuating air from the flask and then backfilling with dry N2 for 4 cycles before the addition of the 

precursor polymer and the catalyst. (b) Wet N2 atmosphere was created using the same general procedure 

as in (a) but where 3 drops of water were added to flask and dispersed into the precursor polymer by 

vigorous shaking after introducing the dry air. (c) Dry air was created by following the same procedure as 

in protocol (a) but replacing the dry N2 with dry air. (d) Wet air was created by following the same as in 

protocol (b) but replacing the dry N2 with dry air. Subsequently, the four flasks were heated at 100 ℃ for 

48 h.  The resulting liquid products were analyzed by 1H NMR and SEC. 

Biaxial tension test. An elastomer film (1 mm × 50 mm× 50 mm) was marked with a 1 centimeter square 

in the center by using red pigment (PGRED01, 50% in silicone oil, Gelest Inc.). The film was manually 

biaxially stretched above a grid pad on a table in order to estimate the size changes of the red square.  

The stretching process was recorded by a digital camera on the top of the film. 

LVE. Specimen LVE was measured by a strain-controlled rheometer ARES G2 (TA Instruments), using small 

amplitude oscillatory shear (SAOS). Specimens with a thickness of ∼1 mm were cut into cylinders with a 

diameter of 8 mm. The shear strain amplitude was fixed to 1%. For highly stretchable elastomers, 

frequency sweeps from 1.6 ∙101 Hz to 1.6 ∙10-3 Hz were conducted at 21 ℃  and 200℃, respectively. 

Time−temperature superposition was used to create master curves based on a reference temperature of 

21°C. For extremely soft elastomers, a frequency sweep was performed from 1. 0 ∙102 Hz to 1. 0 ∙10-2 Hz 

at 21°C.  

Time sweep in LVE region. Modulus complex during curing of elastomers was measured by a strain-

controlled rheometer (AR-2000, TA Instruments). The mixture of precursor polymers with platinum 

catalysts was sandwiched between the two plates. The thickness of the mixture layer was around 0.5 mm 
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and the diameter of the plates was 20 mm. Oscillatory experiments were performed with a controlled 

temperature of 100℃, a controlled strain of 1%, and a constant shear frequency of 1 Hz.  

Compression test. Two pieces of cylindrical elastomer (8 mm in diameter) were stacked to give a total 

thickness of around 2 mm. The rheometer (ARES G2, TA Instruments) was used to compress the 

elastomers by reducing the distance of the 8 mm plates. Applied forces and gaps between plates were 

recorded during the compression. 

SEC. SEC was performed on a Tosoh EcoSEC HLC8320GPC instrument equipped with RI and UV detectors. 

The instrument was fitted with two ‘SDV Linear S columns’ from Polymer Standards Service (PSS). Samples 

were run in toluene at 35°C at a flow rate of 1 mL min-1. Molecular weights and dispersities (ĐM) were 

calculated using WinGPC Unity 7.4.0 software. Linear PDMS standards were acquired from PSS. 

Uniaxial tensile test and 1H NMR and 29Si solid-state NMR. Measurements were conducted by using the 

same instruments, procedures and conditions as those for chapter 2. 

7.3 Experimental section for chapter 4 

Silicone elastomer preparation. The highly stretchable elastomer and the conventional silicone elastomer 

used in chapter 4 were prepared as the same procedures for preparing Ela_DMS-H25_DMS-V25_R1.10 

and the reference elastomer Ref_DMS-V41 in Table 7.4.  

Tensile test and LVE. Measurements were conducted by using the same instruments, procedures and 

conditions as those for chapter 3. 

Dielectric permittivity analysis. Dielectric relaxation spectra were obtained by using a dielectric 

spectrometer (Alpha-A, Novocontrol Technologies GmbH & Co). Specimens, including free-standing films 

and prestretched films, were coated with round silver layers (with a diameter of 20 mm and a thickness 

of 5 nm for each layer) at two sides using a rotary pumped coater (Q150R Plus, Quorum). The tests were 

performed at a frequency range of 10-2 Hz to 105 Hz at room temperature and an electrical field of 1 V 

mm-1.  

DEA fabrication. Silicone elastomer films were equibiaxially prestretched using a radial prestretcher with 
8 metallic fingers. The prestretched films were fixed with rigid frames. Details of the prestretching and 
the frames can be found in a published article.136 Except for the thickest prestretched films with an initial 
thickness of 1096±16 µm and a prestretch ratio of 3, the thickness of all the prestretched films was 
measured using a transmission interferometer. The thickness of the thickest prestretched films was not 
determined by the transmission interferometer due to noisy signals, but instead estimated to be 1096 
µm/(3×3) =122 µm. Dry carbon black powder was applied with a paintbrush on the two sides of the 
prestretched films through a mask. The overlaid area of the two-side electrodes was a 5 mm circle in the 
center. The fabricated DEAs are illustrated in Figure 7.1a, and their specifications are given in Table 7.5. 
The names of the DEAs contain the information of initial thicknesses and prestretch ratios. For example, 
DEA_1100 µm_3 means the initial thickness is 1100 µm and the equibixial prestretch ratio is 3. 

Actuation test. Strain-voltage curve tests and lifetime tests were conducted by using the MAPLE setup.136 

For the strain-voltage curve tests, the step-increased voltages were applied on the DEAs until electrical 

breakdown occurred. The step duration was set as 20 s and the lateral strain was measured every 5 

seconds. For lifetime tests, 6 DEAs in parallel were actuated cyclically with the same voltage source. For 

each cycle, the voltages were increased stepwise to the target voltages (Uapplied, values are shown in Table 
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4.3) with a step duration of 20 seconds. Then the target voltages were kept for 1 h and subsequently 

dropped to zero for 30 seconds (shown by Figure 7.1c). The lateral strain was measured every 5 seconds. 

The MAPLE setup was operated inside an environmental chamber in which the temperature and relative 

humidity were set to 25 °C and 50%, respectively. Response speed tests were conducted by recording 

actuations of DEAs with a camera. Voltages were supplied by a single channel high voltage power, and 

they were increased manually step-wise as shown in Figure 7.1d. For each step, the voltage was 

maintained for 30 s and then dropped to zero for another 30 s. The recorded videos (pixel size of 640×480, 

15.02 frames/second) were analyzed using Tracker software 

Table 7.5 Sample specifications of fabricated DEAs. The prestretched thicknesses of the DEAs were measured by transmission 

interferometer, except that of DEA_1100 µm_3 was estimated due to noisy signals from the transmission interferometer. 

DEA 
Initial 

thickness 
(µm) 

Equal-biaxial 
prestretch 

ratio 

Prestretched thickness (µm) 

Strain-voltage 
curve tests 

Response 
speed tests 

Lifetime tests 

DEA_1100 µm_3 
1096±16 

3 ≈122 ≈122 ≈122 

DEA_1100 µm_6 6 30.0±0.0 28.3±0.5 27.3±1.3 

DEA_280 µm_3 
277±2 

3 37.5±1.7 29.0±2.2 30.3±2.6 

DEA_280 µm_6 6 6.9±0.0 9.3±0.1 8.3±1.2 

DEA_150 µm_3 148±6 3 12.0±0.4 13.0±0.0 15.7±0.9 

 

  

Figure 7.1 Configuration of the DEA and the actuation setup. (a) Prestretched DEAs were fabricated with carbon black powder 

electrodes and an active 5-mm-diameter circular region in the center, (b) the fabricated DEAs were actuated by a controlled DC 
voltage source. The actuations were monitored by camera from the top of each DEA, (c) control procedure of applied voltages for 
lifetime tests (Uapplied for each DEA is shown in Table 3), and (d) control procedure of applied voltages for response speed tests. 
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Lateral strains (𝑠x) are determined by:   

𝑆x =
𝐷act − 𝐷ref

𝐷ref
 

(7.1) 

Where 𝐷act is the diameter of the actuated circular electrode. For strain-voltage curve tests and lifetime 

tests,  𝐷ref is the diameter of the circular electrode before actuations; while for response speed tests, 

𝐷ref is the diameter of the circular electrode at the zero voltage for each step. The thickness strain (𝑠z) is 

determined by: 

𝑆z =
1

(𝑆x + 1)2
− 1 

(7.2) 
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ABSTRACT: There is intense interest in making mechanically stable
elastomers with properties resembling those of human muscles for use
in soft robotics. Recently, a polydimethylsiloxane (PDMS) elastomer
prepared without the use of cross-linking moieties from heterobifunc-
tional PDMS macromonomers of intermediate molecular weight has
been shown to exhibit surprising inherent softness and excellent
stability upon both large deformation and swelling, in clear
contradiction of classical rubber elasticity theories. In this work, this
unexpected elasticity is shown to originate from concatenated rings.

Recently, silicone elastomers have received considerable
attention for their use in advanced products such as

stretchable electronics,1−4 medical devices,5,6 implants, and
microfluidics.7−9 Significant research efforts have explored the
preparation of silicone elastomers, with softness and elasticity
resembling that of human tissue.10−14 However, the softness of
mechanically stable silicone elastomers prepared by classical
means is limited by their entanglement threshold (elastic
modulus of around 0.6 MPa).15,16 In order to circumvent this
threshold and achieve even softer elastomers, strategies such as
sparse cross-linking,17 addition of solvent during curing,18,19

development of rotaxane structures,20,21 and cross-linking,
bottle-brush-type PDMS22,23 have all been applied, but none of
the resulting elastomers possess the stable mechanical
properties of human muscle upon repeated deformation.
Some recover from the stretch only slowly, while some never
fully recover, instead showing a permanent set that makes their
use in repeated actuation strain history-dependent and thus
complicated.
Recently, an extremely soft elastomer with an elongation of

more than 5000% and a strain recovery of 82% after 10 cycles
of deformation to 80% of maximum strain was reported by
Goff et al.13 Unlike conventional cross-linked elastomers
produced from telechelic vinyl functional silicone polymers, a
multifunctional hydride cross-linker, and a platinum catalyst,
this elastomer was produced solely using near-monodisperse α-
monovinyl-ω-monohydride telechelic PDMS and a platinum
catalyst, that is, without using a cross-linker.13 Because the
degree of covalent cross-linking was below the detection level
of nuclear magnetic resonance (NMR), traditional covalent
cross-linking cannot account for the reported elastic behavior
of this elastomer. Its combination of stable mechanical
properties in the absence of chemical cross-links departs

from the classical understanding of rubber elasticity, according
to which a material with virtually no cross-links and no
possibility of forming transient bonds should not possess such
a high degree of elasticity or strain recovery.24

From the reported reaction route, based on highly efficient
Pt-catalyzed hydrosilylation with limited side reactions,25 it can
be concluded that there are two possible topological structures
present during curing, when macromonomers are of high
purity: intermediate chain extended linear PDMS from
intermolecular reaction and cyclic PDMS from intramolecular
reaction (Figure 1a). The linear macromolecules may either
undergo an intermolecular reaction or an intramolecular
reaction. Since the intermolecular reaction always results in
end-functional macromolecules, the heterobifunctional ring
closure reaction may happen for any intermediate linear
PDMS. Due to the very high reaction efficiency and lack of
NMR signals for unreacted end groups (see Figures S1 and S2
in the Supporting Information (SI), where macromonomer
purity is also shown), it is clear that two structures can exist in
the final elastomer: namely, rings or extremely long polymer
chains with unreacted end groups. This was earlier reported for
a similar reaction of difunctional telecheleic PDMS reacting
with difunctional cross-linker.26−28 However, this system
requires cross-linkers to connect the PDMS chains, which
significantly lowers the possibility of forming rings since the
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ring formation depends on not only the molecular weight of
the PDMS, but also the ratio of cross-linker and PDMS.
In this work, we synthesize the above elastomers without

silica fillers and compare these polymer-only networks to two
reference samples, a conventional PDMS elastomer and an
entangled PDMS melt, in order to demonstrate the unique
mechanical properties of this new type of “concatenated ring
network”. Materials and sample preparation are described in
the SI. Elastomer-HV15, Elastomer-HV22, and Elastomer-
HV31 were prepared from α-monovinyl-ω-monohydride
terminated PDMS of three chain lengths: DMS-HV15 (Mn

≈ 4 kDa), DMS-HV22 (Mn ≈ 15 kDa), and DMS-HV31 (Mn

≈ 27 kDa), respectively. In Figure 1b, the tensile properties of
these elastomers are compared to a conventional cross-linked
PDMS network prepared from a polymer of similar length to
HV22 (DMS-V25, Mn ≈ 15 kDa). The concatenated networks
are much softer and stretch to a much greater extent than the
conventional PDMS elastomer with similar molecular weight
between cross-links. Indeed, the developed concatenated
networks exhibit excellent elasticity, with maximum strain at
break of 1270% and strain recovery of 96% after three cycles
(Table S2 in the SI). The elastomers’ high swelling ratios
(Figure S4 in the SI) further verify their permanent, yet very
loose network structure.
To further illustrate these elastomers’ peculiar rheological

behavior, their linear viscoelastic responses are compared to

those of the reference elastomer and an entangled polymer
melt in Figure 1c. Both the melt and the reference network
show the presence of an entanglement plateau of 0.2 MPa at
high frequency. The concatenated ring networks, on the other
hand, have a plateau of G′, far below the entanglement
threshold for all investigated frequencies. This plateau indicates
only minimal relaxation, meaning that most of the network
structure is elastically active and that there are only limited
unreacted polymer chain ends present, as otherwise these
would relax by reptation (sol molecules) or by chain end
withdrawal (dangling chains). The low G′ value further
indicates that all the linear molecules present should be
shorter than the length given by the molecular entanglement
weight of PDMS and that they are not cross-linked in the
traditional sense, since the plateau would then be described by
a value of G′ higher than the entanglement plateau.
The final feasible network structure would be a very lightly

cross-linked network or infinitely long linear polymer chains
with a large fraction of fast relaxing sol molecules with
molecular weight lower than that of entanglements. Since there
is no trace of unreacted macromoners in the network
(confirmed by NMR, see Figures S1 and S2 in the SI), the
low molecular weight species must be free rings. Theoretically,
the plateau of a diluted, well-entangled network is predicted to
be G0 = GN

0 (1 − φ)a (with a = 1.8−2.3), where φ is the volume
fraction of solvent;29−31 in this case, sol fractions of 50%, 60%,

Figure 1. (a) Possible reaction paths leading to ring structures of varying sizes. (b) Engineering stress (force divided by initial area) of the two
prepared concatenated networks compared to a traditional PDMS network with covalent bonds (black curve). (c) Linear viscoelastic data for a
concatenated network compared to a PDMS melt and a traditional PDMS network. (d) Different ring structures forming a network and a sol. The
network consists of elastically active concatenated rings as well as dangling, elastically inactive rings that are concatenated with only one other
elastically active ring structure. The sol consists of rings that are not connected to the network structures.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://dx.doi.org/10.1021/acsmacrolett.0c00635
ACS Macro Lett. 2020, 9, 1458−1463

1459

http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.0c00635/suppl_file/mz0c00635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.0c00635/suppl_file/mz0c00635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.0c00635/suppl_file/mz0c00635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.0c00635/suppl_file/mz0c00635_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00635?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00635?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00635?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00635?fig=fig1&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://dx.doi.org/10.1021/acsmacrolett.0c00635?ref=pdf


and 85% would be needed to reach the plateaus of 44 kPa, 26
kPa, and 2 kPa for 4 kDa, 15 kDa, and 27 kPa networks,
respectively. However, since the networks possess sol fractions
of only approximately 13%, 19%, and 51%, respectively (see
Figure S4 in the SI), the low G0 of the concatenated networks
cannot be exclusively due to contributions from an extractable
sol fraction, but must also be due in part to dangling rings
trapped in the network structure, thereby acting as internally
trapped plasticizers. In other words, a simple possible network
structure that explains these elastomers’ behavior consists of a
mixture of concatenated rings of various sizes, “dangling”
concatenated chains (i.e., rings with only one concatenation in
the network), and “sol” rings (rings that are not linked to the
network), as illustrated in Figure 1d. The dangling and sol
structures are mainly small rings due to the strong decrease in
probability of longer chains not being concatenated.32 The fact
that network dilution by silicone oil in the curing phase causes
classical scaling behavior is further evidence of this novel
network structure; Elastomer-HV15 and Elastomer-HV22
were shown to possess a scaling exponent of 2.3 and 2.7
with the dilution, respectively (Figure S6 in the SI) and, thus,
indicating a binary interaction rather than the scaling exponent
of 1 for unentangled networks (simple cross-link dilution). In
other words, the network is dominated by entanglements
despite the macromonomers (DMS-HV15) possessing a
molecular weight below the classical entanglement threshold
(12 kDa), however, it simultaneously displayed no rheological
signature of classical entanglements. Rather, entanglement
length appears to be governed by a combination of ring length
and spatial restrictions imposed by the network.
To verify this proposed structure, we further investigated the

ring formation. Direct detection of concatenated rings in the
insoluble network fraction is challenging.33 However, the
hypothesized structure includes the presence of cyclic PDMS
in the sol fraction, which can be distinguished from linear
chains of the same molecular mass using size exclusion
chromatography (SEC),34 since the hydrodynamic volume of a
cyclic polymer is smaller than its linear counterpart.35

Specifically the mean span is smaller by a factor of π/4.36

Figure 2a compares the SEC chromatogram of the extracted
sol fraction from Elastomer-HV15 with the chromatogram of
unreacted DMS-HV15. The sol fraction exhibits a peak with a
higher maximum retention volume compared to DMS-HV15,
proving that a PDMS with a smaller hydrodynamic volume
than the original macromonomer, that is, cyclic PDMS, is
present in the concatenated network. Furthermore, addition of
unreacted DMS-HV15 to this diluted sol fraction leads the
peak to shift toward that of DMS-HV15 (see inset in Figure
2a), accompanied by a corresponding increase in peak
intensity, thereby eliminating experimental errors caused by
pump flow variations.
The DMS-HV22 network and corresponding sol fraction

were also analyzed (see Figure 2b). The sol fraction exhibits
only a small shoulder at around 15 mL, which occurs at larger
elution volumes than for DMS-HV22. While this may indicate
the presence of a small quantity of cyclics, further analysis is
complicated by the overlap with the starting macromonomers
and the low concentration of the elution volume at around 15
mL. If cyclic PDMS is indeed formed, more cyclics will be
formed under dilute conditions, as the probability of
intramolecular reaction increases with dilution.37 Therefore,
networks prepared under dilute conditions were tested. As
expected, peaks appear under dilute reaction conditions

(macromonomer diluted 1:1 and 1:3 with solvent, respectively,
before reaction) at a larger elution volume compared to the
undiluted sample, verifying the presence of cyclic low-
molecular weight species in the concatenated network
prepared from larger macromonomers, albeit in lower
concentrations than in the corresponding network prepared
from a lower molecular weight macromonomer. The analyses
performed in this study only definitively establish the presence
of monocyclic rings with retention volumes larger than those of
the macromers, which can therefore be distinguished from the
initial macromer. However, theoretical studies have verified
that, for a linear step growth polymerization system, macro-
cyclic PDMS of various sizes are formed containing
concatenated rings.38

■ MODELING OF STRESS−STRAIN BEHAVIOR
Using scaling arguments, Vilgis and Otto suggest that
monodisperse concatenated rings would exhibit very low
elasticity.39 Given that the present system is far from
monodisperse, we here use affine and slip-link models to
model the stress−strain behavior and investigate the origin and
nature of elasticity for the two network types. The least-squares
fitting parameters from both models can be seen in Figure
3.40,41 The affine model accurately predicts the stress−strain
behavior of the conventional network, but overestimates the
stresses at strains of more than 50% for all concatenated
networks due to the sliding nature of the concatenated rings
compared to more sterically hindered covalent cross-links. This
sliding ability becomes more prominent with larger ring size, as

Figure 2. (a) SEC curves of starting material DMS-HV15, sol fraction
of Elastomer-HV15, and mixtures of the two (2−10 wt % DMS-
HV15). (b) SEC curves of DMS-HV22, sol fraction of Elastomer-
HV22, sol fraction of Elastomer-HV22 prepared with a dilution ratio
of 1:1 (sol of Elastomer-HV22-Di1:1), and Elastomer-HV22 prepared
with a dilution ratio of 1:3 (Elastomer-HV22-Di1:3).
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shown by the fact that the prediction model’s performance
worsens when the molecular weight of the macromonomer is
increased (also see Figure S8). The slip-link model, on the
other hand, accounts for this partial sliding nature via a
transient modulus (Gs) in addition to the classical, permanent
elastic modulus (Gc), making it a natural model for entangled
networks or networks resulting from concatenated rings. As
Figure 3c makes evident, the contributions from both types of
elasticity are of similar magnitude for both concatenated
networks. Due to the absence of cross-links, these will be
referred to as pseudo-cross-links moving forward. The
concatenated rings initially behave as normal cross-linked or
entangled polymer chains; for larger stretches, however, their
mobility becomes limited due to the concatenation. In the
conventional network, the cross-links constitute the principal
source of elasticity (Gc/Gs = 10), since the molecular weight of
the precursor chain (15 kDa) is so close to Me for PDMS (12
kDa) that the contribution from entanglements is limited.15

In summary, in this work we demonstrated for the first time
that the elasticity of the soft elastomers prepared from α-
monovinyl-ω-monohydride-terminated PDMS through hydro-
silylation derives from a network structure of elastically active
concatenated rings, with dangling structures of concatenated
rings and a sol fraction consisting of single rings and slightly
concatenated rings. The formation of monocyclic PDMS
during cross-linking was confirmed via SEC chromatography,
and the permanent nature of the network was demonstrated
using swelling and tensile tests. Rheology and scaling studies
revealed a new type of elastic behavior arising from the novel
concatenated network structure. From a scaling point of view,
the elastomers behave as highly entangled melts, but display no
rheological signature of classical entanglements due to the fact
that their entanglement length is dependent upon the ring size
and tightness of the network structure. By circumventing the
entanglement threshold, this novel network structure provides
a foundation for the future preparation of numerous inherently

soft, stable elastomers capable of meeting the complicated
requirements of soft robotics applications.
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EXPERIMENTAL SECTION

The elastomers investigated in this study were compared to two different reference samples: (i) 

a conventional elastomer, and (ii) an entangled PDMS melt. 

Investigated elastomers prepared in bulk: Elastomer-HV15, Elastomer-HV22 and Elastomer-

HV31 were prepared from three types of α-monovinyl-ω-monohydride terminated PDMS: 

DMS-HV15 ( , =1.1, purity 95-100%, Gelest Inc.), DMS-HV22 ( , 𝑀𝑛 ≈ 4 kDa ĐM 𝑀𝑛 ≈ 15 kDa

 =1.2, purity 95-100%, Gelest Inc) and DMS-HV31 ( ,  =1.2, purity 95-ĐM 𝑀𝑛 ≈ 27 kDa ĐM

100%, Gelest Inc) respectively. These three macromononers, DMS-HV15, DMS-HV22 and 

DMS-HV31, are the main constituents of the commercial Exsil® elastomers manufactured by 

Gelest Inc, which also include silica and a catalyst. In this study, however, we used a non-filled 

polymer system. A representative preparation procedure for Elastomer-HV15 is as follows:

DMS-HV15 (10 g, 2.5  10-3 mol of each reactive group) was mixed with platinum-divinyl ~ ×

tetramethyldisiloxane complex (SIP 6830.3, 10 mg, 1.5  mol, 6.2  equivalent, × 10 ―6 × 10 ―4

3.0% Pt in vinyl terminated polydimethylsiloxane, Gelest Inc.) using a speed mixer 

(DAC150FVZ, Hauschild Co.) for 1 min at 3500 rpm. The mixture was poured into a mold and 

placed in an oven at 80°C for 10 h. 

Investigated elastomers prepared in diluted states: DMS-HV22 (2 g, 1.3  mol, 2.1 ~ × 10 ―4

mL) was dissolved in toluene (≥ 99.9 %, EMD Millipore Corporation) with dissolution ratios 

(volume ratio between DMS-HV22 and toluene) of 1:1 and 1:3. A constant amount of catalyst 

(SIP 6830.3, 2 mg, 3.1  mol, 2.4 equivalent) was added to the solutions. The × 10 ―7 × 10 ―3 

reaction mixture was kept at 80  for 30 h. The same procedure was applied for the reaction of ℃

DMS-HV31 with dilution ratio of 1:1 and 1:10.

Both bulk and diluted elastomers were submerged in chloroform (≥ 99.8%, Sigma-Aldrich) at 

room temperature, after toluene evaporation from the diluted elastomers. The liquid phase was 

decanted off after 48 h and subjected to rotary evaporation followed by vacuum drying at room 
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temperature. The remains from the decanting procedure constitute the sol fractions of the 

original samples. The samples prepared with a large dilution ratio (1:3 and 1:10) were 

completely soluble in chloroform, while all other samples were only partially soluble. 

Reference I: Conventional elastomer: Part A was prepared by mixing vinyl terminated PDMS 

(DMS-V25, kDa, 5 g, 3.3  mol, 95-100%, Gelest Inc) with cross-linker 𝑀𝑛 ≈ 15 ~ × 10 ―4

(HMS-301, 1.9 kDa, 0.69 g, 3.6  mol, 23 wt% methylhydrosiloxane, purity of 95-~ × 10 ―4

100%, Gelest Inc.) using a speed mixer (DAC150FVZ, Hauschild Co.) at 3000 rpm for 2 min. 

Part B was prepared by mixing DMS-V25 (5 g, 3.3  mol) with platinum cyclo-~ × 10 ―4

vinylmethyl siloxane complex catalyst (catalyst 511, 20 mg, 1.0 mol, 1 wt% Pt, Hanse × 10 ―7

Chemie) using the same speed mixer. Parts A and B were then mixed together at 3000 rpm for 

30 s. The final mixture was poured into a mold and placed in an oven at 120°C for 10 h. The 

prepared elastomer is denoted as Elastomer-V25. 

Reference II: Entangled PDMS melt: A standard PDMS melt, with a known crossover point of 

storage modulus and loss modulus curves at (ω, G´) = (5.55 rad s-1, 2.6  104 Pa ) at 30 , was × ℃

provided by TA Instruments.  

Elastomers prepared in silicone oil: Elastomer-HV15, Elastomer-HV22 and Elastomer-V25 

were prepared with the addition of various fractions (10 wt%, 20 wt%, 30 wt%, 40 wt%, 50 

wt% and 60 wt%, respectively) of silicon oil (DMS-T15, kDa, 95-100%, Gelest Inc.). 𝑀𝑛 ≈ 4 

A representative preparation procedure for Elastomer-HV15 and Elastomer-V25 with 20 wt% 

silicone oil is as follows:

The silicone oil (2 g) was mixed with DMS-HV15 (8 g, 2.5 mol) using a speed mixer, ~ × 10 ―3

and the resulting mixture was added to catalyst SIP 6830.3 (10 mg, 1.5  mol). The final × 10 ―6

mixture was poured into a mold and cured at 80  for 10 h. The conventional elastomer ℃

Elastomer-V25 was prepared with addition of silicone oil as in Reference I (above), except that 

Part A was prepared by mixing silicone oil (2.67 g) with vinyl terminated PDMS (DMS-V25, 
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5 g, 3.3  mol) and cross-linker (HMS-301, 0.69 g, 3.6  mol) using a speed ~ × 10 ―4 ~ × 10 ―4

mixer. 

The samples listed above are summarized in Table S1.

Table S1. Sample names with corresponding explanations
Classes Sample names Explanations

Reactants DMS-HV15 α-monovinyl-ω-monohydride terminated PDMS with 𝑀𝑛 ≈ 4 

kDa

DMS-HV22 α-monovinyl-ω-monohydride terminated PDMS with 𝑀𝑛 ≈ 15 

kDa

DMS-HV31 α-monovinyl-ω-monohydride terminated PDMS with 𝑀𝑛 ≈ 27 

kDa

DMS-V25 Vinyl terminated PDMS with 𝑀𝑛 ≈ 15 kDa

DMS-T15 Polydimethylsiloxane oil with 𝑀𝑛 ≈ 4 kDa

Elastomers Elastomer-HV15 Concatenated ring elastomer prepared from DMS-HV15

Elastomer-HV22 Concatenated ring elastomer prepared from DMS-HV22

Elastomer-HV31 Concatenated ring elastomer prepared from DMS-HV31

Ref. I Elastomer-V25 Conventional elastomer prepared from DMS-V25 and HMS-301

Ref. II PDMD melt Standard PDMS melt with crossover of storage modulus and loss 

modulus curves at 5.55 rad s-1, 2.6  104 Pa (30 )× ℃

Sol fraction Sol of Elastomer-

HV22-Di1:1

Sol fraction of the elastomer prepared from DMS-HV22 in 

toluene with volume dilution ratio of 1:1 (partly soluble in 

chloroform)

Elastomer-HV22-

Di1:3

Product from reaction of DMS-HV22 in toluene with volume 

dilution ratio of 1:3 (completely soluble in chloroform)

Elastomer-HV31-

Di1:1

Product from reaction of DMS-HV31 in toluene with volume 

dilution ratio of 1:1 (completely soluble in chloroform)

Elastomer-HV31-

Di1:10

Product from reaction of DMS-HV31 in toluene with volume 

dilution ratio of 1:10 (completely soluble in chloroform)
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Tensile tests: Elastomer stress–strain responses were measured using an Instron 3340 materials 

testing system (INSTRON, US) at a crosshead speed of 500 mm min−1. Specimens were 

prepared with a dumbbell shape according to ASTM D-638 Type V (width: 3.18 mm; length: 

9.53 mm; thickness: 1 mm). Strain recovery was measured by recording the changes in 

specimen length after stretching to 80% of strain at break and holding for 10 min, then 

comparing them to the specimen lengths after removing the applied force for 10 min (strain 

recovery = (80% of strain at break - permanent strain) / 80% of strain at break)·100%. In order 

to better visualize specimen stretch, one specimen was red-dyed by painting a thin layer of red 

pigment (PGRED01, 50% in silicone oil, Gelest Inc.) on its surface. Elastic moduli were 

determined by linear fitting of the stress-strain data at a strain range of 0-10%.

Size exclusion chromatography (SEC): SEC was carried out on a chromatographic system 

consisting of a Viscotek VE 2001 GPC Solvent/Sample Module connected to a Viscotek 

TriSEC Model 302 Triple Detector Array (RI, Light scattering, Viscometer) and an evaporative 

light scattering detector (PL-ELS 2100 ELSD). The column set consisted of a PL Guard and 

two PL gel mixed D columns from Polymer Laboratories connected in series; this column 

combination provides good resolution up to 300,000 Daltons and was calibrated with narrow 

molar mass PDMS standards (PSS, Mainz, Germany). The mobile phase was tetrahydrofuran. 

All samples and calibration standards were analyzed using a flow rate of 1 mL min-1. Samples 

were analyzed using OmniSEC 5.10 software. 

Long term swelling: Extracted sol fraction amounts and elastomer swelling ratios were 

determined using long-term swelling experiments. A roughly 0.1 g sample (mass = , 𝑚i

determined to 4 significant digits) with dimensions of approximately 10 mm × 10 mm × 1 

 was immersed in around 20 mL of chloroform at room temperature. The chloroform was mm

replaced after 1 day and decanted off after 2 days. The swollen sample ( ) was then mass =  𝑚s

washed with fresh chloroform and dried for 24 h at room temperature under ambient pressure 
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(mass = ). Following the same procedure, the dried sample ( ) was immersed in chloroform 𝑚d 𝑚d

for an additional 4 days (6 days in total so far). The swollen sample was then washed with fresh 

chloroform and dried, and the dried sample was subjected to the same swelling treatment for an 

additional two 6-day periods. The weight of ,  and  were recorded at each round. The 𝑚i 𝑚s 𝑚d

extracted sol fraction (%) was calculated as  , and the swelling ratio was 
𝑚i ― 𝑚d

𝑚i
× 100%

calculated as . Each sample was triplicated.
𝑚s ― 𝑚d

𝑚d

Linear viscoelasticity (LVE):  Sample LVE was measured using a strain-controlled rheometer 

ARES G2 (TA Instruments), employing small amplitude oscillatory shear (SAOS). Before 

measuring, samples with thickness of 1 mm were cut into cylinders 8 mm in diameter. The ∼

shear strain amplitude was fixed to 2% (ensured to be within the linear regime), and a frequency 

sweep was performed from 628 to 0.06 rad s-1. The temperature was controlled using an oven 

under nitrogen atmosphere. Except for the PDMS melt, all samples were measured at 25°C, 

100°C and 200°C. The PDMS melt was measured by an ARES (TA Instruments) equipped with 

cooling N2 at -65°C, -50°C and 25°C due to its faster dynamics. Time−temperature 

superposition was used to create master curves based on a reference temperature of 25°C. 

Nuclear magnetic resonance spectroscopy (NMR): 1H NMR spectra of precursor PDMS and 

sol fractions of elastomers was performed on a Bruker 300 MHz spectrometer on 50 mg mL-1 

solutions in CDCl3. 29Si solid-state NMR MAS spectra of investigated elastomers were acquired 

on a Bruker Avance III HD spectrometer operating at a magnetic field of 14.05 T ( (29Si) = 𝜈L

119.2 MHz) and equipped with a 4 mm CP/MAS broadband probe. The spectra were acquired 

with a spinning frequency of 6 kHz, a /2 pulse of 4.75 ms, an acquisition time of 35 ms and 𝜋

10 seconds of interscan delay. This was determined to be sufficient for full relaxation of the 

two observed signals for elastomers. High-power 1H SPINAL64 decoupling (  = 100 kHz) 𝜈RF

was employed during acquisition. The prepared elastomers were cut into smaller pieces and 

packed in 4 mm o.d. zirconia rotors. Chemical shifts are reported relative to TMS (0.0 ppm). 
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High-resolution 29Si NMR spectrum of a precursor PDMS (DMS-HV15) was acquired on a 

Bruker Avance II spectrometer operating at a magnetic field of 9.4 T (  (29Si) = 79.495 MHz) 𝜈L

and equipped with a 5mm BBFO probe. The NMR samples were prepared as-received (i.e. no 

deuterated solvent was added) and chemical shifts are referenced using the lock-field 

determined for a secondary CDCl3 sample. A Pi/6 pulse was used for excitation with an 

interscan delay of 15 seconds. Inverse-gated 1H decoupling was applied during acquisition. 

Data were analysed using MestReNova-11.
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Figure S1. 1H NMR spectra of precursor PDMS (DMS-HV15,DMS-HV2 and DMS-HV31) 

and corresponding sol fractions extracted from Elastomer-HV15, Elastomer-HV22 and 

Elastomer-HV31, respectively. (In CDCl3, vinyl group: around 6 ppm; hydride: 4.8 ppm).

Figure S2. 29Si NMR MAS spectra of precursor PDMS (DMS-HV15) and three types of 

investigated elastomers (Elastomer-HV15, Elastomer-HV22 and Elastomer-HV31) 

(OSi(CH3)2CH2: 8.0 ppm, Si(CH3)2O2: -22.4 ppm, 1st order spinning sideband from signal 

Si(CH3)2O2: 28.0 ppm and -72.8 ppm, OSi(CH3)2CH=CH2: -4.4 ppm, OSi(CH3)2H: -7.5 ppm).1-

3
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Figure S3. (a) Elastomer-HV22 before stretch and at strain of 740%. (b) Elastomer-HV31 

before stretch and at a strain of 1000%.

Table S2. Comparison of tensile tests for reported and prepared elastomers (Elastomer-HV15 , 

Elastomer-HV22 and Elastomer-HV31).

Measured results Reported results4

Macromono

mer

Strain at 

break

Tensile 

strength

Strain recovery

(%)

Strain at 

break

Tensile 

strength

Strain recovery, 

1 cycle

(%) (MPa) 1 cycle 3 cycles (%) (MPa) (%)

DMS-HV15 520 0.42 100 100 700 0.2 100

DMS-HV22 920 0.38 99 99 1050 0.3 100

DMS-HV31 1270 0.07 98 96 2400 0.2 100
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Figure S4. Extracted sol fractions and swelling ratios for Elastomer-HV15, Elastomer-HV22, 

Elastomer-HV31 and Elastomer-V25 versus swelling time. 
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Figure S5. Linear viscoelastic data for Elastomer-HV15, Elastomer-HV22 and Elastomer-

HV31.

Elastic modulus versus network concentration: The elastic modulus (E) of a cross-linked 

network depends on its concentration ( ) in solvent. One theoretical study5 found that  𝜙 𝛦 ∝ 𝜙

for strongly cross-linked networks where trapped entanglements are negligible, while 𝛦 ∝  𝜙2.3 

for lightly cross-linked networks where trapped entanglements are not negligible. The scaling 
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of the tight network corresponds to the linear dilution of the crosslinking density, and scaling 

of the entanglement-dominated network corresponds to the binary interactions of 

entanglements (ideally, the exponent should be 2, but the higher exponent indicates that the 

interaction is slightly higher than 2). An experimental study on conventional silicone elastomers 

showed that the exponent increases from 1.8 to 1.9 when precursor chain molecular weight 

increases from 11 kDa to 65 kDa (based on the data in Table 2, reference 4),6 suggesting that 

the exponent does increase when more trapped entanglements are present in the networks. 

Figure S6 shows an exponent of 2.3 and 2.7 for Elastomer-HV15 and Elastomer-HV22, 

respectively, which are much larger than either the exponent of 1.6 for Elastomer-V25 or 

reported exponents of 1.8-1.96—indicating that the trapped entanglements dominate the 

dynamics of Elastomer-HV15 and Elastomer-HV22, in contrast to conventional elastomers of 

similar molecular weight. Because chains of concatenated rings, just like chains of trapped 

entanglements, can slide to some extent, they are expected to behave similarly to trapped 

entanglements in the conventional networks. This further confirms the hypothesis that 

concatenated rings determine the properties of Elastomer-HV15 and Elastomer-HV22. 
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Figure S6. Elastic moduli (E) as function of volume fraction of the gel ( ) for Elastomer- 𝜙

HV15 and Elastomer-V25 prepared in different amounts of silicone oil.
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Figure S7 SEC curves of DMS-HV31, sol fraction of Elastomer-HV31, Elastomer-HV31 

prepared with dilution ratio of 1:1 (Elastomer-HV31-Di1:1), and Elastomer-HV31 prepared 

with dilution ratio of 1:10 (Elastomer-HV31-Di1:10)

Network models: The stress-strain relationship of the elastomers as measured by tensile tests 

was fitted to two classic elasticity models: the affine network model and the slip-link network 

model. Affine network model7,8:

𝜎𝑟𝑒𝑑 =
𝜎𝑒𝑛𝑔𝑟

𝜆 ― 𝜆 ―2
(1)

𝜎𝑟𝑒𝑑 = 𝐺 (2)

𝜆 =
𝐿´

𝐿
(3)

Where  is the reduced stress,  is the engineering stress,  is the extension ratio, G is 𝜎𝑟𝑒𝑑 𝜎𝑒𝑛𝑔𝑟  𝜆

the shear modulus as determined by linear fitting of  with  in the range of  = 1.0 to 𝜎𝑒𝑛𝑔𝑟

λ=1.1, L is the initial length of a specimen, and  is the length of a stretched specimen.𝐿´

Slip-link network model9,10:

𝜎𝑟𝑒𝑑 = 𝐺𝑐 + 𝐺𝑠𝐻(𝜆, 𝜂)) (4)

𝐻(𝜆, 𝜂) =
𝜆2

𝜆2 + 𝜆 + 1
[

1
(𝜆 + 𝜂)2 +

𝜆 + 1
𝜆(1 + 𝜂𝜆2)2] (5)
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Where and  represent the contribution from chemical cross-links and entanglements, 𝐺𝑐 𝐺𝑠

respectively, H(, )  is a strain-dependent term defined by equation 5,   is a measure of a 𝜂

link‘s freedom to slide compared to a chain‘s freedom of movement ( is commonly set as 

0.2343,9 a theoretical value based on the assumption that, on average, each slip link can slide 

as far as the center of its topologically neighboring links).
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Figure S8 Experimental stress-strain and fitting curves based on the affine and slip-link models, 

respectively, for (a) Elastomer-HV15 and (b) Elastomer-HV31
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Figure S9. Linear fitting of  with H(, ) based on the slip-link model for (a) Elastomer-𝜎𝑟𝑒𝑑

HV15 (fitting line of = 0.063+0.021  at fitting range of = 0.08-0.6, R2=0.82), 𝜎𝑟𝑒𝑑 𝐻(𝜆, 𝜂) 𝐻(𝜆, 𝜂) 

(b) Elastomer-HV22 (fitting line of = 0.036+0.041  at fitting range of = 0.01-𝜎𝑟𝑒𝑑 𝐻(𝜆, 𝜂) 𝐻(𝜆, 𝜂)

0.58, R2=0.96), and (c) Elastomer-HV31 (fitting line of = 0.003+ 0.008  at fitting 𝜎𝑟𝑒𝑑 𝐻(𝜆, 𝜂)

range of = 0.01-0.60, R2=0.78). (d) Elastomer-V25 (fitting line of = 0.251+ 0.025𝐻(𝜆, 𝜂) 𝜎𝑟𝑒𝑑 𝐻

 at fitting range of = 0.27-0.60, R2=0.51). (𝜆, 𝜂) 𝐻(𝜆, 𝜂) 
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Highly stretchable or extremely soft silicone elastomers? One reaction 1 

to make them all - from easily available materials! 2 

 3 
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ABSTRACT: An easy curing reaction to prepare silicone elastomers is reported, in which a platinum-1 

catalyzed reaction of telechelic/multi-hydrosilane (Si-H) functional polydimethylsiloxane (PDMS) 2 

in the presence of oxygen and water leads to slow crosslinking. This curing chemistry allows versa-3 

tile tailoring of elastomer properties, which exceed their intrinsic limitations. Both highly stretcha-4 

ble silicone elastomers and extremely soft silicone elastomers are prepared by creating highly en-5 

tangled elastomers and bottle-brush elastomers from commercial precursor polymers, respectively. 6 

The highly stretchable elastomers can be uniaxially stretched to a maximum strain of 2800% and 7 

their areas can be biaxially extended 180-fold. The extremely soft silicone elastomers exhibit shear 8 

moduli of 1.2-7.4 kPa, depending on composition, values that are comparable to hydrogels and hu-9 

man soft tissues. The reported curing chemistry can be used to prepare a range of silicone elasto-10 

mers with carefully tailored mechanical properties. 11 

 12 

INTRODUCTION 13 

Highly stretchable, soft silicone elastomers are of great interest for the fabrication of stretchable 14 

electronics, soft actuators, medical devices, and microfluidics.1–5 High stretchability provides long-15 

term device stability in various distortion scenarios and permits exceptional deformations. Signifi-16 

cant effort has been devoted to preparing silicone elastomers with a combined softness and elastic-17 

ity resembling that of human soft tissue for use in soft robotics.6,7 18 

Silicone elastomers are typically prepared by crosslinking linear polymers with cross-linkers. Fig-19 

ure 1a presents one of the most commonly used crosslinking reactions—i.e., the hydrosilylation re-20 

action of telechelic vinyl functional polydimethylsiloxane (PDMS) with a multi-hydrosilane (Si–H) 21 

functional cross-linker in the presence of a platinum catalyst.8 Based on classical curing chemistry, 22 

network strands possess the same size and structure as the precursor polymers which ultimately 23 

determine the mechanical properties of the silicone elastomers. The ultimate extensibility of the 24 
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resulting silicone elastomers is proportional to 𝑀0.5 based on the Kuhn model, where 𝑀 is the aver-25 

age molar mass of network strands.9 The ultimate extensibility is usually less than 900%, and it is 26 

difficult to further increase this value by using longer precursor polymers, since they would bring 27 

difficulties to the fabrication process due to their high viscosity.10 The elastic modulus of the silicone 28 

elastomers is determined by the crosslinking density—namely, the molar density of mechanically 29 

active strands 𝜈 = 𝜌/𝑀, where 𝜌 is the density. However, the lowest achievable elastic modulus for 30 

ideal elastomer networks is around 0.6 MPa due to the fact that entanglements in the cross-linked 31 

networks act as topological crosslinks once the molecular weight of network strands (M) exceeds 32 

the entanglement molecular weight.11  33 

Several strategies have been explored for overcoming limitations on the ultimate extensibility and 34 

softness of silicone elastomers. For example, elastomers prepared from long precursor polymers in 35 

solution and subjected to solvent evaporation after curing, supramolecular elastomers with mova-36 

ble cross-links, and concatenated ring elastomers have all been developed to improve ultimate ex-37 

tensibility.12–17 Approaches such as adding external sol molecules, sparse crosslinking, and cross-38 

linking bottle-brush PDMS have also been used to prepare soft silicone elastomers.18–23 While the 39 

above strategies improve elastomer extensibility or softness to some extent, they either increase 40 

process complexity or lead to mechanical instabilities in the resulting elastomers. What is more, 41 

none of them are versatile enough to enable the preparation of silicone elastomers that are both 42 

highly stretchable and very soft. There is thus a lack of available chemistries capable of efficiently 43 

preparing silicone elastomers with superior stretchability and softness. 44 

Silicone elastomers have been prepared from Si–H functionalized polymers at 250°C in air, where 45 

the crosslinking mechanism was found to originate from oxidative crosslinking of Si-H groups in the 46 

presence of oxygen.24 In this study, silicone elastomers are prepared from PDMS with 47 

telechelic/multiple Si-H groups and a platinum catalyst in air at the much lower temperature of 48 

100℃ (see Figure 1b). In contrast to classical curing chemistries where the network strands are 49 
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directly related to the length of the precursor polymers, the curing chemistry presented here, when 50 

combined with the hydrosilylation reaction, allows network strands to be tailored from normal lin-51 

ear precursors during the curing process. Specifically, we report highly stretchable silicone elasto-52 

mers with ultra-long network strands and extremely soft silicone elastomers with bottle-brush 53 

strands, both of which are easily prepared from commercially available linear precursors. Both 54 

novel silicone elastomers are based on sequential crosslinking mechanisms in one-pot reactions, 55 

where the fast hydrosilylation reaction is followed by a slow crosslinking of residual Si-H functional 56 

groups. This allows independent control of network strand size and structure, as well as of cross-57 

linking. 58 

 59 
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 60 

Figure 1.  (a) Conventional curing reaction to prepare silicone elastomers.8 (b) Novel curing reaction to prepare 61 

silicone elastomers. (c) Highly stretchable silicone elastomers and (d) extremely soft silicone elastomers prepared 62 

from a one-pot curing reaction by combining hydrosilylation and subsequent Si-H crosslinking reactions.   63 

 64 

RESULTS AND DISCUSSION 65 

Elucidation of curing reaction. 66 

In our previous work with platinum-catalyzed hydrosilylation reactions, we observed that elasto-67 

mers were formed when only telechelic Si-H-functional PDMS and a platinum catalyst were present. 68 

This discovery of a potentially simple method for preparing elastomers prompted us to perform 69 
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further studies in order to elucidate the mechanism of this formation.  70 

Hydrosilanes readily undergo hydrolysis and alcoholysis reactions with water and alcohols, respec-71 

tively, under basic or strongly acidic conditions or in the presence of radicals, metals, or transition 72 

metal complexes.25,26 In the presence of a platinum catalyst and water, telechelic Si-H functional 73 

PDMS can thus be hydrolyzed into Si-OH, which may further undergo condensation to form ex-74 

tended chains. However, the hydrolysis and condensation reactions cannot account for the for-75 

mation of elastomers from telechelic Si-H functional PDMS in a conventional manner. Instead, ob-76 

taining elastomers from telechelic Si-H functional PDMS requires either the formation of concate-77 

nated rings through intramolecular condensation reactions or some other unexplored crosslinking 78 

reaction.15,17 Water and oxygen are the possible reactants in the curing reaction with Si-H-contain-79 

ing precursor PDMS. The reaction was therefore carried out under conditions in which water and 80 

oxygen content could be carefully controlled. Specifically, in a series of experiments, a representa-81 

tive telechelic Si-H functional PDMS (DMS-H11, Mn=1 kDa) was heated at 100℃ for 48 h in a sealed 82 

flask under each of the following reaction conditions: dry N2 (a dried sample under dried nitrogen), 83 

wet N2 (a sample containing water with ~4 molar equivalent of hydrosilanes under dried nitrogen), 84 

dry air (a dried sample under dried air), and wet air (a sample containing water with ~4 molar 85 

equivalent of hydrosilanes under dried air). DMS-H11 was converted into a solid elastomer only 86 

under wet air conditions. As measured by 1H NMR, the conversion efficiency of Si-H groups for the 87 

three liquid products under dry N2, wet N2, and dry air conditions were found to be 6.6%, 29.5%, 88 

and 52.9%, respectively (Figure 2a). These findings indicate that both water and oxygen participate 89 

in the reaction. A peak at 2.27 ppm in the 1H nuclear magnetic resonance (NMR) spectrum of the 90 

sample from the wet N2 atmosphere is assigned to a Si-OH structure (Figure 2a), suggesting a hy-91 

drolysis process of Si-H during the reaction.27 A further condensation process of Si-OH results in 92 

chain extension, as evidenced by the increased molecular weight of the sample (Figure S1, ESI). An-93 

other new peak that appears at 3.47 ppm (Figure 2a) on the 1H spectrum of the sample from dry air 94 
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atmosphere is contributed to a silyl ether (Si-O-CH2-Si) structure which has been reported to origi-95 

nate from oxidation reactions of Si-H with oxygen and methyl groups at much higher temperatures 96 

in the absence of a platinum catalyst.24 The presence of this silyl ether suggests that branched chains 97 

are formed during the oxidation of Si-H. The integration of the 1H spectrum shows that the amount 98 

of hydrogen on silyl ether only accounts for 1.4% of the Si-H loss (Table S3, ESI), suggesting that 99 

most Si-H are oxidized into other structures which are not identified in the 1H spectrum. The mini-100 

mal loss of Si-H (6.6%, Figure 2a) under dry N2 conditions is most likely due to trace amounts of air 101 

and water in the starting polymer, as well as a small amount of vinyl groups associated with the 102 

platinum catalyst. 103 

   

 

 

Figure 2. (a) 1H NMR spectra of a telechelic Si-H functional PDMS (DMS-H11) and its reaction products after 104 

heating at 100℃ for 48 h under dry N2, wet N2, and dry air conditions, respectively. (b) 29Si solid-state NMR spectra 105 
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of elastomers (Ela_DMS-H11 and Ela_DMS-H21) and a precursor polymer (DMS-H11). (c) Proposed mechanism 106 

of crosslinking Si-H functional groups in the presence of oxygen and a catalyst. 107 

 108 

Direct investigations of the chemical composition of solid elastomers cured under a normal air at-109 

mosphere and a precursor polymer DMS-H11 were performed using 29Si solid-state NMR. Figure 2b 110 

shows that a peak at -7 ppm on the spectrum of the precursor polymer is assigned to Si-H functional 111 

groups.28 This peak vanishes on the spectra of the elastomers, suggesting an efficient conversion of 112 

Si-H after curing. New peaks located at 7 ppm and -64 ppm are observed on spectra of the elasto-113 

mers and are assigned to (CH3)3SiO(or (CH3)2CH2SiO) and CH3SiO3, respectively.28–30 Since the hy-114 

drolysis of Si-H and further condensation of Si-H with Si-OH would only produce more backbone 115 

chains (-(CH3)2SiO-), the newly formed structures are the result of oxidation of Si-H functional 116 

groups. Integration of the spectra shows that Si atoms associated with these newly formed struc-117 

tures account for 1.5-2.5% of Si atoms in the elastomers(Table S4, ESI), suggesting that these oxi-118 

dized structures play a major role in crosslinking. 119 

Based on the observations above, it is clear that oxidation of Si-H plays a role in creating branched 120 

chains to form networks, as hydrolysis and subsequent condensation of telechelic chains would only 121 

produce longer, linear chains. The oxidation processes are proposed as follows. Si-H functional 122 

groups are turned into silyl radicals (O(CH3)2Si∙) through hydrogen abstraction in the presence of 123 

air (Figure 2c-A).31,32 After further oxidation processes, the silyl radicals are transformed into 124 

O(CH3)2SiO∙ (Figure 2c-B and C).24 Oxidation processes also happen on methyl groups of silicones: 125 

oxygen initially generates a carbon radical (SiCH2∙) by hydrogen atom abstraction (Figure 2c-D)33,34. 126 

Branching structures like SiCH2Si and SiOCH2Si are formed by combinations of SiCH2 ∙  with 127 

O(CH3)2Si∙  and O(CH3)2SiO∙ , respectively (Figure 2c-E and F). A combination of O(CH3)2Si∙  and 128 

O(CH3)2Si-O∙ only produces extended chains via the formation of SiOSi (Figure 2c-G). Further oxi-129 

dation of SiCH2∙ leads to the creation of  SiCH2OO∙, which enables the formation of SiO3CH3 by a self-130 
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reaction (Figure 2c-H and I).33,34  131 

It should be noted that the same radicals mentioned above were also used to explain crosslinking 132 

during the oxidization of Si-H functional PDMS at high temperature (250℃) in the absence of a cat-133 

alyst, in which a silyl ether (Si-O-CH2-Si) structure was the main oxidized structure produced.24 In 134 

our work, however, the oxidation process is faster and occurs at a much lower temperature due to 135 

the use of a platinum catalyst; the main oxidized structures produced are (CH3)2CH2SiO and CH3SiO3. 136 

Si-[Pt]-H complex is known to form by oxidative addition,35–37 and [Pt]-oxygen complex has been 137 

reported to significantly promote platinum catalyzed hydrosilylation reactions.38,39 These com-138 

pounds may allow the reaction with oxygen to occur at moderate temperatures, thereby changing 139 

the main oxidized structures produced. 140 

This curing chemistry can be extended to the curing of multifunctional Si-H functional PDMS, where 141 

both hydrolysis/condensation and oxidation reactions may contribute to crosslinking. The pre-142 

pared elastomers listed in Table 1 are named according to the precursor polymer used. Overall, the 143 

prepared silicone elastomers show tensile strains of 70-360%, Young´s moduli of 0.3-0.6 MPa, and 144 

tensile strengths of 0.2-0.6 MPa. These mechanical properties are comparable to those of the two 145 

conventional silicone elastomers prepared via the classical curing route.10  146 

  147 
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Table 1. Silicone elastomers prepared from telechelic/multi Si-H functional PDMS in presence of a platinum-divi-148 

nyl tetramethyldisiloxane complex. Conventional elastomers (Ref_DMS-V25 and Ref_DMS-V41) were prepared 149 

as references from telechelic vinyl functional PDMS, a multi-Si-H functional PDMS, and a platinum catalyst. 150 

Sample 

 

Precursor length 

(kDa) 

Tensile strain 

(%) 

Tensile strength 

(MPa) 

Young´s modulus 

(MPa) 

Ela_DMS-H11 1 71 0.24 0.37 

Ela_DMS-H21 6 70 0.35 0.60 

Ela_DMS-H25 14 235 0.49 0.40 

Ela_DMS-H31 24 363 0.46 0.29 

Ela_HMS-064 60 118 0.52 0.52 

Ref_DMS-V25 14 127 0.54 0.84 

Ref_DMS-V41 35 482 0.44 0.19 

 151 

 152 

In order to compare the reaction kinetics of the Si-H functional PDMS system with those of the hy-153 

drosilylation reaction between Si-H and vinyl groups, platinum-catalyzed reactions of mono-Si-H 154 

functional PDMS and mono-Si-H functional PDMS with mono-vinyl functional PDMS, respectively, 155 

were conducted at 100℃. The total concentration of functional groups was the same for both reac-156 

tions. Figure 3a shows that the reaction of mono-Si-H functional PDMS takes 6 h to complete 100%, 157 

compared to 2 min for the hydrosilylation reaction. In addition, the reaction of mono-Si-H functional 158 

PDMS products a fraction of products that are more than 10-time molecular weight of precursor 159 

polymers (Figure 3a). This is consistent with the branching nature of Si-H oxidation. In comparison, 160 

the hydrosilylation reaction of mono-Si-H functional PDMS with mono-vinyl functional PDMS exclu-161 

sively produces chains with double initial molecular weight (Figure 3a). 162 
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Figure 3 (a) Reaction progression over time for the platinum-catalyzed reactions at 100℃ of mono-hydrosilane 163 

functional PDMS, and mono-hydrosilane functional PDMS with mono-vinyl functional PDMS (stoichiometric 164 

amounts of hydride and vinyl). The inserts show molecular weight distributions over time during the two reactions. 165 

(b) Dependence of storage and loss moduli of representative highly stretchable and extremely soft silicone elasto-166 

mers on curing time measured at 100°C, 1 Hz, and with a fixed strain of 1.0%. 167 

 168 

Curing chemistries for highly stretchable/extremely soft silicone elastomers.  169 

Preparing silicone elastomers with long strands is one way to efficiently obtain high stretchability. 170 

However, doing so using conventional curing chemistry requires exceptionally long precursor poly-171 

mers whose high viscosity brings difficulties to fabrication process.9,40 Here, highly stretchable sili-172 

cone elastomers are prepared from a platinum-catalyzed reaction between telechelic Si-H func-173 

tional PDMS and telechelic vinyl functional PDMS using a small excess of Si-H groups (Figure 1c). In 174 

a one-pot reaction, both the hydrosilylation reaction between Si-H and vinyl groups and the water 175 

and oxygen-mediated crosslinking of Si-H (see above) take place. Due to the significant kinetic ad-176 

vantage of the hydrosilylation reaction over Si-H crosslinking (Figure 3a), the hydrosilylation reac-177 

tion is expected to proceed to high conversion before any significant crosslinking occurs. Assuming 178 

the two reactions happen strictly in sequence, the hydrosilylation reaction results in extended 179 

chains which are subsequently cross-linked into elastomers through the reaction of excess Si-H with 180 
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oxygen and water. In this case, the average molar mass of the network strands can be expressed 181 

using equation 1 (derived from Equation S1, ESI): 182 

 183 

𝑀extended =
𝑅𝑀DMS−H + 𝑀DMS−V

𝑅 − 1
 (1) 

where 𝑀DMS−H is the molecular weight of telechelic Si-H functional PDMS, 𝑀DMS−V is the molecular 184 

weight of telechelic vinyl functional PDMS, and R is the molar ratio of the Si-H-to-vinyl functional 185 

groups. According to equation 1, even when the values of 𝑀DMS−H and 𝑀DMS−V are relatively low, 186 

ultra-long network strands can be achieved by setting R close to unity.  187 

Expanding the diameter of the polymer by attaching polymer brushes is a known method for dilut-188 

ing entanglements without markedly increasing chain stiffness. The resulting bottle-brush elasto-189 

mers are intrinsically soft, with shear moduli of 1-100 kPa.21,22,41 However, preparing bottle-brush 190 

elastomers generally involves relatively complex multistep syntheses, including preparation of bot-191 

tle-brush polymers followed by subsequent crosslinking reactions.23,41 Here, soft silicone elasto-192 

mers are obtained by preparing bottle-brush elastomers through a platinum-catalyzed, one-pot cur-193 

ing reaction of multi-Si-H functional PDMS with mono-vinyl functional PDMS in the presence of ex-194 

cess of Si-H functional groups (Figure 1d). During the reaction, bottle-brush polymers are preferen-195 

tially formed by grafting mono-vinyl functional PDMS onto the multi-Si-H functional PDMS through 196 

hydrosilylation. The resulting bottle-brush polymers are subsequently cross-linked into bottle-197 

brush elastomers through the relatively slow crosslinking of Si-H in the presence of oxygen and 198 

water. Side chain lengths, and thus polymer diameter, are governed by the length of the mono-vinyl 199 

functional PDMS. Assuming crosslinking of Si-H takes place strictly after full side chain grafting, the 200 

molecular weight between Si-H groups on the bottle-brush chains can be determined as:  201 

 202 

𝑀c_SiH =
𝑀brush

𝑓brush + 1
 (2) 
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where 𝑀brush (Equation S3, ESI) and 𝑓brush  (Equation S4, ESI) are the molecular weight and number 203 

of excess hydrides per chain, respectively, after full side chain grafting. 204 

Representative curing reactions for preparing highly stretchable, extremely soft elastomers were 205 

investigated by tracing the evolution of the storage and loss moduli during the two curing reactions 206 

(Figure 3b).  Gel points are reached within 5 min at 100℃, suggesting fast curing processes. 207 

 208 

Properties of highly stretchable silicone elastomers  209 

A number of stretchable silicone elastomers were prepared using different hydrosilane-to-vinyl-210 

functional polymer ratios as well as polymers of different molecular weights, as shown in Table 2. 211 

Figure 4a shows that, when using the same precursor polymers DMS-H21 and DMS-V22, the tensile 212 

strain increases from 1040% to 2400% when R decreases from 1.15 to 1.05. Tensile strain can be 213 

further increased to 2800% by using longer starting polymers DMS-H25 and DMS-V25. Longer ex-214 

tended chains improve tensile strain by enabling larger slippage lengths upon deformation (Table 215 

2). The Kuhn model is widely used to estimate the ultimate extensibility of elastomers as 𝜆max =216 

𝐿/ℎ, where 𝐿 is the strand length in a fully stretched state, and ℎ is the strand length in a random 217 

coil state.9 𝜆max is thus proportional to 𝑀0.5 based on the relations of 𝐿 ∝ 𝑀 and ℎ ∝ 𝑀0.5. A linear 218 

relation between 𝜆max  and 𝑀theo
0.5  complies with the Kuhn model (Figure S3), suggesting that equa-219 

tion 1 is a valid description of the molar mass of the network strands, which supports the proposed 220 

curing route. Silicone elastomers with tailored stretchability can thus be realized by designing 221 

strand lengths based on equation 1. Elastomers’ linear viscoelastic responses are shown in Figure 222 

4b. The storage modulus of the conventional elastomer reaches a plateau at low frequencies, while 223 

the storage moduli of the highly stretchable elastomers continue to decrease as the frequency ap-224 

proaches zero. This unusual behavior is explained by stress relaxation from entanglements of highly 225 

extended strands upon deformation. Stretchable elastomers are often biaxially stretched in practi-226 

cal use.42,43 Figure 4c shows the area of stretchable silicone elastomer, Ela_DMS-H21_DMS-227 
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V22_R1.05, is biaxially extended 180-fold from an initial state—20 times greater extension than that 228 

of the conventional silicone elastomer Ref_DMS-V41. This significantly enhanced stretchability 229 

demonstrates the very high mechanical integrity of the elastomers studied here. 230 

 231 
Table 2. Specifications for studied highly stretchable silicone elastomers.  232 

Samples 
𝑀DMS−H 

(kDa) 

𝑀DMS−V 

(kDa) 
𝑅 

𝑀extended  

(kDa) 
𝜆max  

Ela_DMS-H21_DMS-V22_R1.05 6 8 1.05 286 2493 

Ela_DMS-H21_DMS-V22_R1.10 6 8 1.10 146 1602 

Ela_DMS-H21_DMS-V22_R1.15 6 8 1.15 99 1142 

Ela_DMS-H25_DMS-V25_R1.05 14 14 1.05 574 2864 

 233 
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Figure 4. Properties of highly stretchable silicone elastomers and a conventional silicone elastomer. (a) Uniaxial 234 

stress-strain curves. (b) Frequency dependence of storage and loss moduli measured at room temperature. (c) Bi-235 

axial stretching. (c-1) The highly stretchable silicone elastomer is marked with a red 1 cm2 square; (c-2) the area of 236 

the same film is manually extended 180-fold. (c-3) The extended film subsequently covers the surface of a football 237 

with a diameter of 21 cm. (c-4) The conventional silicone elastomer marked with a 1 cm2 red square is extended to 238 

a maximum of 9 times its original area. 239 

 240 

Properties of extremely soft silicone elastomers 241 

A range of bottle-brush elastomers were fabricated according to the formulations in Table 3. Shear 242 

moduli of the prepared elastomers (𝐺) are taken to be equivalent to the plateau values of storage 243 

moduli at low oscillatory frequency (Figure 5a), and decrease from 7.4 kPa to 1.2 kPa when using 244 

either smaller R or 4-fold longer side chains. Such low shear moduli are comparable to those of 245 

hydrogels and human soft tissue.44 Linear viscoelastic responses (Figure 5a) show that the prepared 246 

elastomers have near frequency-independent storage moduli, making them resemble a perfect rub-247 

ber. Table 3 shows that the molecular weights of bottle-brush network strands (𝑀c) (Equation S6, 248 

ESI) are larger than the average molecular weight between Si-H groups on the bottle-brush chains 249 

(𝑀c_SiH). Specially, 𝑀c>10𝑀c_SiH for the elastomers with MCR-V21 side chains. The large differences 250 

between 𝑀c and 𝑀c_SiH can be explained by the preferentially intramolecular reactions of the multi-251 

functional bottle-brush chains, which result in a large fraction of elastically inactive loops and dan-252 

gling.45 Figure 5b shows the compressibility of the bottle-brush elastomer Ela_HMS-064_MCR-253 

V21_R1.05 compared to that of the conventional elastomer Ref_DMS-V41. The bottle-brush elasto-254 

mer is compressed to a strain of 88% under a pressure of 0.16 MPa, while the conventional elasto-255 

mer only shows a compression strain of 19% under the same pressure. Importantly, despite the 256 

large compression strain imposed on the bottle-brush elastomer, it recovers to its initial state al-257 

most instantaneously upon pressure being released, displaying superior elasticity compared to nor-258 

mal soft elastomers, which often recover only partially. 259 
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Table 3. Specifications for studied soft silicone elastomers.  260 

Samples 𝑅 
𝑀HMS 

(kDa) 

𝑀MCR−V 

(kDa) 

𝑀c_SiH 

(kDa) 

𝑀c 

(kDa) 

Ela_HMS-064_MCR-V21_R1.05 1.05 60 6 130 631 

Ela_ HMS-064_MCR-V21_R1.20 1.20 60 6 42 525 

Ela_ HMS-064_MCR-V21_R1.50 1.50 60 6 18 224 

Ela_ HMS-064_MCR-V25_R1.05 1.05 60 23 342 543 
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Figure 5. (a) Frequency dependence of storage and loss moduli of extremely soft silicone elastomers and a con-262 

ventional silicone elastomer measured at room temperature. (b) Two stacked extremely soft specimens (8 mm in 263 

diameter) are compressed to a strain of 88% by a pressure of 0.16 MPa (the excess polymer is displaced up and 264 

down the sides of the geometries). After the pressure is released, the films are recovered from the compressed state. 265 

In comparison, two stacked conventional specimens (8 mm in diameter) were compressed to a strain of only 19% 266 

under the same pressure. 267 

 268 

CONCLUSION 269 

Silicone elastomers with bespoke properties can be prepared via classical hydrosilylation chemistry 270 
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combined with a platinum-catalyzed reaction of telechelic/multi-hydride functional PDMS, without 271 

using any additional cross-linker. The mechanism of the curing reaction is consistent with platinum-272 

mediated crosslinking of hydrosilanes in the presence of trace water and oxygen, and thus may be 273 

considered a side-reaction in conventional formulations. Compared with classical curing chemis-274 

try—i.e., hydrosilylation reaction—Si-H crosslinking in the presence of moisture and oxygen pro-275 

ceeds much more slowly, thereby providing formulations with an inherent delayed crosslinking op-276 

portunity and allowing the preparation of highly diverse networks using simple one-pot reactions.  277 

Highly stretchable silicone elastomers and extremely soft silicone elastomers were developed by 278 

combining this curing chemistry with hydrosilylation reactions: the fast hydrosilylation reactions 279 

controlled the size and structures of network strands, after which elastomers were created through 280 

the much slower crosslinking of Si-H functional groups. Specifically, highly stretchable silicone elas-281 

tomers were prepared by creating highly entangled (long-chain) silicone elastomers from the reac-282 

tion between telechelic Si-H functional PDMS and telechelic vinyl functional PDMS. Tensile strains 283 

could be tailored from 1500% to 2800% by varying precursor length and the molar ratio of Si-H-to-284 

vinyl groups. We demonstrated a 180-fold extension in area by biaxial stretch for one such highly 285 

stretchable silicone elastomer. Extremely soft silicone elastomers were made by creating bottle-286 

brush silicone elastomers from the reaction between multi-Si-H functional PDMS and mono-vinyl 287 

functional PDMS. The shear moduli of the prepared bottle-brush elastomers could be adjusted from 288 

1.2 kPa to 7.4 kPa by changing the molar ratio of reactive groups and the side chain lengths. 289 

Both highly stretchable silicone elastomers and extremely soft silicone elastomers can be easily pre-290 

pared via one-pot reactions using commercial precursors. In addition to enabling the preparation 291 

of highly stretchableorextremely soft elastomers, the general methodology based on slow crosslink-292 

ing presented here enables the easy development of silicone elastomers with a wide range of func-293 

tionalities.    294 

 295 
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EXPERIMENTAL SECTION 439 

Materials Information of chemicals used in this studies is shown in Table S1, in which all the chemicals 440 

were purchased from Gelest, except that Catalyst 511was purchased from Hanse Chemie. As a precursor 441 

polymer for condition controlling experiments, DMS-H11 (10 mL) was diluted in hexane (20 mL, ≥95%, 442 

Sigma-Aldrich) and dried with silica gel (5 g, particle size of 63-200 μm, high-purity grade, Sigma-Al-443 

drich) in a sealed flask at a room temperature for 2 days. The upper layer was transferred into a dried flask 444 

through a syringe mounted with a filter.  Subsequently, the hexane was thoroughly distilled under a vac-445 

uum pressure condition at room temperature for 6 h. Red pigment (PGRED01, 50% in silicone oil) was 446 

purchased from Gelest. 447 

Silicone elastomers prepared from hydrosilane (Si-H) containing PDMS. All the telechelic Si-H func-448 

tional PDMS and multi-Si-H functional PDMS in Table S1 were used to prepare silicone elastomers, 449 

respectively. A representative procedure is as follows: DMS-H11 (10 g, 1.00× 10−2 mol) was mixed with 450 

catalyst SIP 6830.3 (2 mg, 3.08× 10−7 mol) using a speed mixer (DAC150FVZ, Hauschild Co.) at 3000 451 

rpm for 2 min. The mixture was poured into a mold and placed in an oven at 100°C for 24 h. 452 

Highly stretchable silicone elastomers and extremely soft silicone elastomers Vinyl functional PDMS 453 

and catalyst SIP 6830.3 (2 mg, 3.08× 10−7 mol) were well mixed using a speed mixer. Subsequently, Si-454 

H functional PDMS was added into the mixture and well-mixed. The final mixture was poured on a mold 455 

and placed in an oven at 100°C for 24 h. The prepared elastomers listed in Table S2 are named according 456 

to the precursor polymer used.  457 

Conventional silicone elastomers Part A and part B were prepared before the curing reaction. For a 458 

reference sample of Ref_DMS-V25, part A was prepared by mixing DMS-V25 (5 g, 3.3 × 10−4 mol) 459 

with HMS-301 (0.69 g, 3.6 × 10−4 mol). Part B was prepared by mixing DMS-V25 (5 g, 3.3× 10−4 mol) 460 

with catalyst 511 (2 mg, 1.0 × 10−7mol). For a reference sample of Ref_DMS-V41, part A was prepared 461 
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by mixing DMS-V41 (10 g, 1.5 × 10−4 mol) with HMS-301 (0.14 g, 7.3 × 10−5 mol). Part B was pre-462 

pared by mixing DMS-V41 (4.8 g, 7.7× 10−5 mol) with catalyst 511 (3 mg, 1.5 × 10−7 mol). Parts A 463 

and B were then mixed together using a speed mixer at 3000 rpm for 30 s. The final mixture was poured 464 

on the surface of a polyethylene terephthalate (PET) substrate and evenly distributed by applying an au-465 

tomatic applicator. The PET substrate together with the mixture was placed in an oven at 100°C for 5 h. 466 

Table S1. Information of chemicals used in this study 467 

Type of chemical Chemical structure Abbreviation Mn
a (kDa) ĐM

b 

Telechelic Si-H functional 

PDMS 
 

DMS-H11 1 1.3 

DMS-H21 6 1.6 

DMS-H25 14 1.5 

DMS-H31 24 1.5 

Mono-Si-H functional PDMS 

 

MCR-H21 7 1.1 

Multi-Si-H functional PDMS 

 

HMS-301c 2 - 

HMS-064c 60 - 

Telechelic vinyl functional 

PDMS  

DMS-V22 8 2.1 

DMS-V25 14 1.5 

DMS-V41 35 2.0 

Mono-vinyl functional PDMS 

 

MCR-V21 6 1.1 

MCR-V25 23 1.3 

Platinum-divinyl tetramethyl-

disiloxane complex, 3.0 wt% Pt 
 

SIP 6830.3 - - 

Platinum cyclo-vinylmethyl si-

loxane complex, 1.0 wt% Pt 
- Catalyst 511 - - 

a: Number average molecular weight. b: Poly-dispersity index. c: Concentrations of Si-H groups on HMS-301 

and HMS-064 were determined to be 3.74 mol/kg and 0.830 mol/kg, respectively, based on integrations of  1H 

spectra. 
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Table S2. Formulations of preparing highly stretchable and extremely soft silicone elastomers 468 

Sample 

Si-H functional PDMS Vinyl functional PDMS 

Mass (g) 

Molar amount of Si-H 

group (mol) 

Mass (g) 

Molar amount of vi-

nyl group (mol) 

Ela_DMS-H21_DMS-V22_R1.05 4.46 1.55× 10−3 5.54 1.47× 10−3 

Ela_DMS-H21_DMS-V22_R1.10 4.57 1.59× 10−3 5.43 1.44× 10−3 

Ela_DMS-H21_DMS-V22_R1.15 4.68 1.63× 10−3 5.32 1.41× 10−3 

Ela_DMS-H25_DMS-V25_R1.05 5.16 7.27× 10−4 4.84 6.92× 10−4 

Ela_HMS_064-MCR-V21_R1.05 1.39 1.16× 10−3 8.61 1.10× 10−3 

Ela_HMS_064-MCR-V21_R1.20 1.56 1.30× 10−3 8.44 1.08× 10−3 

Ela_HMS_064-MCR-V21_R1.50 1.88 1.56× 10−3 8.12 1.04× 10−3 

Ela_HMS_064-MCR-V25_R1.05 0.52 4.36 × 10−4 9.48 4.15× 10−4 

 469 

Condition controlling experiments Before reactions, glassware was dried at 120°C overnight. Platinum 470 

catalyst SIP 6830.3 (1 mg) and dried DMS-H11 (1 g) were added in 50 mL- round-bottom flasks sealed 471 

with a rubber septum and a stopcock adapter. The mixture was well mixed by vigorous shaking. Four 472 

reactions under four different atmospheres were created as follows: (a) Dry N2 atmosphere was created 473 

by evacuating air from the flask and then backfilling with dry N2 for 4 cycles before the addition of the 474 

precursor polymer and the catalyst. (b) Wet N2 atmosphere was created as same as (a) but adding 3 drops 475 

of water in the flask and dispersing into the precursor polymer by vigorous shaking. (c) Dry air was created 476 

as same as protocol (a) but replacing the dry N2 with dry air. (d) Wet air was created as same as protocol 477 

(b) but replacing the dry N2 with dry air. Subsequently, the four flasks were heated at 100 ℃ for 48 h.  478 

The resulting liquid products were analyzed by 1H nuclear magnetic resonance (NMR) and size-exclusion 479 

chromatography (SEC). 480 

Kinetics study Two sets of reactions (a) MCR-H21 (2 g) mixed with catalyst SIP6830.3 (2 mg), and (b) 481 

MCR-H21 (1 g) mixed with MCR-V21 (1 g) and SIP6830.3 (2 mg) were run in an oven at 100℃. Samples 482 
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were taken from the reaction (a) at reaction time of 10 min, 30 min, 60 min, 180 min and 360 min. Samples 483 

were taken from reaction (b) at reaction time of 0.5 min, 1 min, 2 min, 5 min and 30 min. All the samples 484 

were cooled down immediately by using dry ice, and analyzed by 1H NMR and SEC.  485 

Uniaxial tensile test Stress–strain responses of elastomers were measured using an Instron 3340 materials 486 

testing system (INSTRON, US) at a crosshead speed of 500 mm min−1. Specimens were cut with a dumb-487 

bell shape according to ASTM D-638 Type V (width: 3.18 mm; length: 9.53 mm; thickness: 1 mm). 488 

Elastic moduli were determined by linear fitting of the stress-strain data at a strain range of 0-10%. 489 

Biaxial tension test An elastomer film (1 mm × 50 mm× 50 mm) was marked with a 1 cm-square in the 490 

center by using red pigment (PGRED01, 50% in silicone oil, Gelest Inc.). The film was biaxially stretched 491 

until it was close to break. The stretched film was placed above a grid pad on a table in order to estimate 492 

the size changes of the red square, then it covered the surface of a standard football with a 21 cm-diameter.  493 

Linear viscoelasticity (LVE) Specimen LVE was measured by a strain-controlled rheometer ARES G2 494 

(TA Instruments), using small amplitude oscillatory shear (SAOS). Specimens with a thickness of ∼1 mm 495 

were cut into cylinders with 8 mm-diameter. The shear strain amplitude was fixed to 1%. For highly 496 

stretchable elastomers, frequency sweeps from 1.6∙101 to 1.6∙10-3 Hz were conducted at 21℃ and 200℃, 497 

respectively. Time−temperature superposition was used to create master curves based on a reference tem-498 

perature of 21°C. For extremely soft elastomers, a frequency sweep was performed from 1. 0 ∙102 to 499 

1. 0 ∙10-2 Hz at 21°C .  500 

Time sweep in LVE region. Modulus complex during curing of elastomers was measured by a strain-501 

controlled rheometer AR-2000 (TA Instruments). The mixture of precursor polymers with platinum cat-502 

alysts was sandwiched by two geometries of instruments. The thickness of the mixture layer is around 0.5 503 

mm and the diameter is the plates is 20 mm. Oscillatory experiments were performed with a controlled 504 

temperature of 100℃, a controlled strain of 1%, and a constant shear frequency of 1 Hz.  505 
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Compression test Two pieces of cylinder elastomers (8 mm in didameter) were stacked with a thickness 506 

of around 2 mm. Rheometer ARES G2 was used to compress the elastomers by applying two round plates 507 

(8 mm in diameter). Applied forces and gaps between plates were recorded during the compression. 508 

SEC measurement SEC was performed on a Tosoh EcoSEC HLC8320GPC instrument equipped with 509 

RI and UV detectors and SDV Linear S columns from Polymer Standards Service (PSS). Samples were 510 

run in toluene at 35°C at a rate of 1 mL min-1. Molecular weights and ĐM were calculated using WinGPC 511 

Unity 7.4.0 software and standard linear PDMS were acquired from PSS. 512 

NMR measurement  1H NMR spectra of samples were performed on a Bruker 300 MHz spectrometer 513 

on 50 mg mL-1 solutions in CDCl3. 
29Si solid-state NMR MAS spectra of investigated elastomers were 514 

acquired on a Bruker Avance III HD spectrometer operating at a magnetic field of 14.05 T (𝜈L(29Si) = 515 

119.2 MHz) and equipped with a 4 mm CP/MAS broadband probe. The spectra were acquired with a 516 

spinning frequency of 6 kHz, a 𝜋/2 pulse of 4.75 ms, an acquisition time of 35 ms and 10 seconds of 517 

interscan delay. This was determined to be sufficient for full relaxation of the two observed signals for 518 

elastomers. High-power 1H SPINAL64 decoupling (𝜈RF = 100 kHz) was employed during acquisition. 519 

The prepared elastomers were cut into smaller pieces and packed in 4 mm o.d. zirconia rotors. Chemical 520 

shifts are reported relative to TMS (0.0 ppm). High-resolution 29Si NMR spectrum of a precursor PDMS 521 

(liquid state) was acquired on a Bruker Avance II spectrometer operating at a magnetic field of 9.4 T (𝜈L 522 

(29Si) = 79.495 MHz) and equipped with a 5mm BBFO probe. The NMR samples were prepared as-523 

received (i.e. no deuterated solvent was added) and chemical shifts are referenced using the lock-field 524 

determined for a secondary CDCl3 sample. A Pi/6 pulse was used for excitation with an interscan delay 525 

of 15 seconds. Inverse-gated 1H decoupling was applied during acquisition. Data were analyzed using 526 

MestReNova-11. 527 

Theoretical average molecular weight of extended chains  528 
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For a platinum-catalyzed reaction system of telechelic Si-H functional PDMS with telechelic vinyl func-529 

tional PDMS using a small excess of Si-H groups, both the hydrosilylation reaction between Si-H and 530 

vinyl groups and the crosslinking of Si-H take place. Assuming the two reactions happen strictly in se-531 

quence, the hydrosilylation reaction results in extended chains, which are cross-linked into elastomers by 532 

subsequent crosslinking of excess Si-H. According to mass balance equation: 533 

(𝑅 − 1)𝑀extended = 𝑅𝑀DMS−H + 𝑀DMS−V       (S1) 

 

Where 𝑀DMS−H is the molecular weight of telechelic Si-H functional PDMS, 𝑀DMS−v is the molecular 534 

weight of telechelic vinyl functional PDMS, 𝑀extended is the average molar mass of the extended network 535 

strands and R is the molar ratio of the Si-H to vinyl functional groups. 𝑀extended is expressed as: 536 

𝑀extended =
𝑅𝑀DMS−H + 𝑀DMS−V

𝑅 − 1
         

(S2) 

 

Theoretical molecular weight between Si-H groups on intermediate bottlebrush polymers 537 

Assuming crosslinking of Si-H takes place strictly after the full grafting of side chains, molecular weight 538 

between Si-H groups on intermediate bottlebrush polymers (𝑀c_SiH) is expressed as equation S5. 539 

𝑓brush =
𝑅 − 1

𝑅
𝑓 (S3) 

𝑀brush = 𝑀HMS + (𝑓 − 𝑓brush)𝑀MCR−V (S4) 

𝑀c_SiH =
𝑀brush

𝑓brush + 1
 (S5) 

Where 𝑀brush and 𝑓brush are the molecular weight and number of Si-H groups of the intermediate 540 

bottle-brush polymer. 𝑓 and 𝑀HMS is the functionality and molecular weight of multi-Si-H functional 541 

PDMS. 𝑀HMS−V is the molecular weight of mono-vinyl functional PDMS. 542 

Calculation of molecular weights of bottle-brush network strands (𝑴𝐜) 543 

𝑀c are determined based on the measured shear moduli (𝐺) by equation S6.1 544 
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𝑀c =
𝜌𝑅𝑇∅2

𝐺
 

(S6) 

Where 𝜌 is the density of silicone elastomer. 𝑅 is the gas constant. 𝑇 is the absolute temperature. ∅ is the 545 

gel fraction of elastomers. 𝐺 is the shear modulus of elastomers. 546 

 547 

SUPPLEMENTARY FIGURES 548 

Table S3 Integration of 1H NMR spectra of a telechelic Si-H functional PDMS (DMS-H11) and its reac-549 

tion products after heating at 100℃ for 48 h under dry N2, wet N2 and dry air conditions, respectively. 550 

Sample 

 

5.11 ppm to 4.55 

ppm  

3.52 ppm to 4.34 ppm  

2.39 ppm to 2.23 

ppm  

0.30 ppm to 0.18 ppm  

Si-H SiOCH2Si Si-OH CH3 except at the two ends 

DMS-H11 201.28 0 0 10000 

Dry N2 188.02 0 1.17 10000 

Wet N2 141.91 0 2.77 10000 

Dry air 94.84 1.36 0.51 10000 

 551 

Table S4 Integration of 29Si solid state NMR spectra of a telechelic Si-H functional PDMS (DMS-H11) 552 

and solid elastomers prepared under normal air conditions. 553 

Sample 

9.08 ppm to 6.20 

ppm  

-6.67 ppm to -

8.08 ppm 

-21.64ppm to -23.44 ppm  

-62.92 ppm to -65.33 

ppm  

(CH3)2CH2SiO Si-H SiOSi CH3SiO3 

DMS-H11 0 19.56 100 0 

Ela_DMS-H11 1.44 0 100 0.97 

Ela_DMS-H21 0.43 0 100 1.19 

 554 

 555 
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 556 

Figure S1. SEC curves of starting polymer DMS-H11 and its liquid products after heating at 100℃ for 557 

48 h under dry N2, wet N2 and dry air atmospheres, respectively. 558 

 559 

  

Figure S2.  Evolutions of 1H spectra over time for (a) the reaction of mono-Si-H functional PDMS, and 560 

(b) hydrosilylation reaction between mono-Si-H functional PDMS with mono-vinyl functional PDMS .  561 
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Figure S3. Linear fitting of 𝜆max  and 𝑀extended
0.5 . For highly stretchable silicone elastomers, 𝑀extended  is 563 

the theoretical molar mass of precursor polymer calculated by Equation S2. For conventional silicone 564 

elastomers Ref_DMS-V25 and Ref_DMS-V41, 𝑀extended approximately equals the molecular weight of 565 

precursor polymers DMS-V25 and DMS-V41, respectively.   566 
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Figure S4. Uniaxial stress-strain curves of extremely soft silicone elastomers and a conventional silicone 568 

elastomer. 569 

 570 
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ABSTRACT 
   

In this work, a highly stretchable silicone elastomer is incorporated into dielectric elastomer actuators (DEAs) in order 

to decrease operation voltages by applying high prestretches. Results show that the fabricated DEAs (5-mm-diameter 

circle active region) can be actuated to a lateral strain of 30% at 4.3 kV for a 122 μm-thick prestretched film, and to a 

lateral strain of 2.5% at only 250 V for a 6.9 μm-thick prestretched film. Due to the significant viscous component of 

the silicone elastomer, the DEAs respond more slowly (2-14 s to reach 90% of full strain) and show greater strain 

changes over time compared to conventional silicone-based DEAs. While this inherent viscosity is not universally 

favorable, it can be advantageous in applications where actuator damping is desirable. The studied DEAs’ lifetimes 

under DC actuation range significantly—from 1.6 h to more than 400 h—depending mainly on initial electrical fields 

(17.8-36.3 V/μm). For instance, DEAs with a 150 µm initial thickness and a prestretch ratio of 3 show 1.4-2.6% lateral 

strains for the longest lifetime (424 h) at only 300 V. Given the strains achieved at low voltage, such DEAs show 

promise for applications that do not require fast response speeds. 

Keywords: Silicone elastomer, high stretchability, long-term stability, dielectric elastomer actuator, low-voltage 

actuation 

1. INTRODUCTION  
A dielectric elastomer actuator (DEA) is an electromechanical transducer that consists of a dielectric elastomer (DE) 

sandwiched between two compliant electrodes[1]. When a voltage is applied, electrostatic pressure causes the DE to 

decrease in thickness and expand in area [2]. DEAs enable noiseless, reversible deformations via the cyclic charging 

and discharging of electrodes. The thickness strain (𝑠z) is approximated as[1]:  

𝑠z = −
𝜀0𝜀𝑟

𝑌
(
𝑈

𝑑
)2 (1) 

where d is the actuated thickness of the DE and U is the applied voltage. The vacuum permittivity 𝜀0 = 8.854 × 10−12 

F m−1, 𝜀𝑟 is the relative dielectric permittivity, and Y is the Young’s modulus. 

DEA development has progressed rapidly due to promising applications in numerous fields such as soft robotics[3,4], 

tunable optics[5,6], and compliant grippers[7,8]. Silicone elastomers are the preferred material for DEAs due to their 
high efficiency, reliability, and broad operation temperature range[9,10]. However, one of the main obstacles to more 

widespread DEA use is that high voltages (> 1 kV) are usually required to achieve desirable strains[2]. Such high 

operation voltages require stringent safety regulations, restricting DEAs´ use in certain practical applications such as 

wearables.  

Silicone elastomers with a wide range of properties are commercially available, and extensive research has been 

conducted to map their performance[11,12]. Within the vast range of available formulations, however, elastic moduli 

values remain in the relatively narrow range of 0.05 to 2.4 MPa. Further elastomer functionalization enables improved 

DEA performance, and numerous studies have therefore attempted to decrease operation voltages by decreasing either 

the thickness or Young´s modulus and/or increasing the dielectric permittivity of the silicone elastomers used in their 

formulation[2]. 

mailto:al@kt.dtu.dk


Appendix 3 Manuscript in preparation 

 

124 
 

Silicone elastomers’ dielectric permittivity has been increased by physically or chemically incorporating high 

permittivity components such as particles, oils, and functional moieties[2,13]. While the physical incorporation of 

high permittivity components is easy to achieve, it often leads to increased stiffness, phase-separation, and/or long-

term instability of the resulting elastomers[14,15]. In contrast, silicone elastomers covalently grafted with high 

permittivity components can overcome such disadvantages[16,17]. However, these materials often suffer from 

increased dielectric loss, which in turn commonly leads to reduced dielectric breakdown strength[18].  

Multiple approaches for developing softer silicone elastomers have been proposed as alternative paths to improving 

actuation strains: soft silicone elastomers were prepared by adding solvents[19–22], through crosslinking with off-

stoichiometric ratios[23–25], or by crosslinking with bottle-brush polydimethylsiloxane (PDMS)[26,27]. While the 

first two strategies are relatively easy to implement, the resulting elastomers are prone to electromechanical instability 

due to potential phase separations[19]. Crosslinking with bottle-brush PDMS, on the other hand, has been shown to 

result in ultra-soft yet stable silicone elastomers; however, this strategy often requires relatively complex 

synthesis[28]. 

The fabrication of thinner DE films is desirable because actuation strains are inversely proportional to the squared 

film thickness (see equation (1)). Most reported film thicknesses are in the range of 20-100 µm, as reliable fabrication 

becomes challenging below this range. Nevertheless, a DEA with a 3 µm-thick pad-printed film has been reported, 

which exhibited a 7.5% lateral strain at only 245 V[29]. A DEA with a thinner film of 1.4 µm was subsequently 
fabricated by solvent-casting a DE film and using Langmuir-Schaefer transferred electrodes[30], enabling a 4.0% 

lateral strain at the impressively low voltage of 100 V. Another approach for reducing DE film thickness is through 

prestretching. While this process circumvents the need to prepare reliable ultra-thin films (< 20 µm), some challenges 

remain. First, the reduction in thickness is limited by the stretchability of the elastomers used, as conventional silicone 

elastomers usually have maximum strains below 900% in uniaxial deformations[12]. Second, prestretching requires 

that actuators possess rigid frames, which may limit their practical applications; in addition, a high degree of 

prestretching can often lead to significantly increased stiffness in the resulting DE films due to strain hardening effects 

and loss of tension over time for viscous DE films. In order to overcome these limitations for devices in which rigid 

prestretch frames are acceptable, a silicone elastomer with high stretchability and a low modulus under high degrees 

of prestretch is therefore needed.  

In this work, we prepare a highly stretchable silicone elastomer using a simple one-pot reaction in which chain 
extension and crosslinking take place simultaneously. Due to the significant kinetic advantage of the chain extension 

reaction over the crosslinking reaction, the length of the PDMS chains is significantly increased before any meaningful 

crosslinking occurs. This mechanism has been previously described[31]. The distance between chemical crosslinks is 

much longer in the resulting network compared to conventional silicone networks (Figure 1), enabling significantly 

increased stretchability. In addition, the modulus of the silicone elastomer produced here remains low even under 

highly stretched states. This material is then used to fabricate thin DEAs with high prestretches, with the aim of 

decreasing operation voltages. Strain-voltage curves, response speeds, and long-term stability of the fabricated DEAs 

are studied. 

 

Figure 1. Illustration of network structures: (a) a highly-stretchable silicone elastomer resulting from chain extension and 

crosslinking in a one-pot reaction where the chain extension reaction proceeds considerably before any significant crosslinking 
occurs; (b) a conventional silicone elastomer.  
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2. Experimental section 

 

2.1 Materials 

Vinyl-terminated PDMS (DMS-V41, Mn=63 kDa; DMS-V25, Mn=14 kDa), hydride-terminated PDMS (DMS-H25, 

Mn=14 kDa), methyl hydrosiloxane-dimethylsiloxane copolymer (HMS-301, 1.9 kDa), and platinum-divinyl 

tetramethyldisiloxane complex (SIP6830.3, 3.0 wt% Pt) were purchased from Gelest, Inc. Platinum cyclo-vinylmethyl 

siloxane complex (catalyst 511, 1.0 wt% Pt) was purchased from Hanse Chemie. Dry carbon black powder 

(Ketjenblack EC-600JD) was purchased from Nouryon. 

2.2 Silicone elastomer preparation 

Preparation of highly stretchable silicone elastomer. A vinyl-terminated PDMS (DMS-V25, 7.08 g, 5.06 × 10−4 

mol) and a platinum catalyst (SIP 6830.3, 1.5 mg, 2.31× 10−7 mol) were mixed for 4 min at 2500 rpm using a speed 

mixer. Subsequently, a hydride-functional PDMS (DMS-H25, 7.92 g, 5.66 × 10−4 mol) was added into the mixture 

and mixed for 2 min at 2500 rpm. In order to prepare a 1100 𝜇𝑚-thick film, the mixture was poured onto a Teflon 

mold. For thinner films (280 𝜇𝑚-thick films and 150 𝜇𝑚-thick films), the mixture was cast onto PET film using an 

applicator. The cast mixture was then placed in an oven at 100°C for 24 h. 

Preparation of conventional silicone elastomer. Before a crosslinking reaction, parts A and B were prepared. Part 

A was prepared by mixing a vinyl-terminated PDMS (DMS-V41, 10.00 g, 1.59×10-4 mol) with a methyl 

hydrosiloxane-dimethylsiloxane copolymer (HMS-301, 0.14 g, 7.33×10-5 mol) using a speed mixer at 3500 rpm for 2 

min. Part B was prepared by mixing a vinyl-terminated PDMS (DMS-V41, 4.86 g, 7.75×10-5 mol) with a platinum 

complex catalyst (catalyst 511, 6 mg, 3.08×10-6 mol) using a speed mixer. Parts A and B were then mixed using a 

speed mixer at 3500 rpm for 30 s. The final mixture was poured into a mold and placed in an oven at 100°C for 10 h.  

2.3 Silicone elastomer characterization 

Tensile test. A universal testing system (Instron 3340 series, US) was used for uniaxial tensile tests. Specimens were 

cut into a dumbbell shape using ASTM D-638 Type V (width × length × thickness = 3.18 mm × 9.53 mm × 1 mm) 

as a standard. Specimens were then stretched with a crosshead speed of 500 mm/min, and true stress was determined 

by multiplying the measured engineering stress by the stretch ratios.  

Linear viscoelasticity analysis. Elastomers’ linear viscoelastic properties were analyzed using a strain-controlled 

rheometer (ARES G2, TA Instruments). Cylinder-shaped specimens (≈1 mm thick and 8 mm in diameter) were 

analyzed at room temperature with a fixed shear strain of 1% and a frequency range of 0.01-100 Hz.  

Dielectric permittivity analysis. Dielectric relaxation spectra were obtained using a Novocontrol Alpha-A high-

performance frequency analyser (Novocontrol Technologies GmbH & Co, Germany). Specimens, including free-

standing films and prestretched films, were coated with round silver layers (each 20 mm in diameter and 5 nm thick) 

on two sides using a rotary pumped coater (Q150R Plus, Quorum). Tests were performed at a frequency range of 10-

2-105 Hz at room temperature and an electrical field of 1 V mm-1.  

2.4 DEA fabrication 

Silicone elastomer films were equibiaxially prestretched using a radial prestretcher with 8 metallic fingers. The 
prestretched films were then fixed by rigid frames. Details of both the prestretching process and the frames have been 

previously published [32]. Except for the thickest prestretched films, which had an initial thickness of 1096±16 µm 

and a prestretch ratio of 3, the thickness of all prestretched films was measured using a transmission interferometer. 

The thickest prestretched film could not be measured this way due to noisy signals, but was estimated to be 1096 

µm/(3×3) = 122 µm. Dry carbon black powder was applied with a paintbrush to the two sides of the prestretched films 

through a mask. The overlaid area of the two-sided electrodes was a 5 mm-diameter circle in the center. The fabricated 

DEAs are shown in Figure 2a, and their specifications are given in Table 1. The names of the DEAs contain 

information regarding initial thickness and prestretch ratio: for example, DEA_1100 µm_3 indicates an initial 

thickness of 1100 µm and an equibiaxial prestretch ratio of 3. 
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Table 1. Sample specifications of fabricated DEAs. DEA_1100 µm_3 indicates an initial film thickness of 1100 µm and an 
equibiaxial prestretch ratio of 3. Prestretched DEA thicknesses were measured by transmission interferometer, except that of 
DEA_1100 µm_3, which had to be estimated due to noisy signals. 

Dielectric 

Elastomer Actuator 

Initial 

thickness 

(µm) 

Equibiaxial 

prestretch 

ratio 

Prestretched thickness (µm) 

Strain-voltage 

curve tests 

Response 

speed tests 
Lifetime tests 

DEA_1100 µm_3 
1096±16  

3 ≈122 ≈122 ≈122 

DEA_1100 µm_6 6 30.0±0.0 28.3±0.5 25.3±0.9~28.7±0.5 

DEA_280 µm_3 
277±2 

3 37.5±1.7 29.0±2.2 27.1±0.2~33.3±0.2 

DEA_280 µm_6 6 6.9±0.0 9.3±0.1 6.7±0.1~9.9±0.5 

DEA_150 µm_3 148±6 3 12.0±0.4 13.0±0.0 13.9±0.0~16.7±0.4 

 

  

 

Figure 2. DEA configuration and actuation setup. (a) Prestretched DEAs were fabricated with carbon black powder electrodes and 
an active 5-mm-diameter circular region in the center; (b) fabricated DEAs were actuated by a controlled DC voltage source. 
Actuations were monitored by camera from the top of each DEA. (c) Control procedure of applied voltages for lifetime tests (Uapplied 
for each DEA is shown in Table 3); (d) control procedure of applied voltages for response speed tests. 

2.5 Actuation test 

Strain-voltage curve and lifetime tests were conducted using the MAPLE setup[33]. For strain-voltage curve tests, 

step-increased voltages were applied on the DEAs until electrical breakdown occurred: step duration was set at 20 s, 
and the lateral strain was measured every 5 s. For lifetime tests, 6 DEAs in parallel were cyclically actuated with the 

same voltage source. For each cycle, voltages were increased stepwise until the target voltage was reached (Uapplied 

values are shown in Table 3), with a step duration of 20 s. Once reached, target voltages were maintained for 1 h and 

subsequently dropped to zero for 30 s (Figure 2c). The lateral strain was measured every 5 s. The MAPLE setup was 

operated inside an environmental chamber in which the temperature and relative humidity were set to 25°C and 50%, 

respectively.  



Appendix 3 Manuscript in preparation 

 

127 
 

Response speed tests were conducted by recording DEA actuations with a camera. Voltages were supplied by a single 

channel high voltage power supply, and were manually increased stepwise as shown in Figure 2d. For each step, the 

voltage was maintained for 30 s and then dropped to zero for another 30 s. The recorded videos (pixel size: 640×480, 

15.02 frames/second) were analyzed using Tracker software.  

Lateral strains (𝑠x) are determined as:  

𝑠x =
𝐷act − 𝐷ref

𝐷ref

 
(2) 

where 𝐷act is the diameter of the actuated circular electrode. For both strain-voltage curve and lifetime tests,  𝐷ref is 

the diameter of the circular electrode before actuation; for response speed tests, 𝐷ref is the diameter of the circular 

electrode when voltage is turned off for each step. Assuming incompressibility of the silicone material, the thickness 

strain (𝑠z) is determined as: 

𝑠z =
1

(𝑠x + 1)2
− 1 

(3) 

 

3. Results and discussion 

3.1 Characterizations of silicone elastomers 

An elastomer’s ultimate strain determines its highest achievable extent of prestretch. Figure 3a presents uniaxial true 

stress versus strain curves for the highly stretchable silicone elastomer produced here compared to a conventional 

silicone elastomer. The former shows a maximum strain of 2300%, which is around 5 times as large as that of the 

conventional silicone elastomer (480%). Such high stretchability permits a significant reduction in thickness from 

large prestretches. The elastic modulus only increases from 0.19 MPa to 0.38 MPa under 1500% strain. The 

combination of high stretchability and low modulus under high stretch is favorable for application in low voltage 

DEAs. 

Equibiaxial is one of the most common types of prestretch. However, experimental data for biaxial strain-stress curves 

is difficult to obtain, and therefore scarce. In order to predict the equibiaxial stress-strain curve, the Gent model—a 

hyperelastic model typically used in DEAs[34,35]—is applied. The Gent free energy density (𝑊) is expressed as: 

𝑊 = −
𝜇𝐽m

2
ln(1 −

𝐼1 − 3

𝐽m

) (4) 

where 𝜇 and 𝐽m are the shear modulus and the parameter defining the stretch at which the stress diverges, respectively. 

For uniaxial stretch, 𝐼1 = 𝜆2 + 2𝜆−1;  for equibiaxial stretch, 𝐼1 = 2𝜆2 + 𝜆−4, where 𝜆 is the stretch ratio. 

W has been used to characterize elastomers’ mechanical states [36,37] and as the reference quantity for correlating 
uniaxial strain to equibiaxial strain[35]. Here, since the elastomer was equibiaxially prestretched to a maximum strain 

of 500%, the equivalent uniaxial strain is 747% given the same energy density for the two types of stretch (these 

calculations are presented in full in the SI). Experimental data at uniaxial strains of 0-747% was therefore used for the 

model fitting. Figure 3b shows that the fitted curve agrees with the experimental data for the corresponding uniaxial 

stretch. The equibiaxial stress-strain curve can be predicted based on the fitted parameters: elastic moduli at equibiaxial 

stretch ratios of 3 and 6 (strains of 200% and 500%) are estimated to be E200-210%=0.16 MPa and E500-510%=0.41 MPa, 

respectively. 

Elastomers’ linear viscoelastic properties are shown in Figure 3c. An obvious relaxation behavior is observed for the 

highly stretchable silicone elastomer, as evidenced by the reduced storage modulus with decreasing frequency. This 

relaxation behavior suggests that the entangled chains are unraveled due to their sliding ability under the measured 

shearing frequencies between 0.01-100 Hz. Moreover, the highly stretchable elastomer shows a higher viscous loss, 

as its loss modulus is higher than that of the conventional elastomer. Both the observed relaxation behavior and high 
viscous loss of the highly stretchable silicone elastomer can be attributed to its highly entangled and sparsely 

crosslinked structures. 
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Figure 3d shows that the dielectric permittivity of the highly stretchable silicone elastomers remains almost constant 

in the frequency range of 10-2-105 Hz. The dielectric permittivity of the highly stretchable silicone elastomer without 

prestretch is around 3.3 at the measured frequencies, which is close to that of the conventional silicone elastomer. 

When the elastomer is stretched to ratios of 3 and 6, the dielectric permittivity is reduced to 2.4 and 2.5, respectively. 

Because the highly stretchable silicone elastomer consists of the same repeating (SiO(CH3)2)) units as the conventional 
silicone elastomer, their dielectric permittivities should be similar. As the elastomer is stretched equibiaxially, the 

PDMS chains become oriented in the stretching directions. When applying an electrical field perpendicular to the 

stretching plane, the movements of dipoles on the chains are constrained by the mechanical force. It is therefore 

expected that the dielectric permittivity perpendicular to the stretching direction will be lower than in the stretching 

direction[38–40], and that a decrease in dielectric permittivity will be observed. 
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Figure 3. (a) Uniaxial stress-strain curves. (b) Uniaxial stress-strain curve at strains of 0-800%, as well as fitting stress-strain curves 

for both a uniaxial and an equibiaxial stretch. (c) Frequency dependence of storage and loss moduli. (d) Dielectric permittivity (ɛ´) 
as a function of frequency. 

3.2 Actuation performances of DEAs 

DEAs’ initial thickness and prestretch ratio affect their response to applied voltage, as they govern the final thickness 

of prestretched films. DEAs with different initial thicknesses (1100 μm, 280 μm, and 150 μm) and equibiaxial 

prestretch ratios (3 and 6) were fabricated. As shown in Figure 4a, DEA_1100 μm_3 can be maximally actuated to a 

strain of 30% at 4300 V—a much larger actuation strain than the reported maximum strains of 10-15% for 

conventional silicone-based DEAs[41–44]. This increased strain threshold can be attributed to the low modulus of 
0.16 MPa at the equibiaxial prestretch ratio of 3, as determined from the fitting plot in Figure 3b. By decreasing the 
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initial thickness or increasing the prestretch, DEAs can be actuated to the same strains at much lower voltages. 

Specifically, DEA_280 μm_3 shows a maximum strain of 11.8% at 1200 V, DEA_280 μm_6 shows a maximum strain 

of 2.5% at only 250 V, while DEA_1100 μm_3 requires 3 and 9 times the voltage, respectively, to enable the same 

strains. In terms of their achieved strains, the studied DEAs show promise for use at low voltage, circumventing the 

challenge posed by the typically high voltages (> 1 kV) needed to actuate silicone-based DEAs [2].  

The electrical field is calculated as 𝐸 = 𝑈/𝑑. Lateral strain-electrical field plots are shown in Figure 4b. For DEAs 

with initial thicknesses of 1100 μm and 280 μm and the same prestretch ratios, these plots are mostly overlaid; this is 

consistent with the theoretical relationship between the lateral strain and the electrical field described by Equations 1 

and 3, since DEAs with the same prestretch ratio should possess identical Young´s moduli and dielectrical 

permittivities. The DEAs undergo electrical breakdown when the electrical field is further increased from the 

maximum strengths tested in Figure 4b. The maximum electrical field was reduced from 59 V/μm to 35 V/μm by 

decreasing the initial thickness and increasing the prestretch ratio. 

In order to obtain the DEAs’ theoretical response, theoretical lateral strain-electrical field plots are determined by 
substituting the estimated Y and measured 𝜀𝑟  into Equations 1 and 3. These theoretical plots fit well with the 

experimental plots overall, with the exception of results for the two thinnest prestretched DEAs (DEA_280 μm_6 and 

DEA_150 μm_3; Figure 4c and 4d). This discrepancy may be due to amplificatory effects of defects in the thin films, 

which could originate from film and electrode fabrication processes. 
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Figure 4. (a) DEA strain-voltage plots. (b) DEA strain-electrical field plots. (c, d) Comparison of experimental vs. theoretical strain-

electrical field plots.  
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DEA response speed is an important factor for practical applications, and response times ranging from tens of 

milliseconds to a few seconds have been reported for silicone-based DEAs[45,46]. As shown in Figure 5, the 

prestretched actuators studied here responded rapidly before slowing down as the strain approaches a plateau. Overall, 

it takes 0.1-0.5 s to achieve 50% of full strain and 2-14 seconds to reach 90% (see Table 2). Such slow responses result 

from the highly entangled and sparsely crosslinked silicone network: the entangled structures slow down the response 
due to their sliding ability upon external stress, while the covalently crosslinked chains respond faster because they 

are fixed until break.    

DEAs with a prestretch ratio of 6 respond faster to voltage compared to DEAs with a prestretch ratio of 3. In particular, 

DEA_280 µm_3 requires 0.21 s and 9.7 s to reach 50% and 90% of the full strain, respectively, while DEA_280 µm_6 

exhibits lower respective response times of 0.14 s and 2.1 s. Faster response times can be explained by the shorter 

slippage distance of the entangled structures under increased constraint. 
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Figure 5. Strain response as a function of actuation time for different prestretched actuators at relevant voltages. 

 

Table 2 Required times to reach 50% and 90% of achieved strain under DC conditions. 

Dielectric Elastomer 

Actuator 

Uapplied 

(V) 

Time for achieved strain (s) 

50% 90% 

DEA_1100 µm_3 4000 0.40 14.3 

DEA_1100 µm_6 1200 0.19 5.1 

DEA_280 µm_3 1000 0.21 9.7 

DEA_280 µm_6 250 0.14 2.1 

DEA_150 µm_3 400 0.46 7.2 

 

Actuator lifetime, defined as the time required to reach 100% failure of devices, is another important feature when 

evaluating DEAs for practical applications. As Figure 6 shows, lifetimes vary considerably under DC conditions, from 

1.6 h to more than 400 h, depending primarily on the electrical field applied. For example, all DEA_280 𝜇m_3 samples 

fail after applying an initial electrical field of 36.3 V/𝜇m for only 1.6 h (Figure 6c). DEA_150 𝜇m_3, on the other 

hand, survives for 424.2 h before failure under a much lower initial electrical field of 19.6 V/𝜇m (Figure 6e). However, 

lower applied electrical fields often lead to lower strains, as confirmed by the strain ranges of 4.9-9.3% versus 1.4-

2.6% for DEA_280 𝜇m_3 and DEA_150 𝜇m_3, respectively. Actuator lifetime and achieved strain are thus the most 
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important considerations when selecting which electrical field to apply. It should also be noted that DEAs with an 

equibiaxial prestretch ratio of 6 (Figure 6b and 6d) displayed a high incidence of early failure (4/5), while the failure 

of DEAs with an equibiaxial prestretch ratio of 3 is more evenly dispersed over time. This more frequent early failure 

may be caused by significantly enlarged defects resulting from the higher equibiaixal prestrech ratio[33].  
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Figure 6. Failure incidence over time for various DEAs. 5 or 6 of each type of DEA were tested in parallel under the same DC 

voltage source. The applied voltage and strain range for each DEA is shown above. 

The ability to control strain over time is important to ensure reliable DEA function for long-term applications. 

Representative strain-time plots are shown in Figure 7. Overall, strain in the presence and absence of an electrical 
potential increases with time until electrical breakdown. Strain increase over time with an applied potential results 

from the fact that constant actuation exercises a softening effect on the silicone elastomer. The strain does not go back 

to zero when the voltage is turned off, indicating a response hysteresis. What is more, increasing the strain leads to 

reduced film thickness and increased electrical field, likely reducing the lifetime. Strain ranges for the various DEAs 

studied here are summarized in Table 3. DEA_1100 𝜇m_3 shows the widest strain change: from 3.5% to 15.2% over 

its full actuation lifetime. Although a high strain (over 10%) is achieved, such a high degree of strain instability over 

time is an obstacle to practical DEA applications. With a larger prestretch, DEA_1000 𝜇m_6 exhibits a much narrower 

strain range of 2.8-4.0% over its actuation lifetime (Table 3). As the observed results for DEAs with an initial thickness 

of 280 𝜇m show, higher prestretch significantly reduces strain change over time (Table 3). As with their faster 
observed responses, the narrower strain ranges of DEAs under larger prestretch can be explained by the more 

constrained network shape and shorter slippage distance of entangled chains.  

While the relatively slow response time and obvious strain changes over time of the DEAs studied here are not 

universally favorable for all potential practical applications, they are advantageous in applications which favor 

actuator damping. Various strategies have also been developed to overcome the viscous effects of acrylic-based DEAs, 

including regulating applied electric fields[47,48], modeling viscoelastic behavior[49], and changing states of robotic 

or mechatronic systems in discrete steps[50]. By applying these strategies in the DEAs described above, it should be 

possible to control strain more accurately in the future. 
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 Figure 7. Representative plots of strain over time for each type of DEA. DEAs are cyclically actuated with DC voltages. For 

each cycle, the target voltage is constantly applied for 1 h and then decreased to zero for 30 s. 

Table 3. Summary of lifetime tests.  

DEA 

Average prestretched 

thickness  
Uapplied Range of sx  

Range of 

electrical field  

Longest 

lifetime 

𝝁𝒎 kV % V/𝝁𝒎 h 

DEA_1100 µm_3 120 2.0 3.5-15.2 17.8-22.1 >64.8 

DEA_1100 µm_6 27 0.9 2.8-4.0 34.9-35.7 31.6 

DEA_280 µm_3 30 1.0 4.9-9.3 36.3-39.4 1.6 

DEA_280 µm_6 8 0.3 1.1-1.7 37.0-37.3 236.0 

DEA_150 µm_3 16 0.3 1.4-2.6 19.6-20.1 424.2 
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4.  Conclusion 

 

In this work, we fabricated and tested a highly stretchable silicone elastomer. The maximum uniaxial strain of this 

elastomer is 2300%, and its elastic modulus is determined to be 0.41 MPa under an equibiaxial stretch ratio of 6. The 

elastomer exhibits an obvious stress relaxation behavior and a relatively high viscous loss compared to conventional 

silicone elastomers. The relative dielectric permittivity of the elastomer in a free standing state is 3.3, which is reduced 

to 2.5 and 2.4 for equibiaxial stretch ratios of 3 and 6, respectively. 

DEAs with initial thicknesses of 1100 μm, 280 μm, and 150 μm, and equibiaxial prestretch ratios of 3 and 6 were 

fabricated from the highly stretchable silicone elastomer. Strain-voltage plots show that DEA_1100 μm_3 fabricated 

with a 122 μm-thick prestretched film can be actuated to a 30% strain at 4.3 kV—a much larger degree of strain than 

is achievable with common silicone-based DEAs. Applying a higher prestretch ratio or a lower initial thickness can 

greatly reduce the applied voltage. For example, DEA_280 μm_6 fabricated with a 6.9 μm-thick prestretched film can 

be actuated to a strain of 2.5% at only 250 V. 

Due to the viscous nature of the highly stretchable elastomer used here, the fabricated DEAs respond slowly and show 

strain increases over time compared to conventional silicone-based DEAs—taking 0.1-0.5 s and 2-14 s to reach 50% 

and 90% of fully strain, respectively. DEA_1100 µm_3 shows the widest strain range of 3.5%-15.2%, while applying 

a higher prestretch ratio of 6 narrows this to 2.8-4.0%. This inherent viscosity is not favorable for all potential actuator 
applications, but is advantageous for those in which actuator damping is desirable, such as in loudspeakers. 

Importantly, prestretch ratio can be used to tune DEAs’ response behavior.  

DEA lifetimes vary remarkably—from 1.6 h to more than 400 h—depending primarily on the applied electrical field. 

For example, DEA_150 𝜇m_3 can be actuated to a lateral strain of 1.4-2.6% for as long as 424.2 h under an applied 

voltage of 300 V. Given the strains it is possible to achieve, DEAs show promise for use in applications where a high 

degree of prestretch is permissible and fast response times are not required. 
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Calculation of equivalent uniaxial strain to equibiaxial strain 

 

Gent free energy density (𝑊 ) is used as a reference quantity to correlate the uniaxial strain to the 

equibiaxial strain. The Gent free energy density (𝑊) is expressed by: 

 

𝑊 = −
𝜇𝐽m

2
ln(1 −

𝐼1 − 3

𝐽m
) (S1) 

Where, for uniaxial stretch, 𝐼1 = 𝜆2 + 2𝜆−1 . For equibiaxial stretch, 𝐼1 = 2𝜆2 + 𝜆−4 . 𝜆  is the 

stretch ratio. 𝜀 = 𝜆 − 1 is the strain.   

For equibiaxial stretch, when 𝜀 =500%, 

𝐼1 = 2(500% + 1)2 + (500% + 1)−4 = 72 (S2) 

For uniaxial stretch, the equivalent uniaxial strain leads to the same 𝑊 and 𝐼1 as the equibiaxial 

strain of 500%: 

𝐼1 = 2(𝜀 + 1)2 + (𝜀 + 1)−4 = 72 

The equivalent uniaxial strain is calculated to be 𝜀 =747%. 
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Figure S1 Dielectric permittivity (ɛ´) and loss permittivity (ɛ´´) as functions of frequencies. 
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