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Frequency dependent behavior of silicone slide-ring elastomers 

Jakob-Anhtu Tran1, Jeppe Madsen1, Anne Ladegaard Skov1 

1Danish Polymer Center, Department of Chemical and Biochemical Engineering, Technical 

University of Denmark, Søltofts Plads, Building 227, 2800 Kgs. Lyngby, Denmark  

ABSTRACT   

Slide-ring elastomers consist of mobile cross-links that can rearrange themselves within the network in contrast to 

conventional elastomers with fixed junctures. This unique feature affects the macroscopic mechanical properties of the 

sliding elastomers by imparting a distinct sliding elasticity that is caused by the distribution entropy of the sliding cross-

links. Slide-ring silicone elastomers exhibit two distinct time dependent elastic responses that can be credited to the 

conformational entropy of the polysiloxane chains and the distribution entropy of the threaded rings. In this work, the 

transition between rubber elasticity of the silicone chains and the sliding elasticity of the rings has been observed through 

linear viscoelastic studies. The extensional properties of the elastomers further corroborated the presence of two distinct 

time dependent viscoelastic profiles. This novel network structure presents the potential to design more intricate dielectric 

elastomer transducers with two distinctive modes of behavior determined by the operational speed of the system.  
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1. INTRODUCTION  

Slide-ring materials present a unique possibility to produce dynamic networks that can dissipate stress by rearranging their 

mobile cross-links on a molecular scale while retaining a high degree of elasticity. This phenomenon is caused by the 

ability for the threaded ring-shaped cross-links to slide on the linear axis chains in a manner similar to a pulley on a zip-

line (as shown in Figure 1). The highly extensible nature and inherent softness of sliding networks has been attributed to 

this ability to evenly distribute internal stress when deformed.1 The improved elasticity of these networks when compared 

to traditional fixed systems originates from the distribution entropy of the threaded rings and the possibility to easily revert 

to their relaxed state through ring sliding.2 Slide-ring elastomers have proven to be peculiar in their intrinsic softness, high 

deformability and toughness, which makes them ideal candidates for their use as dielectric elastomer actuators (DEAs).  

 
Figure 1: Pulley effect in sliding networks 

DEAs have acquired a considerable amount of interest due to the possibilities they present as soft, lightweight, energy 

transducers with fast response rates.3 The applications for this type of innovative actuator range from soft robotics and 

artificial muscles to self-cleaning surface treatments.4 When considering potential materials for DEAs two specific 

properties are sought after to achieve improved actuation at lower voltages: a high dielectric permittivity and a low Young’s 

modulus. However, tailoring conventional curing formulations for softer elastomers often presents a tradeoff with 

compromised mechanical integrity and higher viscous loss.3 Slide-ring elastomers have thus shown potential to circumvent 

this issue. 
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Sliding cross-linkers based on polyethylene glycol (PEG) and α-cyclodextrin (α-CD) have been widely studied due to their 

commercially available precursors and relative ease of production. This type of cross-linkers have already been utilized 

for DEA fabrication, but they have so far been limited to poly-ε-caprolactone (PCL) grafted systems, which have a 

relatively high elastic modulus (around 1 MPa).5–7 The use of alternative side-chain chemistries, such as polysiloxanes, 

have been restricted by the low reactivity of the cross-linkers and miscibility issues.8 These problems are caused by the 

dense hydrogen bonded structures that form between the threaded cyclodextrin rings and can be solved by chemical 

modification.9  

 

In the current work, we have proposed a synthetic pathway to produce vinyl functional sliding cross-linkers that are soluble 

in common solvents and can be incorporated in polysiloxane network by means of hydrosilylation. These improvements 

open up the possibility to prepare sliding silicone elastomers (SSEs) with industrially scalable curing methods. The 

produced SSEs exhibited a two distinct time dependent stress responses due to the sliding transition of the cross-linkers. 

This innate characteristic presents the opportunity to design intricate DEAs with discrete modes of behavior that are 

dependent on the operational speed of the system. 

2. EXPERIMENTAL 

2.1 Materials 

Polyethylene glycol (PEG 35000) was purchased from Fluka. 1H-Benzotriazol-1-yloxytripyrrolidinophosphonium 

Hexafluorophosphate (PyBOP) was purchased from Tokyo Chemical Industry Co., Ltd. 1,3-divinyl-1,1,3,3-

tetramethyldisilazane, platinum-divinyltetramethylsiloxane complex (3.0% Pt) as well as hydride and vinyl terminated 

polydimethylsiloxanes (PDMS Mn = 20 000 to 24 000 g mol-1) were procured from Gelest Inc. Household bleach (Klorin 

Original, 5% available chlorine) was purchased from a local supplier (Salling group A/S). Sylgard ®184 elastomer kit was 

purchased from Dow Chemical Company Ltd. and Ecoflex™ 00-30 elastomer kit was purchased from FormX Amsterdam. 

All other chemicals were purchased from Merck KGaA and used as received unless otherwise stated. 

2.2 Characterization 

1H-NMR spectra were acquired on a Bruker 300 MHz spectrometer in either deuterated DMSO or chloroform at ambient 

temperature unless stated otherwise, with the residual solvent used as the internal standard. Size Exclusion 

Chromatography (SEC) measurements were conducted with Shimadzu instrumentation (SIL-10AD autoinjector, LC-

10AD liquid chromatograph, RID-10A refractive index detector) with a 10 mM LiBr DMSO eluent flow of 1.000 mL/min 

at room temperature through a Millipore/Waters Ultrastyragel 105 Å column.  

 

Linear viscoelastic analysis (LVE) was conducted on a TA Discovery HR-1 rheometer with 20 mm diameter parallel-plate 

geometry. The measurements were carried out at a fixed strain amplitude of 1 % with a frequency range of 0.01 to 100 Hz. 

The tensile properties of the elastomers were measured using the Instron 3340 materials testing system (INSTRON, US). 

Samples of 30 mm length and 3.18 mm width were placed between two clamps with an initial separation distance of 20 

mm. Strain was defined as (𝐿 − 𝐿0)/𝐿0 where 𝐿 is the distance between the clamps during stretching and 𝐿0 the intial 

separation distance. The test specimens were elongated uniaxially at a strain rate range of 0.5 to 200 mm min -1. 

 

Electrical breakdown tests were performed on an in-house built device based on international standards (IEC 60,243–1 

(1998) and IEC 60,243–2 (2001)). A stepwise increase of voltage was applied to the samples (50 V step s-1) at a rate of 0.5 

steps s-1. Film thickness was determined through optical microscopy of the film cross-section. Dielectric relaxation 

spectroscopy (DRS) was performed at room temperature and low electrical field (∼1 V mm-1) on a Novocontrol Alpha-A 

high-performance frequency analyser (Concept 40 Top Class System, Novocontrol Technologies GmbH & Co, Germany) 

operating in the frequency range 10-1–106 Hz. The samples were approximately 0.1 mm thick and 20 mm in diameter. 

 

Actuation measurements were performed by connecting the thin film samples (thickness of 110 to 150 µm) with a high 

voltage power supply (PS375, Stanford Research Systems Inc.) and applying step-wise increased voltages (500 V per step) 

until electrical breakdown. The samples were mounted with 20% pre-strain on a round plastic frame with an inner diameter 

of 30 mm. Circular electrodes with a diameter of 10 mm were painted on either sides of the samples with carbon grease. 

The actuation was determined by video analysis software (Tracker). 
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2.3 Synthesis of polyrotaxanes 

To prepare the carboxylic acid terminated PEG-COOH, ten grams of PEG was oxidized in 100 mL of DI water with 

2,2,6,6-tetramethyl-1-piperidinyloxy radical (TEMPO, 100 mg, 0.64 mmol), KBr (116 mg, 0.97 mmol) and NaClO (20 

mL, 5% available chlorine) at a pH of 11-12 for 15 min. The oxidation was quenched with 10 mL of ethanol. The reaction 

mixture was then acidified with HCl to a pH below 2. The product was extracted with two 100 mL aliquots of DCM that 

were then combined and evaporated in vacuo. The product was dissolved in hot ethanol and precipitated at -20 °C. The 

precipitate was then washed with ethanol and dried in vacuo overnight. The end-group conversion was confirmed with 1H-

NMR to be >98%. 

 

3 grams of PEG-COOH and 13.7 grams of α-cyclodextrin (α-CD) were dissolved in 100 mL of DI water and stirred for 15 

minutes before overnight complexation at -5 °C. The complexed pseudo-polyrotaxane (PPR) was then freeze-dried and 

crushed into a fine powder. The PPR was then end-capped with the addition of 1-adamantylamine (169 mg, 1.1 mmol), 

PyBOP (581 mg, 1.1 mmol) and N, N-diisopropylethylamine (0.2 mL, 1.2 mmol). The mixture was dissolved in 100 mL 

of dry N, N-Dimethylformamide (DMF) and stirred overnight at RT in an inert atmosphere. The reaction mixture was then 

washed through centrifugation, twice with a 1 to 1 mixture of DMF/methanol and twice with methanol. The obtained solid 

was then dissolved in dimethylsulfoxide and precipitated in water, followed by repeated washing with water and freeze-

drying. 
 
2.4 Chemical modification of polyrotaxanes to obtain vinyl functional slide-ring cross-linkers 

The polyrotaxane (1 g, 7.35 µmol) was dissolved in dry DMSO (40 mL) in a nitrogen atmosphere. A premade mixture (4.4 

g, 20.4 mmol) of 1,3-divinyl-1,1,3,3-tetramethyldisilazane (DVTMDS) and 1,1,1,3,3,3-hexamethylsilazane (HMDS) was 

slowly added to the reaction vessel in a drop-wise manner. The molar ratio of the silylating agents was varied between 

experiments. The reaction mixture was stirred for 6 hours at 60 °C, followed by addition of dry toluene  (40 mL). The 

mixture was then left to react for an additional 20 hours. The product was then precipitated in methanol (800 mL), washed 

with methanol and dried under vacuum, resulting in a white solid (1.2 g, 69% yield). 

 

2.5 Preparation of SSE films 

Hydride terminated PDMS (0.41 g, Mn = 24 000 g mol-1), vinyl terminated PDMS extenders (0.17 g, Mn = 20 000 g mol-1) 

and the slide-ring cross-linkers (0.06 g, fvinyl = 0.42 mmol g-1) were dissolved in toluene. Platinum catalyst was added 

(1.1 mg, 50 ppm) and the mixture was left to pre-cure for 10 minutes at 80 °C. The mixture was then cast into a Teflon 

mold and left to evaporate for a day at room temperature before the final overnight curing at 80 °C. Pure PDMS control 

films were prepared with identical hydride terminated PDMS (1.4 g, Mn = 24 000 g mol-1) and vinyl terminated PDMS 

extenders (0.57 g, Mn = 20 000 g mol-1) and vinyl functional polysiloxane cross-linkers (0.14 g, fvinyl = 0.61 mmol g-1). The 

formulation was mixed on a FlackTek Inc. DAC 150.1 FVZ-K SpeedMixer™ and then coated on a glass substrate using a 

film applicator (3540 bird, Elcometer, Germany) with a 200 µm blade. Commercial Sylgard®184 and EcoFlex™ 00-30 

silicone films were prepared according to the instructions provided by the suppliers. 

3. RESULTS AND DISCUSSION 

3.1 Preparing slide-ring silicone elastomers 

The polyrotaxanes consisting of α-CD rings threaded on PEG chains were synthesized according to methods described in 

the literature10, with minor modifications. Before the polyrotaxanes could be used as sliding cross-linkers, substitution of 

the hydroxyl groups on the threaded rings was necessary to increase the compatibility between the polyrotaxanes and 

silicone and to introduce reactive vinyl functional groups. Chemical modification of the polyrotaxanes is also crucial for 

improving the solubility of the densely hydrogen-bonded polyrotaxanes. By utilizing two commercially available silylating 

agents, HMDS and DVTMDS, it was possible to increase the solubility of the cross-linkers while retaining control over 

the concentration of the introduced reactive groups. The latter was essential in avoiding the formation of fixed junctions 

on the cyclodextrin rings and ensuring that all of the cross-links were freely mobile in relation to each other (Figure 2). 
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Figure 2: A) Vinyl groups per α-CD ring based on the feed ratio B) Comparison of fixed cross-links forming on the α-CD 

rings (top) versus freely sliding networks 

The procedure for chemically modifying the polyrotaxanes and cross-linking them with polysiloxane side-chains can be 

seen in Figure 3. The modified sliding cross-linkers were first pre-cured in toluene with hydride terminated PDMS and 

chain extenders followed by solvent casting and overnight curing at an elevated temperature. 

 

 

Figure 3: Chemical modification of slide-ring cross-linkers and synthesis of slide-ring silicone elastomers 

The cured elastomers were transparent, and no visible phase separation could be observed under optical microscopy. A 

series of sliding elastomers were produced at various cross-linker concentrations determined by the stoichiometric balance, 

r, between the vinyl groups of the cross-linkers and the hydride groups on the terminals of the side-chains. The mechanical 

and dielectric properties of the samples are presented in Table 1. The elastic modulus (Y5%) of the elastomers increased in 
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relation to the increasing cross-linker concentration. However, the dielectric properties of the samples, such as dielectric 

permittivity (ε′) or dielectric loss tangent (tan δ), were not affected by the increased polyrotaxane weight fraction. This can 

be attributed to the change in dielectric properties of the polyrotaxane cross-linkers after chemical modification. 

Substitution of the polar hydroxyl groups has proved to be effective in lowering both the permittivity and dielectric loss of 

the polyrotaxanes. It should be noted that the dielectric breakdown strength (Eb) remained relatively stable even for the 

softer samples with less cross-linkers. 

  
Table 1: Dielectric and mechanical properties of sliding films. 

 
Polyrotaxane 

wt% 
r Y5% MPa 

ε′ @0.1 

Hz 

ε′ @1 

MHz 

tan δ 

@0.1 Hz 
Eb V/µm 

 9.4 1.5 0.529 2.7 2.8 8.8 ∙ 10-2 59.0 

 10.6 2.0 0.520 2.5 2.5 3.5 ∙ 10-2 65.5 

 14.8 2.5 2.017 2.6 2.7 1.2 ∙ 10-1 54.6 

 17.3 3.0 2.962 2.8 2.8 3.2 ∙ 10-2 56.3 

 19.4 3.5 5.251 3.0 2.9 1.7 ∙ 10-2 49.3 

PDMS Control 0 1.5 0.192 3.3 3.3 8.0 ∙ 10-2 39.5 

Sylgard 184 0 NA 1.597 3.2 3.1 2.0 ∙ 10-2 113.4 

 

3.2 Frequency dependent behavior of the silicone slide-ring elastomers 

The rheological properties of the sliding silicone elastomers were studied by linear viscoelastic analysis. A unique 

transition in the storage modulus could be observed in three of the samples (r = 1.5 to 2.5) around the frequency of 0.01 Hz 

as seen in Figure 4A. The time-scale of the transition was not affected by the stiffness of the samples indicating that the 

onset of sliding is determined by the ring entropy within the slide-ring cross-linkers. A similar time-dependent transition 

between a rubber and a sliding state has been previously observed in slide-ring hydrogels.11 To our knowledge, this 

characteristic sliding transition has not been reported for dry slide-ring elastomers to date. This could be due to the stiffer 

nature of slide-ring elastomers with PCL grafted side-chains suppressing the magnitude of the transition. The reinforcing 

effect of the cross-linkers at higher concentrations is also considered to be responsible for the absence of the sliding 

transition for the two samples with a higher polyrotaxane loading (samples r = 3.0 and 3.5). 

 

 
Figure 4: A) Linear viscoelastic study of the sliding elastomers at different concentrations. B) Tensile properties of r = 1.5 

sample at different strain rates (𝐿0 = 20 mm). All measurements conducted at room temperature 

 The time dependent nature of the samples was confirmed with extensional rheology (Figure 4B) where two distinct stress-

strain responses could be observed depending on the strain rate. The elastic modulus decreases significantly from 0.6 to 

0.3 MPa when the strain rate is decreased to 1 mm/min. In order to compare the time-scale of the extended samples the 

average Hencky strain rate was determined (𝜀�̇� = (𝑑𝐿 𝑑𝑡⁄ ) 𝐿⁄ ).  The calculations confirmed that the samples with a stiffer 
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response were extended at a higher speed (𝜀̇�̅� > 0.05 sec-1) than the transition while the extension rate of the softer samples 

had crossed the treshold for sliding (𝜀̇�̅� = 0.004 and 0.003 sec-1). 

This dual response presents the potential to design smart DEAs with two distinct modes  of operation depending on the 

actuation speed. 

3.3 Actuation properties of the sliding silicone elastomers 

Preliminary actuation experiments were conducted to compare the novel sliding elastomers with commercial silicone 

elastomers, Sylgard 184 and Ecoflex 00-30, which are commonly used for fabricating actuators. The relevant material 

properties of the samples were compiled into a single figure of merit (𝐹𝑜𝑚 = 3𝜀′𝜀0𝐸𝑏
2 𝑌⁄ )12 to allow for a more direct 

comparison (as seen in Table 2). The softer sliding actuators exhibited increased actuation when compared to Sylgard 184. 

The sliding actuators also performed considerably better in regards of breakdown strength when compared to actuators 

produced with the softer Ecoflex 00-30. These initial results suggest the potential of the slide-ring system as a versatile 

platform for the preparation of soft actuators with improved cross-linking densities.  

Table 2: Dielectric and mechanical properties of sliding films. 

 Y5% MPa ε′ @0.1Hz Eb V/µm 
Actuation strain by 

area (%) 
Fom 

SSE   0.308* 2.7 59.0 20.3 0.81 

Sylgard 184 1.597 3.2 113.4 17.5 0.68 

Ecoflex 00-30 0.306 3.4 42.7 21.8 0.52 
*Elastic module of SSE when the strain rate is lower than the inverse sliding transition time 

4. CONCLUSION 

The development of an industrially scalable method to chemically modify polyrotaxane slide-ring cross-linkers allowed 

for the creation of a new class of sliding silicone elastomers. The sliding elastomers exhibited a peculiar transition between 

rubber elasticity of the polysiloxane chains and the sliding elasticity of the rings. The extensional properties of the 

elastomers further corroborated the presence of two distinct time dependent viscoelastic profiles. This novel network 

structure presents the potential to design more intricate dielectric elastomer transducers with two distinctive modes of 

behavior determined by the operational speed of the system. 
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