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Abstract : Polyvinyl chloride gel (PVCG) actuators show great potential for flexible wearable devices and biomimetic actua-
tion applications. However, their insufficient actuation performance under conventional operating voltages has limited practical
implementation. In order to solve the above problems, five kinds of ionic liquid modified PVCG ( iPVCG ) were prepared with
solvent evaporation method, including 1-allyl-3-methylimidazolium tetrafluoroborate ([AMIM]BF 4), 1-allyl-3-methylimidazolium
bis (trifluoromethanesulfonyl)imide (JAMIM]NTF>), 1-allyl-3-methylimidazolium chloride (JAMIM]CI), tributylmethylammonium
chloride (TBMACI), and trihexyltetradecylphosphonium chloride (THTDPCI). First-principles calculations characterized the ionic
liquids, revealing molecular volumes ranging from 53.68 A3 to 855.11 A3 and dipole moments between 11.39 Debye and 15.64
Debye. Dielectric property measurements show that ionic liquid modification significantly enhances the PVCG's dielectric constant
through combined ionic, orientation, and interfacial polarization effects. At 1 000 Hz frequency, the [AMIM]NTF: modified iPVCG

achieves a remarkable dielectric constant (&) of 340.08, corresponding to an 11.61-fold increase over pure PVCG. Other modified
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PVCGs exhibit &’ values ranging from 48.59 to 142.42. The relaxation frequency increases up to 755.97 Hz, representing a 288%
enhancement compared to pure PVCG (194.86 Hz). Mechanical testing reveals an inverse correlation between ionic liquid volume
and elastic modulus. Smaller volume ionic liquid such as [AMIM]CI (228.09 A%) induce dense phase-separated structures due to
their higher molar concentration, reducing the tensile modulus by 24.91%. In contrast, larger volume ionic liquid like THTDPCI
(855.11 A%) show limited phase separation, maintaining an elastic modulus of 10.96 kPa comparable to pure PVCG of 11.68 kPa.
These results indicate that ionic liquid volume primarily controls tensile modulus variation through phase separation regulation. The
optimized dielectric properties and reduced tensile modulus work synergistically to enhance actuation performance. Under 800 V
excitation, maximum bending displacement increases by 63.51%. The [AMIM]NTF 2 modified gel demonstrates superior perfor-
mance with 3.45 mm displacement, attributed to its high dielectric constant and low modulus. The ionic volume effect and high
dipole moment ionic liquid optimization strategy proposed in this study provide important material optimization guidance for the

development of low-voltage, high-performance flexible actuators.

Keywords : soft actuator; polyvinyl chloride gel;ionic liquid;ionic gel;dielectric constant
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Tab.1 Formulation ratio for iPVCG samples preparation process

Samples Tonic liquid Ionic liquid mass/g PVC mass/g DBA mass/g DMF volume/mL
PVCG 3.00 27.00 45.00
'IAM[MJBHPVCG [AMIM]BF, 0.03 3.00 27.00 45.00
T avngnre2P VCG [AMIM]NTF, 0.03 3.00 27.00 45.00
Lo VCG [AMIM]CI 0.03 3.00 27.00 45.00
TBMAUPVCG TBMACI 0.03 3.00 27.00 45.00
| —l Y€ THTDPCI 0.03 3.00 27.00 45.00
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Fig. 1 Schematic diagram of actuator performance characterization
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Tab.2 Volume and dipole moment parameters of ionic liquids

Tonic liquid VA3 VA Vvt V/A*  w/Debye
[AMIM]BF, 174.41 73.83 0.42 248.24 12.95
[AMIM]NTF, 174.41 210.56 1.21 384.97 15.64

[AMIM]CI 174.41 53.68 0.31 228.09 12.53

TBMACI 350.36 53.68 0.15 404.04 12.06
THTDPCI 801.43 53.68 0.07 855.11 11.39

Notes: V" is cation volume; ¥ is anion volume; V' /V" is anion-

cation volume ratio; 7 is ionic liquid volume;u is dipole moment.
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Tab.3 Electromechanical properties and actuation performance of

ionic liquid-modified PVC gels

Samples e’ tand fIHz K/kPa  S/mm
PVCG 29.29 152.29 194.86 11.68  2.11
el VCG 128.61 130.56 422.83 9.87 2.86

fampesPVCG 34008 97.98 75597 1010 3.45
inngoPVCG 4859 15702 23650 877 2.63
iaaoPVCG 10368 13878 34838 979 274

1TBMACI

PVCG 142.42 121.23 622.86 10.96 3.07

lTllTDPC

Notes: ¢’ is dielectric constant; tand is dielectric loss tangent; f is

relaxation frequency; K is tensile modulus; S is displacement.
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