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Fig. 1 Proposed flame-retardant mechanism of PU-DE materials and schematic illustration of their fire-safety electroactuation.
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Fig. 2 Design, synthesis and structural characterization of syringaldehyde-derived phosphorus-nitrogen flame retardant (DHBOP).
(a) Synthetic route to DHBOP; (b) FTIR spectra of DHBOP and raw materials; (c) '"H-NMR spectrum , (d) 3C-NMR spectrum,
and (e) HRMS spectrum of DHBOP; (f) TGA/DTG thermograms of DHBOP.
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Fig. 3 Preparation and performance characterization of flame-retardant PU-DE materials. (a) Synthetic route to flame-retardant
PU-DE materials; (b) TGA/DTG thermograms of neat PU and PU-DE materials with varying proportions of DHBOP in their
prepolymer hard segments (0%, 25%, 50%, 75%, and 100%); (c) Stress-strain curves of neat PU and flame-retardant PU-DE
materials; (d) Young’s modulus-strain curves corresponding to (c).
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Fig. 4 The flame-retardant properties of PU-DE materials. (a—e) Digital photographs of neat PU and flame-retardant PU-DE
materials with varying proportions of DHBOP in their prepolymer hard segments (0%, 25%, 50%, 75%, and 100%) after
vertical burning tests; (f) Residual length of burned specimens corresponding to (a—e); (g) The weight of molten drips after
combustion corresponding to (a—e); (h) Total heat release (THR) curves, (i) Heat release rate (HRR) profiles, (j) CO production
rates, and (k) CO, generation patterns of neat PU and flame-retardant PU-DE materials in cone calorimetry tests with an
incident heat flux of 35 kW/m?.

Table 1 Cone calorimetry test data of PU and DHBOP-PU.

Sample pHRR 2 THR® TSR © Ccoy ¢ CO,Y ¢ P-content
(kW/m?) (MJ/m?) (m%/m?) (kg/kg) (kg/kg) (Wt%)
PU 944+15 46+5 465+17 0.16+0.03 5.54+0.42 0
25% DHBOP-PU 857x11 38+4 464+13 0.15+0.02 5.21+0.32 0.40
50% DHBOP-PU 934412 36+7 278+15 0.13+0.02 5.13+0.21 0.75
75% DHBOP-PU 774£10 3543 217+12 0.13+0.01 5.07+0.23 1.07
100% DHBOP-PU 61716 34+6 196+11 0.07+0.01 4.95+0.12 1.35

2 pHRR means the peak of heat release rate; ® THR is the total heat release; ¢ TSR is total smoke release; ¢ COY means carbon

monoxide yield; ¢ CO,Y means carbon dioxied yield; f P-content presents the mass percentage of phosphorus element.
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Fig. 5 Analysis of the flame-retardant mechanism of PU-DE materials. (a—e) SEM images of PU-DE materials with varying
proportions of DHBOP in their prepolymer hard segments (0%, 25%, 50%, 75%, and 100%) after cone calorimetry tests;
(f) The elemental composition of char layers of PU-DE materials after cone calorimetry tests corresponding to (a—e); The 3D
TG-IR spectra of (g) neat PU and (h) 100% DHBOP-PU. FTIR spectra of volatile products for (i) neat PU and (j) 100%

DHBOP-PU under different temperatures.
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Fig. 6 Dielectric properties and electroactuation performance of flame-retardant PU-DE materials. (a) The dielectric constant
and (b) dielectric loss factor of the neat PU and flame-retardant PU-DE materials (with 50%, 75%, and 100% proportions of
DHBOP in their prepolymer hard segments); (c, d) Weibull plots of the probability density function and cumulative distribution

function for PU-DE materials corresponding to (a, b); (e, f) Actuated area strain versus applied electric field curves of the

flame-retardant PU-DE materials corresponding to (a, b); The inserted illustration is a diaphragm actuator with 100 Pa bias air

pressure and the comparative photographs of 50% DHBOP-PU before and after actuation at their maximum electric field;
(g) Cyclic tensile curves and energy loss coefficient of 50% DHBOP-PU with 50% and 100% tensile strains after 50 cyclic
tensile tests; (h) Cyclic actuation of 50% DHBOP-PU under 50.6 MV/m at 0.1 Hz.
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Research Article

Flame-retardant Polyurethane Dielectric Elastomers: Design, Fabrication,
and Electroactuation Performance

Xing-yu Shang!, Xiao Yu', Hui-li Jin!, Yuan-long Song?, Zhi-peng Song?, Hua-jun Xu?, You-hua Xiao!"
(‘College of Chemistry and Materials Engineering, Zhejiang A&F University, Hangzhou 311300)
(P°Hangzhou Hywelt Chemical Technology Co., Ltd., Hangzhou 311300)

Abstract Dielectric elastomer (DE) materials exhibit electro-induced actuation deformation under external
electric fields, enabling efficient conversion of electrical energy to mechanical energy, demonstrating promising
applications in flexible actuators and soft robotics. However, DE materials face inherent risks of electrical
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breakdown and combustion during high-field actuation. To address this challenge, this study designed and
synthesized a bio-based phosphorus-nitrogen flame retardant (DHBOP) from lignin-derived syringaldehyde,
which was subsequently incorporated as a hard-segment modifier to develop flame-retardant PU-DE materials.
Key findings reveal that introducing the rigid flame-retardant structure into PU hard segments effectively
prevents material hardening issues. The modified PU demonstrates a low initial modulus (<0.5 MPa), satisfying
the softness requirements for electric field-driven DE materials. Compared with pristine PU-DE, the modified
PU-DE materials achieves UL-94 V-0 rating when the flame-retardant content exceeds 50% in the hard segments
of PU prepolymer. Notably, the 100% DHBOP-PU formulation exhibits remarkable fire safety improvements:
total heat release (THR) and peak heat release rate (PHRR) are reduced by 26% and 35%, respectively, while the
residual char yield increases from 0.31 wt% to 9.99 wt% during thermogravimetric analysis. Melt dripping mass
shows a maximum 62% reduction. Without pre-stretching, the 50% DHBOP-PU achieves maximum 63% area
strain under 52 MV/m electric field, maintaining high actuation performance. This work provides a strategy for
developing fire-safety DE actuators, with significant implications for human-machine interactive systems.
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