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Supplementary Fig. 1. Atomic force microscopy (AFM) characterization of the diameters of CNFs. (a) AFM 

height image of CNFs. Z- scale is 12 nm. (b) Averages of 7 selected CNFs height profiles indicated in Figure 

(a). The average diameter is 2.6 ± 0.6 nm. The shaded area indicates the standard deviation of the selected 

height profiles. 
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Supplementary Fig. 2. Synthesis of polymers using RAFT polymerization and copolymer properties. 

Schemes for (a) the synthesis of UPy monomer, UPyMA, (b) the RAFT copolymerization based on OEGMA 

and UPyMA. (c) 1H NMR spectrum of EG-UPy29 copolymer. (d) GPC traces of final EG-UPy29 and EG 

polymers in DMAc. (e) DSC thermograms of EG-UPy29 and EG polymers showing the Tgs. 
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Supplementary Table 1. Overview of polymers prepared by RAFT polymerization. 

Sample UPy units 
content (mol%)a Mn (kDa)b Ðb Tg (°C)c 

EG 0 51 1.12 -61 

EG-UPy29 29 40 1.12 -46 
a Molar content of UPy motifs determined by 1H NMR. b Mn and Ð are measured by GPC in 
DMAc (corresponding GPC traces are in Figure S1d). c Tg is obtained from DSC (the 
thermograms are in Figure S2e). 
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Supplementary Fig. 3. Rheological oscillation experiments. (a) Amplitude sweep of EG-UPy29 film at a 

frequency of 1 Hz. The linear viscoelastic regime is up to ca. ε = 50 %. (b) Temperature sweep (ε = 30 %, f 

= 1 Hz), heating EG-UPy29 and EG from 30 °C to 130 °C with a heating rate of 5 °C min-1. The copolymer 

bearing thermo-reversible crosslinks, i.g. EG-UPy29 shows a thermal transition located at 62 °C, where the 

material behavior changes from elastomer (G’’ < G’) to melt-like behavior (G’’ > G’) with a drastic loss in 

G’ across more than three orders of magnitude when going from room temperature to 130 °C. This 

corresponds to the thermal dynamization and dissociation of the hydrogen-bonded UPy dimers, and hence to 

the transition from a transient network to a polymer melt. By contrast, pure EG does not show any transition 

and behaves as viscous melt within the temperature range 30–130 °C. G’ of EG only changes within one 

order of magnitude due to temperature-accelerated reptation and relaxation. 
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Supplementary Fig. 4. Solid-to-melt transition of EG-UPy29 polymer upon heating. (a) The polymer is an 

elastomer at 25 °C, (b) and turns to a melt at 140 °C  
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Supplementary Fig. 5. (a) Stress–strain curves for the CNF/EG and CNF/EG-UPy29 nanocomposites with 

50/50 CNF/polymer weight ratio, and the CNF/EG-UPy29/SWNT (50/50/10) nanocomposite. (b) Cross-

sectional SEM image for the CNF/EG-UPy29/SWNT (50/50/10) nanocomposite. (c) Conductivity for 

CNF/EG-UPy29/SWNT nanocomposites and thickness of conductive SWNT layers as a function of SWNT 

content. Error bars are standard deviations of duplicate measurements. (d) Storage modulus, G’, for 

CNF/EG/SWNT and CNF/EG-UPy29/SWNT (50/50/10) nanocomposites. 
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Supplementary Fig. 6. Determination of yield points. Stress–strain curves of CNF/EG-UPy29/SWNT 

(50/50/10) nanocomposite. Yield points are determined as the intersection of the two linear regimes of the 

elastic and first plastic deformation zone. 
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Supplementary Fig. 7. Time-dependent heating plot detected from the backside (without SWNT coating) for 

different applied Voltage. 
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Supplementary Fig. 8. COMSOL finite element modeling (FEM) simulations for thermal conduction in a 

bulk material, in which the top layer is heated up to 120 °C. (a) The temperature map of the final state in the 

material. (b) The temperature gradient along the thickness, obtained from the dash line indicated in (a). The 

heat penetration is limited by the through-plane thermal conductivity of the material. The through-plane 

thermal conductivities of pure CNF nanopaper is 0.03 W/m·K, while thermal conductivities of most 

amorphous polymer range between 0.1-0.3 W/m·K.1-3 In addition, the specific heat capacity (Cp) of CNFs 

nanopaper is 0.7 J/g·K, and Cp of most polymers is around 1.5 J/g·K at room temperature.4 Assuming that 

the thermal conductivity and Cp of the material is 0.1 W/m·K and 1.0 J/g·K, respectively, it is possible to 

calculate the temperature changes along the thickness using FEM. As applied the EG-UPy system, it becomes 

clear that, when heated to 120 °C on top, the temperature is high enough for a UPy-UPy dissociation up to a 

thickness of ca. 7 mm.   
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Supplementary Fig. 9. The true strain extracted from DIC at different local temperature in the middle using 

DIC. The lines 1-3 represent the parts 1-3 in Figure 4a. These temporal plots are acquired under Joule heating 

to (a) 23 °C. (b) 70 °C. (c) 90 °C. 
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Supplementary Fig. 10. Schematic of direct patterning of SWNT thin layer by spray coating of SWNT-rich 

ethanol dispersion on the CNF/EG-UPy29 (50/50) nanocomposites. 
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Supplementary Fig. 11. FLIR images showing the Joule heating patterns achieved by application of voltage 

on the SWNTs thin layers with predesigned patterns. (a-c) Schematic of SWNT thin layer with patterns on 

the CNF/EG-UPy29 (50/50) nanocomposites. (d-f) Corresponding FLIR images showing the patterns under 

applied voltage of 25 V. 
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