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Supplementary Figures and Tables 

 

Fig. S1 (a) SEM image of Pitch-based CF used in this work and (b) the statistics of 

fiber length, showing an average length of 250.7 μm. (c) Highly ordered graphite 

structure and (d) Raman spectrum of Pitch-based CF indicates excellent axial thermal 

conductivity 
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Fig. S2 Schematics of preparation of Fishbone-shaped CF scaffolds (FCS) via multiple 

stacking and carbonization process 

 

Fig. S3 (a) The variation curve of alignment relaxation time (τ) versus the viscosity (η) 

of solution under different magnetic field strength. (b) Apparent viscosity of phenolic 

resin/ethanol solutions at different concentrations. (c) Images of fiber deposition 

process in ethanol under the vertical magnetic field and CF completed the orientation 

in about 2 s before landing. 

 

Fig. S4 Cross-sectional SEM image of CF/resin preforms and corresponding EDS 

mappings of C, O and B elemental distributions 
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Fig. S5 The height of the stacked fibers was apparently decreased after vibration, 

showing compact structure with enhanced initial stacking density 

 

Fig. S6 Local surface morphology of (a, e) CS-5, (b, f) HCS-7, (c, g) DCS-7 and (d, h) 

VCS-7 

 

Fig. S7 (a) Temperature curves of CF scaffolds surface varied with time under the light 

density of 100 mW cm-2 and corresponding infrared thermal images at 200 s were 

illustrated in (b) 
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Fig. S8 Cross-sectional SEM images of CF scaffolds: (a, e) DCS-5, (d, f) DCS-10, (c, 

g) VCS-5 and (d, h) VCS-10 

 

Fig. S9 Macro photos and SEM images of (a, d) CS-5/PDMS, (b, e) HCS-7/PDMS and 

(c, f) DCS-7/PDMS prepared by impregnation of PDMS into CF scaffolds 

 

Fig. S10 TGA curves of (a) neat PDMS, CF and (b) CF scaffolds/PDMS composites in 

the nitrogen atmosphere. The mass fraction of CF scaffolds (MCF) was calculated using 

the equation of 𝑀𝐶𝐹 =
𝑊𝐶𝑜𝑚𝑝𝑠𝑖𝑡𝑒−𝑊𝑃𝐷𝑀𝑆

1−𝑊𝑃𝐷𝑀𝑆
, where WPDMS and WComposites are the residue 

mass of PDMS and CF scaffolds/PDMS at 800 ℃, respectively. And the volume 

fraction of CF scaffolds (VCF) can be determined by the formula of 𝑉𝐶𝐹 =
𝑀𝐶𝐹∕𝜌𝐶𝐹

1∕𝜌𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠
, 

where ρCF and ρComposites are density of CF (2.22 g cm-3) and composites. The calculated 

results can be seen in Table S2 
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Table S1 The calculated mass fraction and volume fraction of fillers in the CF 

scaffolds/PDMS 

 Residue mass at 800 ℃ (%) MCF (wt%) VCF (vol%) 

PDMS 29.16 - - 

CS-5/PDMS 47.6 26.0 14.3 

DCS-5/PDMS 61.99 46.3 28.3 

DCS-7/PDMS 61.45 45.6 27.7 

DCS-10/PDMS 60.05 43.6 25.9 

VCS-5/PDMS 61.72 46.0 28.0 

VCS-7/PDMS 62.38 46.9 29.0 

VCS-10/PDMS 62.69 47.3 29.7 

HCS-7/PDMS 60.39 44.1 26.6 

Table S2 The parameters for calculating thermal conductivity of CF scaffolds/PDMS 

composites. The specific heat capacity (Cp) of all samples was evaluated using a 

differential scanning calorimeter (DSC) analysis. The density (ρ) of all samples was 

obtained by the water displacement method 

 

Thermal 

diffusivity 

(mm2 s-1) 

Specific heat 

capability (J 

g-1 ℃-1) 

Density 

(g cm-3) 

Thermal 

conductivity 

(W m-1 K-1) 

Direction 

CS-5/PDMS 
5.81 ± 0.36 

1.205 1.220 
8.54 ± 0.53 kIn-plane 

1.48 ± 0.13 2.18 ± 0.19 kThrough-plane 

DCS-5/PDMS 
7.50 ± 0.46 

1.106 1.355 
11.24 ± 0.69 kIn-plane 

23.57 ± 1.72 35.32 ± 2.58 kThrough-plane 

DCS-7/PDMS 
4.46 ± 0.29 

1.160 1.347 
6.97 ± 0.45 kIn-plane 

24.20 ± 1.98 37.81 ± 3.09 kThrough-plane 

DCS-10/PDMS 
7.28 ± 0.53 

1.108 1.317 
10.62 ± 0.77 kIn-plane 

14.52 ± 1.20 21.19 ± 1.75 kThrough-plane 

VCS-5/PDMS 
2.29 ± 0.16 

1.147 1.352 
3.55 ± 0.25 kIn-plane 

25.46 ± 1.87 39.48 ± 2.90 kThrough-plane 

VCS-7/PDMS 
2.39 ± 0.23 

1.188 1.373 
3.90 ± 0.38 kIn-plane 

27.60 ± 1.84 45.01 ± 3.00 kThrough-plane 

VCS-10/PDMS 
3.07 ± 0.35 

1.093 1.394 
4.68 ± 0.53 kIn-plane 

27.02 ± 2.11 41.16 ± 3.21 kThrough-plane 

HCS-7/PDMS 
1.56 ± 0.18 

1.062 1.340 
2.21 ± 0.26 k⊥ 

29.64 ± 1.93 42.18 ± 2.75 k∥ 
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Fig. S11 Schematic of ANSYS simulation models with grid division of (a) CS/PDMS, 

(b) HCS/PDMS (c) DCS/PDMS and (d) VCS/PDMS. (e-h) The top side temperature 

profiles and corresponding simulation boxes of different models 

Finite element simulation was performed to analyze the transient thermal response and 

heat transfer capability of the carbon scaffolds/PDMS composites with different 

structure. As shown in Fig. S11(a-d), the computation domain is set to 0.42 × 0.252 

mm2 and the fiber region is introduced based on the structure and volume fraction of 

each composite. Major parameters of PDMS and CF in the simulation analysis can be 

found in Table S3. 

In a general simulation, a linear heat source with temperature of 50 ℃ is set at the 

bottom of the models and the convection coefficient of the top side was set as 10 W m-

2 K-1 with the ambient temperature of 25 ℃. Fig. S11(d-f) show the temperature profiles 

at the top side of different models, and the results demonstrate that the VCS/PDMS 

have a higher temperature compared to composites with other CF scaffolds, indicating 

the excellent heat transfer ability in through-plane direction. 

Table S3 Parameters of PDMS and CF used in the simulation analysis 

Parameters PDMS CF 

Thermal conductivity 

(W m-1 K-1) 
0.2 

Axial direction Radial direction 

900 10 

Specific heat 

capability (J g-1 ℃-1) 
1.42 0.71 

Density (g cm-3) 1.04 2.22 

 

Fig. S12 Schematic of ANSYS simulation models with grid division of (a) commercial 

thermal pad, (b) FCS/PDMS and (c) FCS/PDMS-P. The main heat source (50 ℃) was 

set at the upper left end of the models (d) 
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Table S4 Comparison of thermal conductivities of our CF scaffolds/PDMS with 

reported thermally conductive composites [S1-S23] 

Filler Matrix 

Filler 

contents 

(vol%) 

Thermal 

conductivity 

(W m-1 K-1) 

Direction Refs. 

Carbon fiber-based thermally conductive composites 

CF Fluorinated rubber 11.5 23.3 kThrough-plane S1 

CF Olefin block copolymer 30 15.06 kThrough-plane S2 

CF PDMS 27.3 34.94 kThrough-plane S3 

CF PDMS 20 11.76 kThrough-plane S4 

CF Epoxy resin 31 32.6 kThrough-plane S5 

CF PDMS 9 4.72 kThrough-plane S6 

CF PDMS 12.8 6 kThrough-plane S7 

CF PDMS 20 43.47 kThrough-plane S8 

CF/Al2O3 PDMS 24/47 38 kThrough-plane S9 

CF/Al2O3 PDMS 20/50 26.49 kThrough-plane S10 

Ni@CF PDMS 21.5 10.5 kThrough-plane S11 

CF PDMS 31.49 35.5 kIn-plane S12 

Graphite monolith-based thermally conductive composites 

Graphite frameworks PDMS 17.6 35.4 kThrough-plane S13 

Graphite aerogel Epoxy resin 0.91 4.14 kThrough-plane S14 

Graphite aerogel PDMS 5.89 9.92 kThrough-plane S15 

Graphite fiber 

monolith 
Paraffin wax 20.7 36.49 kIn-plane S16 

Ceramic monolith-based thermally conductive composites 

SiC frameworks Epoxy resin 21 10.27 kThrough-plane S17 

3D aligned BA Epoxy resin 40 21 kThrough-plane S18 

LM/BN Polyethylene glycol 30 8.8 kThrough-plane S19 

3D BN foam Epoxy resin 59.43 6.11 kThrough-plane S20 

AlN honeycomb Epoxy resin 47.26 9.48 kThrough-plane S21 

BN-SiC skeleton PDMS 8.35 3.87 kThrough-plane S22 

BN PVP 62 12.1 kThrough-plane S23 

This work 

HCS-7 PDMS 26.6 42.18 k∥  

DCS-7 PDMS 27.7 37.8 kThrough-plane  

VCS-7 PDMS 29 45.01 kThrough-plane  
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