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Supplementary Figures 

 

 
Supplementary Figure 1. The formation of aqueous film of FeCl3 with specific patterns on GO film. 

The photographs of (A) GO film, (B) FeCl3-loaded agarose hydrogel stamp on GO film and (C) 

water film with cross pattern on GO film (Scale bar: 1 cm). 
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Supplementary Figure 2. The relationship between the width of PDMS mold and PPy stripe. The 

average width differences between PDMS mold (100, 200 and 500 μm in width) and 

corresponding PPy stripes (n=10) are 6.7 μm, 6.5 μm and 8.1 μm respectively. The width of PPy 

stripes are presented as mean (SD). 

 

 

 

 

 

 

Supplementary Figure 3. The optical image of PPy stripes with 60 μm width. 
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Supplementary Figure 4. The preparation and structural characterization of GO/PANI. (A) 

Schematic diagram of precise modification of PANI onto the GO film. (B) Optical images of PANI 

patterns with different sizes and shapes on the GO film; (C) Raman spectra of GO and GO/PANI; 

(D) FT-IR spectra of pure GO and a GO/PANI; (E) XPS spectra of GO and GO/PANI (Scale bar: 5 

mm). 
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Supplementary Figure 5. The preparation and structural characterization of GO/PEDOT. (A) 

Schematic diagram of precise modification of PEDOT onto the GO film. (B) Optical images of 

PEDOT patterns with different sizes and shapes on the GO film; (C) Raman spectra of GO and GO/ 

PEDOT; (D) FT-IR spectra of pure GO and a GO/ PEDOT. (E) XPS spectra of GO and GO/ PEDOT 

(Scale bar: 5 mm). 
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Supplementary Figure 6. The preparation and structural characterization of calcium alginate 

hydrogel/GO. (A) Schematic diagram of precise modification of calcium alginate hydrogel onto 

the GO film. (B) Optical images of calcium alginate hydrogel patterns with different sizes and 

shapes on the GO film (Scale bar: 2 mm). 
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Supplementary Figure 7. PPy patterning on GO fiber, the precise modification of PPy on GO fiber 

can be achieved easily. 
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Supplementary Figure 8. PPy patterning on GO foam (Scale bar: 1 cm). 
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Supplementary Figure 9. PPy pattern with different microcontact time. The color of PPy patterns 

darkens gradually with the increasing microcontact time (Scale bar: 100 μm).  
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Supplementary Figure 10. The structure change process of trigonal GO/PPy actuator under the 

stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 11. The structure change process of trigonal GO/PPy actuator under the 

stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 12. The structure change process of rectangular GO/PPy actuator under 

the stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 13. The structure change process of rectangular GO/PPy actuator under 

the stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 14. The structure change process of pentagonal GO/PPy actuator under 

the stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 15. The structure change process of pentagonal GO/PPy actuator under 

the stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 16. The structure change process of hexagonal GO/PPy actuator under the 

stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 17. The structure change process of hexagonal GO/PPy actuator under the 

stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 18. The structure change process of H-like GO/PPy actuator under the 

stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 19. The structure change process of H-like GO/PPy actuator under the 

stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 20. The structure change process of U-like GO/PPy actuator under the 

stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 21. The structure change process of U-like GO/PPy actuator under the 

stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 22. The structure change process of S-like GO/PPy actuator under the 

stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 23. The structure change process of S-like GO/PPy actuator under the 

stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 24. The structure change process of T-like GO/PPy actuator under the 

stimulus of humidity (Scale bar: 1 cm). 

 

 

 

Supplementary Figure 25. The structure change process of T-like GO/PPy actuator under the 

stimulus of IR light (Scale bar: 1 cm). 
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Supplementary Figure 26. Photos of water droplet contact angles for GO film (left) and GO/PPy 

film (right). The polymer of PPy can increase the hydrophobicity of GO film, so the water droplet 

contact angle for GO film is larger than GO/PPy film.  
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Supplementary Figure 27. Actuating performance of GO/PPy (b) at humidity levels from 20% to 

50%. The insets in Figure S27 show photographs of the bending GO/PPy (b) at humidity levels of 

20.4%, 31.8%, 43.5% and 50%. 
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Supplementary Figure 28. The relationship between the response speed of the actuators 

(width 2 mm and length 15 mm) and the thicknesses of two layers, a, b, c represent the GO 

thicknesses of 12.8 μm, 25.2 μm and 37.1 μm respectively, and the PPy thickness increases 

gradually with the increasing microcontact time and the contact time of 10 s, 15 s and 20 s are 

named as GO/PPy (d), GO/PPy (e) and GO/PPy (b), respectively. Respond speed are presented as 

mean (SD). 
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Supplementary Figure 29. The relationship between the response speed of the actuators (GO 

thickness of 25.2 μm and microcontact time of 20 s) and their sizes. We find clearly that the 

response speed increases gradually with the increasing actuator length at the same width, and 

the response speed decreases gradually with the increasing actuator width, which is ascribed to 

the larger bending force for the larger actuator length and larger flexural rigidity for the larger 

width of actuator 1. Respond speed are presented as mean (SD). 
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Supplementary Figure 30. The morphology change of GO/PPy with 120 °C treatment and without 

treatment. (A) GO/PPy without treatment, (B) with 120 °C treatment (the red arrow indicates the 

exfoliation of PPy from GO film). 
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Supplementary Figure 31. Cycle stability of curvature for GO/PPy actuator over 100 cycles under 

the stimulus of IR. The GO/PPy actuator display excellent cycle stability. 
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Supplementary Note 1 

Discussion for Supplementary Figure 4: 

 

Supplementary Figure 4A showed the schematic diagram of precise modification of PANI 

onto the GO film. Similar to the modification of PPy, FeCl3 was transferred onto the GO film by a 

FeCl3-loaded agarose hydrogel stamp, and FeCl3 was present in only specific patterns replicated 

from the agarose hydrogel stamp. After that, the mixture of aniline and ethanol (V (aniline): V 

(ethanol) = 3:2) was dropped onto the GO film and reacted with FeCl3 to generate PANI with 

specific patterns on the GO film. Raman, FT-IR and XPS test were conducted to demonstrate the 

successful modification of PANI on the GO film. Supplementary Figure 4B exhibited the optical 

images of PANI patterns with different sizes and shapes on the GO film. We can see clearly that 

light black PANI patterns are introduced onto the GO film with high precision. Supplementary 

Figure 4C displayed the Raman spectra of GO and GO/PANI. The spectrum of GO has two 

dominant peaks at 1350 and 1593 cm-1, corresponding to its D and G bands. Compared to the 

Raman spectrum of GO, some characteristic Raman bands of PANI appeared in the Raman 

spectrum of PANI. The Raman band at 443 cm−1 is associated with the phenazine-like segment. 

The band related to out-of-plane C-H deformation of quinonoid ring appears at around 512 cm−1. 

The 799 and 1160 cm−1 bands are assigned to the C-H bending in quinonoid ring and C–H bending 

deformation in the benzenoid ring. The 1509 cm−1 band is associated with C=N stretching 

vibrations of the quinonoid units. The appearance of the above bands suggests the formation of 

PANI on the surface of GO film 2-3. In order to further confirm the formation of PANI on the 

surface of GO film, the FT-IR analysis was also employed to characterize the GO/PANI. 

Supplementary Figure 4D, a group of typical bands of PANI appeared 2, 4, C=N stretching of the 

quinonoid ring and C=C stretching of the benzenoid ring at 1601 and 1494 cm-1 respectively, C–N 

stretching of secondary aromatic amines at 1286 cm-1, C–H bendings of the benzenoid ring and 

the quinonoid ring at 1245 and 1124 cm-1 respectively, and C-C stretching of the quinonoid at 794 

cm-1. The XPS spectra revealed the surface element compositions of GO and GO/PANI, exhibiting 

bands at 281.2, 396.4 and 529.8 eV, corresponding to C1s, N1s, and O1s, respectively 

(Supplementary Figure 4E). The existence of nitrogen element for GO/PANI also demonstrate the 

formation of PANI on the GO film. 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 
 

 

Supplementary Note 2 

Discussion for Supplementary Figure 5: 

 

Supplementary Figure 5A showed the schematic diagram of precise modification of PEDOT 

onto the GO film. Similar to the modification of PPy and PANI, FeCl3 was transferred onto the GO 

film by a FeCl3-loaded agarose hydrogel stamp, and FeCl3 was present in only specific patterns 

replicated from the agarose hydrogel stamp. After that, the mixture of EDOT and ethanol (V 

(EDOT): V (ethanol) = 4:1) was dropped onto the GO film and reacted with FeCl3 to generate 

PEDOT with specific patterns on the GO film. Raman, FT-IR and XPS test were conducted to 

demonstrate the successful modification of PEDOT on the GO film. Supplementary Figure 5B 

exhibited the optical images of PEDOT patterns with different sizes and shapes on the GO film. 

We can see clearly that black PEDOT patterns are introduced onto the GO film with high precision. 

Supplementary Figure 5C displayed the Raman spectra of GO and GO/PEDOT. The spectrum of 

GO has two dominant peaks at 1350 and 1593 cm-1, corresponding to its D and G bands. 

Compared to the Raman spectrum of GO, some characteristic Raman bands of PEDOT appeared 

in the Raman spectrum of PEDOT. The Raman bands at 1430 and 1505 cm−1 are attributed to the 

symmetric and asymmetric stretching vibration of the C=C bond in PEDOT, respectively. The band 

at 1263cm−1 is assigned to the stretching modes of single C-C inter-ring bonds in PEDOT. Other 

weaker bands at around 990, 856 and 703 cm−1 are assigned to C-C asymmetric bond, C–H 

bending of 2, 3, 5-trisubstituted thiophene and C-S-C bond of PEDOT. The appearance of the 

above bands suggests the formation of PEDOT on the surface of GO film 5-7. In order to further 

confirm the formation of PEDOT on the surface of GO film, the FT-IR analysis was also employed 

to characterize the GO/PEDOT. As shown in Supplementary Figure 5D, a group of typical bands of 

PEDOT appeared 8-9, the feature peaks of PEDOT at about 1518 and 1313 cm-1 (C=C and C-C 

stretching vibrations of the quininoid structure of the thiophene ring) demonstrate the presence 

of PEDOT. The other bands at about 1182, 1134, and 1047 cm-1 are attributed to the C-O-C bond 

stretching, and the C−S bond in thethiophene ring is proved by the presence of bands at about 

975, 829 and 679 cm-1. The XPS spectra revealed the surface element compositions of GO and 

GO/PEDOT, exhibiting bands at 161.3, 225.6, 281.2 and 529.8 eV, corresponding to S2p, S2s, C1s 

and O1s, respectively (Supplementary Figure 5E). The existence of surfur element for GO/PEDOT 

also demonstrate the formation of PEDOT on the GO film. 
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Supplementary Note 3 

Discussion for Supplementary Figure 6: 

 

Supplementary Figure 6A showed the schematic diagram of precise modification of calcium 

alginate onto the GO film. Similar to the modification of PPy, PANI and PEDOT, CaCl2 was 

transferred onto the GO film by a CaCl2-loaded agarose hydrogel stamp, and CaCl2 was present in 

only specific patterns replicated from the agarose hydrogel stamp. After that, 2% sodium alginate 

was dropped onto the GO film and reacted with CaCl2 to generate calcium alginate with specific 

patterns on the GO film. 

Supplementary Figure 6B exhibited the optical images of calcium alginate patterns with 

different sizes and shapes on the GO film. We can see clearly that grey white calcium alginate 

patterns are introduced onto the GO film with high precision. 
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Supplementary Note 4 

Discussion for Supplementary Figure 28: 

 

Supplementary Figure 28 exhibits The relationship between the response speed of the 

actuators (width 2 mm and length 15 mm) and the thicknesses of GO and PPy layers. We find that 

the actuators with the GO thickness of 25.2 μm possess larger response speed at the same 

microcontact time, this can be explained by the small water-adsorption-induced expansion force 

for actuator with the GO thickness of 12.8 μm can’t bend the actuator quickly, and the large 

stiffness of actuator with the GO thickness of 37.1 μm cannot bend the actuator flexibly. 

Furthermore, the GO/PPy (e) possesses maximum response speed, which is slightly larger than 

GO/PPy (b). This is because the PPy thickness reduces with the decreasing microcontact time, so 

the stiffness of actuator reduces synchronously. However, GO/PPy (d) is smaller in response 

speed than GO/PPy (b), which is owing to the minor difference of water-adsorption ability 

between GO and PPy layer at the microcontact time of 10s. Therefore, the proper choice of GO 

thickness and microcontact time is important for the actuator.  
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Supplementary Note 5 

Calculation of energy conversion efficiency: 

 

The energy conversion efficiency (η) of a bilayer actuator can be defined as the total elastic 

energy generated by the GO/PPy (b) actuator divided by the input laser energy (Q Laser). The 

elastic energy of our actuators can be calculated as follow 10-11: 

Q Elastic=
[𝐸2𝑡2

2(3𝑡1+𝑡2)+𝐸1𝑡1
2(3𝑡2+𝑡1)][𝐸1

2𝑡1
4+𝐸2

2𝑡2
4+2𝐸1𝐸2𝑡1𝑡2(2𝑡1

2+2𝑡2
4+3𝑡1𝑡2)]

36𝐸1𝐸2𝑡1
2𝑡2

2(𝑡1+𝑡2)
× (

1

𝑟
)

2
𝑉𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟    (1) 

where Q Elastic is the total elastic energy generated by GO/PPy (b) actuator under the stimuli 

of IR light with power densities (ρ Laser) of 0.0831 W cm-2. 1/r is the curvature (1.40 cm-1), r is the 

radius of curvature. t1 and t2 are the thickness of PPy layer (15.2 µm) and GO layer (37.2 µm) 

respectively. E1 and E2 are the Young’s modulus of PPy layer (80 MPa) and GO layer (3.07 GPa) 

respectively. The Young’s modulus of the GO layer is measured by an All-Electrodynamic Dynamic 

Test Instrument (Instron Model E1000, England). The Young’s modulus of the PPy layer has been 

reported in many paper with the same value 12-13. 

The calculated total elastic energy of GO/PPy (b) actuator is 0.00137 J.  

The actuating time (ԏ) is 3s. Aactuator represent the area exposed on the IR light. The input 

laser energy applied to the actuator can be expressed as: 

Q Laser= 𝜌Laser  × ԏ × 𝐴actuator     (2) 

The calculated input laser energy of GO/PPy (b) actuator is 0.07479 J. 

Hence, the energy conversion efficiency η is given by: 

𝜂 =  
𝑄 Elastic 

𝑄 Laser 
     (3) 

The energy conversion efficiency η is then calculated to be 1.832 %. 
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