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Supplementary Notes

Note S1: Energy conversion efficiency of the PVDF-CB/PEA/PAM actuators

    The conversion efficiency can be defined by the following Equation S1:

S
ƞ =

𝐸𝑜𝑢𝑡

𝐸𝑖𝑛

where Ein and Eout are given by the following equations:1

S𝐸𝑖𝑛 =  𝑃·𝐴·𝑡

S
𝐸𝑜𝑢𝑡 =

[𝐸𝑆𝐻2
𝑆(3𝐻𝑓 + 𝐻𝑆) + 𝐸𝑓𝐻2

𝑓(3𝐻𝑠 + 𝐻𝑓)] × [𝐸2
𝑓𝐻4

𝑓 + 𝐸2
𝑠𝐻4

𝑠 + 2𝐸𝑆𝐸𝑓𝐻𝑓𝐻𝑠 (2𝐻2
𝑓 + 3𝐻𝑓𝐻𝑠 + 2𝐻4

𝑆)]𝜅2

36𝐸𝑆𝐸𝑓𝐻2
𝑓𝐻2

𝑆)(𝐻𝑠 + 𝐻𝑓)
     

where the subscripts f and s represent the PAM film and PVDF-CB substrate layers, 

respectively. E is the Young’s modulus, H is thickness and κ is bending curvature.

At 250 mW/cm2 NIR light illumination, the bending radius and responsive time are ~2.3 

cm-1 and 0.6 s, respectively, and the parameters for the above equation are listed below: 𝐸f = 

2452 MPa; 𝐸s = 800 MPa; 𝐻f = 3 × 10−5 m; 𝐻s = 6 × 10−5 m. The elastic energy and the light 

energy are calculated to be 1.19 mJ and 22.5 mJ, respectively. Then the energy conversion 

efficiency is calculated to be 5.29%.

Note S2: Transient heat-transfer analysis of the PVDF-CB/PEA/PAM actuators

The surface temperature of the PVDF-CB/PEA/PAM actuator increases on illumination 

with NIR light, and a transient heat transfer analysis is conducted to quantify the temperature 

change as a function of light intensity and irradiation time. The heat conduction inside the 

actuator is very fast due to their small thicknesses. Therefore, the temperature distribution in 

the actuator is essentially uniform, and the analytical expression for the temperature can be 

deduced by considering the irradiating light as a surface heat flux, the heat-convection 

relationship with the surrounding air, and the energy equilibrium. The corresponding expression 

for temperature as a function of time is given by the equation S4:

 (S4),

∆𝑇(𝑡) = 𝑇(𝑡) ‒ 𝑇0 =
2𝑃𝑡

∑
𝑖

𝑐𝑖𝜌𝑖𝑑𝑖 + 2ℎ𝑐𝑡

where P is the light intensity; ci, , and di are the specific heat capacity, volumetric mass density, 

and thickness, respectively, of the ith layer; and hc is the convective heat transfer coefficient of 

the air. The value of hc depends on many factors such as relative velocity, and it can be varied 

from 10 to 100 W (m2 K)1 or more.2

To verify the expression, we simulated the surface temperature of the PVDF-

CB/PEA/PAM actuating film as a function of time at a specific light intensity when they are 



3

free. The convective heat transfer coefficient here we used is 10 W (m2 K)1. The specific heat 

capacity of each layer of the PVDF-CB/PEA/PAM is measured to be 0.09, 1.3, and 0.7 J g1 

K1, respectively, and the corresponding mass density is measured to be 1.5, 0.89, and 0.48 g 

cm3, respectively. By substituting all the parameters into the expression, the obtained 

theoretical values agree well with the experimental measurement (Figure S23), and the 

expression can be used to calculate the temperature change of the actuators at different light 

intensities. 

Note S3: Thermomechanical analysis of the PVDF-CB/PEA/PAM actuators

The mechanical properties of each layer of the PVDF-CB/PEA/PAM film were first 

measured for understanding their mechanical function on the bending actuation. The moduli of 

the individual layers were calculated by using the rule of mixture for composites, i.e., equation 

S5,

EH =     (S5),

𝑁

∑
𝑖 = 1

𝑓𝑖𝐸𝑖

in which EH is the effective modulus of the composite film, and fi and Ei are the volume fraction 

and Young’s modulus, respectively, of the ith constituent. The calculated Young’s moduli of 

the PVDF-CB layer, the PEA layer, and the PAM hydrogel layer were calculated to be about 

800 MPa, 150 MPa, and 2452 MPa, respectively. 

The excellent actuation performance of the PVDF-CB/PEA/PAM actuator is induced by 

the mismatch in expansion between the different layers upon heating due to light irradiation, 

including the thermal expansion of the PVDF-CB film, and the thermal contraction of the PAM 

hydrogel layer due to the water loss. To quantitatively study the mechanism, a 

thermomechanical analysis was conducted by using the classical Timoshenko beam theory.3 

Under the assumptions of perfect bonding between layers and a uniform temperature 

distribution, the strain and stress distribution in the ith layer that are derived using beam theory 

are given by Equation S6 and S7: 

   (S6),

𝜀𝑖 =
( 𝛾
𝐾𝑒

‒ 𝑐𝑖 ‒ 𝑧𝑖)( 𝛾
𝐾𝑒

∑
𝑖

𝐹 ∗
𝑖 ‒ ∑

𝑖

𝑐𝑖𝐹
∗
𝑖 )

𝐾𝐼 + 𝛽 ‒
𝛾2

𝐾𝑒

+

∑
𝑖

𝐹 ∗
𝑖

𝐾𝑒

   (S7),𝜎𝑖 = 𝐸𝑖(𝜀𝑖 ‒ 𝛼𝑖∆𝑇)

in which zi is the local coordinate in the thickness direction, T is the temperature change, and 

Ei and i are the Young’s modulus and the coefficient of thermal expansion, respectively, of 
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the ith layer. The other constants are defined by the following Equation S8 and S9:

S
𝛾 = ∑

𝑖

𝑐𝑖𝐸𝑖𝑑𝑖, 𝛽 = ∑
𝑖

𝑐2
𝑖𝐸𝑖𝑑𝑖, 𝐾𝐼 = ∑

𝑖

𝐸𝑖𝐼𝑖,𝐾𝑒 = ∑
𝑖

𝐸𝑖𝑑𝑖, 𝐼𝑖 =
𝑑3

𝑖

12
, 𝐹 ∗

𝑖 = 𝐸𝑖𝛼𝑖∆𝑇𝑑𝑖

S
𝑐1 = 0,𝑐2 =

𝑑1 + 𝑑2

2
, 𝑐𝑖 =

𝑑1 + 𝑑𝑖

2
+

𝑖 ‒ 1

∑
𝑗 = 2

𝑑𝑗 (𝑖 > 2)

where di is the thickness of the ith layer. 

By employing the above transient heat-transfer analysis and thermomechanical analysis, 

we simulated the actuation temperature change and bending angle at different NIR light 

intensities, and the theoretical calculations show good agreement with the experimental data 

(Figure 2c).
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Supplementary figures

Figure S1. Cross-sectional SEM image of the PVDF-CB/PEA/PAM actuator.

Figure S2. (a) Photographs of the PVDF-CB/PAM bilayer just prepared (left) and let stand for 

1 h in air (right). (b) Photographs of the PVDF-CB/PEA/PAM tri-layer just prepared (left) and 

let stand for 1 month in air (right). This indicates the PVDF-CB/PEA/PAM trilayer film exhibits 

much higher interfacial stability than the PVDF-CB/PAM bilayer.
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Figure S3. The thickness of the PAM (a) and the PEA (b) layers obtained by applying different 

amount of PAM gel and PEA solution by a “making-up” method. 

Figure S4. Viscosity of the PAM gel as a function of reaction time (a) and monomer mass (b). 

The inset in (a) shows viscosity as a function of shear rate. The reaction time is 10 h for (a), and 

the monomer concentration is 0.07 g/mL for (b).
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Figure S5. Modulus of the PAM gel as a function of reaction time (a) and monomer mass (b). 

The reaction time is 10 h for (a), and the monomer concentration is 0.07 g/mL for (b).

Figure S6. (a) SEM image and (b) the pore size distribution of the PVDF-CB film. 
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Figure S7. (a) FTIR and (b) UV-Vis-NIR spectrum of the PVDF-CB film.

Figure S8. Temperature as a function of time of the PVDF-CB film by switching on and off 

200 mW cm2 NIR light. 



9

Figure S9. FTIR spectra of the PEA and the PAM layer (free-dried). 

Figure S10. Photographs showing the water contact angle of the PVDF-CB layer (a) and the 

PAM layer (b).
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Figure S11. The change in length, width, and thickness as a function of environmental relative 

humidity (RH) for the PAM film (3 mm×2 mm×10 m). 

 

Figure S12. Thermogravimetric analysis (TGA) of a PAM film.
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Figure S13. Pore size distribution of the freeze-dried PAM film.

Figure S14. Photographs of the PAM film (a) before and (b) after absorption of water 

moisture.
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Figure S15. The weight retention with time of the PAM, PVDF-CB/PAM, and the PVDF-

CB/PEA/PAM films by switching on and off 250 mW cm2 NIR light. The environmental 

relative humidity is about 40%. The thicknesses of the PVDF-CB, PEA, and PAM layers are 

40 m, 30 m, and 20 m. Delamination was observed during the measurement for the PVDF-

CB/PAM bilayer.

Figure S16. Stress-strain curves of the PVDF-CB film, PAM, PVDF-CB/PEA bilayer 

(thickness of each layer: 60 m/60 m), and the PVDF-CB/PEA/PAM tri-layer (thickness of 

every layer: 60 m/60 m/30 m). If not specified, the PAM layer was obtained by peeling off 

from the PVDF-CB/PEA bilayer, and the same thickness of different layers were used in this 

and the following figures.
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Figure S17. Bending angle as a function of time of the actuator with different thickness of the 

PAM layer. The thickness of the PVDF-CB layer is 60 m.

Figure S18. Photographs of the PVDF-CB/PEA/PAM actuator (a) before NIR light irradiation, 

(b) reaching the maximum angle by switching on the light irradiation, and (c) after switching 

off light irradiation.
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Figure S19. Bending angle as a function of time for the 150m PVDF-CB/PEA/PAM actuator 

under 250 mW cm2 NIR light irradiation.

Figure S20. Bending angle as a function of time of the PVDF-CB/PEA/PAM actuator in an 

open and closed space.
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Figure S21. Response time and bending angle of the PVDF-CB/PEA/PAM actuator as a 

function of (a) relative humidity and (b) environmental temperature.

Figure S22. Bending angle as a function of thickness of the PVDF-CB/PEA/PAM actuator 

under illumination of 250 mW cm2 NIR light. 
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Figure S23. Experimentally measured and theoretically calculated temperatures of the PVDF-

CB/PEA/PAM actuator as a functions of time. The light intensity was 68 mW cm2. 

Figure S24. Photographs of a 20-μm-thick PVDF-CB/PEA/PAM actuator before (a) and after 

(b) exposure to the sunlight. 
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Figure S25. (a) Stress as a function of time for the 150 μm PVDF-CB/PEA/PAM film under 

250 mW cm2 NIR light. (b) Actuation stress of the 150 μm PVDF-CB/PEA/PAM film at 

different light intensities.

Figure S26. Schematic and photographs showing the PVDF-CB/PEA/PAM actuator jumping 

up and forward (a) or backward (b) in response to 200 mW cm2 NIR light on a zig-zag surface. 
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Figure S27. The jumping translational distance, and speed of the PVDF-CB/PEA/PAM 

jumping actuator as a function of time obtained from Figure 18a.

Figure S28. Schematic and photographs showing an asymmetric PVDF-CB/PEA/PAM 

actuator jumping up and forward (a) or backward (b) in response to 250 mW cm2 NIR light on 

a flat surface.
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Figure S29. Bending angle as a function of thickness of the PVDF-CB/PEA/PAM at 70% and 

relative humidity. 

Figure S30. (a) Stress as a function of time by applying and removing moisture (with flux of 

15 mg s1) for a 20-m-thick PVDF-CB/PEA/PAM film that is stained on a mechanical tester. 

(b) Actuation stress as a function of thickness of the PVDF-CB/PEA/PAM film.
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Figure S31. Work capacity as a function of thickness for the actuator under moisture stimuli.

Figure S32. Schematic and photographs showing multi-morphing actuation of the PVDF-

CB/PEA/PAM actuators in response to moisture. (a) A number-“8”-shape extended to a letter 

“S” shape. (b) A heart-shape extended to straight film. (c) A spiral shape extended to straight 

film. (d) The actuator mimicking the flower blooming.
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Figure S33. Photographs showing a PVDF-CB/PEA/PAM actuator grasping and lifting a foam 

that is 78 times its own weight in response to 250 mW cm2 NIR light. 

Figure S34. (a) Maximum bending angle for the 150 μm PVDF-CB/PEA/PAM actuator at 15 

mm above an open beaker that contains different organic vapors. (b) Bending angle as a 

function of time for a 20-μm-thick PVDF-CB/PEA/PAM actuator by applying or removing the 

acetone vapor (saturated vapor or 15 mm above an open beaker that contains acetone).
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Figure S35. Photographs showing a PVDF-CB/PEA/PAM actuator walked forward in response 

to ethanol vapor.

Figure S36. Oscillation actuation as a function of time of a 20-μm-thick PVDF-CB/PEA/PAM 

actuator in environmental conditions. 
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Figure S37. Photographs showing oscillatory swing of a curved PVDF-CB/PEA/PAM actuator 

placed on the surface. 

Figure S38. Photographs showing the PVDF-CB/PEA/PAM actuator (a) bends into a highly 

curved circle by approaching the palm (b) because of the increased humidity close to the palm. 

The PAM layer is in the outside of the curve. 
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Figure S39. (a) The oscillation displacement as a function of time for a 20-m-thick PVDF-

CB/PEA/PAM actuator at 5 mm above a palm. (b) The maximum oscillation displacement of 

the PVDF-CB/PEA/PAM actuator with different thicknesses at 5 mm above a palm.
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Supplementary Tables:

Table S1. Comparison of the actuation performances of the PVDF-CB/PEA/PAM actuator in 

response to NIR light with typical literature reported light-driven actuators that the actuation 

performance parameters can be obtained.

GO: graphene oxide; IrGO: Iodine-doped reduced graphene oxide; rGO: reduced graphene 

oxide; BOPP: biaxially oriented polypropylene; CNT: carbon nanotube; CNF: cellulose 

nanofibrils; PDA: polydopamine; PE: polyethylene; PC: polycarbonate; PI: polyimide. IPAT: 

ink-PET-acrylic.

Table S2. Comparison of the actuation performances of the PVDF-CB/PEA/PAM jumping 

actuator with literature reported jumping actuators.

GO: graphene oxide; PIQA: poly(indenoquinacridone); CNS: carbon nanotube sheet; CNT: 

carbon nanotube; CNP: carbon nitride polymer; LCE/LCN: liquid crystal elastomer/network.

Material
Thickness

d (μm)
Curvature
κ (cm-1)

Response 
time t (s)

T
(C)

t/d
(s μm-1)

κd/T
10-4 (C)-1

κd/(tT)
10-4 (s C)-1 Ref.

PVDF-
CB/PEA/PAM 150 2.3 0.6 34.7 0.004 9.94 16.57 This 

work
PVDF-

CB/PEA/PAM 20 4.44 0.56 10.5 0.028 8.46 15.10 This 
work

MXene/PE 42 4.0 2.1 29 0.05 5.79 2.76 4
IPAT-2 5 7.6 0.36 9.9 0.072 3.84 10.67 5

IrGO/GO 5.5 6.9 13.2 45 2.4 0.85 0.06 6
MXene/Cellulose 20 0.84 6.6 54.5 3.3 0.31 0.05 7
BOPP/graphite/pa

per 67 1.9 10 41.4 0.15 3.07 0.31 8

GO-PDA/rGO 2.4 2.09 2 31.8 0.83 0.16 0.08 9
PE/CNT 40 5.0 1.4 28.8 0.035 6.94 4.96 10

PDMS/CNT 111 1.5 0.83 42.4 0.007 3.93 4.73 11
PC/CNT 11 0.63 0.87 25 0.079 0.28 0.32 3

PI/paraffin 
wax/CNT 33 0.74 0.87 20 0.026 1.22 1.40 12

Material Initial speed
(cm s-1)

Height
(mm)

Response 
time (s)

Direction 
control

Work
(J Kg-1)

Light 
stimuli

Vapor
stimuli Ref.

PVDF-
CB/PEA/PAM 56 4.5 0.16 Yes 0.16 Yes - This 

work
PVDF-

CB/PEA/PAM 51.4 13.2 0.08 No 0.13 - Yes This 
work

PDMS/CNT 79 32 0.92 No 0.31 Yes No 11
CNP 44 10 0.36 No 0.098 Yes No 13

GO-CNT 20 0.84 6.6 No 0.05 Yes No 14
LCE-CNT 125 80 0.05 Yes 0.78 Yes No 15
azo-LCN 88 31 0.062 Yes 0.39 Yes No 16

PIQA/CNS 71 26 0.13 No 0.25 No Yes 17
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Table S3. Comparison of the actuation performances of the PVDF-CB/PEA/PAM actuator with 

typical literature reported humidity-responsive actuators.

GO: graphene oxide; rGO: reduced graphene oxide; BOPP: biaxially oriented polypropylene; 

CLCP: cross-linked LC polymer; CS: chitosan; SGO: small flakes of graphene oxide; IrGO: 

Iodine-doped reduced graphene oxide; CNT: carbon nanotube; CNF: cellulose nanofibrils; 

PDA: polydopamine; PA: poly(acrylic-co-hydroxyethyl acrylate); COOS: CaCO3 oligomers; 

PVDF: polyvinylidene fluoride; BC: bacterial cellulose; SA: sodium alginate; LGF: 

longitudinal glass fibers; AG: agarose.

Material Thickness
d (m)

Bending 
angle
 θ ()

Response 
time 
t (s)

t/d
(s m1)

θ×d
(°m)

θ/t
(° s-1)

θ×d/t
(° m s1) Ref.

PVDF-
CB/PEA/PAM 20 742 14 0.7 14840 53 1060 This 

work
PVDF-

CB/PEA/PAM 20 165 0.04 0.002 3300 4125 82500 This 
work

PVDF-
CB/PEA/PAM 20 215 0.48 0.024 4300 448 8958 This 

work

PVDF-
CB/PEA/PAM 20 220 0.16 0.008 4400 1375 27500 This 

work

PVDF-
CB/PEA/PAM 20 130 0.12 0.006 2600 1083 21667 This 

work

PVDF-
CB/PEA/PAM 20 395 0.2 0.01 7900 1975 39500 This 

work

PVDF-
CB/PEA/PAM 20 930 2.08 0.104 18600 447 8942 This 

work

PVDF-
CB/PEA/PAM 150 292 16 0.106 43800 18.25 2738 This 

work
GO/rGO 40 170 25 0.625 6800 6.8 272 18

BOPP/graphite
/paper 67 292 60 0.895 19564 4.87 326 8

CLCP 14 180 0.4 0.029 2520 450 6300 19
CS/GO 40 180 4.5 0.113 7200 40 1600 20

SGO/rGO 4.6 194 6.8 14.78 894 28.53 131 21
GO 12 160 15 1.25 1920 10.67 128 22

IrGO/GO 5.5 280 419 76.18 1540 0.67 3.7 6
GO-CNT 0.8 350 0.08 0.1 280 4375 3500 14

MXene/CNF/
PDA 10 319 11.1 1.11 3190 28.74 287.4 23

PA100-LCN 80 289 10 0.125 23120 28.9 2312 24
CCOs/PVDF 15 348.6 0.3 0.02 5229 1162 17430 25
MXene/BC 11 176 1.6 0.145 1936 110 1210 26

AG/LGF@AG 60 135 2 0.033 8100 4090 4050 27
SA/PVDF 70 110 14 0.2 7700 7.86 550 28
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Table S4. The actuation bending angle for the PVDF-CB/PEA/PAM actuators by approaching 

to 15 mm above an open beaker that contains different solvents. The polarity and the saturated 

vapor pressure are also listed in the table.

Solvent Polarity Saturated vapor pressure (kPa) Bending angle (°)
Dichloromethane 3.1 53.3 307

Ethyl acetate 4.4 14 304
Acetone 5.1 30.5 449

n-Butanol 3.7 0.8 67
Petroleum 0.01 53.3 128

Methylbenzene 2.4 14 25
Methanol 6.6 16.8 124
Ethanol 4.3 8.5 98

Table S5. Comparison of the actuation performances of the PVDF-CB/PEA/PAM actuator in 

response to acetone with literature reported actuators in response to organic vapors.

GO: graphene oxide; PIQA: poly(indenoquinacridone); CNS: carbon nanotube sheet; BOPP: 

biaxially oriented polypropylene; CLCP: cross-linked LC polymer; CS: chitosan; PFSA: 

perfluorosulfonic acid ionomer; CCBM: clay-clay bilayer membrane; PIL: poly(ionic liquid); 

PAA: poly(acrylic acid); PVDF: polyvinylidene fluoride; PVA: polyvinyl alcohol.

Material
Thickness
 d (m)

Bending 
angle 
θ (°)

Response 
time
 t (s)

θ × d
(° m)

θ × d/t
(° m s-1) Stimulus Ref.

PVDF-
CB/PEA/PAM 20 1226 1.4 24520 17514 Acetone 

(saturated) 
This 
work

PVDF-
CB/PEA/PAM 20 900 0.36 18000 50000 Acetone 

(open)
This 
work

PIQA/CNS 8 315 0.04 2520 63000 CH2Cl2 17
PIQA/CNS 8 2880 9.17 23040 2512.5 CH2Cl2  17

PFSA 75 180 0.25 13500 54000 Ethanol 29
PILTf2N/C-
pillar[5]arene 30 1080 0.3 32400 108000 Acetone 30

CCBM 26 300 5 7800 1560 Methanol 31
PIL-

PAA@tissue 
paper

100 720 6 72000 12000 Acetone 32

GO/latex 150   1456 18 218400 12133 n-hexane 33
PVDF/PVA 40   860 3  34400 11466 Acetone 34
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Supplementary Movies:

Movie S1. A jumping robot based on the PVDF-CB/PEA/PAM actuator that can jump forward 

and backward on a zigzag substrate upon NIR irradiation (200 mW cm2). The actuator of 20 

mm × 1.5 mm × 20 m was used here. The actuator reached a maximum   jumping translational 

distance of 37.5 mm in 160 ms. The initial velocity reached 0.56 m/s, generating a specific work 

capacity of 0.16 J/kg.

Movie S2. A jumping robot based on the 20 m thickness PVDF-CB/PEA/PAM actuator that 

can jump forward and backward on a rough plane upon NIR irradiation (250 mW cm2). The 

actuator of 10 mm × 1.5 mm × 20 m was used here. 

Movie S3. A jumping robot based on the PVDF-CB/PEA/PAM actuator that can jump driven 

by water vapor. The actuator of 20 mm × 1.5 mm × 20 m was used here. The actuator reached 

a maximum height of 13.2 mm in 80 ms. The average jumping speed is 0.17 m s1. 

Movie S4. The PVDF-CB/PEA/PAM actuator that can realize grasping, walking, and self-

oscillation. The mechanical grippers composed of PVDF-CB/PEA/PAM actuators (20 mm × 1 

mm × 20 m) being used to capture and release foam driven by NIR irradiation (200 mW cm2), 

and the weight-lifting ratio is about 78; The walking robot (15 mm × 1 mm × 75 m) can 

locomote forward in response to the ethanol vapor; The PVDF-CB/PEA/PAM film (20 mm × 

2 mm × 20 m) that can generate self-oscillating actuation when it is placed at about 5 mm 

from the palm.  
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