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1. Heating/Cooling rate of AgNW/PDMS heaters

Fig. S1 (a) The heating and cooling rate with respect to different sheet resistance at a constant 

voltage of 1.5 V. (b) The heating and cooling rate when the heater (sheet resistance of 0.25 Ω sq-

1) was subjected to different voltages. The voltage was on for 180 s. The rate was calculated by 

taking the derivative of the temperature vs. time curves in Fig. 1d and e.
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2. Calibrated emissivity of AgNW/PDMS heater as a function of temperature

The emissivity of AgNW/PDMS heater were calibrated using black electrical tape method over 

the temperature range of RT to 200 oC. AgNW/PDMS heater and black electrical tape were 

placed adjacent to each other and heated by a hotplate. The temperature of the black electrical 

tape was recorded as known temperature and the emissivity of the tested material was adjusted 

until the temperature obtained matched the temperature of the electrical tape. The adjusted 

emissivity value of AgNW/PDMS which matched the temperature value taken from the electrical 

tape was used as the emissivity for the material and was plotted as a function of temperature as 

shown below.

Fig. S2 Calibrated emissivity of the AgNW/PDMS heater as a function of temperature.



4

3. Summary of the response time for electrothermal bimorph actuators

Table S1 Summary of response time for electrothermal actuators

Materials Time Taken to 
Achieve Bending Bending Curvature Reference

SACNT/PDMS ~6 s 0.22 cm-1† 1
MWCNT-WPU/

MWCNT-Silicone ~50 s 0.29 cm-1 2

SACNT/PET/BOPP ~30 s 0.41 cm-1 3

SACNT/BOPP ~10 s 1.03 cm-1 4

Paper/AgNW/PP ~20 s 1.07 cm-1 5

Spongy graphene/PDMS ~3 s 1.2 cm-1 6

PI/AgNW/PDMS ~7 s 1 cm-1 This work

PI/AgNW/PDMS ~10 s 1.25 cm-1 This work

PI/AgNW/PDMS ~40 s 2.6 cm-1 This work
†The curvature was calculated using the length and displacement of the actuator
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4. Calculations of the response time of electrothermal bimorph actuators

The temporal response of the actuator is mainly limited by the time taken for the heater to reach 

the saturated temperature. The input electrical power is converted to the temperature increase of 

the heater (or actuator) and the heat loss ( ) to the surrounding environment:7 lossQ
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where V is the applied voltage, R is the resistance, t is time, c is the effective specific heat 

capacity,  and   are the specific heat capacity for the heating material and the substrate, hc sc

respectively, m is the effective mass,  and  are the mass for the heating material and the hm sm

substrate, respectively, T(t) is the time dependent temperature, T0 is the initial temperature, t is 

the time,  and  are the surface emissivity for the heating material and the substrate, h s

respectively, σ is the Stefan-Boltzmann constant ( ), A is the surface area, 8 2 o 45.67 10  W m  C  

and  are the convection heat transfer coefficients for the heating material and the substrate, hCh sCh

respectively.

From the literature, the temporal response of the heater can be described by:8, 9
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where h is the total heat transfer coefficient, is the total convection heat transfer coefficient, Ch

 is the total radiation heat transfer coefficient,  and  are the radiation heat transfer Rh hRh sRh

coefficients for the heater and the substrate, respectively.

Considering a configuration of the heater sandwiched by a layer of PDMS and PI on each side, 

the temporal response of the temperature can be described by: 

 with (6)
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where τ is the time constant,  and  are the convection and radiation heat transfer 1Ch 1Rh

coefficients for PDMS, respectively,  and  are the convection and radiation heat transfer 2Ch 2Rh

coefficients for PI, respectively, and  are the specific heat capacity and the mass for PDMS, 1c 1m

respectively, and  are the specific heat capacity and the mass for PI, respectively, ,  2c 2m h 1

and  are the density for the heater, PDMS and PI, respectively, and , and  are the 2 hd 1d 2d

thickness for the heater, PDMS and PI, respectively.

Smaller time constant corresponds to faster response. Reduced time constant can be achieved by 

decreasing the thickness, decreasing the specific heat capacity, decreasing the material density or 

by increasing the total heat transfer coefficient. In addition, increasing the difference in the 

coefficient of thermal expansion or optimizing the material properties and geometry of the 
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actuators can reduce the temperature needed to achieve the same bending curvature, as discussed 

in “5. Deflection of bimorph actuator”. According to supplementary Eqn (6), reduced response 

time for the same bending curvature can thus be achieved by decreasing the thickness, 

decreasing the specific heat capacity, decreasing the material density, decreasing the surface area, 

or by increasing the input power (V2/R), increasing the difference in the coefficient of thermal 

expansion, or by optimizing the total heat transfer coefficient and the ratios of Young’s modulus 

and thickness of the two layers.
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5. Deflection of bimorph actuator

When a bimorph actuator composed of two layers with different material properties is subjected 

to temperature change, the beam bends to the layer with lower thermal expansion in order to 

accommodate the mismatch of thermal strain. The resulting bending curvature (k) can be 

calculated based on Timoshenko’s equation:10

(10)1 2 1 2 1 2 1 2 2 1 0
2 2 2 2 2 2

1 1 1 2 2 2 1 2 1 2 1 2 1 1 2 2

6 ( )( )( )1
( ) ( ) 2 (2 3 2 )

w w E E t t t t T T
k

r w E t w E t w w E E t t t t t t
   

 
   

where r is the radius of curvature, T0 is the initial temperature, T is the temperature of the 

actuator, α1 and α2 are the coefficient of thermal expansion for materials 1 and 2, t1 and t2 are the 

thickness of the two layers, w1 and w2 are the width of the two layers, E1 and E2 are the Young’s 

modulus of the two layers.

When the width of the two layers are identical, the equation can be simplified as

(11)
2

2 1 0
1 2 1 2

2 2

6( )(1 ) ( )1 ( , , , )
13(1 ) (1 )( )

m T T
k f t t E E T

r h m mn m
mn

 


  
    

      

, (12)1

2

tm
t

 1

2

En
E



where h = t1 + t2 is the total thickness of the composite,  is a function of the 1 2 1 2( , , , )f t t E E

thickness and Young’s modulus of the two layers. It is obvious that the bending radius (r) and 

the bending curvature (k) is dependent on the difference in coefficient of the thermal expansion (

), the temperature change ( ), the thickness and Young’s modulus ratio between the two  T

layers. 



9

In our case, material 1 is PI with a thermal expansion coefficient of  and 6 1
PI 20 10  K   

Young’s modulus of 2.5 GPa;11 material 2 is PDMS with a thermal expansion coefficient of 

1 and Young’s modulus of 1 MPa.12 The bending curvature as a function of 6 1
PDMS 310 10  K   

temperature change can thus be calculated and plotted using equation (1) as shown in Fig. 2d.
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6. Summary of the reported performance for bimorph actuators

Table S2 Summary of the reported bimorph actuators performance

Materials Mechanism Maximum Curvature
/Bending Angle Driven Voltage Reference

SACNT/PDMS Electrothermal 0.22 cm-1† 40 V, 1.60 V sq-1 1

MWCNT-WPU/MWCNT-
Silicone Electrothermal 0.29 cm-1 7 V, 1.17 V sq-1 2

SACNT/PET/BOPP Electrothermal 0.41 cm-1 60 V, 23 V sq-1 3

SACNT/BOPP Electrothermal 1.03 cm-1/389o 5 V, 1.29 V sq-1 4

Spongy graphene/PDMS Electrothermal 1.2 cm-1 10 V, 0.56 V sq-1 6

MWNT/PVA Electrochemical ~90° 8 V, 4.8 V sq-1 13

Graphene/PDA Electrochemical 0.37 cm-1 - 14

PDMS/GNPs Photothermal 0.62 cm-1† - 15

PC/SWNT Photothermal 90o - 16

GO/prGO-PPy Moisture 330° - 17

PI/AgNW/PDMS Electrothermal 2.6 cm-1/720o 4.5 V, 0.20 V sq-1 This work

†The curvature was calculated using the length and displacement of the actuator
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7. Calculation of the bending curvature using the length and displacement of the actuator2

Consider an actuator with length of l, displacement at free end after bending of d, bending angle of , 

bending radius of r and curvature of  (Fig. S3), we have  and  1 /k r  cos  /  1r d r dk    

. Knowing the length and the displacement, the curvature can be derived by solving the  /   l r lk  

following equation: .( )cos   1lk dk 

Fig. S3 Schematic of a bimorph actuator with one end fixed bends into an arc.
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8. Stability of the PI/AgNW/PDMS actuators

Fig. S4 The changes in temperature and bending curvature with a DC voltage of 4.5 V for up to 

500 cycles. The PI/AgNW/PDMS actuators showed reliable performance for up to 500 cycles.

2X
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