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HPG fabrication. Schematic representation of the fabrication process of the flexible hybrid 

piezoelectric generator (HPG) is shown in Figure S1. The preparation is described as follows: 

firstly, cellulose microfiber with MWCNTs is dispersed in PDMS by mechanical agitation on 

the basis of a mass ratio of cellulose-MWCNTs-PDMS =5: 0.5: 100 as shown in Figure S1a-

b. Then mixed solution was poured into petridish like Al-foil mold (Figure S1c). After 

removal of the bubbles from the solution with the help of a vacuum pump, it was dried at 80
o 

C for 30 m to convert it from solution to a round shaped composite film. 
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Figure S1. The schematic of HPG fabrication process.  (a)- (b) cellulose and MWCNTs are 

dispersed in PDMS by mechanical agitation in the mass ratio of 5:0.5:100. (c) PDMS-

cellulose-MWCNTs mixture was poured into an Al-foil mold petridish and subsequently 

dried to get a composite film. (d) The composites film, after cutting into a rectangular shape 

(including the Al-foil at the bottom). The real image of the composite film including the Al-

foil underneath is shown at bending state, demonstrating its flexibility. (e) Another Al-foil 

(33×25 mm
2
) is attached to the top surface to serve as an electrode and the entire electrode-

composite-electrode structure is covered with a thin pure PDMS layer to protect from direct 

hitting. The digital photograph of the HPG is also shown. 
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Flexible composite film attached with Al-foil (act as a bottom electrode) then cut into a 

rectangular shape of 40 mm of length, 28 mm of width and 2 mm of thickness as shown in 

the upper image of Figure S1d. The real image of the composite film on the Al-foil, 

demonstrating its flexibility, is also illustrated from lower image of Figure S1d. Another Al-

foil (33×25 mm
2
) is physically attached to the upper surface that served as a top electrode. Cu 

wires were then soldered with Al-electrodes and covered with conducting carbon tape. This 

sandwich like hybrid piezoelectric generator (HPG) finally encapsulated by pure PDMS layer 

to protect the HPG from direct hitting (Figure S1e, right side). The digital photograph of the 

fabricated HPG in the final form is depicted in Figure S1e (left side). 
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Table S1: Vibrational band assignments of cellulose I revealed from FT-IR spectra, shown in 

inset of Figure S2.
 S1-S4

   

 

Wavenumber (cm
-1

) Band Assignment 

897   COC asymmetric stretching  

1031 CO at C-6 stretching 

1055 CO stretching vibrations 

1110 Asymmetric vibration of glucose ring 

1161 COC asymmetric vibration 

1204 COH in-plane at C-6 bending 

1281 CH and OH vibration 

1315 COH and HCC vibration 

1335 OH and CH2 vibration 

1370 COH and HCC vibration of cellulose and hemicelluloses 

1428 CH2 vibration; HCH and OCH in plane banding; 

intermolecular hydrogen bond bending 

2900 CH and CH2 vibration presence in aliphatic methylene 

groups 

3340 Stretching vibrations of CH and OH groups 
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Text S1. Pressure calculation. 
S5, S6

 

We can calculate the input pressure on the HPG from the following equations, 

      
 

 
                                       

                                         

  
 

 
                                                      

Here, m=2.16 kg is measured by using a laboratory balance, g = 9.8 N/kg, h = 0.05 m, Δt = 

0.182 sec is the estimated average time variation between the two consecutive voltage peaks 

and S= 825 mm
2 

is the effective electrode area of the HPG,  

Therefore, input force, F~ 33 N and applied stress, σ ~ 40 kPa. 

 

 

 

 

 

 

 

 

 

 

Figure S2. (a) The FE-SEM image of the PDMS-cellulose-MWCNTs composite film. The 

inset shows the MWCNTs in the composite film (b) Short circuit current from the HPG under 

repeating human hand punching of the stress amplitude of 40 kPa.  
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Text S2. Power Calculation.  

Power ( P) =VI                                  (4)  

                  = 15 µW 

                                  Power density=  
     

                     
 = 9.09 µW/cm

3 

Here, V= 30 V, I=500 nA, active area= 33×25 mm
2
, thickness= 2 mm. 
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Table S2: Comparison of the HPG performance with other reported data. 

 

Piezoelectric 

components 

Poling 

voltage    and 

duration 

Sources/input 

pressure or force 

Voltage 

(V) 

Current (I) Power density 

 

      

Cellulose-ZnO 
S7

 

 

Not found Ultrasonic bath/Not 

found 

80 mV 1.25 μA 50 nW/cm
2 

 

ZnO NWs/ 

paper
S8

 

Not found Not found /Not 

found 

17 mV 400-520 pA 5x10
-3

 μW/cm
2 

 

ZnO 

NWs/PVDF
S9

 

100 kV/mm Linear motor/Not 

found 

0.2 V 10 nA/cm
2
 2 µW/cm

3 

 

BaTiO3 NPs
S10

 100 kV/cm; 

20 h 

Bending stage/ 

57 kPa 

3.2V 350 nA 0.26 µW/cm
3 

 

ZnSnO3
S6

 Not Found Human finger press/ 

12kPa 

40 V 0.4 μA 10.8 µW/cm
3
 

KNbO3 

Nanorod
S11

 

150 kV; 1h Linear motor/0.38% 

strain and 15.2% s
-1

 

strain rate 

3.2 V 67.5 nA 11.9 µW/cm
3 

 

KNbO3 

nanowires
 S12

 

5.0 kV/mm; 1 

h 

Bending tester/ a 

strain and strain rate 

of       2.1% and 

2.2% s
-1

 

10.5 V 1.3 μA 42 µW/cm
3 

 

BaTiO3 

nanotubes
 S13

 

80 kV/cm; 12 

h 

Linear motor/ 

1 MPa 

5.5 V 350 nA 64 µW/cm
3 

 

KNN-LTS
 S14

 2 KV/mm; 24 

h 

Mechanical tapping/ 

933 kPa 

53 V 15 μA 115 µW/cm
3 

 

NCMF 

(present work) 

Not Poled Human hand 

punching/ 40kPa 

30 V 500 nA 9 µW/cm
3 
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Mechanism of high output parformance of the HPG: 

 

 

 

 

 

 

Figure S3. Schematic that illustrates the homolytic (leading to radical) chain breaking of 

PDMS upon mechanical input.
S15

 Reproduced with permission from reference S15. 

Copyright 2013 Royal Society of Chemistry.
  

 

 

 

 

 

 

 

Figure S4. Schematic presentation of the structure of cellulose after the application of 

mechanical stress where OH-group containing elements, produced from chain breaking of 

PDMS make hydrogen bonding with the oxygen atom of the glucose units.
S15,S16

 Reproduced 

with permission from reference S15. Copyright 2013 Royal Society of Chemistry.
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Text S3. Piezoelectric coefficient measurment. 
 

We have measured the piezoelectric coefficient (d33) value of the hybrid composite film 

(which was used for fabricating HPG) using a d33 meter (Piezotest, PM300) under the 

constant applied force of 0.5 N and frequency at 49 Hz. We noticed that the value is lying 

between 8 to 15 pC/N, which is probably attributed to the viscoelastic behaviour of the hybrid 

composite film.
S17, S18

 The bond breaking of PDMS under mechanical stress may also be 

responsible for the variation of piezoelectric coefficient (d33) in between 8-15 pC/N.  

 

 

 

 

 

 

 

 

 

Figure S5. Capacitance versus frequency curve of the hybrid composite film, utilized for 

HPG fabrication.  

 

To check the validity of the d33 measurement, we have performed frequency dependence 

capacitance (shown in Supporting Information, Figure S5) measurement by impedance 

analyser.
S19

 If we use the value of capacitance and measured value of d33 (for example, 8 

pC/N and 15 pC/N) then voltage output generated by our HGP is found to be 24 V and 45 V 

by using the following equation:
S20

 

V = F × d33/C                     (5)  
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Where, F is applied force and C is the capacitance.  

Thus, we believed that our generated output voltage is very much consistent with the 

piezoelectric frame of references.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. The open circuit voltage signals from the HPG generated in the reverse 

connection. 

 

 

 

 
 

 

 

 

 

 

 

Figure S7. The open circuit voltage signals generated from HPG made with (a) PDMS-

MWCNTs (inset shows the enlarge view), (b) PDMS-NCMF, (c) PDMS-NCMF-MWCNTs. 
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Figure S8. (a) The variation of output voltage from HPG as a function of MWCNT 

concentration for a fixed amount of NCMF (5 wt. %). (b) The variation of output voltage 

from HPG as a function of NCMF concentration for a fixed amount of MWCNTs (0.5 wt. 

%). 
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Figure S9. (a) A schematic of a circuit diagrams for capacitor charging and power up the 

electronic units (e.g., LCD screen, calculator and wrist watch). The AC voltage generated 

from the HPG is converted to DC voltage via the full wave rectifier and utilizes to charge up 

the capacitor (when the key “K” is connected to the point “A”). This charged capacitor then 

connect to an electronic unit to power up (when key “K” is connected to the point “B”). 

(b)−(d) Photograph of the Off and On conditions of the LCD screen, calculator and wrist 

watch respectively when these are powered up by charged capacitor. (e) The output voltages 

of the HPG under hand punching and pressure imparting probe with stress amplitude~ 40 kPa 

and  ~12 kPa, respectively in three successive days after repeating imparting for 1500s each 

day (shown in Figure S10) with pressure imparting probe (Freq~7 Hz, applied pressure~12 

kPa). The output voltage arises no significant change after 3 days.  
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Figure S10. Stability of the HPG was tested under compressive stress amplitude of 12 kPa by 

pressure imparting probe (Freq~7 Hz) at different days of operation (1500 second per day). 
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Video 1- Power up the LED 

Video 2- Power up the LCD screen  


