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Supplementary Figure 1| Open-circuit voltage generated by the laminated BTO-PVDF 

generators with the BTO concentration of 5, 10, 15, 20, and 25 wt%. 10 mm-displacement was 

used in all tests.    

 

 



 

Supplementary Figure 2| Comparison of the open-circuit voltage generated by the poled 

laminated BTO-PVDF (20 wt% BTO) generator to that of the unpoled one.  



 

Supplementary Figure 3| A durability test was carried out for the laminated BTO-PVDF 

generator (20 wt% BTO) by continuously repeating the bend-release test for 3 days. In each 

bend-release motion, the moving end of the generator was displaced by 10 mm. The open-circuit 

voltage and short-circuit current generated in a 1000 s period at the beginning of in the first day 

and at the end of the third day are shown. Overall, 25920 bend/release cycles were performed 

during 3 days. 

 

 

 

 



 

Supplementary Figure 4| Open-circuit voltage generated by BTO-PVDF microstructured 

fiber with the BTO concentration of 5, 10, 15, 20, and 25 wt%.    

 



 

Supplementary Figure 5| Comparison of the open-circuit voltages generated by the poled 

BTO-PVDF microstructured fiber and the unpoled one. 

 



 

Supplementary Figure 6| A durability test was carried out for the BTO-PVDF 

microstructured fiber (20 wt% BTO in BTO-PVDF composite) by continuously repeating 

the bend-release test for 3 days. The open-circuit voltage and short-circuit current generated in 

a 1000 s period at the beginning of the first day and at the end of the third day are shown.  

  



Supplementary Note 1. Piezoelectric properties of the BTO-PVDF mats 

In the following we detail dependence of the piezoelectric properties of the BTO-PVDF mats on 

the concentration of the piezoelectric nanofillers using FTIR and XRD techniques. 

 

FTIR of BTO-PVDF mats 

Fourier transform infrared (FTIR) spectra were recorded on a FTIR spectrometer (FTLA2000-104, 

ABB Inc.). The vibration bands at 761 (CF2 bending and skeletal bending), 796 (CH2 rocking), 

870, 974, 1146 and 1383 cm-1 correspond to 𝛼 phase; whereas vibration bands at 840 and 1274 

cm-1 (CH2 rocking) are assigned to 𝛽 phase29-32.  

 

Supplementary Figure 7| FTIR spectra of BTO-PVDF electrospun mats at different BTO 

concentrations. 
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As shown in Supplementary Fig. 7, when the BTO concentration is higher than 15%, α phase could 

be hardly observed. When the BTO concentration is lower than 10%, α phase and β phase coexist 

in the nanocomposite. The 𝛽 phase content, F(𝛽), in the PVDF mats was calculated using the 

following  Eq.:29  

𝐹(𝛽)= 
𝑋𝛽

𝑋𝛼+𝑋𝛽
 = 

𝐴𝛽
𝐾𝛽

𝐾𝛼
𝐴𝛼+𝐴𝛽

 

Where 𝐴𝛼 and 𝐴𝛽 are the absorbance at 761 cm-1 and 840 cm-1 respectively, and 𝑋 is the degree 

of crystallinity of each phase. 𝐾𝛼  and 𝐾𝛽 are the absorption coefficient at the respective 

wavenumber, which are 6.1×104 and 7.7×104 cm2 mol-1. From calculation, we find that the β 

crystal phase content increased from 56% to 70%, when the BTO concentration increases from 0 

to 10 wt%.  

 

XRD of BTO-PVDF mats 

The X-ray diffraction patterns were recorded by a Bruker D8/Discover diffractometer equipped 

with a standard sealed tube producing Cu radiation (λ = 1.54178 Å) running at 40 kV and 40 mA. 

The peaks at 2θ values of 18.5°, 20.4° are indexed to the 𝛼(020), 𝛽(200/110) reflections of PVDF 

respectively29,31, while the other characteristic peaks can be assigned to the tetragonal phase of 

BaTiO3
33.  
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Supplementary Figure 8| The XRD patterns of the PVDF mats featuring different BTO 

concentrations 

 

For the nanocomposites, when the BTO concentration is lower than 15%, we can observe a weak 

peak at 20.4° (characteristic of the 𝛽 phase in PVDF). However, when the BTO concentration is 

higher than 15%, the two peaks that are characteristic to scattering in amorphous PVDF (see the 

left hand side of the bottom panel in Supplementary Fig. 8) cannot be clearly observed, which is 

ascribed to the shielding effect due to high intensity diffraction peaks in BTO nanocrystals. 
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Supplementary Note 2. Effective electric circuit of the planar piezoelectric generator 

Analysis of the effective electric circuit presented in Fig. 4b, lead to the following differential 

equations that govern time dynamics of the individual capacitor discharges: 

𝑞3

𝐶 4⁄
+

𝑅𝑒

2
∙ q3̇ +

𝑅𝑒

2
∙ (𝑞2̇ + 𝑞3̇) + 𝑅𝐿(𝑞1̇ + 𝑞2̇ + 𝑞3̇) = 0 

𝑅𝑒

2
(𝑞1̇ + 𝑞2̇) +

𝑅𝑒

2
𝑞1̇ +

𝑞1

𝐶 4⁄
+ 𝑅𝐿(𝑞1̇ + 𝑞2̇ + 𝑞3̇) = 0 

𝑅𝑒

2
(𝑞1̇ + 𝑞2̇) +

𝑞2

𝐶 2⁄
+

𝑅𝑒

2
∙ (𝑞2̇ + 𝑞3̇) + 𝑅𝐿(𝑞1̇ + 𝑞2̇ + 𝑞3̇) = 0            (1) 

Solution of which has to also satisfy the initial conditions: 

                         (𝑞1, 𝑞2, 𝑞3)𝑡=0 = (−∆𝑄, 2∆𝑄, −∆𝑄)                         (2) 

Assuming solution of the system of linear differential equations (1) in the form 𝑞̅ = 𝑞̅𝜆𝑒−𝜆𝑡 (𝜆 is 

a constant), one can find particularly simple solutions that satisfy both (1) and initial conditions 

(2) in the case of an open circuit 𝑅𝐿 = ∞, and short circuit 𝑅𝐿 = 0, which results in the following 

expressions for the open circuit voltage 𝑉𝑜𝑐(𝑡) and the short circuit currents 𝐼𝑠𝑐(𝑡): 

Open-circuit voltage:              𝑉𝑜𝑐(𝑡) = −
4∆𝑄

𝐶
𝑒

−
𝑡

𝜏0 

       𝑉𝑚𝑎𝑥
𝑜𝑐 = 𝑉𝑜𝑐(0) = −

4∆𝑄

𝐶
                

  ∆𝑡𝑜𝑐~2𝜏0           

Short-circuit current:               𝐼𝑠𝑐(𝑡) =
∆𝑄

𝜏0
(1.1707𝑒

−
1.3090

𝜏0
𝑡

− 0.1707𝑒
−

0.1910

𝜏0
𝑡
) 

  𝐼𝑚𝑎𝑥
𝑠𝑐 = 𝐼𝑠𝑐(0) =

∆𝑄

𝜏0
                                                                                                        

∆𝑡𝑠𝑐~1.5279𝜏0                                                           (3) 



Where the time constant is defined as: 

                                                𝜏0 =
𝑅𝑒𝐶

8
=

𝜌ϵ𝑝𝜖0

8

𝑙2

𝑑𝑝𝑑𝑒
                                                    (4) 

From Eq. (3) one can then calculate the effective generator resistance 𝑉𝑚𝑎𝑥
𝑜𝑐 𝐼𝑚𝑎𝑥

𝑠𝑐⁄ =
𝑅𝑒

2
. 

 

 

 

  



Note 3. Mechanical analysis of the laminated generators under bending 

Here we discuss in more details evaluation of strain 𝜀 in the bent laminated generators. Consider, 

for example, the second region in Fig. 4a of length 
𝑙

2
 and suppose that it has a fixed curvature 1/𝑟 . 

Then, the strain can be calculated using a theoretical model15. In that model (see Supplementary 

Fig. 9), the strain neutral plain can be calculated by the Eq. (5): 

𝑌1𝑑1𝑦1 + 𝑌2𝑑2𝑦2 + 𝑌3𝑑3𝑦3 + 𝑌4𝑑4𝑦4 = 0         (5) 

Where 𝑌’s and 𝑑’s are the Young’s modulus and the thicknesses of various films in the generator 

structure, while the distances between the centers of the four layers (Kapton, PVDF mat, Kapton 

and PS substrate) and the neutral plane are 𝑦1, 𝑦2, 𝑦3 and 𝑦4 (counted from top down). Assuming 

that the substrate (PS) thickness dominates 𝑑4 ≫ 𝑑1,2,3, while Young’s modulus of the materials 

are comparable to each other then 𝑦2~ 𝑑𝑃𝑆 2⁄ . 

 

Supplementary Figure 9| Strain calculation in the laminated piezoelectric generators under 

bending. 



Using a model for the buckling of thin beams (see Supplementary Fig. 10), according to ref. 34 

the beam generator shape and the corresponding curvature (at the point of maximum deflection) 

for relatively large beam displacements (𝑙 ≫ 𝛥𝑙 ≫ 𝑑𝑃𝑆
2 𝑙⁄ ) are given by: 

ℎ(𝑥) =
𝐴

2
(1 + 𝑐𝑜𝑠 (

2𝜋𝑥

𝑙−𝛥𝑙
)) ;  𝐴 ≈

2

𝜋
√𝛥𝑙 ∙ 𝑙         

1

𝑟
=

ℎ′′

(1+(ℎ′)2)3 2⁄ |
𝑥=

𝑙−𝛥𝑙

2

≈ 2𝜋2 𝐴

𝑙2 ≈ 4𝜋
√𝛥𝑙

𝑙3 2⁄            (6) 

While the strain in the PVDF mat can be determined from ref.15 as: 

                                                                𝜀 =
𝑦2

𝑟
≈ 2𝜋

𝑑𝑃𝑆√𝛥𝑙

𝑙3 2⁄                         (7) 

 

Supplementary Figure 10| Schematic diagram of mechanics model for the planar 

piezoelectric generators under bending. 
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