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Supplementary Figure 1. The photographs components of multi-direction and comb-structured TENG. 

(a) The aluminium molds are fixed part (bottom) and vibrating part (middle). The Teflon molds are 

fixed part (up) and side parts (b) The combined device with fixed part, vibrating part and side parts (c) 

The gap size of dG 1, 2, 2.5 mm of side parts. 

 

 

 

 

 

 

 

 

 

 



   

Supplementary Figure 2. Contact area with axis. The contact area of (a) z-axis and (b) x-axis. (c) The 

schematic of bottom layer contact area. 

 

 

Supplementary Figure 3. The output performance of the CTENG on calf in three motion walking, 

jumping, running (~ 5 m/s). Dependency of electrical voltage and current of CTENG the gap size of 

holder, dG (a) 1, (b) 2, (c) 2.5 mm on calf. 

 



 

Supplementary Figure 4. The output performance of the CTENG on thigh in three motion, walking, 

jumping, running (~ 5 m/s). Dependency of electrical voltage and current of CTENG the gap size of 

holder, dG (a) 1, (b) 2, (c) 2.5 mm on thigh.  

 

 

Supplementary Figure 5. The output performance of the CTENG on upper arm in three motion, 

walking, jumping, running (~ 5 m/s). Dependency of electrical voltage and current of CTENG the gap 

size of holder, dG (a) 1, (b) 2, (c) 2.5 mm on upper arm.  



Supplementary Figure 6. The schematic cross section of CTENG with (a) dG 2.5mm and (b)dG 2mm. 

The movable length of middle layer as a vibrating part on z-axis is 5.5mm and the height of 

middle layer is 4mm as shown in Figure 1. The middle layer is almost attached to bottom layer 

in case of dG 2.5mm and dG 2mm. I estimate that this is the almost same reason to the output 

performance of CTENG (dG 2.5mm) and dG 2mm 

 

 

 

  



 

Supplementary Figure 7. The copper sheet to control movable mass and explanation of stiffness and 

natural frequency. (a) the copper sheet (b-f) The displacement of holder of pendulum system from 0 cm 

to 5 cm. Based on hook’s law, the force (P) is presented like presented like relation (S1)  

P = kδ =
3EI

𝐿3
𝛿                              (S1) 

Where, k is the stiffness, δ is the displacement of movable mass, E is the Young’s modulus, I is the 

inertia moment and L is the length of pendulum bar. [1] Therefore, the stiffness is presented like relation 

(S2) 

k =
3EI

𝐿3
                                   (S2) 

And then, natural frequency is presented like relation (S3) by relation (1) and (S2) 

f =
1

2𝜋
√

3𝐸𝐼

𝑚𝐿3
                                  (S3) 

To calculate input energy, we used calculation of the moment (M) and strain energy (Us) like relation 

(S4) and (S5) 

M = −PL                                  (S4) 

𝑈𝑠 = ∫
𝑀2

2𝐸𝐼
𝑑𝑥

𝐿

0
                               (S5) 

By relation (S1), relation (S4) is presented like relation (S6) and the final input energy relation is 

presented like (S7) by relation (S6) and E, I, L, 𝛿 is constant, 

M = −
3EI

𝐿2
                                 (S6) 

𝑈𝑠 =
9𝐸𝐼

2𝐿3
𝛿2                                (S7) 

[1]. Rao SS. Mechanical vibrations fifth edition. Prentice Hall;1995 



 

Supplementary Figure 8. The output voltage and current with counts of comb. (a) 1 ea, (b) 4 ea and 

(c) 7 ea fins. 

 

 

 

 

 

 

 

 

 

 



We calculated the Relative Efficiency of HHP system with CTENG by using relation (S8) and 

(S9) 

η =
𝐸𝑜𝑢𝑡𝑝𝑢𝑡

𝐸𝑖𝑛𝑝𝑢𝑡
                              (S8) 

𝑅𝐸𝑥 =
η𝑥𝑐𝑚

η2𝑐𝑚
                             (S9) 

 where η  is the efficiency of HHP system with CTENG, 𝐸𝑜𝑢𝑡𝑝𝑢𝑡  is the electrical output 

energy of HHP system with CTENG, 𝐸𝑖𝑛𝑝𝑢𝑡 is the input energy of HHP system by bending 

displacement, REx is the relative efficiency of HHP system with CTENG about η with 2cm 

(η2cm) of bending displacement when bending displacement of HHP system is x cm and ηx is 

the efficiency of bending displacement x cm. We confirmed that the Relative Efficiency of 

hand-handled pendulum with CTENG was decreased by increasing bending displacement 

because energy loss like friction energy and crash energy are occurred while HHP system with 

CTENG are operating as shown in figure S9. 

Supplementary Figure 9. The Relative Efficiency of HHP system with CTENG by increasing bending 

displacement. 


