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Supplementary Notes

Supplementary Note1：

When the buoy drives the TOSS, friction between PTFE and Cu electrode will be 

generated, so a large draft of the buoy is needed to generate an greater buoyancy for 

diving TOSS (Figure S1). Combining with Figure 2a, it is not difficult to find ΔX1< 

ΔX2.

Supplementary Note2：

Based on the corresponding principle of sliding model TENG, assuming the 

effective contact area of TOSS is ΔS, the surface charges density of PTFE is σ, the 

diameter of PTFE is D，the sliding distance is Δh, respectively. Meanwhile, based on 

the Figure 2a, we can find that the sliding distance of TOSS (Δh) is basically equal to 

the wave-height (H). According to the relevant theory and geometric relationship, 

these parameters have the close relationship with the transferred charges (ΔQ) of 

TOSS as follow: 

ΔQ = σΔS                               (1)

ΔQ = πσDΔh=πσDH                              (2)

In addition, according to the past work research, the open-circuit voltage (V) of 

TOSS is proportional to the transferred charges (ΔQ), and the relevant of scale factor 

is k. Then, the following relational can be obtained.

V = kΔQ =πkσdΔh= πkσDH                          (3)

Therefore, the V and ΔQ can be applied to monitor the sliding distance Δh, and 

then achieve the detection of wave height (H).



Supplementary Note 3：

  To obtain the excellent performance of TOSS, good contact between the dielectric 

material and electrodes must always be maintained in the progress of sensor operation 

(Formula 3). Therefore, as is shown in Figure S4, assuming the internal diameter of 

external copper tube electrode is Di, the outer diameter of internal tube electrode is do, 

and the thickness of dielectric material is l, there should be the following relation 

among three parameters:

                    Di=do+2l                             (4)

Supplementary Note4：

The motion mode of motor is depicted in Figure S6, which is reference to the 

previous research of ocean wave. The corresponding motion process is a reciprocating 

motion at a fixed acceleration (Figure 6a). The curve of motor speed and 

displacement over time are displayed in Figure 6b-c, which are combined with the 

many motion progress of formulas (Formula 5-6).

                    vi = at                               (5)

                  Δh = 1/2at2                             (6)

Where vi is the speed of TOSS, a is the acceleration of motor, Δh is the displecement 

of TOSS and t is the time. 

Besides, according to the above conclusion and Note S1, it is easy to obtain that the 

relationship between current and velocity. 

                   ΔQ = πσDvi
2/2a                              (7)

V= πkσDvi
2/2a                              (8)

I= ΔQ / t = πσDΔh / t = πσDvi/2                       (9)

Where I is the short-circuit current.Therefore, it is clearly found that the obtained 

transferred charges and voltage spectra are similar with the displacement curve of 



motor, and the achieve current curve is similar with the speed of motor (Figure S7). 

Supplementary Note 5:

In the table, the AL, DP, MV, TCV and ME represent the acceleration, displacement, 

measured value, theoretical calculation value and measurement error, respectively. 

Meanwhile, the theoretical calculation value of period is based on Figure S6, Note 2 

and the basic physical formulas. 

Supplementary Note 6：

As shown in the Figure S9, it is easy to obtain the period information of waves by 

this ocean spectrum. Meanwhile, assuming the effective action length of waves on the 

buoy is s, and the action time of waves on the buoy is Δt. As a general rule, owing to 

the s is a fixed value at the average state, we can obtain a spread speed and achieve 

the measurement of wave-velocity (v) by adding a calibration factor analysis (α). The 

process is as follows:

                    v =αs/Δt                             (10)        

Furthermore, according to the related definition of other ocean parameters, such as, 

wave-frequency (f), wavelength (L), wave-steepness (δ), and so on, which can also be 

painlessly calculated by the following formulas.

                    f = 1/T                                (11)

                   L = vT                                (12)

                    δ = H/L                                 (13)

Supplementary Note 7：

More sensors can monitor more parameters, Figure S8 minutely describes the 



monitoring of wave propagation direction by using both of TOSS. In the picture, the 

two orange spheres stand for two TOSSs, the blue ray represents the spread direction 

of waves, and S represents the distance between two TOSSs, and the  included angle 

of between the connection of the two TOSSs and the wave propagation direction is 

expressed as θ. For the value of S is known, the v can obtain from Note 3, and based 

on the time difference (ΔT) between two TOSSs for the same wave detection. 

According to the mathematical relationship between them (Formulas 10), which can 

achieve the value of θ and then obtain the propagation direction of waves.

                    S·cosθ = vΔT                          (14)

Supplementary Note 8：

Based on Figure S7-8 and Note 4, we can obtained the follow equation:

   ΔQ = πσDvv
2/2av                             (15)

V= πkσDvv
2/2av                             (16)

I= πσDvv/2                                 (17)
where ΔQ is the transferred charge of TOSS, V is the open-circuit voltage, I is the 

short-circuit current of TOSS, k is the relevant scale factor of V and wave-height (H), 

σ is the surface charges density of PTFE, D is the diameter of PTFE, vv is the velocity 

of ocean-wave in the vertical direction and av is the obtained acceleration of  

ocean-wave in the vertical direction. Compared with the real ocean-wave spectrum 

pattern and the vertical motion mode of ocean-wave simulated by motor, we can find 

that they are basically similar, so we can think that av is basically a fixed constant. In 

addition, the projection area of the surface contacted by hollow buoy and seawater on 

the horizontal plane is fixed, we can use a circle with a radius of R to represent it. 

Meanwhile, we can use the following formula 18 to easily transform the spectrum of 

wave-height for time (H(t)) into the shape spectrum of ocean-wave ((H(s)).

H(s)=vH(t)                              (18)

Where v is the wave-velocity by TOSS. Therefore, based on the formulas 2, 3, 15, 16 

and the transferred charges or open-circuit voltage spectrum of TOSS from 



ocean-wave, we can get the following equations to obtain the kinetic energy spectrum 

of ocean-wave in the vertical direction by the following equals (W is the transverse 

width of ocean-wave) . 

Ekv(t)= mw(s)｛vv(t)｝2W/4R

                    =｛πρsR2H(s)｝｛2avΔQ(t)/πσD｝W/4R

=avρsvRW｛ΔQ(t)｝2/2πσ2D2              (19)

Ekv(t)= mw(s)｛vv(t)｝2W/4R

                   =｛πρsR2H(s)｝｛2avV(t)/kπσD｝W/4R

=avρsvRW｛V(t)｝2/2πk2σ2D2                     (20)

Where Ekv is the kinetic energy of ocean-wave spectrum in the vertical direction, mw is 

the mass of seawater on the TOSS, ρs is the density of seawater, ΔQ(t) is the 

transferred charge spectrum of TOSS and V(t) is the open-circuit voltage spectrum of 

TOSS. 

Supplementary Note 9：

The kinetic energy of ocean-wave in the propagation direction can be regarded as the 

kinetic energy of the seawater forming the ocean-wave in this direction. Therefore,  

the kinetic energy spectrum of ocean-wave in the propagation direction can be 

achieved by formula 21 or 22 ( Figure S14).  

Ekp(t) = mw(s)v2W/4R = πρsv2RWH(s) /4= ρsv3RWΔQ(t) /4σD (21)

Ekp(t) = mw(s)v2W/4R = πρsv2RWH(s) /4= ρsv3RWV(t) /4kσD (22)

Supplementary Note 10：

As the seawater can be regarded as a substance with uniform density, the barycenter 

of ocean-wave in different position is the located at the center of ocean-wave in the 

vertical direction as shown in the Figure S15. Therefore, based on the Note 9, the 



gravitational potential energy spectrum of ocean-wave can be obtained by the 

following formula.

Ekp(t) = mw(s)gWH(s)/4R = ρsgv2RW｛ΔQ(t)｝2/4πσD (23)

Ekp(t) = mw(s)gWH(s)/4R = ρsgv2RW｛V(t)｝2/4πk2σ2D2 (24)



Supplementary Figures

Supplementary Figure 1. The error analysis of wave height measurement by the 

TOSS.

Supplementary Figure 2.  The open-circuit voltage of TOSS at the different wave 

height and various of acceleration with (a) 0.5 m s-2, (b) 1.0 m s-2, and (c) 1.5 m s-2.



Supplementary Figure 3. The linear relationship between wave-height and the 

open-circuit voltage signals of TOSS under the different acceleration with (a) 0.5 m 

s-2, (b) 1.0 m s-2, and (c) 1.5 m s-2. 

Supplementary Figure 4. The Geometric design of TOSS. 
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Supplementary Figure 5. The charging-capacitor curve of TOSS under different 

acceleration. 

Supplementary Figure 6. A test of the stability of TOSS by linear motor.



Supplementary Figure 7. The physical motion mode of vertical linear motor. (a) 

Acceleration change of the motor. (b) Speed change of the motor. (c) Displacement 

change of motor.

Supplementary Figure 8. The ideal signal spectra of TOSS. (a) The transferred 

charges spectrum of TOSS. (b) The open-circuit voltage spectrum of TOSS. (c) The 

short-circuit current spectrum of TOSS.



Supplementary Figure 9. The real obtain spectra by TOSS. (a) The transferred 

charges spectrum, (b) open-circuit voltage spectrum, (c) short-circuit current spectrum 

by TOSS.

Supplementary Figure 10. The analysis of ocean spectral structure obtained by the 

TOSS.

 



Supplementary Figure 11. The principle of detecting the direction of wave 

propagation by TOSS.

Supplementary Figure 12. The corresponding circuit diagram of lighting LEDs.
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Supplementary Figure 13. The water wave height spectrum extracting from 

open-circuit voltage by using TOSS.

.

Supplementary Figure 14. The decomposition diagram of kinetic energy and 

velocity of ocean-wave.



Supplementary Figure 15. The structural analysis diagram of the contact between 

the hollow buoy and ocean-wave.

Supplementary Figure 16. The barycenter distribution of ocean-wave in the different 

position.
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Supplementary Figure 17. The short-circuit current spectrum of TOSS by driving 

the simulative water waves.



Supplementary Tables

Supplementary Table 1. Error analysis of wave period extracted by the transferred 

charges of TOSS.

Error Analysis Table for Wave Period Testing （Transferred Charges Testing)

AL 0.5 m s-2 1.0 m s-2 1.5 m s-2

DP MV（ms）TCV（ms） ME MV（ms）TVC（ms） ME MV（ms）TVC（ms） ME

2 4794 4800 0.125% 4565 4566 -0.015% 4462 4462 0.003%

4 5131 5131 0.007% 4801 4800 0.021% 4652 4653 -0.026%

6 5383 5386 0.049% 4980 4980 0.004% 4800 4800 0.000%

8 5597 5600 0.054% 5132 5131 0.012% 4928 4924 0.086%

10 5791 5789 -0.037% 5266 5265 0.021% 5035 5033 0.044%

12 5965 5960 -0.091% 5387 5386 0.025% 5140 5131 0.168%

Supplementary Table 2. Error analysis of wave period extracted by the open-circuit 

voltage of TOSS.

Error Analysis Table for Wave Period Testing （Open-Circuit Voltage Testing)

AL 0.5 m s-2 1.0 m s-2 1.5 m s-2

DP MV（ms）TCV（ms） ME MV（ms）TVC（ms） ME MV（ms）TVC（ms） ME

2 4797 4800 -0.063% 4564 4566 -0.037% 4462 4462 0.003%

4 5130 5131 -0.027% 4799 4800 -0.021% 4653 4653 -0.004%

6 5385 5386 -0.012% 4980 4980 0.004% 4800 4800 0.000%

8 5598 5600 -0.036% 5131 5131 -0.007% 4923 4924 -0.015%

10 5786 5789 -0.049% 5265 5265 0.002% 5033 5033 0.004%

12 5960 5960 0.007% 5386 5386 0.007% 5132 5131 0.012%


