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  1   .  Introduction 

 Over the past decades, harvesting ambient environmental 
energy has attracted increasing interest for realizing self-pow-
ered systems and for meeting large-scale energy demands. 
Searching for clean and renewable energy with reduced carbon 
emissions is urgent to the sustainable development of human 
civilization. [  1  ]  To date, various energy harvesters for scav-
enging ambient environmental vibrational energy have been 
developed that rely on piezoelectric, [  2–6  ]  electromagnetic, [  7,8  ]  

and electrostatic [  9,10  ]  transduction mecha-
nisms. Considerable research effort has 
been devoted to improve the effi ciency 
of vibrational energy harvesters. [  11–18  ]  
However, regardless of the transduction 
mechanisms and novel structures, the 
vibration-to-electric conversion effi ciency 
is still quite low in the existing harvesters 
because: 1) most of them are designed 
as linear resonant structures in order 
to achieve maximum power generation, 
which limits their application in real-
world environments with stochastic or 
varying vibration spectra; [  14  ]  and 2) most 
devices can only effectively harvest vibra-
tional energy from a single motion direc-
tion and/or within a small bandwidth. 
In this case, the harvesters are not effec-
tive at scavenging energy from a vibra-
tion with multiple or time-variant motion 
directions. [  11,12,14  ]  

 Recently, the innovative triboelectric 
nanogenerator (TENG) has offered a cost-

effective, simple, and robust approach to convert mechanical 
energy into electricity based on the coupling between triboelec-
trifi cation and electrostatic induction. [  19–27  ]  The triboelectrically 
charged planes of TENGs change the electric polarization and 
fi eld across two electrodes by either periodic vertical contact sep-
aration [  19–21  ]  or in-plane sliding, [  22,23  ]  leading to an alternating 
fl ow of electrons through the external load. The developed 
TENGs have been successfully applied as sustainable power 
sources for portable electronics, [  21  ]  magnetic sensors, [  24  ]  envi-
ronmental monitors, [  25  ]  and other self-powered systems. [  26,27  ]  

 Here, we demonstrated a newly designed 3D-TENG that is 
able to scavenge vibrational energy in the out-of-plane direction 
and arbitrary in-plane directions with considerable wide band-
width. It works in a hybridized mode of both vertical contact 
separation and in-plane sliding. Under out-of-plane motion 
excitation, the 3D-TENG produces an open-circuit voltage up to 
123 V, a peak short-circuit current density of 30 mA m −2 , and a 
peak power density of 1.35 W m −2 . The corresponding electrical 
outputs are 143 V, 32 mA m −2 , and 1.45 W m −2 , respectively, 
when the 3D-TENG works under in-plane motion excitation. 
The remarkable performance enables the 3D-TENG to have 
tremendous practical applications including harvesting wind- 
or rain-droplet-induced vibrational energy from the national 
grid transmission lines, natural vibration energy from human 
walking, and rotation energy from vehicles with wheels.  

     Vibrations in living environments are generally distributed over a wide 
frequency spectrum and exhibit multiple motion directions over time, which 
renders most of the current vibration energy harvesters unpractical for their 
harvesting purposes. Here, a 3D triboelectric nanogenerator (3D-TENG) 
is designed based on the coupling of the triboelectrifi cation effect and the 
electrostatic induction effect. The 3D-TENG operates in a hybridization mode 
of conjuntioning the vertical contact-separation mode and the in-plane sliding 
mode. The innovative design facilitates harvesting random vibrational energy 
in multiple directions over a wide bandwidth. An analytical model is estab-
lished to investigate the mechano-triboelectric transduction of 3D-TENG and 
the results agree well with experimental data. The 3D-TENG is able to harvest 
ambient vibrations with an extremely wide working bandwidth. Maximum 
power densities of 1.35 W m −2  and 1.45 W m −2  are achieved under out-of-
plane and in-plane excitation, respectively. The 3D TENG is designed for har-
vesting ambient vibration energy, especially at low frequencies, under a range 
of conditions in daily life and has potential applications in environmental/
infrastructure monitoring and charging portable electronics.      
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  2   .  Design and Analysis 

 The 3D-TENG has a multilayer structure with circular acrylic 
as supporting substrates, as shown schematically in  Figure    1  a. 
The cylindroid core of the 3D-TENG lies at the center of the 
acrylic substrate with a bottom diameter of 3 cm. On the top of 
the core, an iron mass is mobile and suspended by three iden-
tical springs with an included angle of 120° between each other. 
The designed structural symmetry ensures that the whole 
system has a constant resonant frequency in arbitrary in-plane 
directions. A layer of polytetrafl uoroethylene (PTFE) fi lm as one 
contact surface was adhered onto the bottom side of circular 
iron mass with a deposited copper thin fi lm as the back elec-
trode. Attached to the bottom acrylic substrate, an aluminum 
thin fi lm with nanopore modifi cation plays dual roles as a 
contact electrode and the other contact surface. The scanning 
electron microscopy (SEM) images of aluminum nanopores 
are shown in Figure  1 b and Supporting Information Figure S1. 

The nanopores were uniformly distributed on the surface of 
aluminum foil with an average diameter of 30 nm. The average 
depth of the aluminum nanopores is 0.7  μ m ± 0.2  μ m with a 
distribution density of 290 per  μ m 2 , which is able to largely 
increase the effective contact area, thus the electric output of the 
3D-TENG. Figure  1 c shows a photograph of the real 3D-TENG 
device. Detailed fabrication specifi cations are reported in the 
Experimental Section.  

 A cycle of the electricity generation process of the 3D-TENG 
is illustrated in  Figure    2  . Two working modes are depicted: ver-
tical contact-separation mode (Figure  2 a) and in-plane sliding 
mode (Figure  2 b). To operate and investigate the vertical contact 
separation mode, the bottom acrylic substrate of the 3D-TENG 
is attached to an external vibration source. At original posi-
tion in Figure  2 a, the PTFE layer fully contacts with the alu-
minum thin fi lm. Because PTFE is much more triboelectri-
cally negative than aluminum, electrons are injected from 
aluminum into PTFE, generating positive triboelectric charges 

      Figure 1.  3D triboelectric nanogenerator: a) schematic of a 3D-TENG; b) SEM image of nanopores on an aluminum electrode; and c) a photograph 
of the fabricated 3D-TENG. 

      Figure 2.  Two cycles of the electricity generation process, illustrating the working mechanism of the 3D-TENG: a) vertical contact separation mode 
and b) in-plane sliding mode. 
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displacement reaches the maximum (Figure  2 b, Stage III). 
Therefore, at this fully displaced position, most of the positive 
triboelectric charges are neutralized by the inductive electrons, 
indicating that no more current fl ows in the external circuit. 
Subsequently, as the displacement is decreased by the recip-
rocating force, the inductive electrons fl ow back to the copper 
electrode from the aluminum electrode (Figure  2 b, Stage IV) 
until the fully aligned position is recovered (Figure  2 b, Stage I). 
Therefore, in the entire in-plane sliding process, an alternating 
current is produced in the external circuit. In both vertical con-
tact separation mode and in-plane sliding mode, the 3D-TENG 
acts as a charge pump to drive the electrons fl owing back and 
forth in an alternating manner, generating alternating current 
through the external load. 

 When the 3D-TENG works in the vertical contact separation 
mode, a vibration-impacting model can be applied to anlayze 
the frequency characteristics of the 3D-TENG, as illustrated in 
 Figure    3  a, which consists of a movable mass  m  suspended by a 
spring  k  z  and a damper  c  z . In this model, an external excitation 
 u  z2  through the acrylic substrate causes the iron mass to vibrate 
relative to the substrate  u  z1 . The differential equation of motion 
can be written as [  28  ] 
üz + 2ξzu̇z + uz = ρ2 sin(ρπ ) + f (u uz, z)   (1)    

  where, üz   and zu̇   are the relative acceleration and velocity of 
the mass with respect to the substrate,uz2 = Uz sin(ωt) , Uz 
 is the amplitude of the external excitation, uz = uz1/Uz , ξz  is 
the primary suspension damping characteristic and defi ned as 

ξz = cz/(2mω0) , ρ = ω/ω0
 , f (uz, z) =

{
u z > 0)0

−2ρξz z − ρ2uz (
(
u z < 0)

u̇
u̇

 , 

ω0 =
√

kz/m  , and ω  is the excitation frequency. It can be found 
that, this impact between the mass and substrate introduces a 
nonlinear function f (u u̇z, z)  of uz   and zu̇   into the motion model, 
leading to a different frequency response compared to the linear 
model. Similarly, a motion model of the 3D-TENG under in-
plane excitation is developed and illustrated in Figure  3 d, where 

on the aluminum side and negative charges on the PTFE side 
(Figure  2 a, Stage I). Once an external vibration force acts on 
the 3D-TENG along the  z -axis, the supporting substrate and 
the mass move upward simultaneously. An electric potential 
difference is not established until a separation emerges when 
the acrylic substrate reaches its maximum amplitude and right 
starts to move downward. Meanwhile, the iron mass continues 
to move upwards due to its inertia (Figure  2 a, Stage II). Such 
an electric potential difference will drive the fl ow of electrons 
from the copper electrode to the aluminum electrode through 
the external circuit, screening the positive triboelectric charges 
on the aluminum electrode. The electric potential difference is 
a monotonically increasing function of the separation, and both 
of them are maximized when the acrylic supporting substrate 
reaches its lowest point. At this moment, most of the posi-
tive triboelectric charges are naturalized (Figure  2 a, Stage III). 
When the iron mass moves downward, the approach of the two 
contact surfaces results in another electric potential difference 
in a reversed manner (Figure  2 a, Stage IV), which drives the 
electrons fl ow from the aluminum electrode to the cooper elec-
trode. Most of the positive charges on the copper electrode will 
be transferred back to the aluminum electrode at the moment 
when the two surfaces impact each other (Figure  2 a, Stage I). 

  The working mechanism of the in-plane sliding mode is 
schematically depicted in Figure  2 b. At original position, the 
PTFE fi lm fully contacts with the aluminum thin fi lm, creating 
positive triboelectric charges on the aluminum side and nega-
tive charges on the PTFE side (Figure  2 b, Stage I). Once the top 
contact surface moves along arbitrary in-plane direction and a 
displacement is established relative to the substrate, the uncom-
pensated negative triboelectric charges on PTFE will repul-
sively drive free electrons on the copper electrode to the alu-
minum electrode, screening the positive triboelectric charges 
and leaving behind positive inductive charges (Figure  2 b, 
Stage II). The fl ow of inductive electrons lasts until the relative 

      Figure 3.  Simulation of the 3D-TENG. a) Analytical model for the vertical contact separation mode. b) Instant motion state result of the vertical contact 
separation mode by ANSYS. c) Simulated frequency response of the vertical contact separation mode with increased working bandwidth. d) Analytical 
model for in-plane sliding mode. d) Instant motion state result of the in-plane sliding mode by ANSYS. f) Simulated frequency response of the in-plane 
sliding mode with increased working bandwidth. 
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an instant motion state when the substrate and iron mass 
separate from each other under out-of-plane excitation, while 
Figure  3 c demonstrates the frequency responses of the out-of-
plane motions with and without the substrate. An intensely 
nonlinear behavior appears in the frequency response with 
the substrate due to the vibration-impacting motion, while an 
obvious linear response is observed in the frequency response 
without the substrate. The simulations show that the impact 
motion of iron mass follows a linear frequency response in a 
certain frequency range, then the motion magnitude jumps to 
a high level, leading to an increase of working bandwidth on 
one side of the frequency response. Figure  3 e shows an instant 
motion state when the iron mass slides across the substrate 
surface under the in-plane excitation. The frequency responses 
of the in-plane motions with and without the friction force are 
demonstrated in Figure  3 f, which indicate that the working 
bandwidth is broadened by the friction force. The increased 
bandwidth is narrower than that by the vibration-impacting 
mechanism shown in Figure  3 c.  

  3   .  Results and Discussion 

 To characterize the performance of 3D-TENG, the electrical 
output measurement was carried out under an average accel-
eration of 6 m s -2  generated by a shaker.  Figure    4  a,b show the 
open-circuit voltage and short-circuit current density, respec-
tively, under out-of-plane excitation with a vibration frequency 

 k  θ    and  c  θ    denote the stiffness and damper of the system along 
arbitrary in-plane angle of   θ  . uθ2   is the displacement of the sub-
strate, defi ned as uθ2 = Uθ sin (ωt)  , and uθ1   is the relative dis-
placement of the mass to the substrate. The differential equation 
of in-plane motion along   θ   is written as [  29  ] 

 ̈u2 2 2 2+ 2> .u + u = D 2
2 sin(D2B ) − fFric  (2)     

 where üθ  and uθ
⋅   are the relative acceleration and velocity of the 

mass with respect to the substrate along excitation angle of   θ  , 
uθ = uθ1/Uθ  , ρθ = ω/ωθ0 , ξθ = cθ/(2mωθ0)  , ωθ0 =

√
kθ/m , 

fFric = α θ/mkθu̇  , and α   is the coeffi cient of friction. Due to the 
friction force, the new damping ζθ   ratio  of the in-plane motion 
will increase and can be expressed as

 
ζθ =

cθ + α
2
√

kθm  
(3)

        
 In this case, the mechanical quality factor Q  (Q = 1/2ζθ ), 

which is inversely proportional to the damping ratio ζθ  , will 
decrease with the increase of ζθ   due to the additional contri-
bution from α  . The introduction of the coeffi cient of friction 
α   results in a smaller quality factor and thus a wider working 
bandwidth. [  30  ]  

 According to Equations ( 1)  and ( 2) , fi nite element anal-
ysis was performed to validate the motion behaviors of the 
3D-TENG under the out-of-plane and in-plane excitations. In 
the simulation, Young’s modulus and Poisson’s ratio of the 
spring were 2.1 GPa and 0.26, respectively. Figure  3 b shows 

      Figure 4.  Electrical output measurements of the 3D-TENG. a) Open-circuit voltage and b) short-circuit current density under out-of-plane excitation 
with a vibrational frequency of 36 Hz. c) Open-circuit voltage and d) short-circuit current density at an in-plane excitation angle of 180° with a vibra-
tional frequency of 36 Hz. 
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a larger impact will largely increase the effective contact area 
between the two surfaces, and thus the total electric output. In 
addition, if the half peak voltage point is adopted as the criteria 
of the working bandwidth, [  31  ]  compared with the state-of-the-
art vibration harvesters, [  8,9  ]  3D-TENG shows an extremely wide 
working bandwidth up to 75 Hz in a low vibrational frequency 
range under out-of-plane excitation.  

 When it comes to the in-plane sliding mode, the electric 
outputs were measured with the input excitation frequencies 
in a range from 10 to 55 Hz at different in-plane excitation 
angles (0°, 45°, 90°, 135°, 180°), as shown in Figure  5 b–f. The 
results prove that the 3D-TENG is capable of harvesting vibra-
tional energy from all of the in-plane directions. Considered 
the non-ideal experimental factors, such as the variation in the 
spring stiffness factors and the deviation of the fabricated struc-
ture symmetry, the 3D-TENG has almost the same response 
to the external vibrations at arbitrary in-plane directions. Fur-
thermore, both the voltage and current are maximized at a 
frequency of 36 Hz at all excitation angles. Slightly nonlinear 
behavior is observed in all of the output responses, mainly 
due to the nonlinear topology structure of the spring vibration 
system. In addition, the 3D-TENG shows a wide working band-
width of 14.4 Hz in a low vibrational frequency range under the 
in-plane excitation. 

 The electrical outputs for a 3D-TENG without nanomaterials 
surface modifi cation are demonstrated in Supporting Informa-
tion Figure S4. Compared with the electrical outputs with nano-
materials surface modifi cation, the open-circuit voltages under 
out-of-plane and in-plane excitations were enhanced 38% and 
36% of those of the TENG without nanomaterial surface modi-
fi cation, respectively. The nanomaterial-surface-modifi cation-
induced short-circuit current improvement rendered values of 
35% and 34%, respectively, under the out-of-plane and in-plane 
excitations. The current peaks and corresponding induced 
charges generated in one cycle of the 3D-TENG under out-
of-plane excitation at the vibrational frequency of 36 Hz, with 
and without nanomaterial surface modifi cations, are plotted in 
Supporting Information Figure S5. Although the peak values 
of the currents in the discharge and charge cycles are different 
from each other, the integration charge over time is almost the 
same, which means no current leakage exists. In addition, the 
electrical outputs of the TENG were investigated simultane-
ously under both out-of-plane and in-plane excitations with dif-
ferent composition motion angles at a constant vibrational fre-
quency of 36 Hz, as shown in Supporting Information Figure 
S6. At the composition motion angles of 120°, 135°, and 150°, 
the open-circuit voltages were 122 V, 125 V, and 124 V, respec-
tively. The corresponding short-circuit current densities were 
31 mA m -2 , 33 mA m -2 , and 33 mA m -2 . Furthermore, for the 
3D-TENG at the original position, the upper substrate rests at 
a critical state where the elastic force from the three identical 
springs is exactly compensated by the gravitational force from 
the upper substrate and the two plates just contact each other, 
which effectively prevents the cancellation effect of the output 
voltages when the out-of-plane and in-plane excitations emerge 
simultaneously. The frequency response was also studied under 
excitations simultaneously coming from out-of-plane and in-
plane motions. The working bandwidths of 45 Hz, 39 Hz, and 
25 Hz were obtained at the composition motion angles of 120°, 

of 36 Hz. An enlarged view of the voltage peak is shown 
in the inset of Figure  4 a. The voltage persists at a plateau of 
123 V in Stage I when both the substrate and iron mass move 
simultaneously upward along the  z -axis. The voltage gradually 
decreases during the separation between the substrate and iron 
mass in Stage II. Then the voltage reaches its minimum at the 
maximum separation (Stage III). Subsequently, the voltage rap-
idly rises when the substrate and mass begin to impact together 
(Stage IV) and reach a plateau value of 123 V again (Stage I). 
In addition, an enlarged view of the current density is shown 
in the inset of Figure  4 b. The output current has an alternating 
behavior with asymmetrical amplitudes, with the larger peak 
(30 mA m −2 ) corresponding to the process in which the two 
contact surfaces move towards each other, while the smaller 
one (10 mA m −2 ) is generated as the two surfaces move apart. 
Given the same amount of charge transported back and forth, 
the faster approach is expected to produce a larger current den-
sity peak than the slower separation. The accumulative induced 
charges of 0.11  μ C can be generated within 0.03 s (Supporting 
Information Figure S2). The experimental data validate the 
working principle described in Figure  2 a.  

 The open-circuit voltage and short-circuit current density at 
the in-plane excitation angle of 180° with frequency of 36 Hz 
were plotted in Figure  4 c,d,respectively. In the inset of Figure  4 c, 
considering the accumulation of the triboelectric charges on the 
surfaces of PTFE and aluminum, the voltage retains at level of 
142 V as the substrate and mass move away from equilibrium 
along the 180° direction simultaneously (Stage I). Then the 
voltage decreases gradually when the iron mass slides apart 
across the substrate surface due to the inertia (State II). The 
voltage decreases to a minimum at the largest displacement 
(State III). Subsequently, the iron mass slides backward (Stage 
IV) and the relative displacement begins to decrease, leading to 
an increase of the voltage. Furthermore, similar to the vertical 
contact separation mode, given the same amount of charge 
transported back and forth, the faster sliding backwards is 
expected to produce a larger current density peak (32 mA m −2 ) 
than the slower sliding apart (17 mA m −2 ). As demonstrated 
in Supporting Information Figure S3, the total accumulated 
induced charges are similar to each other for different in-plane 
directions with average induced charges of 0.13  μ C within 0.03 s. 

 For operation, an electrodynamic shaker is employed as the 
external vibration source with controlled amplitude and accel-
eration. It provides sinusoidal output with a range of vibra-
tional frequencies from 10 to 140 Hz. The supporting acrylic 
substrate of the 3D-TENG is anchored on the shaker table to 
investigate the relationship between the electrical outputs and 
input frequency when it works in a vertical contact separation 
mode. As shown in  Figure    5  a, both the voltage and current pre-
sent a rapid increase with the increase of frequency from 10 to 
36 Hz. The maximum values of the voltage and current, respec-
tively, reach 123 V and 21  μ A at the frequency of 36 Hz. Then, 
the voltage and current both gradually decrease to their minima 
as the frequency increases from 36 to 140 Hz. As analyzed in 
Figure  3 c, which shows the out-of-plane motion behavior, the 
separation between the substrate and the iron mass varies with 
the input frequency. The larger separation at 36 Hz would cause 
a larger contacting force when the two objects impact together. 
Since the aluminum surface was patterned with nanopores, 
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of 1.35 W m −2  at a resistance of ≈8.1 M Ω . When the device is 
excited at an arbitrary in-plane angle, the relationship between 
the output voltages and currents and the resistances are similar 
to those under the out-of-plane excitation, as demonstrated in 
Figure  6 c,d. The device has the instantaneous peak power den-
sity of 1.45 W m −2  at a resistance of ≈7.9 M Ω . With an accelera-
tion of 6 m s −2  and iron mass of 25 g, the input powers for the 
3D-TENG are 2.3 mW and 4.8 mW, [  32,33  ]  respectively, under the 
out-of-plane and in-plane excitations. The vibration-to-electric 
conversion effi ciency is 44.7% (1.03 mW/2.3 mW) under the 
out-of-plane excitation at the resonant frequency of 36 Hz. Like-
wise, under the in-plane excitation, the average conversion effi -
ciency can be estimated as 24.5% (1.18 mW/4.8 mW). The con-
version effi ciency of the 3D-TENG under out-of-plane excitation 
is higher than that of the electrostatic harvester. [  34  ]  Furthermore, 
the 3D-TENG is capable of harvesting vibrational energy from 
different directions, while the electrostatic harvester can only 
work under the circumstance of single-direction vibration. The 

135°, and 150°, respectively. Finally, as demonstrated in Sup-
porting Information Figure S7, the electrical outputs under 
out-of-plane and in-plane excitations at the third-order, forth-
order, and fi fth-order excitation frequencies are low compared 
with the electrical output under the fundamental excitation fre-
quency. This is because the relative displacement between the 
iron mass and the bottom substrate decreases under the higher 
order excitation frequencies, resulting in a signifi cant decrease 
of output voltage. 

 Resistors were used as external loads to further investigate 
the output power of the 3D-TENG at the resonance frequency 
of 36 Hz. The electrical output measurement was also carried 
out at an acceleration of 6 m s −2 , and the input mechanical 
power is 4 mW at this resonance frequency. As illustrated in 
 Figure    6  a, the output current drops with increasing resistance 
under out-of-plane excitation, while the output voltage followed 
a reverse trend. Consequently, the instantaneous power den-
sity of the external resistance (Figure  6 b) reaches a peak value 

      Figure 5.  Frequency responses of the 3D-TENG. a) Frequency response of 3D-TENG under out-of-plane excitation. b–f) Frequency responses of 
3D-TENG at in-plane excitation angles of 0°, 45°, 90°, 135°, and 180°, respectively. 
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forces applied onto the line is shown in Supporting Informa-
tion Figure S8. The 3D-TENG could be applied to monitor the 
real-time vibration intensity of the transmission line in the 
national grid or to work as a sustainable power source.  

 Secondly, shown in Figure  7 c, the 3D-TENG is mounted 
on a human leg to harvest the vibration energy from human 
walking. This human-motion-induced vibration can be used as 
an external excitation to the 3D-TENG and 40 serial-connected 
commercial LEDs were lit (see Supporting Information Video 
S2). Figure  7 d shows the output voltages under different walk 
speeds, which indicates that a faster speed leads to a larger 
voltage output. Furthermore, a frequency information analysis 
of the generated voltage output signals by Fourier transform is 
rendered in Supporting Information Figure S9, showing that 
the main frequency components of the three walking speeds 
are 2.1 Hz, 3.1 Hz, and 3.9 Hz, respectively. 

 A third practical application is shown in Figure  7 e. The 
3D-TENG was anchored on a bicycle wheel to harvest the rota-
tion energy and 30 serial-connected commercial LEDs were lit 
when the wheel rotated (Figure  7 f and Supporting Informa-
tion Video S3). This demonstration proves that the 3D-TENG 
not only can harvest wheel rotation energy but also can be 
developed as a self-powered sensing system to monitor the 
tire-pressure of automobiles, airplanes, and other wheel-based 
vehicles.  

capacity of energy harvesting is largely limited once the motion 
direction is diverted for the 1D harvesters. Furthermore, it is 
worth noting that the energy conversion effi ciency of the 1D 
electrostatic harvester is 23.6% with a bandwidth ratio of 0.1 
(half-power bandwidth/ f  0 ), which is much narrower than that of 
the 3D-TENG (0.4) under in-plane excitation.  

 The practicability of harvesting energy from multiple direc-
tions with considerably wide working bandwidth enable the 
3D-TENG to have tremendous applications in building self-
powered systems by harvesting ambient vibrational energy. To 
prove the capability of the 3D-TENG as a sustainable power 
source, three sets of practical applications were demonstrated 
(see the videos in Supporting Information). First, as shown in 
 Figure    7  a, the 3D-TENG works on a national grid transmission 
line that can effectively harvest wind- or rain-droplet-induced 
line vibrational energy. Forty serial-connected commercial 
light-emitting diodes (LEDs) were lit by the line oscillating 
(see Supporting Information Video S1). Figure  7 b shows the 
output voltages of the 3D-TENG under different line swing 
amplitudes. It can be seen that the voltages present an obvious 
increasing tendency with the increased swing amplitudes. This 
is because the larger swing amplitude of the line will contribute 
to a larger out-of-plane separation of the two contact surfaces in 
the 3D-TENG, leading to a higher output voltage. In addition, 
the output voltage responding to a range of up-down impact 

      Figure 6.  Dependence of the voltage and current output on the external load resistance. a) Dependence of the voltage and current output on the 
external load resistance under out-of-plane excitation. The points represent peak values of the electric signals while the lines are the fi tted results. 
b) Dependence of the peak power output on the resistance of the external load under out-of-plane excitation, indicating a maximum power output when 
 R  = 8.1 M Ω . The curve is the fi tted result. c) Dependence of the voltage and current output on the external load resistance under in-plane excitation. 
The points represent peak values of the electric signals while the lines are the fi tted results. d) Dependence of the peak power output on the resistance 
of the external load under in-plane excitation, indicating a maximum power output at  R  = 7.9 M Ω . 
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can be also developed due to the 3D-TENG’s high sensitivity 
to external vibrations. This TENG design will fi nd applications 
in powering portable electronics, environmental/infrastructure 
monitoring, security, and more.  

  5   .  Experimental Section 
  Aluminum Nanopore-Based Surface Modifi cation : Electrochemical 

anodization was applied on an aluminum foil in 3% (mass fraction) 
oxalic acid (H 2 C 2 O 4 ) electrolyte. A platinum plate was used as the 
cathode. The aluminum foil was anodized under a bias voltage of 30 V 
for 4 h. The alumina layer was etched away in a solution of 20 g L −1  
chromic acid at 60 °C for 2 h. Then, the aluminum foil was rinsed with 
deionized (DI) water and dried in air. 

  Fabrication of the 3D-TENG : In the fabrication of the 3D-TENG 
device, an acrylic substrate with dimensions of   Φ   = 100 mm × 3 mm 

  4   .  Conclusion 

 We have presented an innovative design of a 3D-TENG for 
effectively harvesting ambient vibrational energy in the out-of-
plane direction. It has an extremely wide working bandwidth 
up to 75 Hz ( Δ  f / f  ≈ 1.18) and in arbitrary in-plane directions 
it has a prepotent bandwidth of 14.4 Hz ( Δ  f / f  ≈ 0.38) in the 
low vibrational frequency range. Maximum power densities of 
1.35 W m −2  and 1.45 W m −2  were achieved with out-of-plane 
and in-plane excitations, respectively. The superior vibrational 
energy harvesting capacity enables the 3D-TENG to have tre-
mendous practical applications, which include harvesting wind- 
or rain-droplet-induced vibrational energy from the national 
grid transmission lines, natural vibration energy from human 
walking, and rotation energy from the wheel-based vehicles. 
In addition, a large range of self-powered sensing systems 

      Figure 7.  Demonstration of the 3D-TENG (marked in red circles) as a sustainable power source and self-powered active sensors. a) Photograph of 
line vibration energy harvesting. Forty commercial LED bulbs were lit simultaneously. b) The output voltage of the 3D-TENG under different line swing 
amplitudes. c) Photograph of human-walking energy harvesting. Forty commercial LED bulbs were lit simultaneously. d) The output voltages at dif-
ferent walking speeds. e) Photograph of a 3D-TENG mounted on a still bicycle wheel. f) Thirty commercial LED bulbs were lit simultaneously under 
the rotation of the bicycle wheel. 
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(diameter × thickness) was prepared by laser cutter. A iron mass with 
a diameter of 30 mm and a thickness of 5 mm was suspended by three 
springs attached to the circular acrylic substrate. The spring had a wire 
diameter of 0.3 mm, a free length of 14 mm, and outer diameter of 
4 mm. A metal electrode was prepared by depositing 100 nm of copper 
on one side of PTFE fi lm with dimensions of  Φ 30 mm × 50  μ m. Then, the 
copper-coated PTFE was adhered to the bottom surface of the iron mass. 
The aluminum thin fi lm with nanopores modifi cation was attached to the 
top acrylic substrate as a contact electrode and the other contact surface. 

  Assembly of the Measuring System : The 3D-TENG was mounted 
on an electrodynamic shaker (Labworks ET-139) to test the output 
performances under out-of-plane and in-plane excitations for different 
frequencies. The shaker was powered by an amplifi ed sinusoidal 
wave from a function generator (Labworks SC-121) and an amplifi er 
(Labworks Pa-151). The output voltage of the 3D-TENG was measured 
using a voltage preamplifi er (Keithley 6514 System Electrometer). The 
output current of the 3D-TENG was measured with a low-noise current 
preamplifi er (Stanford Research SR560).  
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