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Triboelectric energy harvesting using an origami-inspired structure 
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H I G H L I G H T S  

• Presents a novel Origami triboelectric energy harvester. 
• Demonstrates excellent performance of harvester given its stacked architecture. 
• Explains effective area enlargement mechanism with a mathematical proof. 
• Demonstrates applications of harvester in powering LEDs and an IoT sensor node.  
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A B S T R A C T   

In this work, the design, fabrication and test of a novel Origami-inspired triboelectric nanogenerator (TENG) are 
presented. The excellent performance of the proposed Origami-TENG is attributed to its stacked architecture and, 
thereby, the enlarged effective contact area. The mechanism of effective area enlargement is explained through 
mathematical proof. The strips used to fabricate the Origami structure are engineered with three layers. For one 
of the three-layered strips, the top and bottom layers are triboelectric materials with strong negative charge 
affinities. The middle layer is made of conductive material to constitute the electrode for collecting and guiding 
the charges induced on the surfaces of the triboelectric materials. The other three-layered conductive strip plays 
the role of the electrode with a middle polymer layer to provide high flexibility. The performance improvement is 
validated by the experimental results. Under a periodic tap excitation, the root-mean-square voltage of the 
proposed Origami-TENG is much larger than that of a conventional counterpart. Moreover, it has been found that 
by increasing the tapping speed and force, the voltage output from the proposed Origami-TENG can be increased. 
According to evaluation, the proposed Origami-TENG can produce a power output of around 200 μW. In two 
application tests, the proposed Origami-TENG can easily light up 28 LEDs and generate sufficient energy in about 
40 s to power an electronic device - ViPSN, i.e., a programmable Internet-of-Things sensor node.   

1. Introduction 

Scavenging energy from the ambient environment to power small 
electronic devices, such as intelligent wearables, biomechanical im
plants, and Internet of Things (IoT) network nodes, has attracted enor
mous attention from the academic and industrial communities [1–3]. 
The kinetic energy in the form of human motion, ambient vibration and 
noise, etc., is one of the most ubiquitous energy sources in the envi
ronment. Therefore, extensive efforts have been devoted to developing 
high-efficient energy harvesters for converting mechanical kinetic en
ergy into electrical energy. In general, mechanical-to-electrical energy 
conversion can be achieved through electromagnetic [4,5], piezoelectric 

[6–8], electrostatic [9,10], and triboelectric [11–13] transduction 
mechanisms. In recent years, using triboelectric materials for energy 
harvesting has received increasing interests, as the raw materials are 
widely accessible, lightweight, highly flexible, and low-cost. 

Since the concept of triboelectric nanogenerator (TENG) was pro
posed [14], various strategies have been developed to improve TENGs 
with larger voltage and power outputs [15,16]. From the material 
perspective, some researchers attempted to modify the material surface 
at micro- or even nano-scale for achieving strong charge affinities in 
triboelectric materials [17–21]. Since this paper focuses on the 
improvement of TENGs brought by structural design, the introduction of 
material-related research in the literature is not elaborated. From the 
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structure perspective, innovative TENGs designs with enlarged contact 
areas have been conceived based on stacked architecture [22,23] and 
multi-layered structures [24,25]. Though enlarging the effective contact 
area often significantly increase the power output from TENGs, some 
stacked/multi-layered structures presented in the literature are bulky 
and complicated to fabricate. 

Origami, which refers to the art of paper folding, has inspired lots of 
innovative research in different disciplines, ranging from soft robotics 
[26,27] to programmable metamaterials [28]. In view of the successful 
applications in these areas, Origami-inspired TENGs have also been 
developed and reported in recent years. By following a series of pre- 
designed folding procedures, one can transform a two-dimensional 
(2D) flat sheet into a compact three-dimensional (3D) Origami struc
ture. Due to the folding operations, the Origami structure is readily 
multi-layered, which implies an intrinsic advantage and potential for 
triboelectric energy harvesting. Zhang et al. [29] designed a triboelectric 
harvester based on the Arc pattern Origami tessellation for energy 
harvesting in road pavement. The Arc pattern Origami tessellation 
functioned as the base, while the polytetrafluoroethylene (PTFE) and 
nylon films were pair-wisely attached to the folded facets of the Origami 
structure. An experimental study validated the feasibility of their pro
posed Origami-inspired TENG. Tao et al. [30] proposed an Origami- 
inspired electret-based energy harvester. The Origami structure 
employed by them had a simple double-helix architecture which 
increased the effective contact area. Moreover, to enhance the electro
static induction effect, ionized charges were pre-implanted into the film 
that covered a helix strip of the Origami structure. Xia et al. [31] pre
sented an innovative TENG with X-shape by combining the art of cut- 
paper and Origami-paper. Due to the spatially folded architecture, a 
power density of 542.2 μW/cm2 was achieved. 

Due to the lightweight and high flexibility, Origami structures can 
easily adapt to various forms of human body movements, such as heel 
strike; ankle, knee, hip, shoulder, and elbow joint motion. Therefore, the 
Origami-inspired TENGs have a great potential to be used for the 
application of human motion energy harvesting. However, according to 
the literature review, the research of using Origami structures for 
triboelectric energy harvesting is very limited [32–34], despite their 
great potential in enlarging contact surface area and efficient use of 
triboelectric materials for significant performance enhancement of 
TENGs. Though the art of Origami includes more than thousands of 
folding patterns, the Origami-inspired TENGs reported so far are only 
based on a few simple folding patterns. The following questions remain 
unanswered including: Can complex Origami folding patterns be 
employed in the design of TENGs? How to quantitatively describe and 
explain the performance enhancement brought by Origami structures? 
Will Origami-inspired TENGs be able to power practical electronic de
vices in real applications? To answer these questions, in this work, a 
novel Origami pattern inspired TENG is investigated. The proposed 
Origami-TENG can be easily obtained using two continuous flat strips. 
The interlaced strips can significantly increase the effective contact area 
during a repeated compress-release process. A physical prototype of the 
proposed Origami-TENG is fabricated. Experiments are conducted to 
evaluate its performance. The rest of the paper is organized as follows. 
The detailed design and fabrication procedures of the proposed Origami- 
TENG are presented in Section 2. Its working mechanism in terms of 
performance enhancement is explained in detail. Section 3 includes the 
experimental results and related discussions. To be more specific, the 
voltage waveforms, the power level, and application examples are pre
sented. The conclusions of this work are summarized in Section 4. 

2. Design and fabrication 

This section elaborates the design process of the proposed Origami- 
inspired TENG and its working principle. A simple TENG generally 
consists of a pair of contact layers with different charge affinities. 
Because of the triboelectric effect, static polarized charges could be 

generated on the surfaces of the tribo-pair layers when they are in 
contact. The movement of charges takes place under the electrostatic 
induction effect when the tribo-pair layers are separated by a pair of 
mechanical forces, thus electricity is produced. 

2.1. Material preparation 

Though, in principle, materials with different charge affinities can be 
used to construct the contact pair of a TENG, polymer-based materials 
are the mostly used because of their advantages, including great flexi
bility, ease of fabrication, and high cost-effectiveness. According to their 
material constitution/combination, the tribo-pair layers can be classi
fied into two types of configurations, namely, the polymer–polymer 
paired configuration and polymer-metal paired configuration. In this 
study, the polymer-metal paired configuration is adopted just to reduce 
the cost. The polymer–polymer paired configuration can also be 
employed in developing a similar Origami-inspired TENG as presented 
in this work. 

The Origami structure for designing the proposed TENG is obtained 
by repeatedly folding two narrow and long strips. Fig. 1 shows the di
agram of the polymer and the electrode strips. The polymer strip (Fig. 1 
(a)) is formed by stacking two layers of polymer materials and one layer 
of conductive paper. The polymer materials are used for attaining 
negative charges. The conductive paper embedded between the two 
polymer layers servers as the electrode for collecting and guiding the 
induced charges. It is worth noting that at the two edges along the length 
direction of the strip, a small portion of polymer materials is inten
tionally retained. The two edges along the length of the strip are then 
sealed to avoid a short circuit with the electrode strip that will be 
introduced below. 

The electrode strip (Fig. 1(b)) also contains three layers. The top and 
bottom layers are thin conductive papers. The middle layer is made of 
polymer material. In fact, one can use pure conductive materials to 
constitute the electrode strip, and the three-layered architecture is un
essential. However, to ease the folding operations in making the Origami 
structure, the electrode strip is expected to be as flexible as possible. A 
pure conductive paper can wrinkle easily in an irreversible manner. 
Therefore, the three-layered electrode strip is used here. The top and 
bottom conductive layers are thin. The middle layer, composed of 
polymer material, is used to provide the flexibility of the strip. 

In the experiment, polytetrafluoroethylene (PTFE) is selected as the 
triboelectric material and a conductive cloth tape is used as the electrode 
strip. More detailed specifications about the two materials will be pro
vided in the later section. Fig. 1(c) and (d) show the scanning electron 
microscope (SEM) images of the surfaces of the two materials after the 
sputtering process for around 15 min. In Fig. 1(d), one can observe that 
the surface of the cloth tape appears in a fabric pattern. The fabric 
pattern of the cloth tape can significantly enhance the ductility while 
keeping a high conductivity. 

2.2. Folding procedures 

After the polymer and electrode strips are prepared, we can proceed 
to construct the Origami structure. The two strips are of the same width. 
First, the folding lines are determined for a single strip with the given 
width a. Fig. 2.(a) shows one strip marked with representative folding 
lines (i.e., the dashed lines). The folding lines for the other strip are 
exactly the same. α (red) and β (black) are the only two angles needed to 
determine the folding lines. The distances between the folding lines can 
be derived as functions of the strip width a as shown in Eq. (1). Ac
cording to the dimensions of the representative folding lines in Fig. 2.(a), 
the other folding lines can be recurrently determined. The detailed 
folding procedures will start from the folding line marked with an arrow 
symbol. 

The parameters illustrated in Fig. 2 can be obtained as follows: 
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α = 78.75◦ β = 67.5◦

(1) 
where b = a/sinβ. β is half of the internal angle of a regular octagon. 

α can be determined from the geometric relationship shown in Fig. 2.(b), 
which demonstrates the bottom layer of the Origami structure. After 

Fig. 1. (a) Three-layer stacked triboelectric strip, (b) double-side conductive electrode strip, (c) SEM image of the PTFE material, (d) SEM image of the conductive 
fabric material. 

Fig. 2. (a) Representative folding (dashed) lines of a single strip; (b) geometric relationship to determine α.  

Fig. 3. A step-by-step tutorial for constructing the Origami structure.  
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determining the folding lines on the strips, we subsequently provide the 
folding steps, as illustrated in Fig. 3, for constructing the Origami 
structure. The legend at the left-hand side of the figure explains the 
symbols that indicate different operations. The orange and violet strips 
denote the polymer and electrode strips, respectively, or vice versa. 
Though the instructions only illustrate the first four key steps, one can 
obtain an Origami structure with arbitrary layers by repeating Step 4. At 
the end of Step 4, one can find that the top view of the obtained Origami 
structure is a regular octagon. 

According to the folding procedures and the geometric relation 
shown in Fig. 2, the required length of a single strip to construct this 
Origami structure with n layers can be calculated as: 

Lstrip =

{
L1 + (L2 + L4) n = 2

L1 + (L2 + L4) + (n − 2)(L3 + L5) n > 2 (2)  

2.3. Spatial architecture 

To help understand the spatial architecture of the obtained Origami 
structure, Fig. 4 presents its 3D model from different views at different 
folding stages. By following the Origami design, the two flat strips in the 
plane form an interlaced and stacked spatial structure, smoothly 
evolving from 2D to 3D without any cutting or sticking operations. Strip 
A and Strip B are, respectively, the polymer strip and the electrode strip. 
Compared to another Origami-based design presented in [35] for which 
the copper sheets have to be cut into pieces, the fabrication procedures 
of the current design is much simpler. The electrodes have been well 
implemented in the material preparation stage. Therefore, the ease of 
fabrication is one of the advantages of the current design. 

Since the strips are made of flexible materials, the Origami structure 
is easily stretchable in its longitudinal direction. Fig. 4(e) and (f), 
respectively, present the compressed and stretched states of the Origami 
structure. Depending on the properties of the raw materials, the ob
tained Origami structure may behave like a spring with a certain 
stiffness. 

2.4. Working principle 

From the fundamental theory of triboelectric harvesting, it is known 
that the amount of the induced charges, as well as the power output, is 
proportional to the contact area between the tribo-pair. The Origami 
structure introduced above has a stacked spatial architecture. The 
effective contact area between the interlaced strips can be significantly 
increased, while the cross-sectional area of the Origami structure is still 
small. Moreover, due to the folding operation, both sides of the poly
mer/electrode strip can contribute to the increase of the total effective 
contact area, which profoundly improves the utilization rate of the 
materials. 

Fig. 5 shows the effective areas contributed by the contact between 

strips within one layer and the contact between strips belonging to two 
neighbouring layers. Based on the geometric relation illustrated in 
Fig. 5, one can easily calculate the effective areas: 
{

S1 = 4a2

S2 = b2tanβ + 2b2cos2β
(3) 

The cross-sectional area of the regular octagon and the area of the 
strip segments that constitute one layer are, respectively: 
{

Soctagon = 2b2tanβ
Sstrip = 2a(L3 + L5)

(4) 

Therefore, we can define the enlargement factor (η1) of the effective 
area and the material utilization rate (η2) as: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

η1 =
n(S1 + S2)

Soctagon
= n

sinβ + 4cosβ
2sinβ

≈ 1.33n

η2 =
S1 + S2

Sstrip
=

sinβ + 4cosβ
4sinβcosβ(2sinβ + cosβ)

≈ 0.78
(5) 

The enlargement factor (η1) of the effective area describes the ratio of 
the total effective contact area to the cross-sectional area of the regular 
octagon, considering that the thickness of the folded Origami structure is 
negligible. The material utilization rate (η2) is mathematically the ratio 
of the total effective contact area to the one-sided surface area of the 
strips. The one-sided surface area of the two strips is used because in a 
conventional dual-plate TENG, only one surface of the two strips con
tacts with each other. According to the definition, the material utiliza
tion rate (η2) of a conventional dual-plate TENG is 0.5. From Eq. (5), it is 
learned that with the increase of the number of the stack layers (i.e., n), 
the effective area enlargement factor (η1) linearly increases. The mate
rial utilization rate (η2) is a constant, which is larger than 0.5. This is 
because that both sides of the strips contribute to the total effective area. 
η2 > 0.5 indicates that the stacked architecture demonstrates a much 
higher material utilization rate than the conventional dual-plate 
structure. 

2.5. Fabricated prototype 

In the experiment, for the polymer material, we used polytetra
fluoroethylene (PTFE) in view of its strong ability to attain negative 
charges. The thickness and width of the PTFE film are 0.03 and 50 mm, 
respectively. In terms of the metal foil, we used double-sided conductive 
cloth tape. The conductive cloth tape is 35 μm in thickness and dually 
coated with conductive acrylic adhesive. The width of the cloth tape is 
19 mm. Since the PTFE film is wider, we cut it into a narrow strip to 
adapt to the width of the cloth tape (i.e., approximately 19 mm). Fig. 6 
shows the fabricated prototype of the proposed Origami-inspired TENG, 
which contains 14 layers. Fig. 6(a) and (b), respectively, present the 
compressed state and the stretched state of the Origami-inspired TENG. 

Fig. 4. Demonstration of the spatial architecture of the Origami structure.  
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It can be seen that the obtained Origami structure is flexible and can 
be easily stretched to a large extent without any damage, implying its 
high durability and portability. Since the PTFE material itself has a 
certain elasticity, the surfaces of the layers of the Origami structure at 

the free state are not completely flat and do not fit each other closely due 
to the folding process. Thus, the original state of the Origami structure 
exhibits a certain extent of stiffness. Once we slightly tap the top of the 
Origami structure, the layers will be compelled to approach each other 

Fig. 5. Effective contact areas between strips within one layer (left) and between strips of neighbouring layers (right).  

Fig. 6. (a) Compressed and (b) stretched states of the fabricated Origami-inspired TENG.  

Fig. 7. Experimental setup for testing the Origami-inspired TENG.  
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and contacts occur between the layers. After releasing the tapping force, 
the Origami structure will automatically restore to its original state like 
a spring. Therefore, we can simply tap periodically the top of the 
Origami structure to induce contact-separation movement between the 
layers in the experimental test. 

3. Experimental setup 

The experimental setup shown in Fig. 7 has been prepared for testing 
the Origami-inspired TENG. A waveform function generator (RIGOL 
DG1022) is used to generate an excitation signal. The excitation signal is 
amplified by an amplifier (APS 125), which then drives a shaker (APS 
400) to vibrate with desired frequency and amplitude. The Origami- 
inspired TENG is placed on a lifting platform. A rigid plank is moun
ted on the top of the shaker, which is used to transfer the vibration from 
the shaker to the TENG. The gap between the top of the lifting platform 
and the bottom of the plank can be adjusted. In the experiment, the 
initial gap is set to be 8 mm, which is the height of the Origami-inspired 
TENG under the compressed state. The heights of the Origami-inspired 
TENG under the free state and the stretched state are, respectively, 
around 15 mm and 25 mm. The Origami-inspired TENG is shunted to a 
breadboard that holds various electronic elements. An oscilloscope 
(Tektronix MSO46) is used to measure and record the voltage output 
from the fabricated Origami-inspired TENG. In the experiment, the gain 
of the amplifier is tuned to the maximum. The voltage (peak-to-peak) 
amplitude Vpp of the excitation signal generated by the waveform 
function generator is controlled to change the excitation level. The peak 
accelerations of the shaker under the control of different input voltages 
and frequencies are listed in Table 1. Two excitation levels corre
sponding to Vpp = 10 V and Vpp = 5 V are, respectively, referred to as the 
excitation level × 2 and × 1 for conciseness hereinafter. 

4. Results and discussion 

4.1. Voltage response waveforms 

As aforementioned that in principle, the Origami-inspired TENG can 
produce a considerable output by simply tapping its top, the results from 
a relatively arbitrary experiment are first presented in prior to the results 
obtained from the regulated shaker vibration experiment using the fa
cilities shown in Fig. 7. A conventional dual-plate triboelectric harvester 
[13] that is constituted by a pair of polymer-metal contact surfaces has 
also been tested for comparison. Fig. 8 presents the voltage responses of 
the conventional triboelectric harvester and the fabricated Origami- 
inspired TENG under different tapping conditions. 

To obtain the results presented in Fig. 8(a) and (b), we tried to apply 
periodic taps with almost the same frequency and force. From Fig. 8(a), 
it is observed that though the maximum voltage amplitude of the con
ventional TENG is comparable to that of the Origami-inspired one (i.e., 
Fig. 8(b)), the peaks are quite sharp and narrow, resulting in a root- 
mean-square (RMS) voltage of only 9.38 V. The enveloped area 
(marked in orange) of the voltage response curve provides a more 
intuitive graphical explanation. Under the same tapping condition, the 
RMS voltage output of the Origami-inspired TENG is much larger (i.e., 
24.22 V). Subsequently, we increased the tapping force while keeping 
the same tapping frequency (i.e., the tapping speed). Fig. 8(c) shows the 

corresponding voltage response produced by the Origami-inspired 
TENG, where the RMS voltage is significantly increased to 48.87 V. 
Since the increase of the tapping force implies an increased input energy, 
the above result is easily understandable. Finally, we keep the same 
tapping force while increase the tapping frequency. From Fig. 8(d), it 
can be found that the increase of the tapping frequency also enhances 
the RMS voltage output from the Origami-inspired TENG. Therefore, we 
can conclude that a faster tapping speed and a stronger tapping force can 
improve the energy harvesting performance of the Origami-inspired 
TENG. 

Fig. 9 shows the experimental results under the shaker vibration test 
using the facilities shown in Fig. 7. The time-history responses exhibit 
better periodicity, because of the accurate and stable control of the 
excitation condition. When the excitation frequency is set to be 5 Hz, 
five repeated cycles appear in the one-second period in Fig. 9(a) and (b). 
When the excitation is increased to 9 Hz, nine repeated cycles can be 
identified in the one-second period in Fig. 9(c). Given the excitation 
frequency of 5 Hz and the excitation level of × 1, the RMS voltage output 
from the Origami-inspired TENG is about 23.17 V as demonstrated in 
Fig. 9(a). When the excitation level is increased to × 2, the RMS voltage 
output is increased to 29.15 V as shown in Fig. 9(b). If the excitation 
level is not increased and still remains at × 1, while the excitation fre
quency is increased to 9 Hz, the result presented in Fig. 9(c) indicates 
that the RMS voltage output from the Origami-inspired TENG is also 
increased to about 30.12 V. It is easy to understand that a higher exci
tation frequency corresponds to a faster tapping speed, and a higher 
excitation level corresponds to the tapping condition with a stronger 
force. Therefore, the experimental results of the shaker vibration test 
agree with the previous conclusion that increasing the excitation fre
quency (tapping speed) and level (tapping force) can increase the RMS 
voltage output from the Origami-inspired TENG. 

To ascertain the effects of the excitation level and frequency on the 
RMS voltage output from the Origami-inspired TENG, Fig. 10(a) further 
presents the results over a wider frequency range. It can be clearly noted 
that over the low-frequency region, increasing the excitation frequency 
can increase the RMS voltage output from the Origami-inspired TENG. 
However, when the excitation frequency is larger than 9 Hz, a further 
increase of the excitation frequency reduces the RMS voltage output 
from the Origami-inspired TENG. This could be attributed to that at a 
higher excitation frequency, the contact period between the layers of the 
Origami-inspired TENG becomes shorter, and the triboelectric effect is 
deteriorated. The results under the two different excitation levels are 
also compared in Fig. 10(a). It is found that increasing the excitation 
level can always increase the RMS voltage output from the Origami- 
inspired TENG. Fig. 10(b) shows the time-history voltage response 
from the Origami-inspired TENG at the excitation frequency of 9 Hz and 
the excitation level × 2, which corresponds to the condition that the 
TENG generates the maximum output. 

4.2. Power level evaluation 

Subsequently, the performance of the Origami-inspired TENG is 
evaluated in a test of charging capacitors. For three capacitors of 
different values (i.e., 4.7, 47, and 100 μF), Fig. 11(a) shows the time 
history of the charging voltages. It is noted that for the capacitor of 4.7 
μF, the charging voltage quickly increases and reaches quasi-steady in 
about 30 s. The saturation voltage of the capacitor of 4.7 μF is about 7.1 
V under this tapping condition. It will be shown later that by increasing 
the tapping speed, the saturation voltage can be increased. Under the 
same tapping condition, it is clear that with the increase of the capaci
tance, the charging speed decreases. The voltage of the 47 μF capacitor 
reaches steady (i.e., about 6.3 V) after almost 100 s. However, the 100 μF 
capacitor still has not reached steady even after 120 s, and the voltage is 
only about 4.9 V. In Fig. 11(b), for the capacitor of 47 μF, the effect of 
the tapping speed on the charging rate is investigated. It is evident that 
with the increase of the tapping speed, the charging rate increases. 

Table 1 
The peak accelerations of the shaker under the control of different input voltages 
and frequencies. The values with the unit of g in the table body are the corre
sponding peak accelerations. g is the gravitational constant.  

Control voltage (V) 
Frequency (Hz) 

5 6 7 8 9 10 

5 – Level × 1 0.72 g 0.7 g 0.67 g 0.62 g 0.57 g 0.52 g 
10 – Level × 2 1.44 g 1.4 g 1.34 g 1.24 g 1.14 g 1.04 g  
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Moreover, according to the evolution trends of the two curves, it is 
predictable that a faster tapping speed will possibly lead to a higher 
saturation voltage. This can be explained by the conclusion obtained 
from the comparison of Fig. 8(b) and (d) that increasing the tapping 
speed can improve the energy harvesting performance (i.e., a higher 
voltage output) of the Origami-inspired TENG. 

Fig. 12 presents the capacitor charging test results obtained from the 
regulated experiment. The charging curves are smooth, and the steady 
voltages (e.g., the case of 9 Hz-×2-4.7μF) are stable. For the capacitor of 
4.7μF with a smaller storage capacity, it can be quickly charged to the 
steady voltage. Given the excitation frequency of 9 Hz and the excitation 
level of × 2, the capacitor of 4.7μF reaches the steady voltage of 8.45 V 
in just 24 s. Overall speaking, the results are in good agreement with the 
previous results obtained from the relatively arbitrary test using hand 
tapping as the excitation: increasing either the excitation frequency or 
the excitation level can lead to the increase of the charging speed and the 
steady voltage. 

The power level is an important figure of merit to indicate the 
capability of an energy harvester. Thus, by shunting the Origami- 
inspired TENG to different resistances, the power outputs are calcu
lated and presented in Fig. 13. The optimal resistance of a TENG is often 
at the level of MΩ. Hence, we varied the shunted resistance in the range 
from 2 to 16 MΩ. As the oscilloscope has a comparable internal resis
tance of 10 MΩ, the horizontal axis denotes the actual resistance in the 
measurement. With the increase of the resistance over the investigated 
range, the power output first increases then decreases. It can be observed 
that when the shunted resistance is 10 MΩ, the Origami-inspired TENG 

attains the maximum power output of 189.25 μW. Therefore, the 
optimal resistance is around 5 MΩ. In fact, the power output also de
pends on the tapping condition, i.e., the tapping force and speed. The 
results presented in Fig. 13 at least provide an insight into the approx
imate power level of the fabricated Origami-inspired TENG. 

The results of power output from the Origami-inspired TENG shun
ted to various resistances under the regulated test are presented in 
Fig. 14(a). Similarly, the shunted resistance is varied over the range 
from 2 to 16 MΩ. Noting that the oscilloscope has a comparable internal 
resistance of 10 MΩ, the horizontal axis denotes the actual resistance. 
Different from the results presented in Fig. 13, the maximum power 
output of 193.73 μW is attained when the shunted resistance is 6 MΩ. It 
indicates that the optimal resistance is about 3.75 MΩ. Compared to the 
relatively arbitrary test by hand tapping, the maximum power achieved 
in the regulated experiment is almost the same, which confirms that the 
power generation capacity of the Origami-inspired TENG is at the level 
of 200 μW. The cross-section area of the Origami-inspired TENG is a bit 
smaller than 25 cm2. Thus, the power density is calculated to be about 
77.49 mW/m2, which is much larger than that of the previous design 
reported in [35]. The discrepancy in the predictions of the optimal 
resistance may be caused by two factors. First, the results obtained in the 
relatively arbitrary test are not sufficiently accurate, since controlling 
the tapping excitation at the almost same condition by human hands is 
difficult. Second, under different excitation conditions, the optimal 
resistance may actually vary. Nonetheless, both results indicate that the 
optimal resistance should be sought at the level at several MΩ. 

Fig. 8. Voltage responses of (a) a conventional dual-plate TENG under a nearly constant tapping condition, (b) the fabricated Origami-inspired TENG under the 
almost same tapping condition, (c) the fabricated Origami-inspired TENG under a tapping condition with the almost same frequency but a stronger force, (d) the 
fabricated Origami-inspired TENG under a tapping condition with the almost same force but a higher frequency. 
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4.3. Practical applications 

In addition to estimating the power level, we used the Origami- 
inspired TENG to power some LEDs and an IoT device. As shown at 
the bottom of Fig. 15, 28 LEDs are plugged into a breadboard and 

connected in series. The forward voltage of a single LED is 3 V. A diode 
bridge is implemented to convert the alternating-current (AC) output 
from the Origami-inspired TENG into a direct-current (DC) output. By 
periodically tapping the Origami-inspired TENG, these 28 LEDs can be 
lighted up. A video of this demo experiment can be found in the 

Fig. 9. Voltage responses of the Origami-inspired TENG under the regulated experimental test: (a) the excitation frequency is 5 Hz, and the excitation level is X1; (b) 
the excitation frequency is 5 Hz, and the excitation level is × 2; (c) the excitation frequency is 9 Hz, and the excitation level is × 1. 

Fig. 10. (a) The RMS voltage from the Origami-inspired TENG versus the excitation frequency; (b) the time-history voltage response from the Origami-inspired TENG 
at the optimal excitation conditions. 
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supplementary material S1. Since the tapping by hand could not power 
the LEDs continuously, they blink according to the pace of tapping. With 
the increase of the tapping speed, the blinking speed becomes faster. 

We also used the Origami-inspired TENG to power an IoT device, i.e., 
ViPSN [36]. The ViPSN, as shown in Fig. 16(a), is a programmable 
Internet-of-Things platform that consists of multiple replaceable mod
ules and a motherboard. In the experiment, we selected three modules, 
namely EEU, EMU, and EUU, and plugged them into the motherboard. 
The EEU module is constituted by a rectification bridge to achieve AC- 
DC conversion. The EMU module is the energy management unit, 
which is composed of functional parts: 1) a DC-DC buck converter; 2) a 
capacitor of 47 μF for energy storage; and 3) a comparator with 
adjustable hysteresis. The threshold voltage of the EMU is set to be 5 V in 
this experiment. Once the voltage of the energy store capacitor exceeds 
5 V, implying it has accumulated sufficient energy, the EMU module will 
start to provide the power supply to the EUU module and trigger it to 
operate. The EUU module is a node that can carry out temperature 
sensing and transmit the data via Bluetooth to a connected mobile APP. 
For the whole charging process, from tapping the Origami TENG till the 
ViPSN being triggered and the temperature information being sent to a 
mobile APP, one can refer to the video enclosed in the supplementary 
material S2. Fig. 16(b) shows the photograph of the whole setup at the 
moment when the mobile APP successfully receives the temperature 
information from the EUU. In the video, one can note that it takes about 
70 s to charge sufficient energy before the EUU module of the ViPSN can 
operate, i.e., temperature sensing and message transmission. As dis
cussed previously, increasing the tapping force and speed will reduce the 
time of producing the essential energy for the ViPSN. 

In another test, we periodically tap the Origami-inspired TENG with 
a faster speed (approximately 8 ~ 9 Hz). Fig. 17 shows the time history 
of the voltage across the energy storage capacitor of the ViPSN. It is 
observed that after 39 s, the EUU module is triggered on and a message 
containing the temperature information is sent to the mobile APP. The 
triggering voltage is 5 V, which has been programmed in advance. At the 
end of the sensing and transmission task, the voltage across the energy 
storage capacitor instantaneously drops to about 3.92 V. We repeated 
the above process four times, which is reflected by the ups and downs in 
the time history of the voltage in Fig. 17. Using the formula for calcu
lating the energy stored in a capacitor, i.e., (1/2)Cr

(
V2

thred − V2
b
)

, we can 
easily estimate the energy consumed by the ViPSN to complete one task, 
which is approximately 0.23 mJ. In other words, under the tapping 
condition in the test, the Origami-inspired TENG can produce more than 
0.23 mJ (there is energy loss in other units) in less than 16 s. 

Fig. 11. (a) Charging rates of three different capacitors under the almost same tapping condition, (b) Charging rates of the same capacitor under different tap
ping speeds. 

Fig. 12. Charging rates of three different capacitors under different excitation 
conditions in the regulated experiment test. The legend indicates the excitation 
condition of each case. For example, 5 Hz-×1-4.7μF means that the excitation 
frequency is 5 Hz; the excitation level is × 1; and the charging capacitor 
is 4.7μF. 

Fig. 13. Power output of the Origami-inspired TENG shunted to various re
sistances under the test by hand tapping controlled at the almost 
same condition. 
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5. Conclusions 

A novel Origami-inspired TENG has been designed and prototyped. 
The working principle, especially the effective contact area enlargement 
due to the stacked architecture of the Origami structure, has been 
explained. The proposed Origami-TENG has demonstrated an excellent 
performance in the experimental test. By periodically tapping the top of 
the proposed Origami-TENG at about 6 Hz, it can easily produce an RMS 
voltage of more than 20 V. The power level of the proposed Origami- 
TENG has been evaluated to be around 200 μW. Moreover, a simple 
parametric study has shown that the power output from the proposed 
Origami-TENG can be further enhanced by increasing the tapping speed 
and force. In addition, two practical applications have been demon
strated. In the first application, the proposed Origami-TENG easily 
lighted up 28 LEDs. In the other application, it produced sufficient en
ergy in around 40 s and successfully powered an electronic device to 
conduct temperature sensing and standard Bluetooth wireless 
transmission. 

Fig. 14. (a) Power output of the Origami-inspired TENG shunted to various resistances under the regulated test with the excitation frequency of 9 Hz and the 
excitation level of × 2; (b) the time-history voltage response from the Origami-inspired TENG at the optimal resistance. 

Fig. 15. Demonstration of using the fabricated Origami-inspired TENG to 
power 28 LEDs connected in series. 

Fig. 16. (a) The motherboard of ViPSN, which is a programmable Internet-of-Things (IoT) platform, with three modules plugged in. The three modules are, 
respectively, the energy rectification unit – EEU, the energy management unit – EMU, and the energy user unit – EUU. (b) Demonstration of using the fabricated 
Origami-inspired TENG to power ViPSN. 
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