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A B S T R A C T

Triboelectric nanogenerator (TENG) is a highly efficient and environmentally friendly energy harvesting tech
nology that has been widely used as a green self-powered energy supply device. However, the majority of current 
triboelectric materials rely on non-degradable polymers, which pose environmental issues. Natural materials 
offer advantages such as low cost and environmental friendliness, making them ideal candidates for the fabri
cation of green TENG. Considering the underutilization and significant waste of traditional Chinese herbs (TCH) 
resources, we design a traditional Chinese herbs-based triboelectric nanogenerator (TCH-TENG) and systemat
ically investigates the triboelectric series of 20 kinds of TCHs. Among them, cinnabar exhibited the highest 
triboelectric performance, with an peak open-circuit Voltage (Voc) reaching 4.4 V and a peak short-circuit 
current (Isc) of 399 nA. TCH-TENG serves as a power source, successfully driving a set of commercial lights 
arrays and also achieving electrical stimulation of mice to induce gastrocnemius muscle contraction. This study 
combines the natural properties of herbs with TENG technology to propose a low-cost energy harvesting system, 
offering a novel solution for self-powered technologies in green energy.

1. Introduction

The excessive exploitation of fossil fuels has led to global environ
mental pollution[1] and climate change, accelerating the promotion and 
application of green and renewable energy. In this context, the 

sustainable use of natural resources and the development of environ
mentally friendly technologies have become important research di
rections globally. TENG has been widely used in the research of clean 
energy due to its advantages such as material diversity, high output, and 
high conversion efficiency[2,3]. At the same time, to promote the green 
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development and quality improvement of the entire TCH industry chain, 
some TCHs have been used as energy materials to promote their efficient 
utilization[4–6]. To accelerate the industrialization of low-carbon green 
energy, the innovative integration of natural medicinal materials with 
TENG technology can achieve green and eco-friendly energy harvesting, 
providing new solutions for environmental protection and energy 
transformation[7].

Natural materials show great application potential for TENG due to 
their rich structural features and natural renewable properties[7–13]. 
For example, the team led by Andrei L. Kholkin at the University of 
Aveiro demonstrated that a TENG device based on dry leaves and pol
yvinylidene fluoride (PVDF)[14,15] successfully achieved a power 
output of up to 14 mW[11]. The natural structure and cellulose com
ponents of plant materials can significantly enhance the triboelectric 
effect, thereby improving energy harvesting efficiency. Some studies 
have also shown that natural materials can achieve more stable charge 
accumulation during triboelectrical, thereby increasing voltage and 
current output[16–20]. Through in-depth research on natural materials, 
scientists have made significant progress in energy harvesting technol
ogies and have advanced green and environmentally friendly technol
ogies[21–29].

In conclusion, this study has demonstrated the feasibility of using 
TCHs as triboelectric materials through comprehensive electrical char
acterization, and for the first time successfully established the tribo
electric series of medicinal plants. The research confirms the potential of 
TCH-TENGs as green power supply systems, positioning herbal re
sources as breakthrough candidates for next-generation sustainable en
ergy materials. These findings provide novel insights for sustainable 

energy development in the power sector, while simultaneously 
achieving resource recycling and value-added utilization in the field of 
TCHs.

2. Results and discussion

As shown in Fig. 1a, the schematic diagram of the TCH-TENG 
structure is presented. From top to bottom, the layers are as follows: 
Polydimethylsiloxane(PDMS) encapsulation layer, copper conductive 
layer, Polytetrafluoroethylene(PTFE) triboelectric layer, Chinese herb 
triboelectric layer, copper conductive layer, and PDMS encapsulation 
layer. PDMS was selected as the substrate material due to its low cost, 
good tensile strength, light weight, and ease of processing. The PDMS 
layers at both the top and bottom serve as substrates to ensure that the 
TCH-TENG does not deform easily. Copper tape is applied to the PDMS 
substrate as the conductive layer, with a copper wire attached to the 
bottom as the conductor. The processed TCH slices and PTFE are utilized 
as the triboelectric layers in the contact-separation TENG. Fig. 1b indi
cated the actual object image of the Chinese herbs selected as tribo
electric layers, which have not undergone further processing. From left 
to right, the herbs include tortoise shell, piper kadsura, cnidii fructus, 
corn husk, cinnabar, and oyster. Fig. 1c illustrates the final TCH-TENG 
device we have prepared. Fig. 1d provides a schematic of the prepara
tion process for the TCH-TENG. Firstly, the TCH were washed with 
deionized water and then placed in a vacuum dryer for 2 hours to 
remove all moisture. Afterward, the TCH were sliced and subjected to 
pressure using a tablet press to prepare TCH triboelectric layers. Finally, 
all materials were encapsulated with supporting layers to form the 

Fig. 1. The overview of TCH-TENG. (a) The structure of TCH-TENG. (b) Unprocessed Chinese herbal medicine samples. (c) Schematic diagram of TCH-TENG. (d) The 
preparation of TCH-TENG.
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completed TCH-TENG.
In 2012, Wang et al.[30] developed a TENG that primarily converts 

mechanical energy into electrical energy by coupling the effects of 
electrostatic induction and triboelectric electrification[31]. TENG can 
be classified into four distinct working modes according to its motion 
form: contact-separation mode, single-electrode mode, sliding mode, 
and free electrode mode. This study employs the contact-separation 
mode teng. As shown in the Fig. 2a, under the action of an external 
force, the triboelectric layer of the TENG undergoes periodic contact and 
separation. One cycle of TENG motion can be divided into Four steps
[32]: First, when two different materials (typically materials with 
differing electronegativities) come into contact, electrons transfer from 

one material to the other due to the triboelectric effect. This electron 
transfer results in an imbalance of charges on the surfaces of the two 
materials, resulting in the accumulation of different electrostatic 
charges on the surfaces of different triboelectrical layers. Then, when 
these materials separate, the difference in surface charges generates an 
electric field. This electric field drives the charges to flow through an 
external circuit, generating current. When the two materials reach their 
maximum separation, the current in the external circuit is zero, and the 
potential difference is at its maximum. Due to the different electrical 
properties of the materials, when they come into contact again, the 
charges are redistributed, returning the system to its initial state. This 
periodic process of contact and separation leads to the continuous 

Fig. 2. Working principle of TCH-TENG and electrical testing and characterization. (a) Working principle of TCH-TENG. (b-d) Voltage, current output and charge 
transfer quantity of ginseng-TENG. (e-f) Voltage and current outputs of PTFE versus ginseng under different thickness. (g) Voltage and current outputs of PTFE versus 
ginseng under different frequency.
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generation of alternating current. Due to the wide variety of TCH, before 
applying classification method based on medicinal parts, we first 
selected ginseng slices and PTFE as the triboelectric pair to fabricate the 
ginseng-TENG. We conduct electrical characterization tests on 
ginseng-TENG (The applied force was 20 N, with an area of 4 ×4 cm and 
a frequency of 1.5 Hz). As illustrated in the diagram Fig. 2b-d, the 
ginseng-TENG exhibited an peak Voc of 1.58 V, a peak Isc of 17.6 nA, 
and a charge transfer quantity of 1 nC. Due to the differences in thick
ness and frequency in actual energy collection environments[33], 
further research is needed to understand how the dielectric layer 
thickness and vibration frequency affect the output of the TENG device
[34]. The equivalent capacitance model can be used to explain the 
impact of dielectric layer thickness on the output of the TENG[35,36]. 
The size of the capacitance determines how much charge can be stored, 
which in turn determines the surface charge density of the dielectric 
material. The thinner the dielectric material, the larger the equivalent 
capacitance, and the more charge it can store[37]. Therefore, within a 
certain thickness range, as the dielectric material thickness decreases, 
the output of the TENG gradually increases. And then we test the effect 
of thickness on ginseng-TENG electrical output (The applied force was 
20 N, with an area of 4 ×4 cm and a frequency of 3 Hz), as shown in 
Fig. 2e-f. When the thickness of the ginseng triboelectrical layer 
decreased from 5 mm to 1 mm, peak Voc increased from 0.3 V to 2.1 V, 
peak Isc increased from 1.5 nA to 14.8 nA. The results demonstrate that 
as the thickness of the triboelectrical layer decreases, both the voltage 
and current output increase. When the frequency is the same, the 
amount of charge transferred is generally the same. However, at higher 
frequencies, the time required for charge transfer is shorter, leading to a 
significant increase in the peak Voc and peak Isc. As shown in Fig. 2g, 
when the frequency increases from 1 Hz to 2.5 Hz, peak Voc increased 
from 0.3 V to 0.82 V. Since the performance of TENG is directly pro
portional to the charge density on the contact surface, increasing charge 
generation has always been a key strategy to improve output power.

In this study, we selected 20 different TCHs based on their medicinal 
parts (as shown in Fig. 3a): animal-based TCH: turtle shell, tortoise shell, 
scorpion ground beetle, leech, chicken’s gizzard-membrane; stems- 
based TCH: piper kadsura, bamboo ru; flowers-based TCH: honeysuckle, 
plum blossom; barks-based TCH: areca peel; seeds-based TCH: cnidii 
fructus; other-based TCH: corn husk; roots-based TCH: rhubarb; fungi- 
TCH: tuckahoe with pine; conchs -based TCH: mother-of-pearl min
eral-based TCH: cinnabar, ocher, plaster, oyster. Their therapeutic ef
fects and clinical applications are shown in Table S1. The TCH-TENGs 
are fabricated by these 20 TCH materials. We selected PTFE, which 
has a stronger electronegativity, and paper, which has a stronger elec
tropositivity, according to the triboelectric series[38,39]. The same area 
(3 ×3 cm) was used for the positive and negative electrodes of the 
TCH-TENG, and the voltage and current outputs were measured sepa
rately. To evaluate the output performance of TCH-TENG, a linear motor 
device was utilized to apply mechanical loading. (The applied force was 
20 N, with a frequency of 2.5 Hz). In Fig. 3b-c and Figure S1-9, we 
compared the peak Voc and peak Isc generated by 20 different TCHs 
triboelectrical layers (each with dimensions of 3 ×3 cm) when paired 
with PTFE and paper (each also 3 ×3 cm). When PTFE was used as the 
triboelectrical layer, the voltage range was 0.72 – 3.56 V, and the cur
rent range was 3.0 – 280 nA. When paper was used as the triboelectrical 
layer, the voltage range was 0.029 – 0.570 V, and the current range was 
4.9 – 106.8 nA. In subsequent performance tests of other TENG, we 
selected the six TCHs with the highest output performance (indicated 
within the green dashed circle), which are as follows: tortoise shell, 
piper kadsura, cnidii fructus, corn husk, cinnabar, and oyster. The sur
face texture and roughness of different kinds of TCH catagory, resulting 
in differences in their electro-affinity. And then we paired TCHs with 
paper and PTFE respectively as triboelectric pairs, and their rankings in 
the triboelectric series are illustrated in the Fig. 3e and table S2, and the 
calculation formula used is in Equation[40]: 

V = −
Q

Sε0
(d0 + x(t))+

σx(t)
ε0 

Voc =
σx(t)

ε0 

Where V is voltage, Q is charge, S is contact area, σ is the charge density, 
d is the thickness of the friction layer, ε0 is the friction coefficient, and x 
is the spacing of the friction layer.

By analyzing the electrical output of the above 20 kinds of TCH- 
TENGs, we selected six TCHs with relatively better electrical perfor
mance for further investigation. First, we characterized the morphology 
of the six selected TCHs. Fig. 4a illustrates SEM image of six kinds of 
TCHs. Figure 4a1 indicates oyster, with an irregular, uneven surface. 
Figure 4a2 shows corn husk, displaying relatively regular arrangements 
of ridge-like structures. As illustrated in Figure 4a3, tortoise shell dis
plays an uneven surface with long cracks, but is relatively smoother 
compared to the other five kinds of TCHs. Figure 4a4 reveals the surface 
of piper kadsura, exhibiting a nanoporous structure. Figure 4a5 express 
cnidii fructus, with a spindle-shaped structure that tapers at both ends 
and bulges in the middle, with ridge-like structures arranged in a regular 
pattern on the surface. Figure 4a6 is cinnabar, with irregular granular 
protrusions on the surface. Expanding the contact surface area is a direct 
way to enhance the total charge generated[33]. Among the six TCHs, 
cinnabar exhibited the most prominent granular surface morphology. 
When prepared as a tribolayer, it formed the densest structure with the 
largest effective contact area against PTFE, consequently demonstrating 
the highest electrical output. Oyster and cnidii fructus showed relatively 
sparse surface protrusions, yielding slightly lower performance than 
cinnabar. Piper kadsura and tortoise shell possessed moderately 
textured yet comparatively flatter surfaces, resulting in further reduced 
outputs. Due to its soft material properties, corn silk displays reduced 
contact-separation speed when interacting with the PTFE triboelectric 
layer, resulting in minimal power generation compared to other tested 
herbal materials. The effect of area on the electrical output of the 
TCH-TENG is revealed in Fig. 4b. The results indicate that the voltage 
and current output of the TCH-TENG have a linear relationship with the 
area. Take corn husk fructus as an example, the voltage and current also 
increase. When the area of PTFE/corn husk increased from 2 × 2 cm to 
4 × 4 cm, peak Voc increased from 0.3 V to 0.78 V, peak Isc increased 
from 14.2 nA to 37.1 nA. The other five TCH-TENGs also generally 
follow the pattern where the output performance significantly improves 
as the area increases. As illustrated in Fig. 4c, we compared the electrical 
properties and current of six certain TCHs (The applied force was 20 N, 
with a frequency of 5 Hz and dimensions of 2.5 ×2.5 cm). Compared 
with paper, PTFE as a triboelectrical material produces higher peak Voc 
and peak Isc. When using PTFE as triboelectrical materiual, among the 
six certain TCHs, cinnabar exhibited the highest peak Voc and peak Isc, 
at 4.4 V and 399 nA, respectively. For tortoise shell, it showed the 
lowest peak Voc and peak Isc, at 0.88 V and 217 nA, respectively. The 
output of kadsura and corn husk were close to each other. When using 
paper as triboelectrical material, among the six certain TCHs, the peak 
Voc of cinnabar was 0.54 V, and the peak Isc was 53 nA, which are still 
the highest values. trtoiseshell had a peak Voc of 0.046 V and a peak Isc 
of 6.54 nA which represents lowest values.

The charging performance of TCH-TENG varies with different 
capacitance values. As shown in Fig. 5a, When charging a 1 μF capacitor 
with TCH-TENG, the voltage reaches 7.6 V within 30 s, and the charging 
process is completed in approximately 2.1 s. When charging a 3.3 μF 
capacitor with TCH-TENG, the voltage reaches 7.1 V within 30 s, and it 
reaches full charge in 12 s. When charging 10 μF, 33 μF, and 100 μF 
capacitors with TCH-TENG, the voltages reach 6.8 V, 4.8 V, and 2.2 V, 
respectively. Within 30 s, full charge is not achieved. This indicates that 
larger capacitors have relatively lower charging efficiency and require 
more time to accumulate charge.Long-term output stability is important 
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Fig. 3. The selected 20 kinds of TCHs are displayed along with their electrical performance. (a) The TCHs used in TCH-TENGs (classification method based on 
medicinal parts). (b-c) Comparison of peak Voc and peak Isc of different TCHs as triboelectrical layer and PTFE / paper as triboelectrical layer. (d) Ranking of 20 
kinds of TCHs in the triboelectric series.
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Fig. 4. SEM image of and electrical output pefermance of six certain TCHs. (a) SEM image of oyster, corn husk, tortoise shell, piper kadsura, cnidii fructus, cinnabar. 
(b) Voltage and current output of six certain TCHs as triboelectrical material in different area conditions.
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characteristic for assessing the practical application of TENG. As illus
trated in Fig. 5b, after 10,000 cycles of continuous loading at a fre
quency of 2.5 Hz, the voltage output remains consistent with no 
significant attenuation, indicating excellent stability and durability for 
long-term use. Furthermore, as shown in Fig. 5c, due to the superior 
electrical output of TCH-TENG, the LED green light can be lit without 
the need for external storage devices. We utilized the TCH-TENG as a 

self-powered system to stimulate peripheral nerves, demonstrating the 
potential of traditional Chinese medicinal materials as power-generating 
sources for neural modulation. As shown in Fig. 5d, the cuff electrode 
was gently wrapped around the sciatic nerve of a rodent (highlighted by 
the yellow box in Fig. 5e), while a pair of needle electrodes were inserted 
into the gastrocnemius muscle to simultaneously record electromyog
raphy (EMG) signals. The TCH-TENG served as the power supply system, 

Fig. 5. Charging and discharging experiments of TCH and its potential applications (a) Charging different capacitors by the TCH-TENG. (b) Long-term working 
stability of TCH-TENG at 2 Hz for 10000 cycles. (c) The green LEDs are lit by TCH-TENG. (d) Peripheral nerve stimulation experiment conducted using TCH-TENG. 
(e-f) Stimulation of the sciatic nerve using a cuff electrode, resulting in contraction of the gastrocnemius muscle. (g) TCH-TENG voltage and EMG signal readings 
during sciatic nerve stimulation using a cuff electrode.
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and an electrometer was used to measure the real-time voltage (Video 
S1). When the TCH-TENG underwent continuous contact-separation 
motion, we observed clear hindlimb twitching (highlighted by the yel
low circle in Fig. 5f and Video S2). This occurs because the electrical 
stimulation generates action potentials in the sciatic nerve, which 
propagate along the nerve fibers as localized currents, ultimately 
inducing contraction of the gastrocnemius muscle. As shown in the 
Fig. 5g, the TCH-TENG generated an peak Voc of 3.4 V with an EMG 
signal peak of about 4.9 mV.

3. Conclusions

In Conclusion, TCH as natural plant, animal, and mineral materials, 
offer a rich variety of natural surface characteristics. Some of these 
materials possess complex microstructures on their surfaces, such as 
porous and ridge-like structures. These unique features not only expand 
the contact surface area but also significantly enhance the charge gen
eration efficiency of the triboelectric electrodes. By compression mold
ing, these medicinal materials were used to construct TCH-TENGs for 
energy harvesting and green energy conversion. This study systemati
cally evaluated the output performance and durability of TCH-TENGs 
under different conditions. Experimental results show that under opti
mized conditions, the device achieves a maximum Voc of 4.4 V and Isc 
of 399 nA. After approximately 10,000 cycles of cyclic testing, the TCH- 
TENG maintains stable output, demonstrating excellent durability. 
These results confirm the substantial potential of medicinal materials as 
triboelectric electrode materials. Moreover, the electrical energy 
generated by the TCH-TENG is sufficient to power commercial LED 
lights and could also serve as a power supply system for bioelectrical 
stimulation, demonstrating its significant potential in green environ
mental energy harvesting and biological functionalities.

TCHs represent an eco-friendly and cost-effective class of natural 
materials for TENG fabrication. This study successfully developed TCH- 
TENGs, achieving sustainable valorization of medicinal resources while 
mitigating environmental risks associated with conventional energy 
technologies.

4. Experimental section

4.1. Fabrication of TCH-TENG

The dry TCHs were purchased the Tong Ren Tang pharmacy (Beijing, 
China). Then the dry medicinal materials are placed in molds of different 
sizes (4 ×4 cm, 3.5 ×3.5 cm, 3 ×3 cm, 2.5 ×2.5 cm, 2 ×2 cm), with the 
exposed parts serving as the contact area in the experiment. These 
exposed areas are attached to PDMS with the same surface area, and the 
metal electrodes are connected to the medicinal materials. A PTFE with 
the corresponding surface area is selected as the contact layer.

4.2. Characterization and measurement

The surface morphology of the TCHs was observed using SEM 
(SU8020, HITACHI, Japan). During the electrical output measurement, 
a commercial linear mechanical motor was used to apply external force. 
The oscilloscope (LeCroy, HDO6104, New York, USA) and Nano
generator Analyzer (T5000–18A, Beijing, China) were used to measure 
and store data from the TCH-TENG. The electrometer (Keithley 6517) 
was used to measure the current and charge of the TCH-TENG.

4.3. Peripheral nerve modulation experiments in Kunming mouse model

The described peripheral nerve stimulation procedure was con
ducted in accordance with the approved animal use protocol 2025008LZ 
from the Beijing Institute of Nanoenergy and Nanosystems. Kunming 
mice ( male, weights 30 g, ages 6 ~ 8 weeks) was anesthetized via 
intraperitoneal injection of 0.3 % sodium pentobarbital. A small incision 

was made to expose the sciatic nerve, and the incision was further 
enlarged to visualize the sciatic nerve. A cuff electrode was gently 
wrapped around the sciatic nerve, and a pair of stainless steel stimu
lating needle electrodes were inserted into the gastrocnemius muscle, 
spaced approximately 5 mm apart. EMG signals were recorded using a 
physiological signal acquisition system MP150. The TCH-TENG was 
then connected to the cuff electrode, and a vertical contact-separation 
force was applied to generate power. Simultaneously, the TCH-TENG 
was connected to an electrometer to record real-time voltage signals.
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