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Abstract: Triboelectric nanogenerators (TENGs) have garnered significant attention due to their
ability to efficiently harvest energy from the surrounding environment and from living organisms, as
well as to enable the efficient utilization of various materials, such as organic polymers, metals, and
inorganic compounds. As a result, TENGs represent an emerging class of self-powered devices that
can power small sensors or serve as multifunctional sensors themselves to detect a variety of physical
and chemical stimuli. In this context, TENGs are expected to play a pivotal role in the entire process
of food manufacturing. The rapid development of the Internet of Things and sensor technology has
built a huge platform for sensor systems for food testing. TENG-based sensor data provide novel
judgment and classification features, offering a fast and convenient means of food safety detection.
This review comprehensively summarizes the latest progress in the application of TENGs in the food
field, mainly involving food quality testing, food monitoring, food safety, and agricultural production.
We also introduce different TENG-based, self-powered devices for food detection and improvement
from the perspective of material strategies and manufacturing solutions. Finally, we discuss the
current challenges and potential opportunities for future development of TENGs in the food field.
We hope that this work can provide new insights into the structural and electronic design of TENGs,
thereby benefiting environmental protection and food health.
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1. Introduction

According to the Food and Agriculture Organization of the United Nations, one-
third of the food produced (1.3 billion tons per year) is lost or wasted in the food supply
chain [1]. One of the main reasons for this outcome is that food spoils during storage and
transportation. The World Health Organization reports that there are 600 million cases
of foodborne diseases worldwide each year, resulting in 420,000 deaths [2]. One of the
main reasons for these deaths is the presence of harmful substances or microorganisms
in food. Unsafe food costs low- and middle-income countries US $110 billion in lost
productivity and health-care costs every year [3]. Ensuring the availability and sufficient
quantities of good-quality food is a critical issue for governments and food industry bodies.
Food safety and quality are important guarantees for human health, quality of life, social
development, and economic growth. In all aspects of food production, processing, storage,
transportation, and consumption, any substances or factors that endanger human health
can cause significant losses [4]. As population growth, resource shortages, environmental
pollution, and other problems intensify, food safety is facing increasingly severe challenges.
Effectively detecting, sterilizing, tracing, and preserving food are controversial and difficult
issues in the field of food science and technology.
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Methods commonly used for ensuring food safety and quality often require external
power sources, complex instruments, and manual intervention [5–7]. However, these
methods can be energy consuming, costly, inefficient, and inaccurate. Triboelectric nano-
generator (TENG) technology, which emerged rapidly in 2012, can flexibly collect various
mechanical energy from the environment and convert it into electrical energy. TENGs
have been applied in different fields, such as medical treatment [8–10], self-powered sens-
ing [11,12], wearable devices [13–15], and maritime applications [16–18]. The working
principle of TENGs is based on the triboelectric effect and electric field effect. When two
different materials contact or separate from each other, charge transfer and distribution
occur, forming surface charges and induced charges that generate potential differences
and currents. As a new power-generation device that can convert mechanical energy into
electrical energy, TENGs have the advantages of a high output voltage (510 V for steril-
ization [19] and 4.07 kV for driving UV-C lamps [20]), low cost, light weight, and wide
material selectivity [21–23]. In recent years, the application of TENGs in the food industry
has gradually attracted attention for food safety, quality testing, and production.

As a new method to improve food safety and quality, TENGs have demonstrated
a broad range of applications. In addition to driving various biosensors [24], chemical
sensors [25], electric field generators [26], and electrochemical reactors [27] using mechan-
ical energy, TENGs can also enable self-powered, wireless, and intelligent processing of
food testing and preservation. For example, TENGs, using food materials, can realize the
detection of food ingredients through its voltage output performance [28]. TENGs can be
used as power sources to drive sensors or preservation equipment. Through appropriate
material selection and structural design, it can also be used as an instrument for food
detection and food preservation [29,30]. The application of TENGs in food safety and
quality can be simple and cost-effective.

This review covers the application status and development trends of TENGs in the
food industry, aiming to provide references and inspiration for research in this field. The
first part introduces the four working forms of TENGs, which can be divided into four basic
types based on their structures and working modes. In the following sections, we discuss
three potential applications of TENG-based, self-powered equipment in the food industry,
as depicted in Figure 1. First, TENG is utilized as a self-powered device for food quality
inspection and monitoring. Second, TENG-based, self-powered sterilizers are employed for
food sterilization. Third, TENG-based self-powered systems are utilized to enhance food
harvesting. TENGs can electrically stimulate crop growth or power agricultural sensors.
The review introduces different types of TENG-based, self-powered equipment for food
improvement from the perspective of material strategies and manufacturing solutions.
Finally, the review summarizes the current application status and development trends of
TENGs in the food field and considers the future direction, prospects, and challenges of
TENG application in the food field.
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zation equipment for food sterilization. iii. TENG-based, self-powered system to promote crop 
growth. 
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put performance [37,38]. Cai et al. proposed an ammonia-sensing TENG based on this 
working mode, which can maintain good performance and stability in the food cold chain 
within a specific range of temperatures and humidities (Figure 2a) [29]. 

Figure 1. Schematic diagram of three ways in which TENG equipment can be used in the food
field. i. TENG-based, self-powered sensor for food quality sensing. ii. TENG-based, self-powered
sterilization equipment for food sterilization. iii. TENG-based, self-powered system to promote
crop growth.

2. Principles and Working Principle of TENG for Food Application

The triboelectric nanogenerator (TENG) was invented to harvest mechanical energy by
coupling triboelectricity and electrostatic induction [31,32]. When two dissimilar materials
come into contact, a chemical bond charge is formed on their surface to balance their
electrochemical potentials. Upon separation, some bonded atoms tend to retain extra
electrons, while others tend to release them, creating triboelectric charges on the surface [33].
The presence of triboelectric charges on the surface of a dielectric material can drive the
flow of electrons in the electrodes to balance the resulting potential dr510op. Based on this
principle, TENGs have been studied under four different working modes.

2.1. Vertical Contact-Separation Mode

The vertical contact-separation mode is a type of TENG that involves coating electrodes
on the top and bottom surfaces of a stacked structure. When two different dielectric
film surfaces come into physical contact, oppositely charged surfaces are created. Upon
separation, a potential drop in electrical potential occurs due to the small gap between
the two surfaces under the action of an external force. If two electrodes are electrically
connected by a load, free electrons in one electrode will flow to the other electrode, forming
an opposite potential to balance the electrostatic field [33,34]. Once the gap is closed, the
frictional charge generated will disappear, and the electrons will flow back to balance the
potential difference between the two electrodes [35,36].

Vertical contact–separation mode has a simple structure, easy design, and high output
performance [37,38]. Cai et al. proposed an ammonia-sensing TENG based on this working
mode, which can maintain good performance and stability in the food cold chain within a
specific range of temperatures and humidities (Figure 2a) [29].
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Figure 2. Schematic diagram of the four working modes of TENG applied in the food field.
(a) Schematic diagram of TENG based on vertical contact separation mode; a vertical separation
mode TENG for ammonia sensing. (b) Schematic diagram of lateral sliding mode; a lateral sliding
mode TENG for wind energy harvesting. (c) Schematic diagram of single-electrode mode TENG; a
single-electrode mode TENG for food location determination. (d) Schematic diagram of independent
triboelectric layer mode TENG; a freestanding triboelectric layer mode TENG for powering food
monitoring systems.

2.2. Lateral Sliding Mode

When two dielectric films come into contact in the lateral sliding mode, the relative
film sliding parallel to the surfaces generates triboelectric charges on the two surfaces. This
process introduces transverse polarization along the sliding direction, driving the flow
of electrons on the top and bottom electrodes to balance the electric field generated by
the triboelectric charge. A periodic slide apart and off produces AC output. Sliding can
consist of planar motion, cylindrical rotation, or disk rotation. The first two modes have
two electrodes connected to each other by a load so that the TENG can move freely [39,40].

TENGs in transverse sliding mode generally have good sealing properties and can
effectively cope with variable humidity in food production [38]. Li et al. proposed a
cylindrical TENG based on the lateral sliding mode to drive an electrical stimulation
system, and they experimentally demonstrated that it could be used to drive various
agricultural sensors to promote food growth (Figure 2b) [41].

2.3. Single-Electrode Mode

In some cases, the object that is part of the TENG cannot be connected to the load
electrode. To obtain energy in this situation, a single-electrode TENG was introduced, in
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which the electrode at the bottom of the TENG was grounded. This mode is called the
single-electrode mode. The approach or departure of the top object from the bottom will
change the local electric field distribution so that there is electron exchange between the
bottom electrode and the ground to maintain the potential change of the electrode [42].
This energy-harvesting strategy can be used in contact separation mode and contact sliding
mode simultaneously.

The single-electrode mode has a simple design and wiring, facilitating energy collec-
tion while reducing the interference of complex designs in food monitoring [43]. Yang
et al. used the friction characteristics of the friction belt itself to propose a TENG posi-
tion sensor (PD-TENG) for food-delivery systems that is small and easy to manufacture.
(Figure 2c) [44].

2.4. Freestanding Triboelectric-Layer Mode

The freestanding triboelectric layer mode is a type of TENG that involves plating
two equal-sized and disconnected symmetrical electrodes on the back side of the same
dielectric material. For example, if a charged object reciprocates between two electrodes,
electrostatic induction will continuously produce potential difference changes between
the two back electrodes, driving the free electrons on the back electrode between the two
electrodes through an external load. The charged objects moving in this working mode do
not necessarily need to be in direct contact with the dielectric layer, significantly reducing
surface wear. This way is a good one for extending the durability of TENGs [45,46].

Taking advantage of this mode, Wang et al. reported a self-powered, flexible, wireless
sensor based on a triboelectric electromagnetic hybrid generator (TEHG) for monitoring
food quality (Figure 2d) [47]. The rotating TENG in the TEHG can harvest energy from the
airflow when the cooling fan is running.

3. Triboelectric Nanogenerator Applications in Food Quality
3.1. Triboelectric Nanogenerators for Food Quality Testing

Food testing refers to the process of qualitative or quantitative analysis of harmful
substances, microorganisms, or nutritional components in food [48]. Traditional food test-
ing methods usually require the use of instruments, such as microscopes, chromatographs,
and mass spectrometers [49,50]. Although these methods are accurate and reliable, they
require professional operations and are time consuming and labor intensive. With the
development of science and technology, new detection methods have also emerged. In
recent years, detection methods based on nanotechnology have gradually become a popular
research topic [51,52]. TENGs can be used to realize self-powered detection of food using
mechanical energy to drive various biosensors and chemical sensors to achieve simple, fast,
and sensitive detection of food. These new detection methods provide more choices for
food safety and bring new opportunities to the development of the food industry.

Melamine (Mel) is sometimes used as an additive by unscrupulous businesses to
improve the protein content index in food testing [53]. Long-term intake can cause dam-
age to the human body, including the reproductive and urinary systems [54]. Zhu et al.
developed a TENG-based, self-powered Mel-detection method by taking advantage of
the strong electronegative characteristics of Mel [55], as shown in Figure 3a. The authors
found that the addition of Mel could change the surface morphology and relative dielectric
constant of the PTFE material, thereby increasing the triboelectric charge density. The
current signal generated when the TENG was compressed or released increased as the Mel
content increased. According to the linear relationship between the current change value
and the Mel content, the Mel concentration could be calculated. Based on this phenomenon,
the authors designed a highly sensitive Mel sensor based on a polytetrafluoroethylene
TENG, which could achieve fast, simple, and low-cost detection of Mel. The sensor can
be used not only to detect Mel in food but also to detect other biomolecules with strong
electronegative properties.
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ity of TENG in detecting Mel in standard samples, liquid milk, and milk powder samples. (b) TWGSS
for food quality monitoring; equivalent circuit of TWGSS. (c) TENG−based, self-powered biosensing
system detection; linear fitting of Staphylococcus aureus suspension response.

Ammonia is a marker of food spoilage [56,57]. Cai et al. proposed a wireless gas
sensor system (TWGSS) based on a self-powered TENG to achieve selective, sensitive,
and real-time wireless food quality assessment in cold supply chains (Figure 3b) [29].
Taking advantage of the three-dimensional porous structure of wood and the sensitivity
of carbon nanotube materials to ammonia, they designed a porous wood TENG. When
ammonia gas enters the porous wood TENG, ammonia will be adsorbed on the surface
of the carbon nanotubes and undergo an oxidation reaction with oxygen ions, thereby
releasing electrons and reducing the resistance of the conductive wood. Therefore, the
surface charge density and resistance of the TENG change. The authors found that the
output voltage of TENG decreased as the ammonia concentration increased, and it had
high selectivity and sensitivity for ammonia. Leveraging system integration and power
management, they implemented a self-powered triboelectric drive system that doubles as a
gas sensor and wirelessly transmits data to the user interface. Under conditions of high
humidity (75%) and low temperature (−18 ◦C), the selectivity, sensitivity, and stability of
the TWGSS toward ammonia were verified, as well as its application in perishable foods,
such as frozen chicken, fish, and beef.

Gram-positive bacteria can cause food spoilage and contamination [58,59]. Some
common pathogenic bacteria may appear in liquid foods, such as milk, dairy products,
juice, etc. [60]. Wang et al. developed a TENG-based, self-powered biosensing system for
the specific detection of Gram-positive bacteria in solution (Figure 3c) [61]. This system
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utilizes vancomycin to identify and capture Gram-positive bacterial cells through specific
vancomycin–bacterial wall interactions, utilizing guanidine-functionalized, multi-walled
carbon nanotubes (CNT-Arg) as the signal amplification material. The resistance of the
sensor changes according to the concentration of bacteria, thus affecting the output voltage.
The vertical contact separation mode TENG uses aluminum foil and fluorinated ethylene
acrylic copolymer (FEP) films as materials to power the system. It can convert mechan-
ical energy into electrical energy with an initial output voltage of approximately 165 V.
When there are bacteria on the sensor, the voltage of the TENG decreases as the bacterial
concentration increases, reflecting the presence and number of Gram-positive bacteria.

Acetone is a common solvent used in food-processing plants [62,63]. However, the
toxicity of acetone may pose a threat to food safety [64]. Therefore, it is necessary to detect
the concentration of acetone gas in food testing. Liu et al. developed a TENG based on a
chitosan (CTS)/zinc oxide (ZnO) double-layer film that can detect acetone gas at different
concentrations of 1–10 ppm at room temperature [65]. The TENG uses triboelectric charges
generated by the interaction between acetone molecules and ZnO in CTS/ZnO-TAS to
detect acetone. It has high sensitivity (1.9545%/ppm), a low detection limit (1 ppm), and
good selectivity and stability.

3.2. Triboelectric Nanogenerators for Food Monitoring

Food monitoring and management typically involve recording and querying infor-
mation on all aspects of food from production to consumption, as well as tracking and
monitoring the status and flow of food. Building flexible food monitoring systems generally
requires an external power source, such as a supercapacitor or lithium battery. However,
traditional battery power supplies face problems, such as limited life, messy wiring, and
safety hazards, that must still be solved [66–68]. Overly complex systems may also bring
inconveniences to the food industry in terms of space configuration and cost allocation [69].
Relying on the rapid development of the Internet of Things, TENG technology can be used
to realize self-powered monitoring of food. TENGs use mechanical energy to drive various
sensors and communicators, providing a guarantee for the safety, reliability, and intelligent
traceability of food.

In food-delivery systems, methods to achieve food location detection may rely on
independent external power systems and utilize various devices or sensors, such as pho-
toelectric sensors [70]. To achieve miniaturized and flexible position detection, Yang et al.
proposed a low-cost triboelectric nanogenerator position sensor (PD-TENG) for conveyor
systems, which utilizes the friction characteristics of the conveyor belt itself to detect
position (Figure 4a) [44]. The generator uses a contact-separation mode and includes a
cardboard-based honeycomb frame, two PTFE/Cu friction layers, and food samples stored
in the honeycomb holes. When the food sample comes into contact with or separates from
the PTFE/Cu friction layer, a current signal is generated to monitor the position of the food.
After the signal is amplified by the in-phase proportional amplifier circuit, it is converted
into a digital signal through an analog-to-digital converter (ADC) and then carries out
two-way wireless communication with the Bluetooth device through the serial port of the
microcontroller unit (MCU) to achieve real-time food location information.

Wang et al. developed a self-powered flexible wireless sensor (FWS) based on a
triboelectromagnetic hybrid generator (TEHG) for monitoring food quality [47], as shown
in Figure 4b. The TEHG consists of two rotating TENGs and a rotating electromagnetic
generator (EMG). It is driven by the air flow of the refrigeration fan and can achieve high-
voltage, high-speed, and low-frequency energy harvesting. The rotary TENG uses PTFE
and Cu electrodes as the rotor and stator, respectively, and generates frictional charges
through relative rotation. The FWS includes multiple spectral sensors, microcontrollers,
Wi-Fi modules, and flexible electronic paper, which can collect light reflection data on
the food surface and evaluate the maturity parameters of the food through algorithms.
Taking Philippine bananas as an example, these authors showed that the TEHG provides
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continuous power to the FWS, and the FWS uploads data to the cloud platform and flexible
electronic paper to achieve real-time visual monitoring of food quality.
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Figure 4. TENG for food monitoring. (a) Structure of PD−TENG; design layout of wireless sensing for
food positioning on conveyor belt; voltage range of four common packaging materials. (b) Schematic
structural diagram of TEHG; schematic structural diagram of FWS; food monitoring scenario, taking
a banana as an example. (c) Schematic diagram of the TENG structure based on moisture-sensitive
cellulose; schematic diagram of the TENG based on enzyme paper for monitoring fruit freshness.
(d) Schematic diagram of D−TENG structure, and desiccant serves as a free-standing triboelectric
material that can contact and separate from the top and bottom PTFE films; schematic diagram of
an intelligent packaging system based on D−TENG; voltage changes of capacitors in the intelligent
packaging system during the charge and discharge process.

Testing fruit freshness during storage is crucial to reduce fruit waste and foodborne
contamination [71]. Du et al. utilized a new type of moisture-sensitive triboelectric cathode
cellulose material to produce a TENG combined with fruit packaging (Figure 4c) [72].
Through biological enzymatic hydrolysis, the surface morphology and dielectric properties
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of cellulose fibers were changed, and a moisture-sensitive, positively charged cellulose
material was prepared for the construction of an environmentally friendly TENG. When
the enzymatic hydrolysis time is 72 h, the maximum output power density of the TENG is
80.3 mW/m2. During storage, surface fibers are digested into xylose and glucose, thereby
changing the roughness and contact area of the enzyme paper. The output signal of
the TENG gradually decreases, as the humidity of the packaging environment changes,
consistent with the changes in weight loss, hardness, decay rate, sweetness, and pH of the
fruit, and the freshness of the fruit can be monitored.

Pang et al. proposed a desiccant-based triboelectric nanogenerator (D-TENG) driven a
self-powered intelligent packaging system for monitoring the environmental conditions
and deterioration of perishable food during transportation (Figure 4d) [73]. The D-TENG
comprises a cardboard honeycomb frame, a PTFE/Cu triboelectric layer, and a desiccant
filling the honeycomb holes. At a load resistance of 500 MΩ, the D-TENG can generate a
maximum peak power of 0.7 mW. When the transport vehicle vibrates, the desiccant moves
within the honeycomb frame, coming into contact with and separating from the friction
layer to generate an electric charge, thus charging the energy storage unit and powering the
digital thermometer/hygrometer. Therefore, the D-TENG can drive sensors to monitor the
temperature and humidity inside the packaging. This self-powered integrated intelligent
packaging system could serve as a model for future food packaging systems to achieve
intelligent management and monitoring of food.

4. Application of Triboelectric Nanogenerator in Food Improvement
4.1. Triboelectric Nanogenerators for Food Sterilization

Food sterilization is the process of killing or inhibiting microorganisms in food through
physical or chemical methods to delay food spoilage and deterioration [74]. Bacteria are
closely related to changes in the freshness and quality of food, and sterilization is a pro-
cess that can extend the shelf life of food. As consumers have higher requirements for
delicious taste and nutrition, more food sterilization technologies are used in the food
industry [75–77]. These methods usually require high temperatures, high pressure, ultra-
violet light, ozone, and other technologies, which may require additional energy supply
systems, greatly increasing the cost of food production. Triboelectric nanogenerators
(TENGs) can use mechanical energy to drive various electric field generators and small
sterilization equipment to achieve self-powered sterilization of food.

TENGs can be used to drive ultraviolet light sources for sterilization [78,79]. Jin et al.
reported a self-generating ultraviolet disinfection device named Tribo-sanitizer, which can
eliminate pathogenic bacteria, such as Escherichia coli O157:H7 and Listeria monocytogenes,
from food (Figure 5a) [20]. With the optimized rotor design and charge saturation principle,
the TENG in the Tribo-sanitizer can generate high-voltage output of up to 4000 V, driving
a UV-C lamp to emit ultraviolet light at 254 nm. The disinfection effectiveness of two
common foodborne pathogens (E. coli O157:H7 and Listeria monocytogenes) with liquid
buffers, plastic films, and fresh produce was evaluated. The results showed that Tribo-
sanitizer could achieve colony reductions of 5.95 log and 5.03 log, respectively, as well as
significant cell membrane and DNA damage. This outcome demonstrates the potential
properties of TENG to improve food safety.

Chen et al. designed and produced a self-powered sterilizer utilizing the high output
voltage and breakdown discharge phenomenon based on a soft-contact, free-rotating TENG
(soft-contact FR-TENG) (Figure 5b) [30]. The breakdown discharge not only increases
the open circuit voltage of the TENG to 7.6 kV but also enables multi-mode sterilization
based on high-voltage electric fields. Under closed conditions, self-powered sterilizers can
effectively inactivate representative bacteria and mixed bacteria. This work provides an
effective strategy for developing self-powered food sterilization systems.
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Figure 5. TENG for food sterilization. (a) The structure of a free-standing rotating TENG (FSR-TENG).
Its stator consists of two electrodes; each electrode has four sectors. The FSR-TENG can power a
254-nm ultraviolet C (UVC) lamp. Middle panel shows the manual Tribo-sanitizer device I. from
the side; and II. inactivating bacteria suspended in buffer saline. Right panel shows the changes in
bacterial concentration and inactivation rate of E. coli O157:H7 over time. (b) Schematic diagram of the
FR-TENG structure and the structural design of the self-powered sterilizer; the sterilization effect of
the self-powered sterilizer on Pseudomonas aeruginosa. (c) Preparation process of g-C3N4/MXene-Au
composite; system diagram and image of the sterilization system based on composite materials;
comparison of the sterilization effect of TENG using composite materials and using PDMS.

Salmonella is a common pathogen that causes food poisoning, particularly in meat,
dairy, and egg products, which are highly susceptible to contamination [80,81]. Chen
et al. demonstrated a portable and effective Salmonella sterilization method using a TENG
(Figure 5c) [19]. They proposed a strategy to improve the output performance of the TENG
utilizing charge traps generated by the mutual coupling of photogenerated carriers and
surface plasmons. The TENG adopts a vertical contact-separation mode and consists of two
layers. The first layer is a silver nanowire electrode attached to PMMA, and the other layer
is a mixture of PDMS and g-C3N4/MXene-Au composite material that is then spin-coated
on ITO glass. Experimental results showed that the g-C3N4/MXene-Au composite had
the best output performance under visible light irradiation, with a maximum open circuit
voltage of 510 V and an output power of 20 mW. Taking advantage of the self-cleaning
properties of this composite, the authors designed a TENG-based disinfection system and
experimentally verified its effective killing effect on Salmonella.
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4.2. Triboelectric Nanogenerators to Boost Food Production

In the process of food production activities, increasing grain yield and ensuring that
producers obtain ideal economic benefits through planting are urgent problems that must
be solved [82,83]. To promote continuous breakthroughs and development in agriculture,
innovative agricultural production technologies are needed to improve the production
efficiency and quality of crops [84,85]. In recent years, researchers have been exploring the
application of TENGs in promoting crop growth. For example, TENGs can generate a weak
electric field or current through mechanical vibration or acoustic wave excitation, which
can in turn promote seed germination and seedling growth [86,87]. Relevant studies have
found that external electric fields not only can shorten the germination period of seeds but
also can enhance the stress resistance and yield of seedlings.

Li et al. demonstrated the application of TENGs in promoting tomato seed germination
(Figure 6a) [86]. They proposed a rotary TENG (PFR-TENG) based on ternary medium
friction charging, partial using soft contact and non-contact methods. Using the soft
polyester fur layer as a charge pump and charge transmitter, wear and heat are reduced
while maintaining 100% power output. The circuit generated DC voltage of 15 kV and
AC voltage of 10 kV, as well as a maximum power of 201.83 mW. Using the high-voltage
pulsed electric field generated by the PFR-TENG, tomato seeds were treated in different
modes and times. The results showed that the seeds treated with a DC high-voltage pulsed
electric field had the highest germination rate, shoot length, root length, germination index,
and vitality index. The PFR-TENG provides a new solution for high-tech agriculture as a
safe, portable, and low-cost high-voltage power supply.

Jiang et al. combined plant protein film with polylactic acid (PLA) film to prepare
a bio-TENG with complete biodegradability, good mechanical properties, and excellent
stability, and it is used as a new type of agricultural covering film [88] (Figure 6b). They
constructed a space electric field to promote food harvesting. They then conducted a
planting experiment on bean sprouts and vegetables. The electric field was generated by
the prepared bio-TENG through the exciter system to simulate the process of collecting
mechanical energy by the mulch film. The experimental results showed that the average
length growth rate and average weight growth rate of bean sprouts covered with bio-TENG
within 48 h were 132.4% and 19.1% higher than those of the control group, respectively.
Using bio-TENG, the average height growth rate, average crown width growth rate, and
average leaf number growth rate of covered vegetables within 11 days were 38.5%, 36.7%,
and 18.2% higher than those of the control group, respectively.

Li et al. proposed a TENG driven by breeze energy (BD-TENG) for energy collection
and sensor power supply in smart agriculture [41], as shown in Figure 6c. BD-TENG uses
a blower to collect natural wind energy and drive sliding friction between the FEP film
and the copper electrode to convert wind energy into electrical energy. With lightweight
materials used to make the rotor and the designing of a suitable bailer structure, the energy
conversion efficiency of BD-TENG can reach 12.06% at a wind speed of 4 m/s. It collects
breeze energy in the natural environment to light up 300 red and blue light-emitting diodes
connected in series to supplement lighting for crops at night. In addition, BD-TENG can
also provide power for soil thermometers to monitor crop growth environments. This
ability reflects the widespread application of BD-TENG in promoting crop yields.
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emitting diodes; the load current, load voltage, and peak power of the BD−TENG.

5. Conclusions

This review covers the application status and development trends of TENGs in food
quality and food improvement, and it provides a detailed introduction and analysis from
four aspects: food-quality testing, food monitoring, self-powered sterilization, and promo-
tion of grain production. The application of TENGs in food safety and food quality has the
advantages of not requiring an external power supply, no need for complex instruments,
and no need to destroy food. TENGs can improve the safety and hygiene of food, as well
as the quality and value of food.

By performing reasonable structural transformations and performance optimizations
of existing research for TENG applications, it is possible to invest TENG technology into
more food technologies. For instance, TENGs have currently been used for sterilization
and disinfection of wearable devices [89,90], pipelines [78], tap water [91,92], and air [79].
These applications are not only related to environmental cleaning and protection but also
closely linked to food safety. TENGs and food monitoring sensors should be compact
and lightweight. These sensing systems can be implemented through integrated circuit
designs and modular devices. For instance, integrating TENGs with circuit modules can



Electronics 2023, 12, 4880 13 of 16

enable the sensing system to collect energy efficiently and transmit data without affecting
food storage.

Looking to the future, TENGs have broad prospects for food applications and are
expected to realize self-powered, wireless, and intelligent detection, sterilization, antisepsis,
evaluation, traceability, and monitoring of all aspects of food from production to consump-
tion to maintain freshness. The new generation of TENG applications is expected to be more
integrated with smart packaging technology and to use advanced preparation processes,
such as soft photolithography, laser etching, etc., to make important contributions to the
food industry.
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56. Karakuş, S.; Baytemir, G.; Özeroğlu, C.; Taşaltın, N. An Ultra-Sensitive Smartphone-Integrated Digital Colorimetric and
Electrochemical Camellia Sinensis Polyphenols Encapsulated CuO Nanoparticles-Based Ammonia Biosensor. Inorg. Chem.
Commun. 2022, 143, 109733. [CrossRef]

57. Zhang, D.; Yu, S.; Wang, X.; Huang, J.; Pan, W.; Zhang, J.; Meteku, B.E.; Zeng, J. UV Illumination-Enhanced Ultrasensitive
Ammonia Gas Sensor Based on (001) TiO2/MXene Heterostructure for Food Spoilage Detection. J. Hazard. Mater. 2022, 423,
127160. [CrossRef]

58. Maes, S.; Heyndrickx, M.; Vackier, T.; Steenackers, H.; Verplaetse, A.; De Reu, K. Identification and Spoilage Potential of the
Remaining Dominant Microbiota on Food Contact Surfaces after Cleaning and Disinfection in Different Food Industries. J. Food
Prot. 2019, 82, 262–275. [CrossRef]

59. Holzapfel, W.H. The Gram-Positive Bacteria Associated with Meat and Meat Products. Microbiol. Meat Poult. 1998, 25, 35–84.
60. Rajkovic, A.; Jovanovic, J.; Monteiro, S.; Decleer, M.; Andjelkovic, M.; Foubert, A.; Beloglazova, N.; Tsilla, V.; Sas, B.; Madder, A.

Detection of Toxins Involved in Foodborne Diseases Caused by Gram-positive Bacteria. Compr. Rev. Food Sci. Food Saf. 2020, 19,
1605–1657. [CrossRef]

61. Wang, C.; Wang, P.; Chen, J.; Zhu, L.; Zhang, D.; Wan, Y.; Ai, S. Self-Powered Biosensing System Driven by Triboelectric
Nanogenerator for Specific Detection of Gram-Positive Bacteria. Nano Energy 2022, 93, 106828. [CrossRef]

62. Yilmaz, Y.; Toledo, R.T. Oxygen Radical Absorbance Capacities of Grape/Wine Industry Byproducts and Effect of Solvent Type
on Extraction of Grape Seed Polyphenols. J. Food Compos. Anal. 2006, 19, 41–48. [CrossRef]

63. Demiray, S.; Pintado, M.E.; Castro, P.M.L. Evaluation of Phenolic Profiles and Antioxidant Activities of Turkish Medicinal Plants:
Tiliaargentea, Crataegi Folium Leaves and Polygonum Bistorta Roots. Int. J. Pharmacol. Pharm. Sci. 2009, 3, 74–79.

64. Li, X.; Li, J.; Ji, W.; Ou, Y.; He, R.; Xu, X.; Wang, B. Modeling the Risk of Acetone Emission from a Storage Tank in Summer and
Winter. Process Saf. Prog. 2023, 42, 155–161. [CrossRef]

65. Liu, B.; Wang, S.; Yuan, Z.; Duan, Z.; Zhao, Q.; Zhang, Y.; Su, Y.; Jiang, Y.; Xie, G.; Tai, H. Novel Chitosan/ZnO Bilayer Film with
Enhanced Humidity-Tolerant Property: Endowing Triboelectric Nanogenerator with Acetone Analysis Capability. Nano Energy
2020, 78, 105256. [CrossRef]

66. Wang, M.; Zhang, J.; Tang, Y.; Li, J.; Zhang, B.; Liang, E.; Mao, Y.; Wang, X. Air-Flow-Driven Triboelectric Nanogenerators for
Self-Powered Real-Time Respiratory Monitoring. ACS Nano 2018, 12, 6156–6162. [CrossRef]

67. Reba, M.; Seto, K.C. A Systematic Review and Assessment of Algorithms to Detect, Characterize, and Monitor Urban Land
Change. Remote Sens. Environ. 2020, 242, 111739. [CrossRef]

68. Yin, H.; Cao, Y.; Marelli, B.; Zeng, X.; Mason, A.J.; Cao, C. Soil Sensors and Plant Wearables for Smart and Precision Agriculture.
Adv. Mater. 2021, 33, 2007764. [CrossRef]

69. Chen, S.; Brahma, S.; Mackay, J.; Cao, C.; Aliakbarian, B. The Role of Smart Packaging System in Food Supply Chain. J. Food Sci.
2020, 85, 517–525. [CrossRef]

70. Pang, Y. Intelligent Belt Conveyor Monitoring and Control; Citeseer: State College, PA, USA, 2010; ISBN 90-5584-134-X.
71. Al-Tayyar, N.A.; Youssef, A.M.; Al-Hindi, R.R. Edible Coatings and Antimicrobial Nanoemulsions for Enhancing Shelf Life and

Reducing Foodborne Pathogens of Fruits and Vegetables: A Review. Sustain. Mater. Technol. 2020, 26, e00215. [CrossRef]
72. Du, J.; Jiao, C.; Li, C.; Tao, Y.; Lu, J.; Cheng, Y.; Xia, X.; Tan, M.; Wang, H. Eco-Friendly and Humidity-Sensitive Cellulosic

Triboelectric Materials Tailored by Xylanase for Monitoring the Freshness of Fruits. Nano Energy 2023, 116, 108803. [CrossRef]
73. Pang, Y.; Huang, Z.; Fang, Y.; Xu, X.; Cao, C. (Chase) Toward Self-Powered Integrated Smart Packaging System−Desiccant-Based

Triboelectric Nanogenerators. Nano Energy 2023, 114, 108659. [CrossRef]

https://doi.org/10.1021/acsenergylett.1c00368
https://doi.org/10.1016/j.cej.2023.145465
https://doi.org/10.1016/j.tifs.2015.10.007
https://doi.org/10.1080/02652030802007553
https://doi.org/10.1016/j.ijbiomac.2022.12.237
https://doi.org/10.1021/acsami.3c06256
https://doi.org/10.1080/87559129.2014.994818
https://doi.org/10.1002/jsfa.8405
https://doi.org/10.1002/adfm.201504505
https://doi.org/10.1016/j.inoche.2022.109733
https://doi.org/10.1016/j.jhazmat.2021.127160
https://doi.org/10.4315/0362-028X.JFP-18-226
https://doi.org/10.1111/1541-4337.12571
https://doi.org/10.1016/j.nanoen.2021.106828
https://doi.org/10.1016/j.jfca.2004.10.009
https://doi.org/10.1002/prs.12437
https://doi.org/10.1016/j.nanoen.2020.105256
https://doi.org/10.1021/acsnano.8b02562
https://doi.org/10.1016/j.rse.2020.111739
https://doi.org/10.1002/adma.202007764
https://doi.org/10.1111/1750-3841.15046
https://doi.org/10.1016/j.susmat.2020.e00215
https://doi.org/10.1016/j.nanoen.2023.108803
https://doi.org/10.1016/j.nanoen.2023.108659


Electronics 2023, 12, 4880 16 of 16

74. Amit, S.K.; Uddin, M.M.; Rahman, R.; Islam, S.M.; Khan, M.S. A Review on Mechanisms and Commercial Aspects of Food
Preservation and Processing. Agric. Food Secur. 2017, 6, 51. [CrossRef]

75. Balasubramaniam, V.M.; Farkas, D. High-Pressure Food Processing. Food Sci. Technol. Int. 2008, 14, 413–418. [CrossRef]
76. López, M.A.; Palou, E. Ultraviolet Light and Food Preservation. In Novel Food Processing Technologies; Barbosa-Canovas, V.G.,

Tapia, M.S., Cano, M.P., Eds.; CRC Press: Boca Raton, FL, USA, 2005; pp. 405–421.
77. Naito, S.; Takahara, H. Ozone Contribution in Food Industry in Japan. Ozone Sci. Eng. 2006, 28, 425–429. [CrossRef]
78. Chen, J.; Wang, P.; Li, J.; Wang, C.; Wang, J.; Zhang, D.; Peng, Y.; Wang, B.; Wu, Z. Self-Powered Antifouling UVC Pipeline

Sterilizer Driven by the Discharge Stimuli Based on the Modified Freestanding Rotary Triboelectric Nanogenerator. Nano Energy
2022, 95, 106969. [CrossRef]

79. He, J.; Guo, X.; Pan, C.; Cheng, G.; Zheng, M.; Zi, Y.; Cui, H.; Li, X. High Output Soft-Contact Fiber-Structure Triboelectric
Nanogenerator and Its Sterilization Application. Nanotechnology 2023, 34, 385403. [CrossRef]

80. Hanes, D. Nontyphoid Salmonella. In International Handbook of Foodborne Pathogens; CRC Press: Boca Raton, FL, USA, 2003;
pp. 157–170.

81. Rodriguez-Lazaro, D.; Gonzalez-García, P.; Delibato, E.; De Medici, D.; García-Gimeno, R.M.; Valero, A.; Hernandez, M. Next Day
Salmonella Spp. Detection Method Based on Real-Time PCR for Meat, Dairy and Vegetable Food Products. Int. J. Food Microbiol.
2014, 184, 113–120. [CrossRef]

82. Tester, M.; Langridge, P. Breeding Technologies to Increase Crop Production in a Changing World. Science 2010, 327, 818–822.
[CrossRef]

83. Kapoor, D.; Bhardwaj, S.; Landi, M.; Sharma, A.; Ramakrishnan, M.; Sharma, A. The Impact of Drought in Plant Metabolism:
How to Exploit Tolerance Mechanisms to Increase Crop Production. Appl. Sci. 2020, 10, 5692. [CrossRef]

84. Merlos, F.A.; Monzon, J.P.; Mercau, J.L.; Taboada, M.; Andrade, F.H.; Hall, A.J.; Jobbagy, E.; Cassman, K.G.; Grassini, P. Potential
for Crop Production Increase in Argentina through Closure of Existing Yield Gaps. Field Crops Res. 2015, 184, 145–154. [CrossRef]

85. D’Amelia, V.; Docimo, T.; Crocoll, C.; Rigano, M.M. Specialized Metabolites and Valuable Molecules in Crop and Medicinal
Plants: The Evolution of Their Use and Strategies for Their Production. Genes 2021, 12, 936. [CrossRef]

86. Li, Q.; Liu, W.; Yang, H.; He, W.; Long, L.; Wu, M.; Zhang, X.; Xi, Y.; Hu, C.; Wang, Z.L. Ultra-Stability High-Voltage Triboelectric
Nanogenerator Designed by Ternary Dielectric Triboelectrification with Partial Soft-Contact and Non-Contact Mode. Nano Energy
2021, 90, 106585. [CrossRef]

87. Li, X.; Luo, J.; Han, K.; Shi, X.; Ren, Z.; Xi, Y.; Ying, Y.; Ping, J.; Wang, Z.L. Stimulation of Ambient Energy Generated Electric Field
on Crop Plant Growth. Nat. Food 2022, 3, 133–142. [CrossRef]

88. Jiang, C.; Zhang, Q.; He, C.; Zhang, C.; Feng, X.; Li, X.; Zhao, Q.; Ying, Y.; Ping, J. Plant-Protein-Enabled Biodegradable
Triboelectric Nanogenerator for Sustainable Agriculture. Fundam. Res. 2022, 2, 974–984. [CrossRef]

89. Lei, D.; Wu, J.; Zi, Y.; Pan, C.; Cui, H.; Li, X. Self-Powered Sterilization System for Wearable Devices Based on Biocompatible
Materials and Triboelectric Nanogenerator. ACS Appl. Electron. Mater. 2023, 5, 2819–2828. [CrossRef]

90. Feng, H.; Li, H.; Xu, J.; Yin, Y.; Cao, J.; Yu, R.; Wang, B.; Li, R.; Zhu, G. Triboelectric Nanogenerator Based on Direct Image
Lithography and Surface Fluorination for Biomechanical Energy Harvesting and Self-Powered Sterilization. Nano Energy 2022, 98,
107279. [CrossRef]

91. Huo, Z.-Y.; Lee, D.-M.; Jeong, J.-M.; Kim, Y.-J.; Kim, J.; Suh, I.-Y.; Xiong, P.; Kim, S.-W. Microbial Disinfection with Supercoiling
Capacitive Triboelectric Nanogenerator. Adv. Energy Mater. 2022, 12, 2103680. [CrossRef]

92. Sun, X.; Dong, L.; Liu, Y.; Li, X.; Liu, J.; Wang, N.; Liu, Y.; Li, X.; Wang, D.; Chen, S. Biomimetic PVA-PVDF-Based Triboelectric
Nanogenerator with MXene Doping for Self-Powered Water Sterilization. Mater. Today Nano 2023, 24, 100410. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s40066-017-0130-8
https://doi.org/10.1177/1082013208098812
https://doi.org/10.1080/01919510600987347
https://doi.org/10.1016/j.nanoen.2022.106969
https://doi.org/10.1088/1361-6528/acdfd5
https://doi.org/10.1016/j.ijfoodmicro.2014.03.021
https://doi.org/10.1126/science.1183700
https://doi.org/10.3390/app10165692
https://doi.org/10.1016/j.fcr.2015.10.001
https://doi.org/10.3390/genes12060936
https://doi.org/10.1016/j.nanoen.2021.106585
https://doi.org/10.1038/s43016-021-00449-9
https://doi.org/10.1016/j.fmre.2021.09.010
https://doi.org/10.1021/acsaelm.3c00262
https://doi.org/10.1016/j.nanoen.2022.107279
https://doi.org/10.1002/aenm.202103680
https://doi.org/10.1016/j.mtnano.2023.100410

	Introduction 
	Principles and Working Principle of TENG for Food Application 
	Vertical Contact-Separation Mode 
	Lateral Sliding Mode 
	Single-Electrode Mode 
	Freestanding Triboelectric-Layer Mode 

	Triboelectric Nanogenerator Applications in Food Quality 
	Triboelectric Nanogenerators for Food Quality Testing 
	Triboelectric Nanogenerators for Food Monitoring 

	Application of Triboelectric Nanogenerator in Food Improvement 
	Triboelectric Nanogenerators for Food Sterilization 
	Triboelectric Nanogenerators to Boost Food Production 

	Conclusions 
	References

