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With the increasing demand in seamless interface between artificial devices and
biological structures, flexible bioelectronics has been developed rapidly in recent
years. Compared with traditional rigid bioelectronics, flexible devices are more
adaptable to the integration for various parts both inside and outside of the
organism. Significant achievements have been made in biomedical devices,
neuroelectronics and wearable devices. With the development of flexible
bioelectronics, electromagnetics is becoming a crucial part in signal
interference reduction and information transmission or feedback, taking
advantages of strong penetration and rapid response in a variety of biological
materials. In this review, we focus on the latest developments in electromagnetic
based flexible bioelectronics, involvingmaterials, sensation, seamless integration,
and power supply, as well as the latest achievements in the fields of external
wearables, internal implants, soft robotics and drug delivery system. Based on
these, the main challenges facing flexible bioelectronics, are analyzed, including
stretchability caused by mismatch between mechanical properties of soft and
hard components, biocompatibility, environmental stability, to facilitate the
further development of flexible bioelectronics.
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1 Introduction

Flexible bioelectronics is an important branch and future direction of bioelectronics, which
mainly focuses on developing flexible and stretchable conductors to eliminate the mismatch
between organisms and machines, couple flexible electrodes with biological tissues and provide
better direction for the development and application of wearable devices, implantable devices
and soft robots. Flexible wearable devices can achieve more flexible integration on the soft,
curved or dynamically deformed skin or organisms, providing comfortable, portable and
continuous health monitoring and treatment in a non-invasive and wireless manner (Wu
et al., 2017; Gao et al., 2019). The biocompatibility of implantable flexible bioelectronic devices
has been greatly improved, and with the development of integrated circuits, the size of
components can reach the nanometer level, which provides great convenience for neural
regulation and cell drug transport to achieve precise local treatment (Joshipura et al., 2017;
Phillips et al., 2022). The performance of materials, sensors, communication, driving, power
source, and integration technology can directly affect the overall performance of flexible
bioelectronic devices. Among these components, electromagnetic technology has been a
promising choice and can be widely applied in flexible bioelectronic devices.

Taking great advantages of high permeability, precise feedback and fast response,
electromagnetic based flexible bioelectronics has been widely applied in biomedical field
(Dagdevirren et al., 2017; Ye et al., 2023; Dolete et al., 2022; Zhang et al., 2021). It can be
utilized to monitor various human physiological signals and biomolecules, including blood
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sugar, blood pressure, electrocardiogram, etc., providing doctors
with real-time monitoring and timely treatment decisions;
Furthermore, medical imaging such as magnetic resonance
imaging (MRI) and magnetic resonance spectroscopy (MRS) can
be performed using this technology to aid in disease diagnosis and
treatment. Additionally, flexible bioelectronics can be applied to
treatment and rehabilitation methods like magnetic field
stimulation, nerve stimulation and physical therapy to help
patients recover quickly. Lastly, flexible bioelectronics can also
facilitate human-computer interactions such as brain-computer
interfaces and motion control (Fu et al., 2022; Li et al., 2023;
Wan et al., 2020), making it easier and more efficient for
humans to interact with machines.

Here, we aim to introduce the latest advancements in flexible
bioelectronics based on electromagnetic technology. In the following
of the paper include:

- Section 2 describes the system composition of flexible
bioelectronics and highlights the importance of
electromagnetic technology;

- Section 3 discusses the key technologies in flexible
bioelectronics fabrication, involving design method and
material selection for soft integration and sensor fabrication
techniques;

- Section 4 presents the current applications of flexible
bioelectronics, including wearable devices, implantable
devices, soft robots and drug delivery system;

- Section 5 discuss the challenges facing flexible bioelectronics
based on electromagnetic technology;

- Section 6 summarizes the entire article and provide insight into
the future development of this field.

2 Magnetism based flexible
bioelectronic devices

2.1 Working principle

Electromagnetic based flexible bioelectronic devices typically
consist of sensors, communications, driving devices and energy

supply devices. According to different use scenarios, materials
with different properties are used as substrates to integrate all
required devices onto the substrate to achieve the required
functions. As integration technology advances, the size of
bioelectronic devices has decreased to the nanometer scale,
allowing for the development of both external wearable devices
and internal implantable devices. It can be found that integration
efficiency improvement will accelerate the advancement of
bioelectronics in various application areas. Working principle and
applications of electromagnetic based flexible bioelectronics are
shown in Figure 1.

2.2 System composition

The electromagnetic based flexible bioelectronic device
comprises several key components, including bio integration,
substrate, sensor, communication, driving device and energy
supplying device. These components work in tandem to create a
flexible electronic device that can be employed both in vivo and
in vitro, performing a range of measurement and control tasks. The
bio integration module is designed to interface with biological
organisms and collect physiological data, while the substrate
provides the structural framework for the device. The sensor
detects changes in both environmental and physiological
conditions, while the communication enables data transmission
with external devices. The driving device controls the movements
of the device, and the energy supplying device ensures the device has
sufficient power to operate effectively. By working together
seamlessly, these components create a highly versatile and
functional flexible bioelectronic device. Figure 2 (Dai et al., 2019)
demonstrates the basic components of flexible bioelectronics based
on electromagnetism. Moreover, Table 1 presents the classification,
characteristics and application scenarios of sensor, communication
and driving device.

2.2.1 Bio integration
Bio integration refers to wearable and implantable devices that

detect physiological activities, perceive or regulate biochemical and
metabolic processes, or deliver drugs (Kalantar-zadeh et al., 2017).

FIGURE 1
Working principle and applications of electromagnetic based flexible bioelectronics.
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These devices integrate sensors, communicators, driving devices and
energy supply devices onto specific substrates according to different
usage purposes and scenarios, in order to achieve the expected work
in or out of the organism. Bio integrated systems are also providing
inspiration for new sensing and driving mechanisms. For example,
mechanoreceptors on the skin can transform pressure into exchange
signals, which are received in the brain as tactile. Epidermal
bioelectronic devices are very thin and can detect a series of
physical and chemical signals. Bio integration and its various
components complement each other, providing new ideas for the
development direction of various devices, and the characteristics of
each device also provide possibilities for the diversity of bio
integration. In addition, the development of integrated circuits
also plays a critical role in bio integration, with their small size,
low power consumption and few solder joints being essential in chip
design. With the development of integrated circuits to the
nanometer level (Kesama et al., 2023), the volume of
bioelectronic devices will also become smaller to a certain extent,
which is more conducive to external wear and internal implantation.
What’s more, higher integration efficiency facilitates the versatility
of future bioelectronics, improving their utility in the
medical industry.

2.2.2 Substrate
In general, the materials used in bioelectronic devices should be

non-toxic, prevent direct harm to the body, and reduce the immune
activity as much as possible. Biocompatibility is crucial, particularly
for flexible bioelectronic devices, which require a substrate with
good flexibility and extensibility to adapt to deformation on the
organism. The substrate refers to a carrier or protective membrane,
as most functional devices have poor biocompatibility in order to
achieve their ideal functions, which would cause damage,
inflammation, and tissue or organ damage if directly assembled
and operated. Implantable devices face the issue of biological
fouling. When the implantable device activates the biological
immune system, macrophages and foreign giant cells will grow
on the implantable device, inevitably disrupting the normal

operation of the device (Sheikh et al., 2015). Therefore, when the
substrate is used as a carrier or protective film, flexible substrates are
made of flexible materials as a flexible substrate, which is separated
from the organism through external encapsulation to achieve
biocompatibility. Moreover, implantable devices require
substrates with appropriate elastic modulus to achieve compatible
bioelectronics, as different organs or parts of the organism have
different softness. To realize the function and signal transmission,
stretchable electronic components and substrates must have high
flexibility, which means they must have appropriate elastic modulus
(Ware et al., 2012). Therefore, the substrate type depends on the
material properties, will be mentioned in the next section when
introducing biomaterials.

2.2.3 Sensor
Bioelectronics relies on sensors for wearable and implantable

devices. Currently, there are several commonly used types of
sensors: capacitance sensors, piezoresistive sensors, piezoelectric
sensors and electromagnetic sensors.

Capacitive sensors sense pressure and strain by adjusting the
front area and parallel plate spacing, and use the capacitance
changes caused by the deformation of pressure-sensitive
mechanical components to change the separation gap of
capacitors (Liu et al., 2021). Capacitance sensors have high
sensitivity and can detect small changes in strain, commonly
used in wearable electronics applications. A tactile pressure
capacitance sensor made of carbon nanotubes can even sense the
tactile sensation caused by insects staying on the surface (Lipomi
et al., 2011).

Piezoresistive sensors achieve indirect detection of pressure and
strain by converting external physical stimuli into changes in the
conductive path between conductive materials. By utilizing changes
in resistance, they can be easily achieved through electrical testing
systems (Abolpour et al., 2020). Piezoresistive sensors are mainly
used in biomedical applications such as cardiovascular, intracranial,
and intraocular pressure measurements (Han et al., 2019; Kim et al.,
2018; Park et al., 2019).

FIGURE 2
A schematic of electromagnetic based flexible bioelectronics (Dai et al., 2019).
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Piezoelectric sensors utilize piezoelectric materials with high
sensitivity, fast response, and high voltage characteristics, such as
P-based lanthanum-doped zirconate titanates (PZT) and
polyvinylidene fluoride (PVDF) (Liu et al., 2021), to detect
external stimuli. Piezoelectric sensors excel in biomechanical
technology, measuring dynamics and kinematics for precise force
measurement on body parts and surfaces (Pons et al., 2007). In
medicine, they aid surface detection and are advancing for intrabody
use, as seen in an implantable device monitoring vital signs and
intestinal ingestion (Dagdeviren et al., 2017). Flexible bioelectronics
leverage piezoelectric materials on stretchable substrates, creating
sensors for curved surfaces and electronic tattoos for vibration
sensing (Ha et al., 2019; Sun et al., 2019).

Electromagnetic sensors, though slower in development, show
promise in bioelectronics for their simple structure, substantial
output power, and stability. Electromagnetic sensors use the
principle of electromagnetic induction to detect the position,
shape, or motion status of target objects. When the target object
approaches or moves away from the sensor, the magnetic field
distribution changes, resulting in induced current or induced
voltage. The generated current or voltage signals can be
measured and analyzed to determine the position and motion
status of the target object. Overcoming size limitations, especially
in implantable devices, is crucial for their potential as the preferred
choice in flexible bioelectronic devices. Compared with piezoelectric
sensors, electromagnetic sensors have less impact on temperature
changes and mechanical vibrations, and have the characteristics of
high sensitivity and fast response, enabling high-precision
measurements. Compared with ultrasonic sensing,
electromagnetic sensors have the advantages of non-contact
measurement, low requirements for the material and shape of the
target object, and low interference with environmental noise.
Therefore, considering all factors, electromagnetic sensors may be
a more ideal choice in flexible bioelectronics.

2.2.4 Communication
With the rapid progress of technology, the demand for various

new types of wireless communication is also increasing. Integrating
them into polymers to assist in progressive detection and tasks in the
medical field, and the communication capabilities of devices vary
depending on their usage location. When dealing with tasks in the
form of wireless communication, flexibility is a crucial feature that
enables systems to adjust and adapt more flexibly to different
communication needs and environmental conditions. There are
two types of communication devices used in bioelectronics. One
is wearable antenna, which is used to transmit and receive soft radio
frequency when wearing; The other is the use of wireless devices for
communication and information reception, and the significance of
this application in medical technology is increasing. In addition to
causing problems in processing information and collecting data,
wired communication will also limit the scope of communication.
Therefore, in the process of developing wireless communication in
bioelectronics, general costs and high communication efficiency
have been studied and created. With the overall development of
bioelectronics towards flexibility, these communication devices are
also developing from bulky models to flexible deformable models, in
order to provide users with low costs and high comfort. Flexible
bioelectronic devices can better fit biological curves, and flexibility

enables wireless communication technology to be better integrated
into bioelectronic devices, achieving more stable data transmission.
In addition, flexible bioelectronic devices can adapt well to biological
movements and morphological changes, thereby improving the
reliability of wireless communication technology during
movement. Due to the current vigorous development of wireless
communication, a stretchable conductive elastomer has been
created, which can not only provide wireless communication but
also low-cost manufacturing, instead of using bulky wires (Chen
et al., 2017).

2.2.5 Driving device
Flexible implantable bioelectronic devices rely heavily on

effective driving devices that can move to designated positions
after implantation, such as for drug transportation. Pneumatic
actuators driven by pressurized air, exothermic reactions from
pressure sources provided by combustion, biological hybrid
drives, and electromagnetic drives are some of the most
commonly used driving methods. To ensure the success of
flexible electronic devices, soft driving methods are essential.
Choosing the right driving device is crucial for achieving effective
and accurate movement to the designated position.

Taking advantages of high response, high working density and
large strain capacity (Manns et al., 2018; El-Atab et al., 2020),
pneumatic actuators are usually used as the best method for
biological robots to move and manufacture grasping devices
(Mosadegh et al., 2014). However, for built-in pumps, high
power input is required, and batteries with high power input
cannot realize long-term independent operation, which greatly
limits the application of this driving method in implantable devices.

A large amount of heat and pressure are generated by
combustion, which is usually used in the driving of explosive
robots (Bartlett et al., 2015). Soft robots can distribute the
pressure generated by combustion to different pneumatic
chambers through the logic board. However, if this driving is
combined with bioelectronics, it is essential to ensure the safety
of organisms in the combustion process and extend the service life of
the system.

Thermal response driving remotely activates shape memory
alloys or polymer materials by heating them through infrared,
near-infrared, thermal radiation, and other methods (EI Atab
et al., 2020). The driving is reversible and can restore the original
shape, making it safer than ultraviolet or electric driving. However,
its driving efficiency is often lower, and it is often used in scenarios
such as micro actuators and micro pumps.

Driven by light stimulation response, it has wireless advantages
and can be controlled even in small target sizes (Wei et al., 2012).
Light responsive actuators can be classified based on the required
spectrum, visible light, or near-infrared light for actuation (EI Atab
et al., 2020). Soft robots that use visible light to stimulate actuators
operate in natural environments without consuming excessive
energy. Photo-responsive materials require high intensity light
and exhibit simple and small deformations, leading to low
motion speeds.

The electromagnetic drive is a relatively suitable driving mode at
present. Among all the known soft robot driving stimuli, the
magnetic field has unparalleled advantages in the ability to
penetrate into various materials, and magnetized materials have
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relatively rapid changes in the magnetic field (Hines et al., 2016).
Polymers, gels, papers, and fluids have been used as the medium to
incorporate magnetic particles and fillers such that they can be
actuated when an external magnetic field is applied. The insertion of
discrete magnetic fillers into soft compounds results in a
magnetization profile with variable magnitude and direction (Qiu
et al., 2014). When an external magnetic field is applied, the
magnetic particles align with the magnetic field, resulting in
different modes of motion, such as bending, stretching, and
twisting. An array of multiple electromagnets or moving
permanent magnets can generate spatial gradients within a closed
volume, which can be precisely controlled. Currently, the
application of magnetic drive is extensive, such as using a
magnetic field to drive soft robot for minimally invasive surgery
and targeted drug transportation. What’s more, controlled magnetic
fields can be applied to achieve precise programming and
application of magnetic soft actuators.

Therefore, magnetic drive is a suitable drive mode for flexible
implantable bioelectronic device, which can reduce interference and
has high accuracy.

2.2.6 Energy supplying device
In addition to sensing and communication modes, the

development of stretchable power supply has played a prominent
role in manufacturing flexible bioelectronic devices. The energy
supply components used in flexible electronic devices need to meet
several conditions, including material compliance, mechanical
durability under repeated loads, the ability to provide energy that
meets the requirements for the device and safety issues. The
commonly used energy collection components at present are
based on piezoelectric, frictional, photovoltaic and thermal
electric systems to collect energy. Piezoelectricity converts kinetic
energy generated by the human body into electrical energy, while
friction converts energy generated by friction into electrical energy.
Photovoltaic cells convert light energy into electrical energy.

Compared with energy collectors, batteries and
supercapacitors are the most widely used power supplies in
bioelectronics. Batteries store energy through electrochemical
processes, and some batteries can be designed flexibly to store
large amounts of energy and have a long cycle life (Song et al.,
2018). However, due to the unique structure of the battery, its
mechanical properties are poor and cannot be easily stretched.
Serpentine batteries overcome this problem and can be easily
stretched, making them suitable for flexible electronic devices.
While compared with batteries, supercapacitors can withstand
millions of charging cycles and charge and discharge quickly.
When discharged, they can produce huge energy bursts, and the
cost of materials is low (Zhou et al., 2020). Many researchers have
further optimized supercapacitors, such as Chen et al. (2014)
developed a universal method for highly stretchable and
conductive electrodes. High performance and stretchable
linear supercapacitors are prepared by wrapping continuous
carbon nanotube films around pre stretched elastic lines. Cao
and Zhou’s team demonstrated a simple method for
manufacturing supercapacitors on elastic substrates, which has
a porous structure, short ion transfer time, low ion diffusion
resistance, and can maintain superior electrochemical
performance under large deformation of 800% area strain

(Zhou et al., 2020). Therefore, for the application of flexible
bioelectronics, the supercapacitor that can adapt to various
deformation conditions is a good energy supply component.

2.3 Data collection system and
machine learning

With the continuous progress of the Internet of Things (IoT)
and information technology, bioelectronics has various applications
in data collection systems, artificial intelligence, and
machine learning.

Bioelectronics devices can collect biological signals (such as
electroencephalography, electromyography, electrocardiogram,
etc.) and transmit them to mobile phones or computer
terminals for real-time health monitoring and other activities,
to improve treatment effectiveness and reduce medical costs. The
author of (Yousuf et al., 2023) developed a skin-inspired bimodal
flexible and sensitive capacitive sensor, which could track the
movement patterns precisely under different bending curvatures
based on changes in capacitance, providing guidance in
neurophysiology and kinematics for fields such as ergonomics
and intelligent robots. The author of (Kim et al., 2020) proposed a
wireless and continuous monitoring method for daily stress
through bioelectronics devices. The device is worn on the
inner wrist of the user’s hand and monitors three daily
activities: office work, household chores, and meditation,
verifying that both office work and household chores could
bring pressure to users.

After collecting data from bioelectronic devices, combined with
machine learning algorithms, it can be used to analyze biological
signal data, classify gestures, signal types, disease features, and
predict physical conditions.

The author of (Ban et al., 2023) designed a headband, soft,
and wearable bioelectronics system for continuous monitoring of
EOG signals, and trained and modeled EOG data through the
machine learning interface, successfully classifying real-time eye
movements (including blinking, up, down, left, and right). The
author of (Kwon et al., 2020) designed a soft bioelectronic system
using an additive nanomanufacturing technology for recording
biological potentials on human skin. The device is mounted on
the forearm to record EMG signals of different gestures (open
hand, closed hand, index finger bend, and wrist bend), and a deep
learning algorithm based on neural networks has been developed.
The algorithm can recognize subtle emissivity patterns while
considering amplitude, with an accuracy of up to 98.5% for hand
posture classification.

3 Key technologies

In Chapter 3, we introduce key technologies for electromagnetic
based flexible sensors, which typically include the following steps:

- Selection of substrate: Flexible substrate materials should be
chosen to ensure the flexibility and bendability of the sensor;

- The selection of magnetic materials, such as magnetic particles,
ferrite, etc;
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- Composite methods: coating method, chemical deposition
method, sputtering method;

- Patterned and structured methods: Use photolithography, 3D
printing methods and moulds to customize specific surface
textures or structures for sensors;

- Integration: Using technologies such as hot pressing and
packaging to integrate and package sensors.

Section 3.1 introduces flexible magnetic materials, including
flexible substrates and magnetic particles; Section 3.2 introduces
the composite method of magnetic particles and flexible substrates,
as well as how to pattern and structure them; Section 3.3 introduces
the integration methods of electronic devices.

3.1 Magnetic soft materials

Magnetic soft materials are mainly composed of magnetic
particles and flexible substrates. The magnetism of the material is
determined by the size, mass, and concentration of the dispersed
magnetic particles, while the mechanical properties of the material
largely depend on the composition of flexible polymers. By
combining different materials, magnetic soft materials with
unique properties can be created, making them ideal for building
soft and stretchable devices for various applications such as sensing
monitoring, medical diagnosis, and drug transportation.

This section offers a comprehensive overview of the different
types of magnetic particles and flexible substrates commonly used in
magnetic soft materials, along with their mechanical andmagnetized
properties.

3.1.1 Magnetic particles
There are many types of magnetic particles, mainly including

iron (Fe), cobalt (Co), nickel (Ni), neodymium iron boron
(NdFeB), ferrite and iron oxide. The important magnetic
properties of magnetic particles include saturation
magnetization, remanence and coercivity, magnetic diameter,
magnetocrystalline anisotropy constant and magnetic
relaxation mechanism. Types and characteristics of magnetic
materials are summarized in Table 2.

The magnetic properties of iron particles largely depend on their
particle size and oxidation amount. The magnetization decreases
with the decrease of particle size, which is related to the higher
surface volume ratio of smaller particles, resulting in a much higher
contribution of the surface oxide layer.

Fe2O3 magnetic particles have the characteristics of
biocompatibility, strong superparamagnetism, low toxicity, etc.
They are widely used because they can manipulate particle
movement and provide imaging contrast in the presence of
external magnetic fields.

As a kind of commonly used magnetic nanoparticles, Fe3O4

magnetic particles have stable chemical properties, high catalytic
activity, good magnetic responsiveness and biocompatibility. They
can reduce their particle size to several nanometers by changing
reaction conditions, so they’re widely used in high magnetic
recording materials, adsorbents, biosensors, magnetic resonance
imaging and other fields (Zhao et al., 2008).

NdFeB permanent magnetic materials have excellent
comprehensive hard magnetic properties such as high residual
magnetization, high coercivity and high magnetic energy product.
There are many chemical methods to synthesize NdFeB

TABLE 1 Summary of flexible bioelectronic system.

System
composition

Classification Characteristic Application scenarios

Sensor Piezoresistive sensor High precision, high cost Biomedical applications such as cardiovascular,
intracranial, and intraocular pressure measurements

Capacitive sensor High sensitivity Wearable electronic devices

Piezoelectric sensor High sensitivity, fast response, high voltage Medical testing, electronic tattoos

Electromagnetic sensor High precision, fast response speed, good reliability Electrocardiogram, electromyography, implantable
devices, biological calibration

Communication Wire communication (Cable,
fiber optic et al.)

Good stability, low latency, limited transmission distance,
complex installation and maintenance, high cost

Electroencephalogram, cardiac monitoring,
physiological parameter monitoring

Wireless communication (RF,
Bluetooth, Wi-Fi et al.)

Good flexibility, susceptible to electromagnetic
interference, easy installation and maintenance, good
mobility

Wireless brain computer interface, remote medical
monitoring, implantable medical equipment

Driving device Pneumatic drive High response, high working density, large strain, high
power input, expensive in controlling

Suitable for robot movement and gripping devices,
not suitable for implantable devices

Thermal response drive Remote heating of shape memory alloys or polymer
materials through infrared, near-infrared, and thermal
radiation can restore their initial state, high energy
density, low efficiency and slow actuation

Micro actuators, micropumps

Light simulated drive Low energy consumption, environmental-friendly,
wireless control, small and slow deformation

Bioelectronic devices

Electromagnetic drive Good penetration performance, responsive block, precise
control, complex manufacturing process

Magnetic driven soft robot minimally invasive
surgery, targeted drug delivery, precise actuator
programming
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nanoparticles, including sol-gel method, spontaneous combustion
method, microwave assisted combustion method, thermal
decomposition method and mechanochemical method. The
magnetic properties of NdFeB magnetic particles prepared by
different chemical methods vary. The NdFeB nanoparticles
prepared by the sol-gel method have massive and flaky grains
gathered together, and the grain size and direction are uneven,
which may lead to the formation of reverse magnetic chips and
reduce the residual magnetization of the magnet (Meng et al., 2022);
The coercivity of NdFeB nanoparticles synthesized by microwave
assisted combustion process is 8.0 kOe, the saturation magnetization
is 40 emu g-1, the saturation magnetization increases, and the energy
product of 3.57 MGOe is obtained (Swaminathan et al., 2013).
NdFeB nanoparticles were prepared by mechanochemical method,
and the synthesized sample temperature was increased from 800°C
to 900°C. The average size of NdFeB particles increased from 100 nm

to 158 nm, and they exhibited a high coercivity of 21 kOe (Koylu-
Alkan et al., 2016).

Barium ferrite is widely used in permanent magnetic materials
because of its low cost, excellent chemical stability and corrosion
resistance. In order to obtain high-performance barium ferrite,
people are trying to obtain pure crystal BaFe12O19 single domain
particles, and have developed different synthesis technologies, such
as sol-gel technology, micro-emulsion, hydrothermal reaction, etc.
The synthesis of barium hexaferrite powder by sol-gel combustion
technology is a new method, which uniquely combines the chemical
sol-gel process and the combustion process. The combustion process
is based on gel and then burns the aqueous solution containing the
required metal salts and some organic fuels to produce products
with large volume, bulk and large surface area. The size and
magnetic properties of microcrystals can be controlled according
to demand (Li et al., 2009).

TABLE 2 Summary of magnetic materials.

Magnetic
materials

Characteristics Average particle
size (nm)

Performance Ref.

Fe High magnetic susceptibility 20–70 7095G saturation magnetization Hui et al. (2001)

Fe2O3 Biocompatibility, low toxicity 50 — Breger et al. (2015),
Ongaro et al. (2017)

Fe3O4 Superparamagnetic 200 69.34 emu g-1 saturation magnetization Ji et al. (2017)

NdFeB High remanence, large coercivity 158 40 emu g-1 saturation magnetization Swaminathan et al.
(2013)

BaFe12O19 High coercivity, chemical stability,
corrosion resistance

34–44 56 emu g-1–60 emu g-1 saturation magnetization, the
maximal coercive field of 5691.91 Oe at 1,000°C

Li et al. (2009)

Ni Superparamagnetic 3.3 Up to ~10 kOe Fonseca et al. (2002)

TABLE 3 Summary of flexible polymers.

Flexible
polymers

Characteristics Components Performances Ref.

PDMS Low modulus, low chemical
reactivity

Electrode Good attachment to wrists, fingers and fabric High
sensitivity, wide measurement range

Wan et al. (2020)

Substrate Mirzanejad et al. (2019)

PLA Low density, excellent flexibility Substrate Walking, swimming and snatching functions Qi et al. (2020)

PEG Plasticity, drug compatibility Substrate 1.4 MPa tensile strength at the strain of = 30% Ji et al. (2017)

PVA Flexible, smooth, non-toxic,
biocompatibility

Substrate Good film forming ability, easy processing Mosadegh et al. (2014)

PU Stability, chemical resistance Gripper grasping objects with a width of approximately 250 µm Diller et al. (2014)

Hydrogels pNIPAM Thermally stimuli responsive, a
low shear modulus

Tripper layer Enable opening and closing reversibly Breger et al. (2015), Ongaro
et al. (2017), Hu et al. (2022)

PAAm Biocompatibility, double-
network topology

Joint Achieve bending and folding movements Sun et al. (2022)

MXene Ti3C2 Excellent metal conductivity — An outstanding internal light-to-heat conversion
efficiency (~100%)

Li et al. (2017a)

Ti3C2Tx High capacitance,
biocompatibility

Substrate High stretchability (up to 130%), thin device dimensions
(<2 μm), and excellent reliability and stability
(5,000 cycles)

Cai et al. (2018)

SU-8 High optical transparency Substrate Perform autonomous, accurate and robust pick-and-place Ongaro et al. (2017)
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3.1.2 Flexible substrates
Bioelectronics are typically made from flexible substrates and

encapsulated to protect nearby tissues (Chitrakar et al., 2022). Flexible
substrates are soft and bendablematerial used as the base for bioelectronic
devices, are the main source of flexibility and stretchability of electronic
devices (Liu et al., 2018), allowing for better compatibility with biological
tissues and achieving comfortable wearability, which are favored in the
manufacturing of modern robotic systems due to their elasticity,
resilience and conformation. The micro and macro structures
determine its ultimate degree of viscoelasticity, which is a
characteristic of materials that exhibit both viscous and elastic
mechanical responses. Soft electronic devices must have Young’s
modulus similar to biomaterials in order to achieve smooth
interaction and seamless integration. The ideal substrate
should exhibit Young’s modulus between 1 kPa and 100 MPa.
This section lists three common substrates, namely silicone,
polydimethylsiloxane, hydrogel and MXene (Phillips et al.,
2022). Types and characteristics of flexible substrates are
summarized in Table 3.

Silicone, a common substrate for bioelectronics, can have a
modulus of about 130 GPa (Chitrakar et al., 2022). Silicone is
polymeric siloxane with a wide variety of use, which is widely used
in medical devices, implants, and household products. Medical grade
silicones and silicone rubbers are bioinert, water resistant, and
biocompatible. Low-density silicone can be given elasticity and
flexibility through simple processing methods. Silicone can be used
as a material for encapsulation. This material is most common for
flexible and stretchable bioelectronics due to its diverse uses and easy
fabricationmethod. Additionally, it can also be purchased commercially
as Ecoflex, which has better stretchability and lower modulus, suitable
for coating bioelectronic devices (Tao et al., 2016).

Polydimethylsiloxane (PDMS) is a silicone elastomer formed by
siloxane bonds. Due to its high elasticity, biocompatibility, high
dielectric strength, breathability, low chemical reactivity,
biocompatibility and other characteristics (Phillips et al., 2022).
PDMS has a stretchability of up to 1,000% (Liu et al., 2018). Its
flexibility is determined by its Si–O siloxane backbone. The average
Young’s modulus is ~1–3 MPa. Super soft PDMS has a lower
modulus of 0.1 kPa–2.3 MPa, which is favorable for soft tissues
(Chitrakar et al., 2022). PDMS has been used in numerous fields of
biological robots and bioelectronics. It is used to design high-
sensitivity capacitive sensors for measuring pressure and oxygen
content in heart and blood vessels, and to measure the interface
pressure between nerve stem and cuff electrodes for monitoring the
health of nerve tissue. PDMS polymers are also conducive to the
fabrication of microfluidic channels in bioelectronic devices due to
their optical transparency, flexibility and applicability to soft
lithography.

Polyethylene terephthalate (PET) is an aromatic thermoplastic
polyester commonly used as a substrate for flexible bioelectronic
devices (Lee et al., 2014). PET has a polymeric backbone linked by
ester bonds between aromatic group monomers, which gives it
chemical stability and forms a stable semi-crystalline
hydrophobic domain that resists biodegradation. Each aromatic
ring and two adjacent aromatic rings in PET have a direct effect
on the glass transition temperature (about 75–85°C), crystallinity
and Young’s modulus (about 2~4 GPa), respectively (Tonelli et al.,
2002). As a thermoplastic, PET produces a film by a combination of

extrusion and cold rolling to achieve the desired thickness. Though it
cannot be stretched for its relatively high modulus, PET features
good transparency (>85%), high creep resistance and excellent
printability (Liu et al., 2018).

The biomedical use of polyurethane (PU), specifically ether
based (Burke et al., 2004), has gained significant popularity in
the 21st century and has emerged as a prevalent material for
vascular grafts, owing to its exceptional tear and abrasion
resistance. PU contains three components: a diisocyanate or
triocyanate, a chain extender, and a macrodiol (Kanyanta et al.,
2010). PU is highly tunable when mixed with other polymers. Pure
PU has a Young’s modulus of ~91 MPa and a stretchability of 290%
(Shi et al., 2020). This elastomer has a superior flex-fatigue life and
mechanical degradation resistance when compared to silicone
elastomers. Additionally, its mechanical properties can be
adjusted by altering the temperature and humidity, making it
highly versatile. This further proves that PU is another organic
material with multiple applications for flexible and stretchable
bioelectronics (Ying et al., 2021).

Hydrogel is cross-linked polymer networks with high water
content. Due to its similarity with biological tissues, it has been
widely studied in tissue engineering and biomedical fields. It can
serve as structural materials and active components, providing
conductivity, sensing ability, and mechanical drive (Phillips
et al., 2022). The flexible nature of hydrogel allows to
minimize the mechanical mismatch with biological tissues.
The high water content of hydrogels provides a humid and
ion rich physiological environment. In addition, hydrogel has
extraordinary flexibility in its electrical, mechanical and
biological design, making it a unique bridge material in the
biological world. Due to these special advantages, hydrogel has
recently attracted more and more attention in the field of
bioelectronics, which is part of the ongoing efforts to
seamlessly connect biology and electronics.

MXene, as a new type of two-dimensional layered material,
possesses hydrophilicity due to its rich functional groups on the
surface, excellent metal conductivity, high capacitance, good
biocompatibility and superior mechanical properties
(Venkateshalu et al., 2020). Mainly used for biosensing,
diagnostic imaging, cancer treatment, and nerve implantation.

Although neural tissues are highly sensitive to environmental
conditions and interactions, MXene does not affect their
biological activity. Neuronal tissue grows, forms a neural
network, and adhere to MXene substrates, indicating that
MXene can effectively interface with neural tissue. MXene
coating implanted on metal electrodes can inhibit surface
oxidation and provide a mechanically compatible neural
interface between the implant and surrounding nerve tissue
(Xu et al., 2016). In addition, MXene can easily form
composites with other materials such as polymers, oxides and
carbon nanotubes, which further provides an effective method to
adjust the properties of MXene for various applications.

3.2 Fabrication technique

Section 3.2 introduces the composite methods of magnetic
particles and flexible substrates, including coating method,
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chemical deposition method, and sputtering method; And methods
of patterning and structuring, including the use of photolithography,
3D printing methods to moulds to customize specific surface
textures or structures of sensors.

3.2.1 Composite methods
3.2.1.1 Coating method

Coating is the use of tools such as scrapers, brushes, or coating
machines to evenly coat a liquid mixture of magnetic particles onto a
flexible substrate surface. After coating, the particles are fixed on the
substrate through heat treatment or drying, forming a magnetic
composite flexible material.

Spin coating is a fast and common method for depositing thin
films on substrates, which can easily form uniform films.

The author of (Zhu et al., 2023) prepared FeSiAl/WS2 soft
magnetic composite materials, where WS2 was peeled off into
micrometer sized thin sheets and uniformly coated on the surface
of FeSiAl grains to form an efficient coating. The material has low
eddy current loss and moderate effective magnetic permeability,
making it suitable for high-frequency applications.

3.2.1.2 Chemical deposition method
Chemical deposition method usually deposits metals from a

chemical solution onto a flexible substrate in vacuum, forming a thin
film. This method can be used to deposit magnetic materials, such as
metals or oxides, on flexible substrates. Chemical deposition
methods have been used to deposit thin conductive materials
onto various substrate materials.

The author of (Tang et al., 2018) studied flexible magnetic
nanocomposite PDMA hydrogel by chemical precipitation
method, immersed the prepared hydrogel in Fe2+/Fe3+solution
to load ferrous and ferric ions, and then went through a series of
post-treatment to obtain flexible hydrogel film with uniformly
distributed magnetic nanoparticles.

3.2.1.3 Sputtering method
The sputtering method combines thin films by bombarding the

surface of the target material with high-energy particles in a vacuum
environment, thereby removing surface atoms or molecules of the
target material and depositing them on the substrate. This
technology can easily deposit different metals, metal alloys, and
compounds (Rao et al., 2023).

The author of (Li R. et al., 2017) grew a 5 nm Ta layer on a pre
stretched PDMS film using a magnetron sputtering system in a
vacuum environment. After releasing the pre tension force, the
Young’s modulus between the PDMS substrate and the metal layer
did not match, resulting in surface wrinkles. By using sputtering
method, a 150 nm thick FeCoTa film was tilted and sputtered onto a
wrinkled surface, resulting in the final magnetic flexible film.

3.2.2 Patterned and structured methods
3.2.2.1 Photolithography

Photolithography is a commonly used micro and nano
processing technology. The pattern on the chip is transferred to
the substrate surface by photoresist and stepper, and then the
required microstructure is prepared by etching and other
processes. This approach is utilized to fabricate precise patterns
ranging from nanometer to micrometer sizes on the underlying

substrate. It has been extended to fabricate soft and stretchable
electronics for biomedical applications, such as skin-mountable and
wearable electronics. Photolithography, soft lithography,
nanoimprint lithography, e-beam lithography, focused ion beam
lithography, scanning probe lithography, etc., are some of the widely
used lithography techniques (Chitrakar et al., 2022). Generally, the
photolithography process comprises of several steps, such as
photoresist application, prebake, mask alignment and exposure,
development, post bake, etching, and resist stripping (Acikgoz
et al., 2011). Soft photolithography allows for the utilization of
elastic impressions, molds, or photomasks to create structures or
transfer materials. Especially for using in flexible devices, process
compatibility, device scale, and photolithography precision should
be taken into account (Zschieschang et al., 2023).

The author of (Jumril et al., 2014) proposed a novel
photosensitive magnetic film and a simple hybrid film
fabrication process. The film is -made of soft and elastic
material, capable of optical patterning and response to
magnetic fields. Using a spin-on-glass (SOG) spin coating
method, a sacrificial oxide layer was deposited on a glass
substrate; the first layer of polymer (non-magnetic) serving as
the actuator was deposited on the oxide film glass substrate to
create the base film layer and increase the adhesion of the layer. A
chamber was created on the silicon substrate. Photoresist was
coated on the silicon substrate with a Si3N4 coating to create the
chamber pattern, followed by photolithography. A silicon cavity
is formed by anisotropic etching of silicon substrate using bulk
micromachining process.

The author of (D’Imperio et al., 2018) described the fabrication
and performance of optically transmitted 3D nanocylinders and
nanocoaxes on independent, flexible films made of negative
photoresist. The fabrication mainly consists of standard
lithography techniques and the separation of the film from the
substrate by a stripping technique. The chemical and mechanical
stability of the polymer film and release layer enables them to
produce microstructures through multilayer lithography and
subsequent deposition of metal-insulator-metal layers, resulting
in nanoscale coaxial columns. The robustness and flexibility of
the sample are conducive to possible applications in wearable
electronics and opto-bioelectronic interfaces.

The author of (Ko et al., 2017) constructed silver nanowires
(AgNW) micropatterns on a variety of substrates in a simple,
economical, and environmentally friendly way without the need
for aggressive etching or stripping processes. AgNW patterns of
different shapes and sizes were constructed on a glass substrate
using polyethylene glycol (PEG) photolithography. Based on the
second hydrogel gelation process, the AgNW pattern on the glass
substrate is directly transferred to the synthetic/natural hydrogel
substrate. The resulting AgNW micropattern exhibits high
electrical conductivity (ca. 8.40 × 103 S cm−1), low sheet
resistance (7.51 ± 1.11Ω sq−1), and excellent bending
durability (resistance increases by only ~3 and ~13% after
40 and 160 bending cycles, respectively) on the hydrogel. And
good stability under wet conditions (resistance increases by only
~6% after 4 h). The AgNW micropatterned hydrogels will serve
as highly efficient and mechanically stable microelectrodes for
the development of next-generation bioelectronic devices,
particularly implantable biomedical devices.
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3.2.2.2 3D printing methods
Another method for patterning and structuring is to use 3D

printing technology to deposit conductive and resistive materials
directly on the surface of mechanical flexible polymers, paper and
silk. High speed inkjet printing is very accurate and can produce
high-resolution features. Moreover, inkjet printing consumes little
material and eliminates the need for environmentally harmful
photoresist chemicals used in lithography (Sinar et al., 2013).

Fused Deposition Modeling (FDM) is the most common 3D
printing technology at present, which extrudes thermoplastic
polymer filament through heating nozzle. The resolution depends
on the size of the print nozzle. The author of (Zhou et al., 2023) used
fused deposition modeling 3D printing technology to fabricate
flexible multifunctional sensors. Polyvinylidene fluoride and
cobalt ferrite (CoFe2O4) were used to prepare (0–3) composite
silk. These filaments can be prepared into various shapes and
have good mechanical and electrical properties. It has reference
value for the future development of personalized wearable sensors.
The author of (Nelson et al., 2019) used thermoplastic polyurethane
(TPU) to create transparent, flexible, and biocompatible
microfluidic devices with channel sizes consistently below 100 μm
and as small as 40 μm through fusion deposition modeling 3D
printing. The channels consistently print out about 100 μm smaller
than the design size, but are repeatable and predictable. They
demonstrate that TPU has properties that can be used in
microfluidic applications while remaining cost effective (about
$0.01 per device) and best suited for rapid prototyping
(fabrication time <25 min).

Direct Ink Write (DIW)is also a common additive
manufacturing method, which extrudes pressurized liquid
polymer precursors through nozzles. After extrusion,
continuous or intermittent stimulation will cure the material.
When exposure or heating is used to promote crosslinking, DIW
can be used to prepare hydrogels, allowing anisotropic binding
into the resulting hydrogel structure. Multiple nozzles can be
used for printing at the same time to produce objects with
multiple materials. Like FDM, its print resolution is limited by
nozzle size. The disadvantage is that the low viscosity of its ink
does not allow the printing of hollow or suspended structures,
and it needs to sacrifice materials as support in the printing
process. The fabrication of flexible metal circuits is investigated
using polymer/metal precursor ink and interfacial reaction direct
writing technology (Sun et al., 2023). PVA and AgNO3 are
thoroughly mixed as polymer/metal precursors. PVA acts as
an adsorption reducing agent and adhesion layer in the metal
circuit, serving as a flexible composite material to connect the
flexible metal circuit with the substrate. AgNO3 is added to the
ink as a metal source. Through controlled REDOX reaction at the
interface of the nano direct writing structure and the reducing
agent VC aqueous solution, a uniform layer of AgNP conductive
particles is formed on the EVA skeleton, creating a patterned
conductive path on the flexible substrate. The resistivity of the
composite silver layer can reach 10−6 Ω·m without any post-
processing. Additionally, after 10,000 cycles of 180° bending,
the resistance change is maintained within 20%. Direct writing
technology enables the easy production of patterned flexible
metal circuits with good electrical conductivity and flexibility.
MXene inks are promising candidates for manufacturing

conductive circuits and flexible devices. The author of (Kong
et al., 2022) utilized MXene ink to write electronic circuits on
flexible substrates. This circuit exhibits a fast and accurate
capacitive response in touchpads and water level
measurements, demonstrating the outstanding potential of
these MXene inks in electrical equipment manufacturing.

Stereo Lithography Apparatus (SLA), a series of polymerization
technologies, involves the polymerization of objects on the surface of
liquid prepolymers. Using photopolymerization, it allows the
formation of thin features and geometric shapes in the resin. It is
the most useful for manufacturing hard components and rarely used
in soft robots (Phillips et al., 2022). The author of (Heo et al., 2019)
reported the first 3D printable conductive hydrogel that can be
photocrosslinked while maintaining high conductivity. In addition,
they prepared a gelatin methacryloyl (GelMA) hydrogel
encapsulated in dorsal root ganglion (DRG) cells and pattered
the conductive hydrogel onto the substrate by using a desktop
SLA 3D printer. The 3D-printed conductive hydrogel provides
excellent structural support for the systematic transfer of ES to
encapsulated DRG cells to enhance neuronal differentiation. The
results show that conductive hydrogels can be used as 3D printing
materials for electrical applications, and hydrogel-based electronic
devices are considered promising for biological signal recording and
stimulation of living tissues.

Selective Laser Sintering (SLS) builds objects by selectively
melting powder particles and then fusing them together. The
substrate particles are sintered layer by layer until the structure is
completed. The print resolution is determined by the size of the
particles, and no support structure is required. The author of
(Ding et al., 2022) employed an environmentally friendly method
to prepare a novel mixed powder composed of laboratory-
prepared thermoplastic polyether block amide (TPAE) and
multi-walled carbon nanotubes (MWCNTs) for SLS 3D
printing, and established a carbon nanotube conductive
network structure in a SLS-treated nanocomposite device. In
compression tests with different deformation strains and speeds,
the flexible sensor machined by SLS shows a regular, fast,
sensitive and stable cyclic response, showing its great potential
in artificial electronic skin, human-machine interface and health
monitoring.

3.2.2.3 Fabrication with moulds
Using moulds to manufacture flexible structures is a simple and

effective method. Flexible materials such as polymers, silicone, or
other elastic materials are injected into the mould and cured before
being physically separated to control the shape and structure of the
material. The mould can be reused for multiple production runs.
This manufacturing method allows for the creation of a variety of
flexible structure objects, such as flexible substrates and soft robots
(Wang et al., 2021; Lin et al., 2023), by adjusting the shape and
structure of the mould. The resulting objects possess the desired
shape and size, while also maintaining their softness and elasticity to
adapt to various application scenarios.

Inspired by the movement of earthworms through contraction
and stretching between body segments, the author of (Lin et al.,
2023) proposed an integrated mould-folding diaphragm consisting
of a body segment structure with radially magnetized properties to
achieve large 3D and bidirectional deformations subject to the
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internal volume variation capacity of a low uniform magnetic drive
field (40 mT). In addition, the appearance of the magnetically driven
folding diaphragm based on the proposed magnetic drive can be
easily customized to the desired appearance and then implanted as a
soft drive in different robotic systems.

The author of (Wang et al., 2018) developed an ultrafast
response precisely controllable soft electromagnet actuator based
on Ecoflex rubber film filled with NdFeB. The actuator can be used
to prepare grippers of different sizes and shapes according to
customer requirements, so as to realize the grasping and gripping
function of spherical and cylindrical objects. By optimizing the
matrix and size of the driver, it shows the advantages of ultra-
fast response speed (<0.1 s), large elongation (<120%), good
working stability, high working accuracy for a long time, and
customizable design.

3.3 Integrated methods

3.3.1 Hot pressing
Hot pressing, as a simple and cost-effective method of

preparation, can combine flexible base materials with electronic
components and conductive materials to form the structure of
flexible electronic devices by controlling temperature and
pressure. This method enables high-precision machining while
maintaining the flexibility of the material, and can also be used
to process polymers and their composites to achieve improved
physical properties (Liu et al., 2022), making it ideal for
manufacturing flexible electronic devices. By using hot pressing,
various types of flexible bioelectronic devices such as flexible
substrates and flexible sensors can be manufactured, which
provides new possibilities for lightweight and flexible
bioelectronic products. Therefore, hot pressing technology has an
important application prospect in the manufacture of flexible
bioelectronic devices.

The author of (Liu et al., 2022) studies the impact of hot
pressing on the electrical and thermal performance of thick
conducting polymer poly (3,4-ethylene dioxythiophene):poly
(styrene sulfonate) (PEDOT:PSS) films after acid treatment.
The in-plane electrical conductivity of thick hot-pressed
PEDOT:PSS film exceeded 1500 S/cm, which is 50% higher
than that of non-hot-pressed counterparts. Its in-plane
thermal conductivity reached as high as 1.11 W/mK. Such
electrical and thermal enhancement via the hot-pressing
process is attributed to the optimized morphology and
microstructures, which provide short paths for thermal and
electrical transportation. Therefore, the hot-pressed film can
be used as a flexible conductor and heat sink respectively for
flexible electronics and thermal management.

The author of (Cataldi et al., 2015) designed and manufactured a
material that utilizes a combination of all biodegradable components
(substrate and polymer matrix) and graphene nanosheets. The
configured ink is sprayed on a pure cellulose sheet, which is hot
pressed into a fiber network after drying. The resulting
nanostructured flexible composite exhibits excellent isotropic
conductivity, reaching a very low thin-layer resistance value of
≈10Ω sq-1, depending on the relative concentration between the
biopolymer and the graphene nanosheets. By hot pressing, graphene

nanosheets are embedded into cellulose fibers, resulting in flexible
composites with high electrical conductivity. Unlike the conductive
paper technology, the proposed paper-like flexible conductor
exhibits bilateral isotropic conductivity due to pressure-induced
impregnation.

3.3.2 Packaging
Packaging is the final step in the integration process of flexible

electromagnetic biosensors, aimed at protecting critical components
of the equipment. Generally, materials with flexibility and chemical
corrosion resistance are used to protect biosensing materials from
external factors such as pollution, oxidation, and damage, thereby
ensuring the sensitivity, reliability, and stability of sensors and
extending their service life.

4 Application

This section introduces the application fields of flexible
bioelectronics, mainly from four directions, namely wearable
devices, implantable devices, soft robots and drug
delivery system.

4.1 Wearable devices

The author of (Wan et al., 2020) developed a flexible hybrid
electromagnetic triboelectric nanogenerator composed of
polydimethylsiloxane (PDMS), multi-walled carbon nanotubes
(MWCNTs) and NdFeB particles. The magnetic and conductive
polydimethylsiloxane (MC-PDMS) has certain flexibility, which can
be adhered to rough fabrics and human skin through tape, or even
sewn on cloth. It can not only be used as a flexible magnetic polymer
of EMG to provide electromagnetic induction in the copper coil, but
also as an electrode of TENG to conduct friction electricity. In
addition, the MC-PDMS material can be used for self-powered 3D
trajectory sensing, which involves high information detection
capability above the coil array. The device has great application
potential in wearable electronics and man-machine fields. Structure
schematic of the hybridized electromagnetic-triboelectric
nanogenerator is shown in Figure 3A. And Figure 3B illustrates
the working principle of TENG. When Kapton comes into contact
withMC-PDMS, due to the difference in electronegativity, Kapton is
positively charged while MC-PDMS is negatively charged. When
Kapton slides outward, it generates a positive current signal; Stop
output when fully sliding out. When Kapton slides backwards, it
generates a negative current signal; Contact again to stop output.
Through this cycle, stable current is generated from Kapton motion.

The author of (Li et al., 2023) invented a flexible wearable device
that can be combined with injected Fe3O4 nanoparticles to capture
circulating tumor cells and thus block metastasis. The flexible device
contains origami-like magnetic membranes that attract Fe3O4@Au
nanoparticles (NPs) that are surface modified with specific
aptamers, these NPs are injected intravenously into the blood
vessels, Decoy devices are formed to capture circulating tumor
cells. The death of circulating tumor cells is triggered by light
energy from the flexible AlGaAs LEDs in the device. After
10 cycles, the device showed a capture efficiency of 72.31%. The
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convergence of nanomaterials and flexible electronics reveals an
emerging field that uses wearable and flexible stimulators to activate
the biological effects of nanomaterials to improve the therapeutic
efficacy and postoperative outcomes of diseases. A schematic of a
flexible wearable device capturing circulating tumor cells and
triggering death is shown in Figure 4.

The author of (Fu et al., 2022) proposed a lightweight polymer
porous sponge capable of detecting external magnetic fields and
strain excitation. The sponge is composed of sodium alginate/
chitosan, micron carbonyl iron and nanoscale Fe3O4 magnetic
particles. It has a dual network structure. It shows superior
mechanical strength and hydrophilicity. The sponge sensor
shows significant electrical response to external magnetic fields
and mechanical stimulation, while maintaining relatively stable
recoverability and repeatability. Its sensing properties are highly
dependent on the microstructure changes of magnetic particles
and conductive multi-walled carbon nanotube networks. This
sensor shows high potential in wearable multi-sensor electronics
and intelligent transportation devices. Preparation process of
porous sponge and the ΔR/R0 plot of the sensor attached to the
wrist at different bending angles are shown in Figure 5.

The author of (Pan et al., 2023) proposed a flexible magnetic
field sensor with PZT/CFO double-layer structure that can be
integrated on wearable devices. The sensor was used on a mica
substrate via van der Waals oxide heteroepitaxy, which reduced
the substrate clamping effect and demonstrated a high
electromagnetic response. The flexible sensor has high
sensitivity and stable response to AC and DC weak magnetic
fields. With the increase of bending degree, its electromagnetic

output and detection limit tend to decrease. The flexible
electromagnetic sensor can be integrated into wearable devices
and significantly broadens the potential applications of flexible
magnetic field sensors.

4.2 Implantable devices

The author of (Zhang et al., 2021) proposed a flexible
implantable polyimide catheter device for targeted treatment of
cardiovascular diseases by aggregating magnetic nanoparticles (as
shown in Figure 6A). Specific locations can be reached, such as
narrow blood vessels and complex joint locations. Accurate
treatment and its effective, controlled and sustainable drug
supplementation are achieved through repeated injections of
nanoparticles. The magnetic field generated by the Cu micro
coils fabricated on the PI surface can precisely control the
nanoparticles. In addition, the selected catheter has excellent
flexibility and biocompatibility, and the manufactured device
exhibits good biocompatibility in the carotid artery, with only
mild biological immune response in implanted devices in rats.
This technology has significant implications for cardiovascular
treatment strategies.

The author of (Yang et al., 2022) developed a magnetically
actuated self-clearing catheter that uses magnetic micro actuated
smart catheter (as shown in Figure 6B), IVH is treated in situ by
dissolving the obstructive thrombus through an externally applied
magnetic field. It can speed up the expulsion of blood from the
ventricles, maintain lower ventricular volume, and improve the

FIGURE 3
(A) Structure schematic of the hybridized electromagnetic-triboelectric nanogenerator, and (B) Schematic diagram of working principle of TENG.

FIGURE 4
A schematic of the mechanism by which a wearable device captures and triggers the death of circulating tumor cells.
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survival rate of patients with IVH. The catheter is seven times longer
than conventional catheters and has a higher survival rate (86%)
after treatment, playing a vital role in neurology, urology,
cardiovascular and application.

The author of (Wang et al., 2023), inspired by lymph nodes,
proposed a soft artificial ascites metastasis system with good
biocompatibility. The implantable system consists of a pump
chamber, valves, and pipelines, which are made of soft and
flexible silicone, making them adaptable to surrounding
tissues. The chamber is equipped with a magnetic plate that is
driven by an external magnetic field, as shown in Figure 6C,
which is the working principle of the system. Subsequently, the
system can expel ascites at a maximum speed of 23 mL min-1,

much higher than the natural lymphatic system and existing
technology equipment. The liver function of the experimental
subjects was improved, and there were no serious complications
within 4 weeks, proving the safety and effectiveness of the
treatment. This artificial lymphatic system paves the way for
further clinical research.

4.3 Soft robots

The author of (Reghu et al., 2020) developed a high-performance
artificial insect millirobot driven by laser and magnetic field, which is
based on an insect like functional nanocomposite material based on

FIGURE 5
(A) Fabrication procedures of the porous sponge, and (B) The ΔR/R0 plot of the sensor attached to the wrist at different bending angles.

FIGURE 6
Schematic of Implantable devices. (a) Schematic of flexible implantable catheter device and application scenario. (A) Complex cardiovascular
system; (B) Prefabricated devices placed in blood vessels; (C) Schematic diagram of a device manufactured on the surface of a flexible conduit. (b)
Schematic of the bench-top blood circulation andmagnetic actuation setup; (c)Working principle: The internal electromagnet is driven by an alternating
magnetic field and discharge the ascites from the pump chamber.
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magnetite, zeolitic imidazolate framework-8, and
polytetrafluoroethylene. The millirobot has the characteristics of
effective CO2 gas release, strong magnetic properties and strong
light and heat, and uses near-infrared laser and magnets to
anesthetize drosophila in a non-contact manner, and spatially and
spatially control the release of matrix from nanocomposites at the
desired position on the water surface. Photograph of a prepared
MAG–ZIF-8–PTFE nanocomposite disk is shown in Figure 7.

The author of (Lin et al., 2023) proposed bio-inspired magnetic-
driven folded diaphragm for biomimetic robot. The magnetic film is
composed of the structure of body segments with radial
magnetization property, to achieve deformation with inside-
volume change capability subjected to the low homogeneous
magnetically driving field (40 mT). The bio-earthworm crawling
robot and bio-squid swimming robot are designed using this
integrated mold folding magnetic film (as shown in Figure 8).
The former can achieve crawling, turning, and climbing over
triangular slopes under a single uniform magnetic field, with a
speed of 30 mm s-1. Its crawling speed can be controlled by adjusting
the strength and frequency of the magnetic field. The latter can
achieve swimming movements such as snorkeling, vertical diving,
and horizontal diving at a speed of 24 mm/s under a magnetic field
with a frequency of 2 Hz.

The author of (Sun et al., 2022) developed a magnetic soft
millimeter robot with joint structure by 3D printing hydrogel. The
joint structure can transform bending deformation into folding
deformation, leading to local deformation in the joint area.
Unlike uniform bending deformation, this local deformation
allows the robot to move more, while reducing the overall energy
consumption. Experiments and numerical simulations show that the
magnetic arthropod micro robot can perform multi-mode motion
and programmed shape transformation, such as moving, flipping,

capturing, carrying and releasing. The robot has been successfully
tested in pig organs, including the aorta, stomach, and intestine, for
foreign body removal, showing potential application in surgery.
Fabrication, magnetization, and actuation of bioinspired magnetic
arthropod millirobots made by magnetic hydrogels are illustrated
in Figure 9.

The author of (Joyee et al., 2020) proposed an untethered fully 3D
printed soft robot capable ofmulti-modal locomotion. The robot’smain
body structure is made of magnetic particle polymer composites, which
can be 3D printed with multiple materials. The robot contains two
functional parts, anterior and posterior legs, with embedded magnetic
materials. It has three degrees of freedom and can bend bi-directionally
in the XY plane and Z direction. In addition, the robot integrates a
magnetically controlled drug carrier reservoir in its front leg, which can
store liquid drugs and release them after reaching the target. The drug
delivery process was simulated in both a human stomach and lung
model. This soft robot has immense potential in drug delivery
applications and can navigate through narrow and complex
pathways to deliver drugs precisely to the target. The process of
integrating drug reservoir into robot anterior leg is illustrated
in Figure 10.

4.4 Drug delivery system

The author of (Ye et al., 2023) developed a magnetic
microrobots with folate targeting (as shown in Figure 11A),
which can be used for cancer treatment. The researchers used the
hydrogel network of biodegradable gelatin methacryloyl (GeIMA)
and the porous structure of the magnetic metal-organic framework
(MOF) to load enough anticancer folic acid (FA) and anticancer
drug doxorubicin (DOX) respectively, so that the magnetic

FIGURE 7
Photograph of a prepared MAG–ZIF-8–PTFE nanocomposite disk (left) and a schematic illustration of chemicals in the nanocomposite (right).
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navigation targeting robot can successfully navigate around the
lesion site through the magnetic field. Under the constant
temperature of 37°C, the release of DOX gradually increased in
the first 96 h, and then the release rate began to slow down. The
magnetic microrobot has the body length of 140 μm and the screw
diameter of 50 μm. With the control of a rotating magnetic field
(20mT, 2 Hz), the microrobot can flexibly reach the narrow space
between cancer cells and achieve precise positioning. What’s more,
the inhibitory rate of FA containing microrobot on cancer cells can
reach 93%. It has the characteristics of good biocompatibility, long
internal circulation time, high magnetic response sensitivity, and
stable properties.

The author of (Dolete et al., 2022) developed a drug delivery
micropump based on magnetic alginate film (as shown in
Figure 11B), which drives the deformation of magnetic film through
external magnetic field. Which triggers the release of the drug. Sodium

alginate was chosen as the polymer matrix because the structure of
sodium alginate allows for the binding of different types of molecules.
Moreover, magnetite nanoparticles (Fe3O4) and sodium alginate both
have excellent biocompatibility. Therefore, magnetite nanoparticles are
incorporated into an sodium alginatematrix to prepare amagnetic film.
Under the action of alternating magnetic field, the micro-pump can
achieve 72.91 ± 3.99% drug release within 60 min, and can control the
dose of drug directly released to the site of action.

The author of (Pirmoradi et al., 2011) investigated micropumps
based on a magnetic membrane provided with a centered laser-
drilled aperture that could trigger drug release from a reservoir in the
presence of a magnetic field (as shown in Figure 11C). And the
micropump is mainly prepared from biocompatible PDMS
materials. The concentration of its drug release can be controlled
by the strength of the magnetic field, and the desired dose can be
achieved through repeated actuating cycles. According to their

FIGURE 8
(A) Schematic diagram of the single-section crawling robot; (B) Schematic diagram of a bionic squid swimming robot; (C) magnetization
characteristics of crawling robot component and swimming robot component.

FIGURE 9
Fabrication, magnetization, and actuation of bioinspired magnetic arthropod millirobots made by magnetic hydrogels.
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studies, 3.4 ng of docetaxel could be released every minute in the
presence of a 0.25 T magnetic field. Taxane for the treatment of
proliferative retinopathy.

5 Challenges

This section discusses some of the challenges facing the current
electromagnetic based flexible bioelectronics, including biological
integration, material selection, power supply and packaging, sensing
and control, etc.

5.1 Bio integration

The first is bio integration. The electromagnetic based flexible
bioelectronics are mainly composed of sensor, communication,
driving device and energy supplying device. In application
scenarios such as medical monitoring and invasive surgery,
flexible bioelectronic devices need to have the function of long-
term or continuous monitoring. In addition, they should be tested in
an environment free of electromagnetic interference to accurately
transmit signals to the monitor and provide corresponding
treatment methods for patients.

The integration of flexible bioelectronic devices is an unresolved
issue. Different from traditional rigid electronic devices, flexible
bioelectronic devices have low modulus and high flexibility, which
will lead to poor connection of the interface between the sensor and

the circuit. Therefore, more efforts are needed to ensure the
mechanical stability and performance uniformity of flexible
bioelectronic devices (Li et al., 2020).

In addition, these devices usually need to be miniaturized, and
while reducing size, some integrated components need to be reduced
or eliminated, which creates some limitations in the printing,
driving, control and transportation of robots to the workplace.
Therefore, adopting appropriate manufacturing technologies is
crucial (Eshaghi et al., 2021).

5.2 Material selection

Flexible bioelectronic devices need to be compatible with living
organisms to avoid causing immune reactions or tissue damage.
However, there are still some issues with flexible bioelectronic
materials and manufacturing processes. Some materials may
cause allergic reactions or cytotoxicity.

Good chemical stability and magnetic responsiveness shall be
ensured for magnetic particles; Flexible polymer materials
should: 1) Require soft and stretchable materials; 2)
Biocompatibility and non-toxicity; 3) Recoverability. In
addition, the arrangement and distribution of magnetic
particles within flexible polymers also have an impact on the
performance of electronic devices.

How magnetic particles are evenly distributed in a flexible
substrate is also a problem, and uneven distribution can affect
magnetic properties and work stability; In addition, how to

FIGURE 10
The process of integrating drug reservoir into robot anterior leg. (A) Design of drug reservoir in the anterior leg; (B)Magnetic field from the anterior
magnet creating deflection of the leg skin towards themagnet; (C)Drug released through the small aperture after the anteriormagnetic field is turned off.
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repeatedly produce flexible films with uniformly distributed
magnetic particles in bulk is also a concern for researchers.

In addition, flexible bioelectronic devices need to be able to
adapt to various bending and twisting deformations, and must be
able to withstand long-term mechanical stress and wear. Therefore,
the selected materials should have sufficient stability and reliability
to ensure their long-term use.

For example, although hydrogels have many excellent
properties, there are still many challenges and unmet needs.
When hydrogel loses water or freezes at low temperature, it
will become hard and brittle, without biocompatibility and
flexibility, or unable to maintain conductivity. Secondly, the
weak strength and toughness of hydrogels need to be
improved (Li Y. et al., 2021).

5.3 Power and packaging

Then there is the power issue. The power supply used in flexible
electronic devices should be stretchable, sustainable, self-healing,
green, and low-carbon.

If electronic devices are implanted into organisms, the challenge
of recharging the power supply needs to be considered. Therefore,
more efficient energy management technologies are needed to
extend battery life or achieve energy recovery. Flexible
bioelectronic devices typically require power supply through
wireless energy transmission, but current wireless energy
transmission technologies still face some challenges in terms of
distance, efficiency, and reliability. In addition, if magnetic drive is
used, it can effectively solve the power problem, but it is necessary to
consider issues such as the applied magnetic field strength and
magnetization method. We also need to consider how to design
small-sized, high-performance, and low-power electromagnetic
devices that can work in complex and tiny organisms.

What’s more, it is also necessary to consider the long-term
stability of flexible biosensors in actual working environments. Due
to the environmental factors encountered by implantable electronic
devices in daily activities, such as electromagnetic interference,
multiple signal cross interferenc, humidity, sweat and water
infiltration, or the need to operate in the environment of
biological fluids, further consideration should be given to the
chemical and environmental reliability of human interaction

FIGURE 11
Schematic of the drug delivery system. (A) The illustration of magnetically controlled microrobots for folate-targeted cancer therapy: A
folatetargeting magnetic microrobot system that consists of biodegradable GelMAbased ABF microhelix and FAloaded Fe@ZIF8 nanoparticles was
developed, for which therapeutic drugs can be loaded into the hydrogel net work of the microrobots for cancer therapy; (B) Schematic diagram of drug
deliverymicropump triggered bymagnetomechanical triggering: The filmwas fixed inside themounts so that a constant pressure was applied on all
four sides of the films, while exposure to the release medium was achieved through the slot. The total width of the mount was designed so that it fitted a
1 cm quartz cell in order to directly assess UV-Vismeasurements for the release environment; (C) Schematic illustration of the MEMS drug delivery device
and its operation: the device consists of a drug-loadedmicro reservoir, sealed by an elasticmagnetic PDMSmembranewith a laser-drilled aperture. Once
the device is actuated in an external magnetic field, the magnetic membrane deforms and discharges the drug solution out of the reservoir.
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systems, as well as biocompatibility packaging technology when
designing systems. The packaging layer is indispensable for ensuring
the functional stability of the device (Pyo et al., 2021). The volume of
its equipment should also be as small as possible, so dense filling
materials can be used to make encapsulation, including polymer and
inorganic materials (Hines et al., 2016).

5.4 Sensing and control

Flexible bioelectronic devices need reliable sensors and control
systems to accurately collect and process biological signals and
achieve biofeedback control. For example, flexible bioelectronic
devices need to be able to detect and recognize signals within
organisms, such as electrical signals, chemical signals,
biomechanical signals, and optical signals and convert these
signals into digital signals for processing and analysis.

Spatial accuracy. Although electromagnetic based flexible
bioelectronics can achieve invasive surgery in the human body
and work on complex surfaces such as organs, the spatial
accuracy of its operation is a challenge. Flexible materials may
exhibit nonlinear behavior during deformation, which poses
challenges to the control prediction of the system.

Drive method. The movement of electronic devices can be
achieved through magnetic drive, and through hybrid drives such
as magnetothermal, magneto-optical, and magnetochemical,
multifunctional operations can be achieved, such as grasping,
rolling, and other actions in software robots.

Finally, the flexible bioelectronic devices can be worn on the
human body at present, and the soft characteristics can enable the
devices to be implanted into the human body or animal body, but
they are still in the initial stage, and the operation of flexible robots is
far from being as flexible and elegant as the natural soft creatures.

6 Conclusion

Here, we provide an overview of the current status of flexible
bioelectronics, including the basic composition and working
principle of electromagnetic based flexible bioelectronic. We
discuss the key technologies in flexible bioelectronics fabrication,
involving design method and material selection for soft integration
and sensor fabrication techniques. Additionally, the application
fields of flexible bioelectronics are reviewed, including wearable
devices, implantable devices and soft robots. Finally, we discuss
the challenges facing flexible bioelectronics, such as the need for the
development of new materials with improved mechanical properties
and better production efficiency.

Materials play a key role in flexible bioelectronics. At present, the
flexible materials used are still traditional and common types of
materials. When combined with other materials, their mechanical

properties are often not ideal, such as small stretchable range.
Therefore, there are still many new organic materials that need
to be developed and developed by scientists. In addition, the
preparation efficiency of materials also needs to be improved,
and better and stable processes should be developed to achieve
large-scale production.

On the other hand, the electromagnetic based flexible
bioelectronic also needs further optimization design. By
optimizing the surface structure of the equipment, operations
can be carried out on more complex object surfaces. In addition,
the control accuracy of the device can be improved by combining
deep learning and other methods, so as to design flexible
biological electronic device with more accurate and
stable control.

Overall, with the continuous development of flexible
bioelectronic system integration and magnetic soft material
preparation technology, electromagnetic based flexible
bioelectronic is expected to become an extremely attractive
direction in the fields of biology, medical devices and other fields.
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