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Abstract

Nerve stimulation technology utilizing electricity, magnetism, light, and ultrasound has found extensive
applications in biotechnology and medical fields. Neurostimulation devices serve as the crucial interface between
biological tissue and the external environment, posing a bottleneck in the advancement of neurostimulation
technology. Ensuring safety and stability is essential for their future applications. Traditional rigid devices often
elicit significant immune responses due to the mechanical mismatch between their materials and biological tissues.
Consequently, there is a growing demand for flexible nerve stimulation devices that offer enhanced treatment
efficacy while minimizing irritation to the human body. This review provides a comprehensive summary of the
historical development and recent advancements in flexible devices utilizing four neurostimulation techniques:
electrical stimulation, magnetic stimulation, optic stimulation, and ultrasonic stimulation. It highlights their
potential for high biocompatibility, low power consumption, wireless operation, and superior stability. The aim is to
offer valuable insights and guidance for the future development and application of flexible neurostimulation
devices.

Keywords: Nerve stimulation, flexible devices, electrical stimulation, magnetic stimulation, optic stimulation,
ultrasonic stimulation
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INTRODUCTION

Certain chronic neurological disorders, including epilepsy, Parkinson’s disease, and Alzheimer’s disease, can
lead to various dysfunctions in affected individuals. The application of neurostimulation has shown promise
in alleviating and improving impairments related to movement and cognition, ultimately enhancing the
overall quality of life. The research on electrical-based nerve stimulation for treating neurological diseases in
humans has a long-standing history dating back to the previous century and has had a profound clinical
impact. Under normal physiological conditions, nerve cells transmit nerve impulses through action
potentials to carry out their functions. In pathological conditions, neurostimulation treatments modify or
achieve brain function by delivering electrical signals to neurons. For example, deep brain stimulation
(DBS) involves the implantation of electrodes into specific brain regions, allowing the stimulation current
generated by the pulse generator to flow along the electrodes and produce therapeutic effects.

Neurostimulation devices are utilized to establish a connection between the nervous system and the external
environment, playing a vital role in neural recording and stimulation. The majority of early neural interfaces
were rigid, such as Galvani bimetal arch wire, Fritsch lead wire, and Hubel microwire'". The implantation of
these rigid electrodes in animals can lead to tissue damage, foreign body rejection, and device performance
degradation. Innovative advancements in materials and microfabrication technology have paved the way for
the fabrication of stretchable, bendable, and highly biocompatible flexible neurostimulation devices,
providing a promising alternative. Extensive research is dedicated to the design of advanced device
structures and the development of flexible materials. Materials with excellent biocompatibility [e.g.,
polyimide, polydimethylsiloxane, carbon nanotubes (CNT), hydrogel, parylene, and silk fibroin]”** can be
utilized as substrates or coating materials to prepare implantable or wearable flexible neurostimulation
devices. This approach can achieve effective interface matching between electronic devices and biological
tissues, minimize tissue damage, and enhance the safety of biological applications, all while maintaining the
desired nerve stimulation effect. Researchers primarily employ flexible materials to replace rigid
components in existing devices, create composite materials by combining flexible and functional
components, utilize flexible materials as coatings for functional components such as conductive materials,
and explore the development of nanomaterials with stimulating properties, among other approaches.
Furthermore, traditional direct electrical stimulation (ES) using implanted electrodes faces challenges in
achieving both safe and non-invasive nerve stimulation effects with high spatial precision, resulting in
certain limitations". As a result, researchers are increasingly focused on the investigation of flexible devices
that utilize energy and information transmission mediums such as magnetism, light, and ultrasound. For
instance, one notable example is the use of low-energy infrared light for non-invasive stimulation'” and the
application of transcranial focused ultrasound to non-invasively modulate human brain function”. These
flexible devices offer the advantages of compact size and wireless operation, with the potential to achieve
long-term stability and high-quality neuromodulation and treatment in complex environments.

This review aims to summarize the recent advancements in flexible neurostimulation devices. These devices
are categorized into four groups based on different stimulation methods: ES, magnetic stimulation (MS),
optic stimulation, and ultrasound stimulation [Figure 1]. More importantly, this review analyzes how
flexible neurostimulation devices can meet specific size, safety, and ductility requirements through principle
design, material selection, and structural design under various neurostimulation methods. Additionally, the
challenges of flexible electronic devices for neurostimulation are discussed, highlighting that high
biocompatibility, wireless functionality, long-term stability, and closed-loop stimulation are the key
obstacles and future development trends for flexible neurostimulation devices.
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Figure 1. Flexible devices for electrical, magnetic, optical, and ultrasonic stimulation. Figure “Multi-walled carbon nanotube
electrode”™, reprinted with permission. Copyright 2022, Elsevier; Figure “Optoelectronic retinal prosthetic system”™, reprinted with
permission. Copyright 2005, IOP Publishing; Figure “Piezoelectric nanogenerators"“ol, reprinted with permission. Copyright 2021,
AAAS: Figure “Micro spiral coil™ reprinted with permission. Copyright 2012, Springer Nature; Figure “Organic electrolytic
photocell"™ reprinted with permission. Copyright 2018, John Wiley and Sons; Figure “Photoacoustic nanotransducers”™, reprinted
with permission. Copyright 2020, Elsevier.

ELECTRICAL STIMULATION

ES induces functional responses by modulating the membranes of excitable cells and altering the potential
and activity of nerves and other tissues"’. As early as 46 AD, electric stingrays were utilized for treating
headaches and other ailments"”. The medical application of ES became prevalent in the 19th century,
particularly after the discovery in the 1870s that applying different levels of electricity to dogs produced
varying intensities of response, ranging from localized limb movements to full-body reactions"*. These
early experiments laid the foundation for the development of numerous devices for electrical nerve
stimulation. With the advancements in flexible electronics, devices used for electrical nerve stimulation have
transitioned from rigid to flexible designs.

Direct electrical stimulation

Since the 1940s, Electroconvulsive therapy (ECT) has been utilized as an effective method for treating severe
mood or pain disorders'”. In 1987, Benabid et al. employed DBS to treat Parkinson’s disease"”. DBS is a
technology that implants electrodes into the brain to deliver electric current, stimulating different parts of
the brain. It has shown promising clinical performance; However, due to the use of rigid electrodes, various
chronic neurological complications, intracranial hemorrhage, or infections may occur™. The elastic
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modulus of rat brain tissue is about 0.03 to 1.75 kPa/*

, while that of silicon, tungsten, and other metals or
inorganic semiconductor materials typically exceeds 100 GPa”". This mismatch in mechanical properties
can lead to neuron death or device aging and failure during implantation or movement. Therefore, the

usage of flexible devices is becoming a current development trend.

To effectively mitigate the inflammatory response elicited by tissues, flexible devices for direct electrical
nerve stimulation employ flexible base materials, electrode materials, or coating materials. This approach
effectively addresses the challenge of mismatched mechanical and electrical properties at the interface
between neural electrodes and biological tissues, thereby ensuring optimal stimulation and stability.

Flexible base material

Polymer materials, such as flexible polyimide substrates, offer superior biocompatibility compared to hard
materials, such as silicon and platinum, when used as substrate materials for nerve electrodes. Lai et al.

designed an implantable micromachined neural probe with a multi-channel electrode array””. The flexible
polyimide-based microelectrode array, as depicted in Figure 2A, comprises a long axis (14.9 mm in length)
and 16 electrodes (5 um thick, 16 pm in diameter). These microelectrode lineups are capable of flexing
during implantation. The obtained somatosensory evoked potentials (SSEPs) through thalamic stimulation
and the in vivo measurements of electrode-electrolyte interface impedance remain stable for a duration of
up to 50 days. The reliability of these probes in DBS applications in animals has been verified, making them
suitable for long-term stimulation. Wurth et al. investigated the long-term stability of SELINE polyimide-
based intra-neural implants”’. The implants in 28 mice exhibited normal function six months after
insertion, thus demonstrating the potential of polyimide-based neural implants for long-term clinical
applications. Fujie et al. developed freestanding ultrathin polymeric films, referred to as “nanomembranes”,
using polystyrene (PS)". These nanomembranes can serve as powerful tools for the development of flexible
biological devices and applications in regenerative medicine. However, when utilizing polymer materials to
enhance flexibility, it becomes challenging to penetrate the nerve tissue. To ensure probe stiffness for
withstanding insertion force and achieving accurate positioning, this challenge can be addressed by coating
the probe with biodegradable materials. Xiang et al. developed an ultra-thin flexible polyimide neural probe,
as shown in Figure 2B, with an overall thickness of merely 10 um™. To prevent the stiffness from becoming
too low to penetrate the nerve tissue due to thickness shrinkage, they coated it with maltose, a biodegradable
and biocompatible material, to enhance stiffness. This polyimide-based probe type can mitigate issues
arising from micro-motion between the probe and biological tissue, thereby facilitating long-term
applications, reducing size, and minimizing glial growth.

Flexible electrode material

Flexible neural electrodes play a crucial role in establishing connections between biological tissues and
external devices. Minev ef al. designed and engineered neural interfaces called e-dura, which incorporate
interconnects, electrodes, and chemotrodes™. These electrodes have undergone ES pulses and mechanical
stretch cycles, demonstrating their electrochemical stability, mechanical robustness, and long-term
functionality. Carbon materials, such as CNTs, exhibit high electrical conductivity, flexibility, and chemical
stability””. They can reduce device size and provide advantages such as MRI compatibility. As shown in
Figure 2C, David-Pur et al. proposed a novel flexible neuronal microelectrode device that utilizes multi-
walled carbon nanotubes (MWCNT) films embedded in flexible polymer support, enabling seamless CNT
circuits on flexible substrates”. As shown in Figure 2D, Vitale et al. insulated a single CNT fiber 31 with a
3 um-thick layer of PS copolymer, leaving only the tips exposed as electrically active sites”™. These
electrodes were used in DBS experiments for Parkinson’s disease in rats, confirming the precise
implantation of flexible CNT fiber microelectrodes in deep brain structures and their ability to selectively
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Figure 2. Flexible devices for direct electrical nerve stimulation. (A) Schematic diagram of the polyimide-based neural probe, showing
the flexibility of the probe, which can still move freely after being implanted in the mouse brain region”?.Reprinted with permission.
Copyright 2012, IOP Publishing; (B) Schematic diagram of the ultra-thin flexible polyimide neural probe. After successfully penetrating,
the brain maltose dissolves, and the rigid probe becomes a flexible neural probe'.Reprinted with permission. Copyright 2014, IOP
Publishing; (C) Scanning electron microscope imaging of flexible CNT electrode array mounted on PCB holder™®®’.Reprinted with
permission. Copyright 2014, Springer Nature; (D) Dual-channel CNT fiber microelectrode™®.Reprinted with permission. Copyright
2015, American Chemical Society; (E) CNT yarns with a diameter of 10 um, wound on tungsten for implantation in a nerve, and the
distance between the two CNT yarns after implantation is about 2 mm"®. Reprinted with permission. Copyright 2017, Springer Nature;
(F) Photograph of the implantable ICHB‘”.Reprinted with permission. Copyright 2023, Soft Science; (G) Schematic diagram of the
metal electrode coated with the conductive polymer hydrogel (PEDOT:PSS), which can endow the electrode with superior
biocompatibility and electrical and mechanical properties™’.Reprinted with permission. Copyright 2023, Wiley-VCH GmbH; (H)
Flexible SiC/SiO, bioelectronic system for stimulating the sciatic nerve™® Reprinted with permission. Copyright 2022, PANS. CNT:
Carbon nanotubes; ICH: injectable conductive hydrogel; PCB: printed circuit board; PEDOT:PSS: poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate).

deliver the required stimulation charge for treatment. On this basis, McCallum et al. utilized CNT
manufacturing technology to spin CNTs into yarns with a diameter of merely 10 um"”. They then applied a
thin parylene C layer (3.5 um thick) onto the CNTs. As depicted in Figure 2E, when the yarn was wrapped
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around tungsten microneedles and implanted into rats for 16 weeks, its electrical conductivity and flexibility
increased tenfold, demonstrating the relative stability of the CNT yarn electrode within the nerve and
confirming the feasibility of long-term stimulation. CNT-based electrodes are easy to fabricate and are
resistant to bending. They effectively minimize brain damage and exhibit excellent interfacial
electrochemical performance, making them ideal for biological brain stimulation applications. Furthermore,
room-temperature liquid metals (LM) possess good fluidity and excellent electrical conductivity, making
them suitable for long-term neurostimulation applications. For instance, Tang et al. developed fluid cuff
electrodes that utilize gallium-based LM conductors to achieve long-term stimulation of peripheral

nervest,

Flexible coating material

Hydrogel materials possess excellent electrochemical properties and good stretchability, flexibility,
adhesion, and biocompatibility”?. They can adhere to both metal materials and biological tissues through
mechanisms such as covalent bonds and classical absorption"”. This property makes them ideal interface
materials for connecting flexible electronic devices with biological tissues. Kim et al. developed an injectable
purely conductive hydrogel (ICH) comprising tyramide-conjugated hyaluronic acid (HATYR) and
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). They also prepared ICH-based
array device electrodes” [Figure 2F]. Animal experiments demonstrated the biocompatibility of ICH,
enabling stable monitoring and highly sensitive recording of neural responses to visual stimulation. Zhang
et al. designed robust conductive hydrogel coatings on conventional metal bioelectrodes™ [Figure 2G]. The
researchers implanted bioelectrodes coated with PEDOT:Poly (SS-4VP) into the bilateral dHPCs of freely
moving mice and applied cyclic pulses for ES. The electrode’s electrochemical properties remained nearly
unchanged during the four-week testing period, confirming its suitability for long-term local ES. Nguyen et
al. utilized broadband gap semiconductor nanofilms as biological interfaces” capable of sustaining
electronic components for decades. The device, as depicted in Figure 2H, employs crystalline silicon carbide
(SiC) nanomembranes as a faradic interface and silicon dioxide (SiO,) as an encapsulation layer. It exhibits
excellent hydrolysis resistance and a high dielectric constant, making it suitable as a long-term stable
biological barrier.

Magnetoelectric stimulation

The development of ES devices for deep brain modulation has indeed brought about significant
advancements in the treatment of neurological and psychiatric disorders. However, early devices had
limitations such as their size, surgical implantation requirement, and wired power, which increased the risk
of complications and limited the patients’ mobility and daily activities. One solution to address these
limitations is the MagnetoElectric-powered Bio ImplanT (ME-BIT) technology. Unlike miniature
ultrasound-driven devices that require ultrasound gels or foams for power transfer, ME-BIT devices can
maintain power levels over a wider range of translational and angular misalignments without the need for
such coupling agents. ME-BIT operates on the principle of electromagnetic (EM) induction, allowing for
wireless neurostimulation by delivering EM stimulation through body tissues. However, there are challenges
in power transmission using EM waves, as it requires antennas with feature sizes comparable to the
wavelengths of the EM waves. For sub-millimeter devices, the effective frequency of EM radiation falls in
the GHz range, which can be absorbed by the body, thereby limiting the safe amount of power that can be
transmitted to deep tissue implants. This often necessitates placing the implants closer to the skin
surface™. To overcome this limitation, researchers have turned to near-field inductive coupling (NIC) for
driving implanted devices. However, miniaturization of the receiver coil can lead to a decrease in output
power due to reduced capture flux. Additionally, small changes in the distance or angle between the
transmitter and receiver can significantly impact the function of these miniaturized devices®**’. The
development of more advanced and miniaturized EM stimulation devices with improved power
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transmission efficiency and stability remains an ongoing area of research. By addressing these challenges,
researchers aim to enhance the safety and effectiveness of DBS devices for the treatment of neurological and
psychiatric disorders.

Magnetoelectric (ME) materials enable the possibility of miniaturizing and remotely powering neural
stimulators. Similar to inductive coils, these materials convert magnetic fields into electric fields by
mechanically coupling the magnetostrictive layer and the piezoelectric layer in thin films. When the
magnetic dipoles align with the external field, strain is generated in the magnetostrictive layer, exerting a
force on the piezoelectric layer and resulting in a voltage. Selective activation of the film is possible by
designing multiple films to vary the stimulation frequency. ME materials offer two main advantages: firstly,
stable and effective excitation can be achieved as the device becomes smaller and moves relative to the drive
coil; secondly, the voltage generated by the piezoelectric material depends on the thickness of the
piezoelectric layer rather than its area, enabling the fabrication of small ME films.

Figure 3A illustrates the application of a wireless Magnetostrictive-Elastic stimulator for delivering
therapeutic DBS in a freely moving rodent model with Parkinson’s disease. This demonstrates the precise
control of neuronal activity through ME stimulation'”. To enhance control over the magnitude and
frequency of the voltage generated by the ME material, Yu et al. integrated the ME material with a System-
on-Chip (SoC) to create a wireless programmable neurostimulator for data transmission. This integration
includes an SoC with an embedded ME transducer, a single energy storage capacitor, and an electrode on a
flexible polyimide substrate!”. Building upon this, Chen et al. introduced a wireless millimetric ME implant
for endovascular stimulation of peripheral nerves. As depicted in Figure 3B, this implant successfully
stimulated specific peripheral nerves that were challenging to access through conventional surgery. The
device can transmit stimuli via a percutaneous catheter and receive data and power using the SoC. The
implant utilizes a stacked bilayer material composed of MetGlas (magnetostrictive layer) and lead zirconium
titanate (PZT) (piezoelectric layer). The entire wireless ES system comprises an external magnetic field
transmitter, an ME film for deriving energy and data from the magnetic field, and a custom integrated
circuit (IC) for interpreting digital data and generating the ES delivered by the electrodes. Additionally, the
ME-BIT is enclosed within a customized three-dimensional (3D) printed PLA capsule. It demonstrated that
when wirelessly powered ME-BITs came into contact with the sciatic nerve, they could consistently evoke
compound muscle action potentials (CMAP) with observable leg movements. ME-BITs possess the
capability to modulate stimulus amplitude within a range of 0.3 to 3.3 V. Moreover, they can adjust pulse

43]

widths and frequencies to cater to various neuromodulation applications and provide targeted therapies'*.

In vivo studies conducted in mice revealed that ME nanoparticles can directly link the intrinsic neural
activity electric field with an external magnetic field*". Building upon this finding, Kozielski et al.
introduced the concept of an injectable ME nano-electrode (MENP). This MENP can wirelessly transmit
electrical signals to the brain in response to external magnetic fields. Notably, this regulatory mechanism
does not necessitate genetic modification of neural tissue, allowing the animal to move freely during
stimulation. The two-phase MENPs were constructed using magnetostrictive CoFe,O, (CFO) nanoparticles
coated with piezoelectric BaTiO, (BT)"? [Figure 3C]. These MENPs were stereotactically implanted into the
hypothalamic region of freely moving mice and powered by an external magnetic field. The results indicate
that modulation of the local thalamic subthalamic region promotes modulation of other regions connected
through the basal ganglia circuit, resulting in behavioral changes in the mice. Furthermore, the output of the
MENPs exhibits only a minor dependence on the frequency of the input carrier alternating current (AC)
field. It can effectively locally modulate neuronal activity both in vitro and in vivo using non-resonant
magnetic power.
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Figure 3. (A) Wireless neurostimulator based on ME material™". Reprinted with permission. Copyright 2020, Elsevier; (B) Wireless
programmable neurostimulator for stimulation of perivascular nerves™®.Reproduced with permission. Copyright 2022, Springer
Nature; (C) Injectable ME nano- electrodes'®*’. Reproduced with permission. Copyright 2021, AAAS. ME-BIT: MagnetoElectric-powered
Bio ImplanT; PVDF: polyvinylidene fluoride; PZT: lead zirconium titanate.

The researchers discovered that in the presence of a primary coil, wireless ES can be achieved through EM
induction. This is accomplished using a conductive annular graphene substrate, which was grown through
chemical vapor deposition and serves as a secondary coil [Figure 4A]. Notably, this substrate is
biocompatible for the cultivation of neural stem cells (NSCs).

The application of wireless ES was observed to enhance neuronal differentiation and the development of
neural protrusions without causing significant effects on the viability and overall maintenance of NSCs!*.
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Figure 4. (A) Conductive annular graphene substrate'®. Reprinted with permission. Copyright 2021, John Wiley & Sons, Inc; (B) Highly
conductive flexible multi-walled carbon nanotube membrane®. Reprinted with permission. Copyright 2022, Elsevier; (C) Fe;O,@BaTiO,
nanoparticles-loaded hyaluronic acid/collagen hydrogel[m. Reprinted with permission. Copyright 2021, John Wiley & Sons, Inc; (D) CFO
and BT core-shell structured nanoparticles™®. Reprinted with permission. Copyright 2022, Elsevier. BT: BaTiO5; CFO: CoFe,O;
MWCNT: multi-walled carbon nanotube; NSCs: neural stem cells; rBMSCs: rat bone marrow mesenchymal stem cells.
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Subsequently, a wireless-triggered local ES system was developed. This system utilized a highly conductive,
flexible MWCNT membrane combined with a rotating magnetic field to induce the specific differentiation
of bone marrow-derived cells in rats. MWCNTSs possess properties akin to neural structures, such as
dendrites, making them promising candidates for nerve regeneration techniques and broader biomedical
applications. To achieve this, CNT conductive flexible membranes were created by blending MWCNTs with
bacterial cellulose nanofibers™ [Figure 4B]. Neural differentiation was facilitated by positioning a rotating
magnetic field outside the MWCNT conducting membrane, which had been implanted in rat bone marrow
mesenchymal stem cells (rBMSCs). Local ES, carried out on the highly conductive, flexible MWCNT
membranes, was triggered by the rotating magnetic field. This stimulation was transmitted to the cells
through direct contact between the cells and the nanofiber membrane’s surface, resulting in the
differentiation of rBMSCs into neuronal cells. In vivo experiments conducted on male rats affirmed the
beneficial effects of wireless ES in regulating rBMSCs, thereby holding promise for neural repair.

Tang et al. designed CFO/P(VDEF-TrFE) nanocomposite films by combining magnetostrictive CFO
nanoparticles with a piezoelectric P(VDF-TrFE) matrix. Their investigation revealed that cells cultured on
the nanocomposite film exhibited periodic responses at different time points through the dynamic temporal
modulation of the magnetic field"”. Then, Zhang et al. developed core-shell-structured Magnetostrictive-
Elastic Fe,O,@BT nanoparticles loaded into hyaluronan/collagen hydrogels“ [Figure 4C]. They
demonstrated that ME stimulation facilitated both cellular-level neurogenesis and in vivo recovery from
spinal cord injuries. Qi et al. cultivated piezoelectric BT directly on magnetostrictive CFO to produce core-
shell-structured nanoparticles. These nanoparticles were subsequently integrated into polylactic acid [Poly
(L-lactic acid), PLLA] scaffolds, which are naturally biodegradable and break down completely into water
and carbon dioxide in a bodily fluid environment. Additionally, the CFO cores had the capacity to generate
strain in response to an applied magnetic field driven by the movement and rotation of magnetic domains.
This strain was transmitted to the BT shell layer through interfacial coupling, causing structural changes in
BT domains and resulting in the generation of electrical signals. This approach established a non-invasive
ES system. They substantiated that ME signals effectively promoted cell proliferation and differentiation,
upregulating the expression of genes such as COL-I, OCN, and Runx2, among others"’ [Figure 4D].

Photoelectric stimulation

In wireless devices for ES, the miniaturization, lightweight design, energy supply and storage, and electrode
biocompatibility pose significant challenges, restricting their long-term functionality and application
potential. Photovoltaic power generation, which converts light energy into electrical energy, offers a
solution to the power supply challenge faced by electrical devices. The photovoltaic effect arises from the
exposure of a non-uniform semiconductor to light, resulting in the separation of electron-hole pairs due to
its asymmetric structure, which, in turn, creates a potential difference and establishes an internal electric
field. The flexible photovoltaic ES device, comprising novel materials with excellent biocompatibility, can be
directly applied to the targeted stimulation area. By utilizing wireless EM transmission, visible or near-
infrared light is converted into electrical signals to provide limitless electrical power for neural stimulation
on these flexible devices. This approach reduces the biological harm associated with conventional electrodes
and lays the groundwork for miniaturization and lightweight design. Presently, photodiodes serve as the
primary technology employed in this type of flexible photovoltaic ES device. When a sufficient number of
energetic photons impinge upon the photodiode’s PN-junction, its asymmetric structure generates hole-
electron pairs, resulting in the production of photocurrent.

Retinal degenerative diseases, characterized by the progressive loss of retinal pigment epithelial cells and
photoreceptor cells, are a major cause of blindness. This results in the gradual deterioration of visual
function until complete blindness occurs. Silicon photodiodes, which can efficiently convert light pulses
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into electrical pulses, are a well-established technology that has been extensively researched for their
applications in neuronal stimulation, particularly in the development of artificial retinal prostheses. Flexible
photovoltaic ES devices, which are based on the photovoltaic effect, are commonly implanted on the retinal
surface. These devices sense light, convert it into electric current, stimulate the optic nerve, and induce
visual perception. Additionally, they can be used for the treatment of retinal degenerative diseases™*".
Photovoltaic retinal prostheses have proven to be an effective approach for restoring visual function in

patients suffering from retinal degenerative blindness.

Palanker et al. have conducted a series of exploratory studies on the use of silicon photodiodes to stimulate
the visual nerve of the retina. In 2006, they proposed a design for a high-resolution photovoltaic retinal
prosthesis system. The fundamental concept involves implanting a small, wireless, flexible device that
contains silicon photodiodes into the retina. This device can directly project images onto the silicon
photodiodes using near-infrared light. In the extracellular region, the silicon photodiodes convert light into
pulsed microcurrents. These microcurrents stimulate the optic nerve, activate photoreceptor cells, and
restore vision. Figure 5A depicts the three main components of the system: (a) the image projection
component, which employs an infrared LED-LCD display on goggles to project the image onto the flexible
device within the retina in a collimated manner. This eliminates the need for complex electronic equipment
and wiring schemes while also minimizing the loss of incident light and facilitating the generation of
current on the charged photodiodes of the activated device; (b) the photoelectric conversion component,
which converts light into pulsed current through the photodiodes; and (c) the calibration and tracking
component, which detects pupil-reflected light or LED-emitted backlight using a tracking array that is
aligned with the LCD display plane. This enables image perception and dynamic capture. The technology
has the theoretical capability to perform dynamic scanning at various levels of brightness, thereby restoring
normal vision through the ES of the surviving neurons.

Loudin et al. discovered that the linear conversion width, which defines the dynamic range of stimulation
current that can be delivered by a retinal prosthesis, plays a significant role in converting light linearity to
current in silicon photodiodes. Based on this discovery, they designed and created a wireless flexible device
using photolithography and deposition techniques™. The device, as illustrated in Figure 5B, features a
columnar surface structure to enhance biocompatibility and integrates a silicon photodiode into the SU-8
substrate. Preliminary biological tests indicated that the retinal tissues successfully adhered to the flexible
device without significant damage and moved toward the columns, suggesting that the retinal structure
remained largely unchanged. However, the column design reduces the feasibility of hermetically sealing the
electrode fibers. Further research is needed to identify optimal strategies for enhancing device
biocompatibility and encapsulation compatibility and fully understand the system’s overall functionality.

Mathieson et al. conducted comprehensive research on the existing device and performed advanced
biological experiments”. The image projection component utilizes pulsed near-infrared light (880-915 nm)
to project images onto the flexible photovoltaic ES device positioned beneath the retina. This component
generates pulsed light with adequate intensity to drive the photodiode array effectively while remaining
imperceptible to any remaining photoreceptors. The photodiode array beneath the retina converts these
light signals into pulsed photocurrents in a linear fashion. Iridium oxide electrodes transmit these
stimulation pulses to the retina, primarily targeting the surviving cells in the inner nuclear layer (INL)
[Figure 5C]. Two distinct silicon photodiode arrays were designed: (A) a square array, each diode having a
photosensitive area of approximately 25 um x 25 pm, known as a photosensitive pixel. Each photosensitive
pixel has an iridium oxide stimulation electrode of approximately 10 pm x 10 pm at its center (illustrated as
“17). Additionally, all diodes share a common return electrode situated on the backplane of the array; (B) A
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Figure 5. Flexible photovoltaic electrical stimulation device based on silicon photodiodes. (A) High-resolution photovoltaic retinal
prosthesis system, including image projection part, photoelectric conversion part, and calibration and tracking part'™.Reprinted with
permission. Copyright 2005, IOP Publishing; (B) Silicon photodiodes are packaged with SU-8, and columnar structures are designed to
improve the biocompatibility of the device™.Reprinted with permission. Copyright 2007, IOP Publishing; (C) Two different silicon
photodiode arrays are designed: square and hexagonal™.Reprinted with permission. Copyright 2012, Springer Nature; (D) A planar
monopolar photosensitive pixel structure is designed to reduce the size to 20 um[ssl. Reprinted with permission. Copyright 2022,
Springer Nature. IR: Infrared; GCL: ganglion cell layer; INL: inner nuclear layer; CHO: choroids.
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hexagonal array, where each hexagon consists of three series-connected diodes. The central diode
(illustrated as “2”) has an iridium electrode and is surrounded by a common return electrode (illustrated as
“3”). Two devices were fabricated, with photosensitive areas of 70 and 140 um, respectively. The center
electrode diameters were 20 and 40 um, and each hexagon was separated by a 5 pm groove. The square
diode array can generate a maximum of 0.5 V under physiologically safe light pulses, successfully
stimulating the retina. In contrast, the hexagonal diode array can safely apply higher voltages under
physiological conditions.

The group is dedicated to investigating photovoltaic retinal prosthesis devices with high resolution and
compactness. Boinagrov et al. developed a computational model to optimize the system for maximum
charge injection under various light intensities and stimulation thresholds. The model incorporates
photoelectric current dynamics and utilizes circuit simulation and other methods™. Calculations have
demonstrated that the number of diodes per photosensitive pixel should not exceed 3, with the optimal
number depending on the required charge. Thus, it may vary across different applications. Lei et al.
introduced a new array” that features optimized pixel configuration and reduced size based on the
hexagonal array. The primary approach involves using ultra-thin isolation trenches to separate the diodes
within the photosensitive pixel from adjacent pixels. Additionally, the return electrode is shared between
adjacent pixels to enhance the effective area of the photodiode. Research has demonstrated that arrays with
pixel sizes as small as 40 um can elicit retinal responses under safe conditions of near-infrared light
(880 nm). As the pixel size decreases, the threshold increases, aligning with the decrease in current and the
more stringent limitation of the electric field between the active electrode and the return electrode. By
implanting larger or multiple modules, the number of pixels can be increased to thousands, thereby
establishing the groundwork for restoring high visual acuity. The size of photosensitive pixels in hexagonal
arrays has been reduced to 40 pm under safe stimulation conditions.

In 2D devices, the stimulation threshold increases with decreasing size of photosensitive pixels. When the
size of photosensitive pixels is less than 40 pm, the stimulation threshold exceeds the charge injection limit
of the electrodes. Moreover, excessive crosstalk between adjacent electrodes within each photosensitive pixel
limits the effective electric fields, thereby preventing effective stimulation of subretinal pixels smaller than
55 um. Bhuckory et al. developed a 3D honeycomb photovoltaic prosthesis with 10 um wide holes, building
upon a 40 um device. The honeycomb structure will create an almost uniform vertical electric field,
substantially reducing the stimulation threshold of the device independent of the width of photosensitive
pixels. When a single retinal cell enters a honeycomb electrode hole, it will encounter an almost uniform
vertical electric field, leading to a significant reduction in the stimulation threshold and enabling single-cell
stimulation of the retina™’. Wang et al. proposed a high-resolution photovoltaic retinal prosthesis design
that is implanted beneath the retina using a planar monopolar configuration®. As depicted in Figure 5D,
the electric field within the photosensitive pixels of this device is predominantly vertical. The stimulation
threshold for a 10 ms pulse is approximately 0.06 mW/mm?, which is 30 times higher than that of a 40 um
bipolar pixel (1.8 mW/mm?®). Additionally, with this approach, the pixel size can be reduced to 20 pm
(matching the natural visual acuity limit of 28 pm in rats) without being constrained by the pixel spacing. A
20 um pixel has the potential to restore central vision to 20/80 for AMD patients, thereby holding
considerable clinical implications.

The retinal stimulation technology based on silicon photodiodes has now reached the clinical trial stage.
During visual nerve stimulation, a flexible photovoltaic ES device is implanted beneath the retina, allowing
light to pass through translucent tissue without harm and be directed toward the device. However, when
implanted under the skin or other tissues, the presence of opaque tissues can obstruct the transmission of
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light, resulting in the device’s inability to deliver a consistent current for effective nerve stimulation. One of
the challenges that needs to be addressed is how to generate ES by activating the device with minimal light.

Organic photoelectric capacitors are currently a prominent research focus in flexible photovoltaic ES
devices, offering potential solutions to the aforementioned challenges. The organic photoelectric capacitor is
essentially a photodiode, functioning based on the photovoltaic effect. It possesses an organic material p-n
junction that becomes activated by light and can generate a sufficiently strong current to stimulate non-
transparent tissues for neurostimulation. Rand et al. at Brno University of Technology have been
dedicated to the study of organic optoelectronic devices>**. Rand ef al. optimized existing brain nerve
stimulation approaches, beginning with organic materials, and introduced a highly efficient nanoscale
semiconductor photoelectric system known as the organic electrolytic photocapacitor (OEPC)"™. As
depicted in Figure 64, it essentially consists of a photodiode with a three-layer thin film structure
comprising Cr/Au and p-n semiconductor organic nanocrystals with a thickness of 80 nm. When pulsed
light is applied to the device immersed in physiological saline, electrons accumulate in the n-type
semiconductor layer, while photo-generated holes are injected into the metal. Upon charging the device,
pulsed light is transformed into a localized displacement current, which is sufficiently powerful to safely
stimulate neurons when interacting with organic materials. Through calcium imaging tests, they verified the
capacity and stability of organic photoelectric capacitors in eliciting action potentials under physiological
conditions and provided preliminary evidence of their non-destructive impact on cell viability. Being the
first non-silicon optoelectronic platform with the ability to generate photovoltages and displacement
currents of adequate magnitude for cell stimulation, this device holds the potential to enhance the
photoelectric conversion efficiency of flexible photovoltaic ES devices.

To optimize the efficiency of OEPC, it is necessary to enhance the transport of effective capacitor charge.
On this basis, Silverd Ejneby et al. achieved a significant enhancement in the photovoltaic stimulation
performance of OEPC devices by employing conductive polymer PEDOT:PSS coatings™'. Figure 6B
illustrates the enhancement process. In order to promote strong adhesion of subsequent organic
semiconductor layers, indium tin oxide (ITO) was chosen as the substrate for OEPC. The deep blue regions
in Type II and Type III indicate the presence of the deposited PEDOT:PSS coating. This modification
resulted in a 2-3 times increase in the charge density of the photoelectrode, leading to a significant
improvement in the stimulation performance of OEPC. Additionally, it reduced the interfacial impedance
and provided insights for the miniaturization design of OEPC.

The following year, Silverd Ejneby et al. conducted comprehensive biological experiments involving
OEPC"! [Figure 6C]. A flexible ultra-thin structure incorporating OEPC was developed to construct a self-
locking sleeve band, which was subsequently implanted into a live rat. Deep infrared pulsed light is
employed to irradiate the mice, enabling communication with and activation of the implanted OEPC. This
is facilitated by the ability of deep infrared light to penetrate the skin, fat, and other tissues. The findings
demonstrated that the photoelectric charging and discharging behavior of the OEPC stimulation device
successfully activated the sciatic nerve in live rats. Furthermore, precise control of sciatic nerve stimulation
was achieved by adjusting the intensity and duration of pulsed light. The implantation of the device did not
impede the mice’s physiological movement behavior, and the stimulation operation remained effective for a
duration of up to three months following implantation. The ultra-thin organic photoelectric capacitor
OEPC has a total volume of 0.1 mm’ and can be integrated into a wireless flexible photovoltaic device. This
device is capable of generating adequate in vivo charge to achieve neural stimulation, thereby offering a
viable approach for achieving non-transparent in vivo neural stimulation.
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Figure 6. Flexible photovoltaic electrical stimulation device based on organic photoelectric capacitors. (A) Schematic diagram of a
photoelectric capacitor composed of sequentially deposited Cr/Au and H,P. (p-type) and PTCDI (n-type)".Reprinted with
permission. Copyright 2018, John Wiley and Sons; (B) Schematic diagrams of three OEPC devices, p-type: H,P. (P), n-type: PTCDI, and
the blue overlay in type Il and type Il represents the PEDOT:PSS coating™”. Reprinted with permission. Copyright 2020, John Wiley
and Sons; (C) OEPC achieves wireless stimulation of the sciatic nerve in mice®®. Reprinted with permission. Copyright 2022, Nature
Research. EMG: Electromyography; ITO: indium tin oxide; MEA: monoethanolamine; OEPC: organic electrolytic photocapacitor; PEDOT:
poly(3,4-ethylenedioxythiophene); PEDOT:PSS: poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate); PN: photoconductor
nanocrystalline; PTCDI: photoconductor nanocrystalline.

Organic photoelectric capacitors have significantly enhanced the photoelectric conversion efficiency and
stimulation effectiveness of flexible photovoltaic ES devices. This expansion of their application scope holds
great potential for their utilization in clinical medical treatments for nervous system diseases, making it a
key area of future development.
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Ultrasound-driven electrical stimulation

Ultrasound, as a mechanical wave with a frequency exceeding 20 kHz, has the capability to penetrate
biological tissues and transmit energy. To achieve a wireless power supply, a novel strategy for ultrasound
energy harvesting is proposed. This process involves the transmission of ultrasound waves from an external
source into the body, followed by the utilization of an energy harvester to convert the ultrasound into
electricity. This type of electrical stimulator, driven by ultrasound, has the capability to activate nerve cells.
The use of ultrasound-driven electrical nerve stimulation has several key benefits. First, ultrasound exhibits
excellent directionality in biological tissues and enables penetration to a depth of a few centimeters.
Additionally, the speed of sound in tissues is five orders of magnitude lower than that of radio waves, which
enables the energy to be concentrated in a small area, resulting in high spatial resolution'®’; Second, the
attenuation of acoustic energy in tissues is much smaller than that of EM radiation, allowing for higher
energy conversion efficiencies and reduced scattering'*”; Third, ultrasound generally exhibits a superior
safety profile for biomedical applications. Ultrasound technology has long been utilized in medical diagnosis
and treatment. The U.S. Food and Drug Administration (FDA) allows a limited ultrasound intensity of
720 mW-cm™ to be used in diagnostic applications, which is significantly higher than the safety threshold of
radio waves in the human body"””*!. Therefore, ultrasound serves as an ideal energy source for wirelessly
powering, exciting, and modulating implantable bioelectric stimulation devices.

Piezoelectric materials, as dielectric materials, experience strain when subjected to mechanical stress along a
specific direction. This strain leads to internal polarization, separating positive and negative charge centers
and inducing the formation of electric dipole moments. The crystal structure of piezoelectric materials is
non-centrosymmetric, allowing for the accumulation of opposing charges on two opposing surfaces, which
generates a piezoelectric potential. Hence, piezoelectric materials have the capability to convert energy into
electrical energy, making them an ideal candidate for ultrasound electrical stimulators. To enhance their
piezoelectric performance and energy harvesting efficiency, two key approaches are employed: improved
material selection and structural design.

Due to their small size and unique electrical properties, piezoelectric nanomaterials are capable of
harvesting ultrasonic energy and generating sufficient electrical power over a given distance. Wang et al.

pioneered the development of a nanogenerator based on ZnO nanowires (NWs)!**. After placing vertically
aligned ZnO nano-arrays underneath the serrated electrodes, they utilized ultrasound to induce the bending
or vibration of electrodes and NWs, successfully converting the latent mechanical energy of ultrasonic
waves into electrical energy [Figure 7A]. Ciofani et al. cocultured neuron-like P12 cells with boron nitride
nanotubes (BNNTSs) and performed mechanical stress on them through ultrasound*. The polarization
induced by the piezoelectric properties of BNNTSs under stress affects the inward flow of calcium ions and
creates a potential difference, enabling ES to the neuronal cells [Figure 7B]. Calcium ions play an important
role in the growth of P12 neural protrusions, and a significant enhancement of neural protrusion
development under ultrasound-driven BNNT stimulation was once observed. Next, Marino et al. provided
indirect ES to SH-SY5Y neuron-like cells using tetragonal barium titanate nanoparticles (BTNPs)"*”
[Figure 7C]. Piezoelectric BTNPs were bonded to the cytoplasmic membrane and caused the plasma
membrane to depolarize, activating voltage-gated Na" channels and Ca** channels. As a result, high-
amplitude Ca’ transients are generated, ultimately triggering neuronal activity. Currently, there is a
growing number of nanogenerators being developed from diverse materials and in various forms. With
their performance continually improving, such devices have the potential to be applied in various areas of
spatially confined neural stimulation.
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Figure 7. Wireless neurostimulation using an ultrasound-driven nanogenerator and ultrasound energy harvesting device. (A) ZnO
nanogenerator[“]. Reprinted with permission. Copyright 2007, The American Association for the Advancement of Science; (B) BNNTs
for ultrasound-driven electrical stimulation'®. Reprinted with permission. Copyright 2010, American Chemical Society; (C) BTNPs for
ultrasound-driven electrical stimulation™®.Reprinted with permission. Copyright 2015, American Chemical Society; (D) LF-PUEH to
produce retinal neurostimulation””.Reprinted with permission. Copyright 2019, John Wiley and Sons; (E) F-URSP arrays as visual
prosthesism].Reprinted with permission. Copyright 2022, Springer Nature; (F) PUEH arrays for stimulation of PAG". Reprinted with
permission. Copyright 2021, AAAS. AE: Au/Cr electrode; BNNTSs: boron nitride nanotubes; BTNPs: barium titanate nanoparticles; F-
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After confirming the feasibility of ultrasound-driven ES, researchers have investigated various composite
materials to improve their piezoelectric properties, flexibility, and biocompatibility for efficient implantable
neural stimulation. Piezoelectric ceramic materials are employed for electroacoustic conversion because of
their simple preparation process and outstanding acoustic and electrical properties. These materials exhibit
strong responsiveness to ultrasound and can induce neural activity. Piech et al. presented an implantable
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neurostimulator that is wireless, lead-free, and battery-free based on a lead zirconate titanate (PZT)
piezoelectric ceramic transducer'®”. The designed system consists of a piezoelectric ceramic transducer, an
energy storage capacitor, and an IC. When implanted in the sciatic nerve of an anesthetized rat, the device
consistently generates electrical neurostimulation across a range of physiological responses. Additionally, an
ultrasonic source and an external transceiver provide power and enable bi-directional communication,
indicating potential for future advancements in neural interface technologies.

However, piezoelectric ultrasound energy-harvesting (PUEH) devices made from materials such as PZT
films, PZT 1-3 composites, and so on exhibit low energy density">*”.. Jiang et al. reported a PZT 1-3
composite-based PUEH device, which is encapsulated in flexible silicone elastomers with a millimeter size!”"
[Figure 7D]. In a proof-of-concept demonstration, the developed device was surgically implanted into
isolated pig eyes, resulting in neural stimulation that surpassed the conventional threshold for retinal
stimulation. This breakthrough expands the potential application of ES in essential medical procedures.
Then, they utilized PZT 1-3 composite to fabricate a flexible US-induced retinal stimulating piezo-array.
Such a device integrates a 2D piezoelectric array with 32-pixel stimulating electrodes in a flexible printed
circuit board for direct contact with the retina””! [Figure 7E]. Each piezoelectric element can be activated
individually by ultrasound. A 256-array 2D ultrasound array transducer is used to generate programmable
ultrasound beamlines, which, in turn, activate neural receiver pixels and reconstruct the electronic pattern,
thereby providing an artificial visual prosthesis.

With the emergence of new piezoelectric materials, there has been a significant improvement in the
performance of PUEH devices. As shown in Figure 7F, our group"” designed and fabricated a wireless and
flexible implantable neurostimulator based on Sm-doped Pb(Mg,.Nb,,)O,-PbTiO, single crystals for
analgesia. The entire device is a 6 x 6 elements array with dimensions of 13.5 mm x 9.6 mm x 2.1 mm,
weighs only 0.78 g, and is biocompatible. Such a device can generate up to 1.1 W/cm? instantaneous power
density and 4,270 = 40 nW average charging power in vitro, and after implantation into the rat brain, it can
generate an instantaneous effective output power of 280 pW under the effect of 1 MHz ultrasound at
212 mW/cm®. Most importantly, it can immediately activate the periaqueductal gray (PAG) region of the
brain, achieving pain inhibition.

As is known, traditional piezoelectric materials contain toxic components. Taking into account safety
aspects, it is essential to explore new neurostimulators based on environment-friendly piezoelectric
materials. As illustrated in Figure 8A, Jiang et al. proposed a 3D twining wireless implantable ultrasound-
driven ES system using (K,Na)NbO,-based materials, which combines the advantages of high spatial and
temporal resolution, high power output, and flexible directionality”. The developed device employs a bio-
inspired 3D twining array that allows 3D twining on the surface of the target tissue, enabling multi-angle
energy capture. Chen et al. utilized electrostatic jet printing to fabricate a composite of polyvinylidene
fluoride (PVDF) piezoelectric polymers and inorganic 0.5Ba(Zr,,Ti,,)0,-0.5(Ba,,Ca,,)TiO, (BZT-BCT)
NWs, which exhibited high voltage coefficients”. Prior to the preparation of ultrasonically-excited
piezoelectric thin-film nanogenerators, the researchers applied polydopamine (PDA) coatings on the
surface of BZT-BCT NWs to enhance the interfacial bonding between the NWs and the PVDF polymer.
The developed PVDF/BZT-BCT@PDA thin-film nanogenerators, with a thickness of approximately 10 um,
as depicted in Figure 8B, successfully achieved ultrasound-driven ES of the rat sciatic nerve.

Piezoelectric polymers are a promising candidate for neurostimulators due to their ability to align with soft
organic tissues. Das et al. developed a biodegradable and biocompatible piezoelectric nanofiber scaffold
using PLLA, which provides a programmable surface charge to promote bone development”™. Chen et al.



Liu et al. Soft Sci 2024;4:4 | https://dx.doi.org/10.20517/ss.2023.36 Page 19 of 32

!
Opica foer Dopamine X{ | “ Electrostatic
ol o coating spray printing
forxema connecion
. \ 4\\§
e o . ] f
ncion 5

Trin siicone elastomer

BZT-BCT BZT -BCT@PDA " PVDF/BZT-BCT
il nanowires (@PDA thin films

Au electrode coating
and encapsulation
with PDMS

trace (100 ym)
trode (100 nm)

cloct
Piezo-composite (160 pm)
Ultrasound-driven

Backing layer (305 ym) wireless

per toce (100 ym) stimulation Implantation
iicono atastomor (25 )
Transducor and
opical fbar ) )
Piezoelectric thin film
nanogenerators
(PENG)
‘Wireless stimulation PENG output
s pocn of peripheral nerve o
Ultrasound Peripheral nerye 4
'

Transducer T
Pulse width  Pulse i
Ultrasound Gl sl

,/‘ =
PDMS Auwire  ppnG
Compound muscle action
Tibialis anterior potentials (CMAPs)
Ultrasound-driven Gas,};’}lemius —  TA-CMAPs
electrical stimulation of Smuscles (GM)
GM-CMAPs

C peripheral nerves

o
Acrylamide cn,
(AM) HZNJI\/
=
BIS, APS and TEMED ) — Initial e —
Graphene PAM/graphene PAM/graphene hydrogel
hydrogel nanogenerator (HENG)

— N,
HENG Au wires

o Vagus
Ultrasound input O] ange ECG recoding
Pulse  Pulse - N0
cycle interval , % |

HENG output ‘

- »
 BUKPVB g Air hole

Negative charged electret

Aegative charged FEP _
e H i i T i i i - Vagus nerve
é Dielectric polymer
Stimulation signals Rm,dllg electrode
< . B H
M - -
Positive charged electret

Positive charged FEP 1 Vagus nerve \gp
Electrostatic
self-assembly Uliiasonic wave \
EMG Q%\
\

Ultrasonic probe '

Electrostatic interaction
Surface potential (kV)

Muscle
H-UEH

=

Figure 8. (A) 3D-wrapped wirelessly implantable ultrasound-driven electrical stimulation system based on PA and PU technologies">.

Reprinted with permission. Copyright 2021, Rsc Publishing; (B) PVDF/BZT-BCT@PDA thin-film nanogenerator for nerve stimulation”’*.
Reprinted with permission. Copyright 2021, Elsevier; (C) HENG-based vagus nerve stimulator”’®’. Reprinted with permission. Copyright
2021, Elsevier; (D) Ultrathin piezoelectret with sandwiched polymer structure with good implantability[m Reprinted with permission.
Copyright 2021, Elsevier; (E) H-UEH is based on multilayered piezoelectric electret based on air-hole arrays for nerve stimulation”’®’.
Reprinted with permission. Copyright 2022, John Wiley and Sons. BZT-BCT: 0.5Ba(Zr,,Ti,)05-0.5(Ba, ,Cay;)TiO,; ECG:
electrocardiography; FEP: fluorinated ethylene propylene; HENG: high-performance hydrogel nanogenerators; H-UEH: high-efficiency
ultrasonic energy harvester; PA: photoacoustic; PDMS: polydimethylsiloxane; PDA: polydopamine; PU: piezo-ultrasound; PVA: poly(vinyl
alcohol); PVDF: polyvinylidene fluoride.

proposed a wireless rechargeable, battery-free vagus nerve stimulator based on high-performance hydrogel
nanogenerators (HENG) implanted in the body [Figure 8C]". HENG is a liquid-based nanogenerator that
integrates graphene into the polyacrylamide (PAM) hydrogel matrix. By modulating compressive force, the
double electric layer at the PAM/electrolyte interface induces ACs through electrostatic induction, thereby
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providing ES to the vagus nerve. This stimulation effectively suppresses pro-inflammatory cytokines. With
dimensions of 1.5 cm x 1.5 cm x 1 mm and an ultrasound power of 0.3 W/cm?, the HENG generated a
short-circuit current of 1.6 mA, which is comparable to the output current of commercial neurostimulators.

Piezoelectric electrets extend the piezoelectric effect to non-polar polymers, in contrast to current
piezoelectric materials. They possess a high equivalent piezoelectric coefficient, exceptional flexibility, and
excellent biocompatibility. In Figure 8D, Xu et al. presented an ultrathin piezoelectric electret with a
sandwich polymer structure, which achieved piezoelectric constants (d33) up to 930 pC-N" through
electrostatic interactions””. The piezoelectret utilizes a polyvinyl butyral (PVB) dielectric with a large
modulus of elasticity. It has good implantability. In Figure 8E, Wan et al. demonstrated an ultrathin
multilayered piezoelectric electret (~75 pm) with strong piezoelectric properties”™. They achieved this by
introducing an array of air holes connected in parallel in the dielectric layer between a pair of piezoelectric
electrodes, which allows for greater strain from stronger stress concentration, enabling efficient ultrasound
energy harvesting. It achieves a peak output power of about 13.13 mW and a short-circuit current of about
2.2 mA at an ultrasound excitation of 25 mW/cm’. A series of peripheral nerve stimulations, including
sciatic and vagus nerves, were successfully performed in a rat model, demonstrating the broader range of
potential applications for piezoelectric electret-based implantable neurostimulators.

OTHER FORMS OF NERVE STIMULATIONG

Traditional ES achieves continuous wired power supply through implantation, but this approach can lead to
severe foreign body reactions, negatively affecting animal movement and causing other adverse effects.
Additionally, non-specific ES poses challenges in accurately targeting the desired tissue, often resulting in
neurological complications. Consequently, numerous novel neural stimulation methods have been
developed to address these challenges and mitigate the adverse effects associated with ES. This section
provides a description of flexible devices utilized in various innovative nerve stimulation methods, including
magnetism, light, and ultrasound. Furthermore, the developmental trends of these devices are highlighted.

Magnetic stimulation

Unlike ES, MS does not deliver current through electrodes but rather applies current stimulation through
EM induction. The MS stimulator delivers a short-lasting current through the coil that produces a strong
time-varying EM field perpendicular to the transducer coil. The magnetic field passes directly through the
tissue surrounding the brain and induces a phasic electric field in the target tissue. An action potential is
triggered when the electric field induced by the MS is strong enough to depolarize the membrane potential
of a given neuron above a certain threshold.

Transcranial magnetic stimulation

Wireless modulation of neural activity is clinically accessible through transcranial magnetic stimulation
(TMS), which does not require an implanted device!™*. Magnetic fields generated by coils placed on the
scalp can effectively penetrate the electrically insulated skull, allowing MS to induce strong, moderately
spatially focused intracranial currents in brain tissue. Depending on the stimulation site, sequence
parameters, and other factors, TMS pulses can lead to long-term changes that either enhance or inhibit
neuronal excitability and specific behaviors.

It is important to note that TMS primarily modulates the cerebral cortex'® and has limitations in terms of
depth-focused regions™*!, making DBS with TMS currently unfeasible. TMS can be used for various
neuronal stimulation by adjusting different stimulation parameters. Single-pulse TMS (spTMS)"* and
paired-pulse TMS (ppTMS)"™ can target time-dependent neuronal processes, with their effects lasting only
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a fraction of a second. In contrast, longer sequences of repetitive TMS pulses (rTMS) can induce lasting
neuroplastic changes, offering therapeutic potential. Therefore, TMS pulses are typically administered in
sequences"*™ or in more complex patterns, such as theta pulse stimulation (TBS®), quad pulse stimulation
(QPS™), and repetitive ppTMS (rppTMS™). In general, high-frequency rTMS (5-25 Hz) tends to be
facilitative™, while low-frequency rTMS (~1 Hz) typically reduces excitability'*”. However, it is important
to note that the mechanisms underlying TMS activation and rTMS-induced plasticity are intricate and not
fully understood.

Micromagnetic stimulation

TMS devices are typically large and are less effective for reaching deeper subcortical brain targets. However,
studies have found that sub-millimeter coils can effectively activate neural tissue, and the orientation of
these coils relative to neural tissue can yield specific neural responses. These findings underscore the
feasibility of neurostimulation using miniature magnetic coils, small enough to be implanted within the
brain parenchyma. As a result, micromagnetic stimulation (uMS) emerges as a viable alternative to
traditional TMS devices. One advantage of uMS is its potential compatibility with MRI when turned off.
This is because the pMS coil is electrically isolated from adjacent tissue, thereby limiting the extent of
thermal induction. Furthermore, micro-coils can be placed in close proximity to target tissues, potentially
enhancing the precision of elicited neural activity. These coils can also be encapsulated with various
biocompatible materials.

For instance, when microcoils were used to stimulate rabbit retinal ganglion cells, it was observed that uMS
induced neural activity"! [Figure 9A]. Subsequently, pMS was shown to activate neural circuits at the
systemic level and was applied to the dorsal nucleus of the cochlea to activate hypothalamic neurons
[Figure 9B]. Importantly, different MS parameters were found to yield varying efficacy and
characteristics”"!. Furthermore, the development of miniature solenoids, with dimensions as small as 80 um
by 40 pm and featuring a magnetic core to generate a stronger magnetic field, represents a significant
advancement. These solenoids are fully encapsulated in biocompatible coatings. The reduction in the size of
uMS probes results in improved spatial resolution, reduced heat generation by the inductor, and the ability
to activate more neurons around the probe. As illustrated in Figure 9C, these solenoids are compact enough
to be implanted within the brain and used as chronic neural interfaces. They have demonstrated their
effectiveness as alternatives to existing electrode-based stimulation devices'*”.

Optic stimulation

Optogenetics

The rapid advancement of optogenetic modulation, a distinct form of brain stimulation, along with its
adaptable devices, is noteworthy. Optogenetics serves as the fundamental basis for optogenetic technologies.
In the 1960s, scholars initially proposed the conversion of electrical information from neurons into visible
light signals. When neurons generate electrical impulses, the electric field alters the molecular structure of
the chemical dyes used for neuronal staining, resulting in a change in color. These chemical dyes specifically
adhere to the neuron membrane’s surface and do not penetrate the cell. Measuring the color of the dye
allows for the visualization of neural tissue, facilitating a clear observation of brain activity. Building upon
this line of inquiry, scholars conducted further investigations. In 2005, Boyden et al. successfully expressed
light-sensitive proteins in mammalian neurons by combining lentiviral gene delivery with high-speed light
switches to transfect a naturally occurring algal protein called channelrhodopsin-2 (ChR-2). Through the
regulation of neurons using various light wavelengths, they gained control over action potentials between
neurons and the excitatory/inhibitory transmission among synapses, thereby paving the way for optogenetic
technology®™.
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The principle of optogenetics involves employing gene manipulation techniques to introduce light-sensitive
genes (such as ChR-2) into neurons, enabling the production of specialized ion channels. Upon exposure to
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different light wavelengths, these ion channels selectively facilitate the passage of cations or anions, resulting
in alterations in the membrane potential on both sides of the cell membrane. This process serves the
purpose of selectively stimulating or inhibiting cells. Optogenetics, a technique that combines genetic
engineering with light manipulation, is currently undergoing refinement and finding extensive applications
in various domains, particularly in the investigation of brain circuit function.

In 2021, Yang et al. published a study on an implantable wireless optogenetic electronic device, highlighting
its promising potential for conducting optogenetic experiments on individual and group animal
behavior®. The study involved the development of both head-mounted (HM) and back-mounted (BM)
flexible wireless implanted devices [Figure 10A]. The researchers utilized u-ILEDs, which were fixed at the
tip of the puncture probe, to deliver optical stimulation to neurons. These p-ILEDs were integrated with
near-field communication and microprocessor technology, enabling real-time control of the optical
stimulation. The devices were powered through magnetic inductive coupling, while the incorporation of
mechanically designed extendable flexible electrical technology ensures the long-term stability of the
implanted device and substantially reduces the harm inflicted on animals during the implantation process.
Furthermore, the researchers developed an NFC-programmable system based on the device, which allows
real-time control of interbrain dynamics in investigations involving multiple brains. Moreover, it facilitates
optogenetic studies on group behavior.

Rajalingham et al. from MIT utilized optogenetics to investigate non-human primate behavior through the
development of Opto-Array [Figure 10B]. The long-term implantation of the flexible light-emitting diode
array enables high-throughput optogenetic interventions and facilitates the study of behavior-related
optogenetics in intricate brains, including those of rhesus monkeys". This investigation ruled out any
interference from photothermal effects and provided evidence that optogenetics based on Opto-Array can
modify the primary visual cortex of macaques, resulting in significant changes in brightness discrimination.
This finding indicates that Opto-Array’s reliable technical support can be leveraged for optogenetic research
in complex brain behaviors, among other areas.

Infrared light neurostimulation

The safety of optogenetics remains uncertain due to its reliance on viral gene transfection. The application
of optogenetics in disease treatment is limited and challenging, particularly regarding its integration with
flexible devices. In 2005, Wells et al. introduced a groundbreaking approach to neural stimulation by
utilizing pulsed infrared laser irradiation at levels significantly below the tissue damage threshold"". With
ongoing improvements in biological mechanisms and device fabrication processes, the techniques for
modulating neuronal function through direct optical stimulation are advancing as well.

Nowadays, there is a widely accepted understanding that infrared neural stimulation operates through a
photothermal mechanism, wherein the absorption of infrared light by water generates heat. This sudden
temperature change produces transmembrane capacitive currents or activates thermosensitive ion channels,
which, in turn, affects the electrical activity of neurons. Nevertheless, excessive photothermal effects can
frequently lead to cellular and tissue damage. An alternative hypothesis suggests that the generation of
action potentials through infrared neural stimulation relies on the activity of ion channel proteins located
on the cell membrane, with the vibrational frequency of chemical bonds within proteins aligning with the
mid-infrared range. In the event that mid-infrared light of a specific frequency resonates with crucial
chemical bonds within ion channels, it has the potential to modulate channel function and consequently
impact neuronal electrical activity.
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In 2022, Wu et al. presented a novel technology for deep brain neural regulation using near-infrared light
capable of penetrating the intact scalp and skull®”. This technology, depicted in Figure 10C and based on
macromolecular infrared nanotransducers (MINDS), utilizes near-infrared pulsed light (NIR-II) to elicit
DBS in awake and freely behaving mice. Comprising pBBTV and poly(lactic-co-glycolic acid)-polyethylene
glycol (PLGA-PEG), MINDS possesses an average diameter of around 40 nm. The pBBTV core
demonstrates efficient absorption of 1,064 nm near-infrared light, converting it into heat, whereas the
PLGA-PEG shell exhibits favorable water solubility and biocompatibility. Experimental tests revealed that
MINDS achieves a photothermal conversion efficiency of 71% at 1,064 nm, maintaining structural stability
under normal physiological conditions and exhibiting exceptional photostability during repeated NIR-II
irradiation. Subsequent to the injection of MINDS into the mouse brain, the in vivo verification of NIR-II
neural stimulation was conducted in the mouse hippocampus and motor cortex. The local thermal effect
induced by MINDS activates the heat channel protein TRPV 1, selectively modulating the activity of neurons
that express TRPV1 in the deep brain of mice. This study presents a novel approach to neural regulation in
sociobehavioral investigations, circumventing physical constraints and potential brain tissue damage
associated with invasive equipment, in contrast to conventional optical neural stimulation methods.

Ultrasonic stimulation

Since 1929, researchers have been observing the fascinating effects of ultrasound on neural activity"®. In
recent years, the numerous advantages and potential of ultrasound nerve stimulation have come into
sharper focus. Studies have shown that by using focused ultrasound, it is possible to influence sensory and
motor responses in different animals, such as rodents”'*”, larger animals""'”, and primates"*"".
Surprisingly, ultrasound has the remarkable capacity to pass through the skull, allowing for long-distance
transmission. It reaches deep brain neuromodulation without physically or thermally damaging the delicate
tissue network by modifying the electrophysiological activity of the neurons in the stimulation area based
on mechanical effect’*'*!and the phenomenon of non-inertial cavitation*”. Mechanical effect means that
low-intensity focused ultrasound can cause mechanical vibration of the cell membrane of the nerve cells,
stretching the phospholipid bilayer and exerting mechanical force on the cell membrane. It is worth noting
that the cell membrane contains a vast number of highly sensitive to mechanical force ion channels.
Applying low-intensity focused ultrasound will unavoidably cause these ion channels to open or close,
thereby altering the electrophysiological activity of the stimulated nerve cells and achieving
neurostimulation. Cavitation is the phenomenon in which small liquid bubbles vibrate, expand, and
collapse due to modifications in stress within the acoustic field resulting from ultrasonic stretching and
compression oscillations. Two types of ultrasonic cavitation exist: stable and inertial cavitation. In the non-
inertial cavitation process, low-intensity ultrasound bubbles focus and oscillate repetitively between the
phospholipid bilayers of the cell membrane, instigating localized shear stresses which, in turn, trigger force-
sensitive ion channels residing in the cell membrane and produce neural stimulation. One may successfully
alter the course of neuromodulatory consequences, giving them a greater sense of significance, by deftly
adjusting factors such as the center frequency and strength of ultrasonic pulses"*'**.

Researchers have extensively studied miniaturized ultrasound neurostimulation devices based on an initial
understanding of the principle mechanisms of ultrasound neuromodulation. Our group reported the
specifications of a small, focused ultrasound transducer, as depicted in Figure 11A, which had a center
frequency of 650 kHz, a diameter of 12 mm, a focal point of 9 mm, and a peak acoustic pressure of up to
0.47 MPa in the focal area"”. Kook et al. developed a lightweight miniature ultrasound neuromodulation
system, weighing just 0.75 g, through the integration of a 3D-printed acoustic lens and a MEMS ultrasound
transducer [Figure 11B]""*. This system enables numerical analysis and design of neural stimulation based
on the frequency and pressure of transmitted ultrasound beams, allowing for precise stimulation of multiple

target areas through acoustic holography. The above-mentioned findings demonstrate that ultrasonic
modulation provides a safe and non-invasive method for stimulating the nervous system.
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The intricate electrical connections in piezoelectric or capacitive ultrasound transducers impede device
miniaturization and hinder their use in wearable or implantable neuromodulation applications. However,
the inadequate frequency characteristics of piezoelectric ultrasound result in a spatial resolution of only a
few millimeters, which fails to meet the demands for precise spatial neural stimulation. Researchers have
explored the use of the photoacoustic effect to generate acoustic waves for direct neuromodulation of brain
nerves. Jiang et al. developed a miniaturized Fiber-Optoacoustic Converter (FOC) that achieved stable
neural activation within a 500 pm radius of the fiber optic tip [Figure 11C]"". The electrophysiological
recordings exhibited a reflection latency of < 100 ms, enabling precise modulation of the motor and
somatosensory cortex in mice with sub-millimeter spatial accuracy. In comparison to the piezoelectric-
focused ultrasound stimulator, the photoacoustic stimulator, with a tip diameter of approximately 600 um,
generates low peak sound pressure, preventing the occurrence of thermal effects in biological tissues and
enhancing its implantability. Building upon this foundation, Shi et al. introduced a tapered fiber
optoacoustic emitter (TFOE) capable of generating sub-millisecond ultrasound pulses with a spatial
accuracy of up to 39.6 um, facilitating precise modulation of individual neurons or subcellular structures
such as axons or dendrites'® [Figure 11D]. Photoacoustic transducers have demonstrated sub-millimeter
level ex vivo and in vivo neurostimulation capabilities in this field and hold promise as an emerging
therapeutic tool for neurodegenerative diseases in the future.

Typical ultrasound modulation devices primarily comprise an ultrasound stimulator and an external unit,
connected mainly through a wired interface. However, conventional power supply methods for implantable
or wearable devices are constrained by inherent limitations in size, capacity, and lifespan, hindering their
practical implementation. Researchers have integrated biocompatible nanomaterials with photoacoustic
transducers to develop implantable nano-ultrasound stimulation devices capable of wireless ultrasound
generation through the supply of energy via highly penetrative laser radiation. Jiang et al. developed
biocompatible and biodegradable photoacoustic nanotransducers (PANs) using semiconducting polymer
nanoparticles [Figure 11E]"". Injection of PANs into the cerebral cortex enables non-genetic neural
activation of neurons in vitro and the motor cortex in the mouse brain. The PANs achieved precise
activation of individual neurons when excited by NIR-II light transmitted through a tapered optical fiber.
Zheng et al. employed a nanocomposite technique to incorporate CNTs into silk fibroin, yielding a flexible
and biocompatible photoacoustic material [Figure 11F]""”.. Implantation of these CN'T/silk scaffolds in the
target region enables neurostimulation and nerve development, facilitated by the application of NIR-II light
with significant penetration depth. The stimulation provided by these NWs presents a novel approach to
ultrasound.

CONCLUSION AND OUTLOOK

With the continuous advancement of neurostimulation devices, neurostimulation has emerged as a crucial
approach for treating neurological diseases. This review presents flexible devices with diverse stimulation
modes that have demonstrated outstanding performance and therapeutic potential. However, significant
challenges remain to be addressed, and the following aspects warrant further attention in future
development.

(1) High biocompatibility: while most neurostimulation devices are invasive and may damage biological
tissue upon contact, the use of polymer materials with improved biocompatibility as flexible substrates or
electrodes is common. However, their Young’s modulus still lags significantly behind that of biological
tissues. Therefore, the selection of more flexible and thinner materials is necessary to manufacture devices
capable of achieving unprecedented effects.
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(2) Long-term stability: certain neurological diseases are chronic in nature and necessitate implants for
long-term neurostimulation within the body. The presence of the device in the body’s biological
environment accelerates device aging and failure, potentially causing harm to the patient. Managing chronic
conditions necessitates the use of long-lasting, flexible electronic devices capable of maintaining stable
functionality during human activities and within biological environments.

(3) Wireless and low power consumption: wireless connections between implantable devices and signal-
emitting devices can minimize invasiveness and eliminate the risks associated with repeated surgeries.
Powering the device using energy from motion or external energy transmission (e.g., magnetism,
ultrasound) significantly reduces the risk of battery depletion in implantable electronic devices, obviating
the need for additional external power sources. Consequently, the development of neurostimulation devices
should prioritize wireless functionality and low power consumption.

(4) Achieve closed-loop stimulation: closed-loop stimulation enables accurate detection of specific nerve
signals for precise delivery of treatment. For instance, the predominant stimulation mode in most DBS
techniques is open-loop stimulation, which administers fixed-pulse ES based on predetermined parameters.
In comparison, closed-loop stimulation offers greater precision and efficacy. The integration of
neurostimulation devices with neural signal recording devices represents a crucial advancement for
enhancing therapeutic outcomes.

The future development of flexible devices for nerve stimulation hinges on continuous innovation in
materials, design, and manufacturing technology. We firmly believe that through collaboration among ICs,
neuroscience, clinical medicine, and other disciplines, flexible devices for nerve stimulation will assume a
pivotal role in medical applications.
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