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Spinal Cord Injury (SCI) poses a significant threat to the physical and mental well-being of patients worldwide,
with conventional therapeutic approaches demonstrating limited efficacy in restoring neural function. To address
this challenge, we propose a flexible, wireless spinal cord stimulation system equipped with spinal motion
monitoring capabilities. This system integrates a wireless flexible spinal cord stimulator and a self-powered
spinal motion monitor based on a triboelectric nanogenerator (TENG). The stimulator features fractal serpen-
tine stretchable electrodes, which are mechanically compatible with spinal tissue, allowing it to accommodate
spinal deformation and thereby minimizing the risk of tissue damage. The system also incorporates a wireless
receiving antenna (Rx), composed of flexible capacitors and electrodes, designed to receive periodic electrical
stimulation. The wireless stimulation is powered via electromagnetic coupling, eliminating the need for a battery
and making the system more lightweight and multifunctional. Additionally, the spinal motion monitor enables
real-time monitoring of the patient’s spinal health, transmitting data via Bluetooth to assist clinicians and pa-
tients in preventing secondary injuries and optimizing rehabilitation strategies. This work presents a novel in-
tegrated medical device system that combines wireless transmission, therapeutic intervention, and health
monitoring, offering a promising new avenue for advanced healthcare solutions.

1. Introduction

Spinal Cord Injury (SCI) represents a formidable challenge for the
global medical community. With the increasing incidence of traffic ac-
cidents, sports injuries, and other events leading to spinal cord trauma,
SCI has imposed far-reaching impacts on the physical and mental well-
being of affected individuals. According to statistical data, approxi-
mately 250,000 to 500,000 new cases of SCI occur annually, while an
estimated over 15 million people worldwide live with disabilities related
to SCI [1,2]. Spinal cord injuries often result in the loss of motor func-
tion, sensory deficits, and can even compromise the health of internal
organs, thereby placing substantial economic and psychological burdens
on patients and their families.

Despite significant efforts in the medical field, current therapeutic
approaches for SCI predominantly include surgical intervention, phar-
macological treatments, and rehabilitation strategies. However, these
methods have shown limited efficacy in reversing lost neurological
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functions, and patients often experience only marginal improvements in
recovery, with the risk of recurrence persisting [3-6]. Increasingly,
research efforts are being directed toward novel strategies for neural
regeneration and functional recovery, with electrical stimulation
emerging as a particularly promising avenue due to its unique advan-
tages. Studies have demonstrated that electrical stimulation can
enhance endogenous neuroplasticity or neuromodulation, thereby
retraining or restoring residual neural circuits, offering a new pathway
for SCI rehabilitation[7-9]. This technology has already shown consid-
erable potential in the field of spinal cord repair. By promoting the
transmission of neural signals, restoring the function of neural path-
ways, and, under certain conditions, facilitating neuronal regeneration,
electrical stimulation offers a promising approach to SCI recovery [10].

Nevertheless, despite its potential, current electrical stimulation
devices face multiple challenges in practical application[11]. On one
hand, conventional electrical stimulators typically rely on external
power sources connected via wires, which not only increase the risk of
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infection but also significantly hinder the patient’s daily activities
[11-13]. Additionally, most existing implantable stimulators are
encased in metallic shells and utilize rigid circuit systems, resulting in
large and heavy devices that limit their flexibility during implantation
[12,15]. These electrode implants generally exhibit a high elastic
modulus in the gigapascal range, rendering them significantly stiffer
than the surrounding spinal tissue, which can provoke acute and chronic
tissue responses. Over prolonged implantation periods, the mismatch
between the stimulator and the biological tissue can lead to local
inflammation, reduced cellular activity, and ultimately compromise
both the efficacy of the stimulation and the biocompatibility of the de-
vice [16].

To address the aforementioned challenges, researchers have devel-
oped various flexible electrodes [17-22], which leverage advanced
material compositions and structural designs to enhance compatibility
and adaptability with biological tissues. For instance, Zhang et al.
introduced a stretchable structural design to fabricate a vagus
nerve-wrapping electrode inspired by climbing plants. This electrode,
utilizing shape-memory polymers, features reconfigurable shapes and
tunable elastic moduli, effectively minimizing constraint and damage to
the vagus nerve [23]. Additionally, Minev et al. designed a soft neural
implant that conforms to the shape and elasticity of the dura mater. The
flexible encapsulation, made from functional silicone, significantly re-
duces compressive damage to the spinal cord due to its excellent tissue
compatibility and ultralight structure [24]. Although fully implantable
wireless spinal cord stimulators have been realized in previous studies,
their large size poses challenges for long-term biocompatibility [25].

Despite the improvements in tissue-electrode interfacing achieved by
existing flexible stimulators, they still rely on percutaneous wires, which
inevitably increase the risk of infection and displacement. Thus, the
development of a novel electrical stimulator capable of overcoming
these limitations has become a critical task for researchers. This project
proposes a wireless electrical stimulator tailored to the mechanical and
geometric characteristics of the spinal cord. It operates through wireless
power transmission and exhibits both biocompatibility and implant-
ability. By employing electromagnetic coupling for wireless energy
transfer, the stimulator eliminates the need for batteries, resulting in a
more lightweight design with external control and programmability,
allowing for greater flexibility in application scenarios. Furthermore, by
integrating the wireless stimulator with a self-powered spinal motion
sensor, we have developed a system capable of both wireless spinal cord
stimulation and real-time monitoring of physical health during the
treatment process.

This device can be fully implanted within the body, obviating the
need for transcutaneous external hardware, thereby minimizing the risk
of device-related infection and displacement. This innovative design not
only enhances the safety of the stimulator but also improves the con-
venience for patients in their daily lives. With an optimized micro-
geometric design, the electrode structure closely conforms to the spi-
nal tissue, effectively reducing mechanical mismatch and decreasing the
likelihood of complications, thus creating more favorable conditions for
tissue regeneration. To further enhance the performance of the
implanted electrodes, we introduced an inverse structural design. Spe-
cifically, this design allows the mechanical modulus of the implanted
electrode to closely mimic the non-linear stress-strain behavior of spinal
tissue. Compared to most conventional electrodes, this optimized design
significantly reduces mechanical mismatch between the implant and the
host tissue, thereby minimizing tissue damage and providing a more
conducive environment for the normal recovery and regeneration of
neural tissues.

In terms of structural design, the electrodes of this wireless stimu-
lator exhibit a high degree of adaptability, allowing them to conform to
the spinal tissue of different individuals or regions, ensuring optimal
contact with nerves in terms of length, width, and other parameters,
thereby greatly enhancing the effectiveness of electrical stimulation.
Moreover, the programmable nature of the device allows for the
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adjustment of stimulation intensity and frequency, enabling patients to
tailor the treatment to their specific needs under the guidance of medical
professionals.

Furthermore, wireless monitoring of spinal motion is critical for the
success of spinal cord stimulation therapy [16,26,27]. Under normal
conditions, the mechanical load on the spine is relatively low; however,
during high-risk activities (such as severe twisting or heavy lifting), the
forces exerted on the spine can increase significantly, potentially leading
to damage to the implanted stimulator and secondary spinal injuries
[28]. High-risk spinal movements may compromise the integrity of the
stimulator, thereby affecting the efficacy of the stimulation therapy.
Therefore, monitoring spinal motion is essential for preventing struc-
tural damage to the stimulator caused by excessive movements (e.g.,
increased signal noise in the TENG transmission or altered voltage
curves), which plays a crucial role in ensuring the device’s long-term
integrity[29]. Such monitoring can also help clinicians detect poten-
tial electrode displacement early, allowing for timely adjustments.

In addition, spinal motion monitoring is valuable for assessing the
patient’s functional capabilities in daily life. The flexibility and range of
motion of the spine are key indicators of whether a patient is regaining
the ability to perform normal daily activities and resume work [30]. By
regularly tracking spinal motion, clinicians can offer personalized
rehabilitation guidance, helping patients avoid high-risk movements
that may lead to new injuries or electrode-related issues. Moreover, as
treatment progresses, spinal motion monitoring can assist in evaluating
whether the patient’s mobility is gradually improving, enabling ad-
justments to rehabilitation and therapeutic strategies to better support
functional recovery. For example, when the TENG (triboelectric nano-
generator) voltage remains below 10V, it indicates that spinal motion is
within a normal range and no intervention is necessary. However, if the
voltage exceeds 10V, it suggests that the range of spinal motion is
excessive, posing a risk of secondary injury, and precautions should be
taken to prevent such movements (e.g., avoiding severe twisting or
heavy lifting).

By designing and developing an integrated system combining a
flexible wireless stimulator with a self-powered wireless spinal motion
sensor, this study opens new avenues for both treatment and health
monitoring of patients with spinal cord injuries. This system not only
enhances biocompatibility and flexibility but also effectively reduces the
risk of infection and other complications, reflecting the modern trend in
medical technology towards personalized, minimally invasive, and
efficient therapeutic approaches.

2. Results and discussion
2.1. Design and performance of the wireless electrical stimulator

The proposed system, illustrated in Fig. 1A, integrates wireless spinal
cord stimulation and real-time spinal motion monitoring for rehabili-
tation applications. The wireless radio stimulator receives external
electromagnetic energy through a flexible receiving antenna, enabling
full-body implantation of the device. Twin-fractal-serpentine-structured
electrodes are designed to match the tensile modulus of spinal cord
tissue, thereby minimizing mechanical mismatch at the tissue-device
interface. Meanwhile, the spinal motion monitor detects and wire-
lessly transmits kinematic electrical signals via a Bluetooth module to a
mobile device for real-time analysis. This integrated system helps pre-
vent high-risk movements during rehabilitation therapy while miti-
gating secondary injury risks.

Fig. 1B schematically illustrates the composition and integration of
the wireless, flexible, and ultrathin neural stimulator with the TENG-
based spinal motion monitor. The wireless power harvesting compo-
nent of the system includes a single-layer inductive coil configuration
(molybdenum (Mo); diameter: 35 mm/18 mm; thickness: 50 pm;
sourced from Qingyuan Metal Materials Co., Ltd., China), which func-
tions as a loop antenna and is connected in parallel with a flexible
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Fig. 1. Design of the wireless electrical stimulator A: Schematic illustration of a system for wireless spinal cord stimulation and spinal motion monitor; B: The
structure of the wireless flexible system; C-E: twin serpentine fractal structure design; F: Theoretical analysis model of twin serpentine fractal structure; G-I: Force
analysis of twin serpentine fractal structure.

circular capacitor (the complementary structure facilitates the parallel The stretchable electrode (Mo; thickness: 50 pm) are designed with a
connection). The capacitor utilizes polyimide-coated copper foil (PI-Cu) periodic serpentine fractal microstructure, which can be precisely
as the conductor, with DT-15A coating serving as the insulating tailored to achieve non-linear mechanical responses in various target
dielectric layer (thickness: 300 pm; diameter: 35 mm/18 mm), while tissues, thereby minimizing mechanical mismatch between the implant
silver conductive adhesive (04998-AB, SPI, USA) provides electrical and host tissue at the implantation site. The inductive coil and serpen-
interconnections. tine fractal electrodes are fabricated from molybdenum foil via
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femtosecond laser processing. Openings at the electrode terminals allow
electrical stimulation to be transmitted from the receiver (Rx) antenna to
the spinal dura mater.

In addition to mechanical optimization, molybdenum was selected as
the electrode material due to its superior ductility, electrical conduc-
tivity, and excellent biocompatibility[31,32]. Two layers of poly-
dimethylsiloxane (PDMS) encapsulate the entire system on the top,
bottom, and surrounding areas (thickness: 50 pm), ensuring that the
active materials are isolated from surrounding biological fluids during
implantation. The flexibility of the soft implant allows it to be inserted
through a small opening beneath the dura mater. This location provides
a close interface between the electrodes and the target neural tissue,
enabling more efficient electrical stimulation.

To demonstrate these features, we fabricated an implant tailored to
the spinal cord, characterized by its small size, thin profile (receiving
antenna (Rx) diameter: 35/18 mm, thickness 700 um; electrode width:
3 mm, thickness: 150 um, length can be adjusted as needed.), and
lightweight design (0.3 g), suitable for the demanding environment of
the central nervous system(Optical picture in Supplementary material
5). We successfully integrated the soft implant into the subdural space of
the entire lumbosacral segment, where it conformed to the spinal neural
tissue. The implant was securely anchored to the spine using bone
SCrews.

2.1.1. Performance analysis of twin fractal serpentine structure under
infinitesimal deformation

The serpentine structure is one of the earliest designs studied in the
field of flexible electronics, known for its excellent stretchability and
design versatility, making it suitable for various applications. It has been
widely adopted in flexible electronic systems [14,18,33]. Inspired by
fractal geometry, this project introduces a novel fractal-based, dual--
layer serpentine structure. In this design, the structure is subdivided into
smaller segments, each replicating the overall geometry in a self-similar
manner. The mechanical response of this structure is primarily deter-
mined by five geometric parameters: the arc radius (R), arc angle (6),
normalized microstructure width (w), fractal order (N), and the number
of primary units per fractal order ( M). Here, the normalized width is
defined as W = w/Lg, where w and L represent the width and effective
length of the curved microstructure, respectively (Fig. 1F)[34].

In this study, we establish the load-displacement relationships for the
first- and second-order serpentine fractal microstructures based on the
assumption of small deformations. Assuming that the structure’s thick-
ness (t) is much greater than the width of the ligaments (w), the ligament
microstructures are considered to undergo only planar deformation.
Since the distance between two serpentine microstructures is much
smaller than the arc radius (R), the curves of the two serpentine mi-
crostructures can be approximated by the equation of the centerline (the
pink dashed line represents the centerline of the two microstructures).
We investigate the stress-strain relationship of the single microstructure
during the stretching process. The Euler-Bernoulli beam theory is used to
simulate its deformation behavior due to the microstructure has an
elongated geometry [35].

As shown in Fig. 1G, we use the local Cartesian coordinates to
describe the position and geometric parameters of any first-order
microstructure and set the left end of the microstructure as the origin.
The force applied on the microstructure in the free state is shown in
Fig. 1H. The total strain energy of the microstructure can be defined as:

1
— M?3dS 1
2EA f TR / M

wit . (0
A=wt = 12 Ly = 4R, sin (E) (@3]

For the sake of integration, the coordinates of X and Yare represented
by parametric equations: X = X(S),Y = Y(S), and the curve equation for
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Here, Sy represents the total length of the microstructure and Es
represents the elastic modulus of the constituent material. According to
Castiglione’s theorem, the load-displacement equation can be written in
dimensionless form as follows:

w w w 1
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To find the equivalent tensile stiffness of the structural element, we
assume that the serpentine element is only subjected to tension. The
relationship between the strain and the normalized external force of the
structural element is:

(Wﬂ 1 +ﬂ5)No (10)

The projection of the thin line in the y direction is taken as the

Ex=U=
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equivalent width, multiplied by the thickness to obtain the equivalent
area of the unitS = 4R, {1 + cos <7z - g)} t, and the tension is divided
by the equivalent area to obtain the unit equivalent stress:

No

4R, {1 + cos(n—g)}t

The force on the two microstructures is approximately &y, and the
direction is the negative direction of the x-axis. The stress of the twin
serpentine structure is 28y, and the strain is ex. The ratio of the equiv-
alent tensile stiffness of the twin serpentine unit to the tensile stiffness
can be expressed as:

Ox = (1)

5 _ EX _ 25X
E= B (12)

e

Similarly, for the second-order fractal structure, we only need to
calculate $; and f; by integrating the energy equation and then substi-
tute them into the above formula to get its dimensionless tensile stiffness
ratio E. It is only determined by the dimensionless width ( w) and the
radian ( §)( Supplementary material 2).

2.1.2. Performance analysis of twin fractal serpentine structure under finite
deformation

To validate the mechanical behavior of the twin fractal serpentine
structure under finite deformation, we conducted a series of simulations
in the finite element software ABAQUS under uniaxial tension
(Supplementary material 3), with a material Young’s modulus of
324 GPa and a Poisson’s ratio of 0.3 [31,32,36]. A set of structures with
different design parameters of N, M, 0, and normalized width ( w) were
designed to investigate the influence on the mechanical properties.

Fig. 2 presents the equivalent tensile stiffness ratio E*/E; (equivalent
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tensile stiffness E*, elastic modulus of the constituent material: Es) of the
twin fractal serpentine structure, which is defined as the ratio of the
force applied to one end of the structure (while the other end is fixed) to
the equivalent area. The results of the analytical model are represented
by curves, while the finite element method (FEM) results are depicted as
discrete points. It indicates that the FEM data align well with the
analytical solution in Fig. 2, demonstrating that the energy-based
method provides a reasonably accurate prediction of the global load-
displacement behavior.

As shown in Fig. 2A-D, the effects of both variables on the equivalent
tensile stiffness ratio are monotonic: a smaller 6 and a larger W lead to a
lower equivalent stiffness ratio. It can be seen that by altering the design
parameters, the stiffness of the system can be reduced by several orders
of magnitude. This mechanism enables the fabrication of tissue-like soft
electronics using serpentine rigid materials such as silicon and gold
[37-39].

To further explain the influence of # and W on the mechanical
properties, the contour plots are employed to illustrate the normalized
equivalent stiffness ratio. Fig. 3 presents these contour plots for various
configurations: Fig. 3A for (N = 1), Fig. 3B for (N = 2, M = 2), Fig. 3C
for (N =2, M = 3), and Fig. 3D for ( N =2, M = 4). The color scale
represents the base-10 logarithm of the equivalent tensile stiffness ratio(
E*/Eg). The conclusions drawn from these contour plots are consistent
with the observations from the graphs.

The FEA results of the stress-strain (6 — ¢€) curve in the x-direction
with a width of w= 0.025 are shown in Fig. 4. As illustrated in Fig. 4A
and F, the structures gradually straighten as ¢ increases. Fig. 4B-E pre-
sent the experimental 6 —¢ curves for the structures with the design of
first-order fractal geometry. As shown in the figure, The process is
mainly divided into two stages, the first stage is the process of gradually
straightening the structure from the bending state, and the second stage
is the stage of elastic deformation or plastic deformation of the structure.
Due to the different deformation modes of the two stages, the equivalent
elastic modulus of the two stages will be quite different, and the stress-
strain curve will further show a J-shaped § —¢ curve (Supplementary
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Fig. 2. Theoretical and finite element analysis results of equivalent tensile stiffness ratio of twin fractal serpentine structures with different geometric parameters: A:

N=1,B:N=2and M=2, C: N =2 and M= 3, D: N = 2 and M= 4.
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Fig. 3. Theoretical cloud diagram of equivalent tensile stiffness of twin fractal serpentine structure with different geometric parameters A: N = 1, B: N = 2 and M= 2,

C:N=2and M= 3, D: N = 2 and M= 4.

Video 1). Initially, the structure experiences a bending-dominated phase
at low strains, during which the curved microstructure gradually unfolds
as ¢ increases. In this first phase, the § —¢ curve exhibits relatively
modest growth with increasing strain, indicative of a low effective
tensile stiffness. As the bent microstructure is stretched to a nearly
straight configuration, a distinct phase of rapid growth in the stress-
strain curve emerges with further increases in strain. Subsequently,
the serpentine structure transitions into a tension-dominated deforma-
tion phase (the second phase), during which the microstructure is fully
stretched into a linear configuration. This transition is completed once
the bending components are fully straightened, and the J-shaped § —¢
curve enters a linear hardening regime, characterized by rapid growth in
stress and a significantly higher effective elastic modulus. Furthermore,
the results indicated that the equivalent tensile stiffness ratio ( E*/Eg)
decreases with increasing 6.

Fig. 4G presents the FEA results for tension in the x-direction for
models with different values of N, M, (W = 0.025,0 = 210°). The results
indicate that, as the fractal order N increases, the maximum strain of the
structure increases, the tensile performance is enhanced, and the
equivalent stiffness ratio decreases. A comparison between the curves
for M = 2 and M = 4 reveals that, with an increase in the number of
microstructural repetitions ( M), the equivalent stiffness ratio increases
during the linear regime of the first phase. However, in the nonlinear
regime of the second phase, the maximum tensile strain of the structure
increases. Fig. 41J shows the stress distribution in the structures after
FEA stretching. It can be seen that the stress is mainly concentrated in
the top and bottom arcs.

Fig. 4H compares the mechanical properties of second-order fractal
serpentine structures (¢ = 210°, (N=2), (M =2), (M =3),and (M
= 4)) with the stress-strain curve for porcine spinal cord under uniaxial
tension[40,41]. The uniaxial tensile stress-strain curves of the twin
fractal serpentine structures exhibit a certain degree of fit with the
porcine spinal cord’s J curve. Specifically, the (N = 2, M = 4) structure,
shows a high degree of matching with the porcine spinal cord curve in

the strain range from ¢ = 0.5 to ¢ = 0.7. By adjusting design parameters
such as N, M, 6, and w, the mechanical properties can be tailored to suit
various application scenarios. In the electrode stretching experiment, we
connect the encapsulated electrode in series with 24 light-emitting di-
odes (LEDs) (1.5V, Shenzhen Hongtu Weiye Components Mall) and
apply a 36 V DC voltage across both ends. As a result, all LEDs work
normally; when the electrode is stretched to a strain of 70 %, the LEDs’
brightness dose not change (Supplementary Video 2). As shown in the
Supplementary Material 4, we measured the resistance of the twin
fractal serpentine electrodes during the stretching process and observed
that the variation in resistance was minimal relative to the applied load
(with a cortical resistance of 27 Q/mm)[42]. This finding demonstrates
the favorable electrical properties of this structure for neural electrical
stimulation.

2.1.3. Analysis of wireless radio stimulation performance

2.1.3.1. Wireless stimulator preparation process. Fig. 5A illustrates the
fabrication process of the flexible wireless spinal cord stimulator. The
flexible capacitor is composed of a flexible polyimide copper-clad foil
(ASC-FC015SIT1, PI-Coverlay, thickness: 250 um, provided by Zhong-
shan Xinhao Electronic Materials Co., Ltd.) and a dielectric coating
(LOGI-DT15A, supplied by Shanghai Mifang Technology Co., Ltd.,
thickness: 50 um). Two sections of the polyimide copper-clad foil are left
uncovered by the dielectric material on the tail ends, forming oppositely
oriented L-shaped regions of differing sizes for electrical connections.
The L-shaped conductive portion of copper conductor 1 faces down-
ward, while that of copper-clad foil 2 faces upward(Optical picture in
Supplementary material 5).

During the assembly of the capacitor and inductor coil, electrode
wire 1 is threaded through the L-shaped section of conductor 2 from
below and electrically connected to the L-shaped conductive region of
conductor 1. Electrode wire 2 is placed on top of the assembly and
electrically connected to the L-shaped conductive region of conductor 2
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under stretching.

using silver conductive adhesive (04998-AB, SPI Supplies, USA). Finally,
the entire system is encapsulated within two layers of PDMS (50 um,
Dongguan Jieli New Materials Co., Ltd.) membranes with a thickness of
50 pm. The dimensions of the device are as follows: receiving antenna
(Rx) diameter: 35/18 mm, thickness 700 pm; electrode width: 3 mm,
thickness: 150 um, length can be adjusted as needed.

2.1.3.2. Electrical performance characterization. To guide in vivo ex-
periments, we conducted ex vivo tests to evaluate the wireless trans-
mission capability of the electrical stimulator (electrical measuring
equipment in Supplementary material 6). A square wave signal was
transmitted from the input antenna (Tx; OK 30# wire, diameter 35 mm,
200 turns) to the output antenna. The square wave signal was generated
using a DC power supply (UNI-T UTP3315TFL) and an inverter (DC-AC
module; 4-30 V; Foshan Nanhai Fengluan Electrical Co., Ltd.), with the
logic circuit shown in Fig. 5B. The power transmission efficiency of the
device depends on the mutual inductance between the Rx and Tx coils.
This relationship is expressed as M = \/LrxLrx, Where Lry and Lgy

represent the inductance of the individual coils, and the coupling coef-
ficient ( k) defines the degree of magnetic flux linkage; its value pri-
marily depends on the distance and relative orientation between the
coils[43,44]. Proper design choices ensure that the average distance
between the skin and spinal cord in adult patients (lumbosacral region,
10 + 3 mm) is accommodated [45]. Fig. 5C shows the relationship be-
tween input and output voltages for two different-sized receiving an-
tennas at a Tx-Rx distance of 2 mm. The antenna with a diameter of
35 mm demonstrates a favorable input-output voltage relationship,
achieving an output voltage of 2.5 V when the input voltage is 15 V.
Fig. 5D illustrates the relationship between output voltage and the dis-
tance between the input and output coils, with an input voltage of 12 V.
At a transmission distance of 10 mm, the larger coil (D = 35 mm) still
maintains an output voltage of 0.8 V, which meets the requirements for
spinal cord stimulation in rats [46].

2.1.3.3. In vivo spinal cord stimulation experiments. We conducted in
vivo wireless spinal cord stimulation experiments on a rat model (three
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male rats, 350g-400g, implanted with a stimulator antenna of 35 mm
diameter) to demonstrate the practical biomedical significance of the
wireless stimulator and to measure electroencephalographic (EEG) re-
sponses (Fig. 6). Fig. 6A provides a schematic of the spinal cord stimu-
lation experiment, while Fig. 6B-C show the implantation sites of the
spinal cord stimulation electrodes. Fig. 6D depicts the implantation
process of the spinal cord stimulator. The electrode was inserted into the
epidural space through a partial laminectomy between T11 and T12,
and positioned at the L1 and L2 vertebral levels to cover the caudal

region of the lumbar spinal cord. The receiving coil (Rx) was placed
between the dorsal muscles and skin, centered along the spine. EEG
recordings were obtained using a commercial system (Digital Lynx SX -
Neuralynx), with microelectrode arrays (Neuronexus, Jiangsu Brain-
Machine Technology Co., Ltd.) used as the recording electrodes. The
detection electrodes were surgically implanted into the primary motor
cortex of the rat brain at a depth of 1.5 mm and secured with medical
bone cement[47].

The implementation of electrical stimulation relies on an external
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input coil, the Tx antenna (OK30 #wire, 35 mm in diameter, 100 turns),
positioned 2 mm from the surface of the rat’s body and oriented
perpendicularly to the receiving coil of the spinal cord stimulator. Upon
energization, the antenna supplies power to the implanted device.
During testing, the rats were anesthetized, and square-wave electrical
signals with voltagesof 3 V,6 V,9V, 12 V, and 15 V, a pulse width of 10
microseconds, and a frequency of 50 Hz were sequentially applied to the
Tx antenna. Simultaneously, changes in the rats’ electroencephalogram
(EEG) signals were recorded. As shown in Fig. 6E, the evoked EEG action
potentials(EEGAPs) recorded from the first motor cortical area of the
cerebral cortex were captured. All recorded signals exhibited stimula-
tion artifacts followed by evoked EEGAPs. The amplitude and waveform
of the evoked EEGAPs remained nearly constant across each stimulation
event[48]. An enlarged comparison of four evoked EEGAPs is presented
in Fig. 6F. While the waveforms were consistent, the peak potentials (i.
e., 189, 299, 359, and 417 pV) increased proportionally with the applied
voltage to the Tx antenna, which is consistent with previously reported
literature [49,50]. This demonstrates that the spinal cord neuro-
stimulator is capable of meeting the therapeutic requirements for spinal
cord stimulation, providing a viable solution for the development of the
next generation of flexible wireless neurostimulators.

To evaluate the biocompatibility of the neurostimulator with bio-
logical tissues, we assessed the in vivo biocompatibility of the electrode-
spinal cord interface in a dorsal subcutaneous implantation rat model
after 21 days (Fig. 6G-H-I). Blinded histopathological evaluations of the
tissue revealed comparable tissue responses between the implanted and
non-implanted spinal cord sections after 21 days, with no significant
inflammatory response observed following the implantation of the
neurostimulation device (P = 0.27, Fig. 6I)[51].

2.2. Design and characterization of TENG-based spinal motion monitor

2.2.1. TENG electrical output performance

The functionality of the triboelectric nanogenerator (TENG) is based
on the principles of triboelectric effects and electrostatic induction,
which take place when two materials make contact and subsequently
separate. In the contact-separation mode, the TENG employs two
triboelectric materials, with appropriate electrode connections and
insulation between the various layers. This study presents a configura-
tion that includes a metal (Cu, Diameter: 40 mm; thickness: 65 ym)
paired with a dielectric (PTFE, Diameter: 40 mm; thickness: 100 um),
encapsulated by two thin PDMS film ( thickness: 50 um ) (refer to
Fig. 7A). When mechanical forces—such as pressure, bending, or
vibration—are exerted on the TENG, the two triboelectric layers make
contact and then part. This movement disrupts the electrostatic equi-
librium, generating a potential difference across the electrodes. Ongoing
mechanical actions in both forward and reverse directions induce
alternating positive and negative potentials between the triboelectric
layers, facilitating charge generation, as depicted in Fig. 7B. The elec-
trodes capture these charges, which can then be harnessed as a source of
energy [52,53]. The internal structure of the TENG, as well as its inte-
gration into the overall neurostimulator system, is depicted in Fig. 7A.
Here, PETF serves as the triboelectric negative layer, with a Cu slice
functioning as both the electrode and the second triboelectric material.
The entire TENG is circular in shape and forms concentric rings with the
electromagnetic induction coil described in Section 4.1.

The electrical output properties of the triboelectric nanogenerator
(TENG) were quantitatively tested(electrical measuring equipment in
Supplementary material 6), as depicted in Fig. 7C-K. A 15 cm x 15 cm
nylon plate, driven by a linear motor (LPS1, China), was used to cycli-
cally apply force to the TENG sample. From the data presented in Fig. 7,
we investigated the influence of the applied force and the gap between
the TENG layers on its electrical output. When the cycling frequency was
fixed at 1 Hz (Fig. 7C-E), the short-circuit transferred charge (Qsc)
increased from 2.12 nC to 3.40 nC as the applied force rose from 10 N to
90 N. This phenomenon is attributed to the fact that a larger force
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generates a greater contact area, thereby enhancing the triboelectric
charge transfer. It indicates that the device efficiently converts increased
mechanical energy into electrical energy as the applied force intensifies.
Since the open-circuit voltage (Vo¢) and maximum short-circuit current
(Isc) are dependent on the amount of transferred charge, they also
increased with force, rising from 6.96 V and 34.68 nA to 11.96 V and
152.91 nA, respectively.

When the applied force was fixed at 70 N (Fig. 7F), both Qsc and Voc
remained relatively stable at approximately 3.35nC and 10.59 V.
Furthermore, when the applied force was held constant at 50 N, and the
gap distance between the TENG layers was varied (Fig. 7G-H), the
values of Voc, Isc, and Qsc exhibited a slight increase as the gap increased
from 2 mm to 8 mm (from 8.74 V to 9.48 V, 123.00 nA to 162.71 nA,
and 3.03 nC to 3.23 nC, respectively). The maximum output values of
9.48 V, 123.00 nA, and 3.23 nC were recorded at a gap of 8 mm.

The TENG demonstrated good pressure sensitivity (Fig. 7J), with a
sensitivity of 0.082 mV/Pa in the range of 0-40 kPa. Furthermore, the
output voltage, output current, and power density (P) of the TENG were
evaluated as functions of varying load resistance (from 10 to 10 '° Q).
Power density was calculated using the formula: P = I?/R, where-
Idenotes the output current, R represents the load resistance, and A in-
dicates the contact area of the TENG[54]. As shown in Fig. 71, the
maximum power output of 740 pW/m? was achieved at a load resistance
of 60 MQ. Additionally, the TENG exhibited consistent pressure sensi-
tivity across specific pressure ranges, making it suitable for potential
applications in spinal motion sensing. A fitting analysis (Fig. 7J) yielded
a pressure sensitivity of 0.082 mV/Pa within the 0-40 kPa range,
ensuring robust performance for future applications in spinal motion
sensing. To assess the durability of the TENG, we conducted 2000 cycles
of repetitive testing. The results (Fig. 7K) showed no significant varia-
tion in Vp¢, which remained stable at approximately 12V, with the
cycling frequency fixed at 1 Hz. This demonstrates the long-term reli-
ability of the TENG under continuous operation.

2.2.2. Function verification of the TENG-based spinal motion monitor

As illustrated in Fig. 8A, a spinal motion monitor integrating a TENG
and a wireless transmitter was developed. The TENG was implanted in
the intervertebral disc region of a human spinal model to record the
electrical signals generated by spinal movement. These signals were
wirelessly transmitted via Bluetooth to a mobile device for real-time
analysis. In this study, a spinal model was used to simulate three types
of human activities: bending, walking, and jogging (Fig. 8B, Supple-
mentary Video 3). The electrical signals generated by the TENG under
these conditions were measured. The results demonstrated that the
voltage output of the TENG was triggered by spinal motion. The periodic
compression and separation between the vertebrae induced contact and
separation of the TENG’s triboelectric layers, resulting in electrical
output.

The wirelessly transmitted signals revealed that the electrical output
from the TENG increased with the intensity of the movement. During the
spinal model simulation of bending (Fig. 8C), the output voltage was the
smallest (mean: 19 mV; peak: —44 mV). During the walking simulation
(Fig. 8D), the output voltage was higher (mean: 38 mV; peak: —53 mV).
The highest output voltage was observed during the jogging simulation
(Fig. 8E), with a mean of 49 mV and a peak of —60 mV. Furthermore, the
frequency and waveform of the signals varied across different movement
patterns, providing a theoretical foundation for motion detection and
stimulator status monitoring.

Overall, these results indicate that the TENG functions as an effective
energy harvester, capable of converting biomechanical energy from
spinal movements into electrical signals. The compression and release
activities between the vertebrae cause the periodic separation and
contact of the two triboelectric layers in the TENG, enabling it to serve as
a sensor for monitoring spinal activity. Additionally, the TENG is sen-
sitive to pressure changes between the vertebrae. During hazardous
movements, increased pressure leads to a significant rise in the TENG’s
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output voltage, allowing for precise monitoring of spinal motion during
spinal cord injury rehabilitation.

Moreover, the TENG can be connected to wireless devices to transmit
signals to a mobile phone, facilitating real-time monitoring of spinal
movements. This capability is crucial for the timely diagnosis of sec-
ondary spinal injuries and for assessing the integrity of the
neurostimulator.

3. Conclusion

This study introduces a next-generation neural stimulator, specif-
ically designed as a fully implantable, flexible device that is wirelessly
powered and mechanically compatible with biological tissues. Focusing
on spinal cord neural stimulation, we developed a stimulation device
tailored for spinal tissue. The mechanical performance of the electrodes
was optimized using a serpentine fractal structure to align with the
tensile stress-strain curve of spinal tissue, enhancing the mechanical
compatibility between the electrodes and the spinal tissue. Notably, the

12

electrode’s resistance exhibited minimal variation under significant
deformation(70 %), demonstrating stability under load. To circumvent
transcutaneous circuitry and reduce the risk of complications and sec-
ondary infections, we employed wireless inductive power transfer for
energy reception. The device is encapsulated with PDMS, ensuring
compatibility with biological tissues. Experimental results indicate that,
after 21 days of implantation, blind pathological histological evalua-
tions confirm the biocompatibility of the implanted device. Further-
more, we integrated a flexible spinal motion detector based on a
triboelectric nanogenerator (TENG) with the neural stimulator. This
spinal motion monitor demonstrated robust electrical signal output.
Conceptual experiments illustrated that the TENG-based monitor could
generate varying voltage signals corresponding to different physical
activities, with real-time monitoring capabilities via Bluetooth trans-
mission to mobile devices. In summary, we have successfully integrated
spinal cord neural stimulation with spinal motion monitoring into a
single device that is soft, lightweight, biocompatible, and mechanically
matched to biological tissues. The entire system is fully implantable and
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operates wirelessly, with both neural stimulation and motion moni-
toring functions independent of external wiring.
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