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% Check for updates Optimizing stimulation protocols for peripheral neuromodulation often

depends on patient feedback, which can result in inconsistent clinical out-
comes. Here we present a closed-loop control system for peripheral nerve
stimulation (PNS) that utilizes evoked compound action potential (ECAP)
feedback to regulate stimulation parameters, addressing the limitations of
traditional methods. Unlike established closed-loop control techniques in the
central nervous system, such as local field potential and spike analysis, a
comparable approach for the peripheral nervous system remains under-
developed. ECAPs can be consistently observed across peripheral nerves,
providing a reliable measure of nerve activation. We developed a fully
implantable device and neural interface for tibial nerve stimulation (TNS) that
incorporates the proposed closed-loop system. This TNS system shows pro-
mise as a PNS treatment for alleviating overactive bladder symptoms. In a rat
model, the system demonstrated longer micturition intervals and greater
effectiveness compared to conventional motor response-based control.

Neuromodulation is a clinical approach that involves the suppression
or excitation of target nerves to regulate abnormal neural activity
through artificial stimulation, utilizing electrical, magnetic, or ultra-

(SCS) for chronic pain management®, have achieved FDA approval and
demonstrated statistically significant patient outcomes in modern
clinical settings”™. Traditionally, neuromodulation techniques have

sonic energy according to established clinical protocols'”. To date,
various neuromodulation treatments, such as deep brain stimulation
(DBS) for Parkinson’s disease®, transcranial magnetic stimulation
(TMS) for psychiatric disorders®, and epidural spinal cord stimulation

been primarily applied to the central nervous system, which presents
lower accessibility. However, there is growing interest in the modula-
tion of peripheral nerves, which offer higher accessibility and serve as a
critical pathway for neural signals that directly regulate various organs.
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As a result, research associated with peripheral nerve stimulation
(PNS)™® for chronic conditions such as hypertension'®"” and bladder
dysfunction®? is actively advancing. Ongoing investigations aim to
expand the clinical applications of PNS, addressing diverse medical
needs and improving patient outcomes. These advancements indicate
that further refinement of PNS could lead to more precise and effective
therapeutic solutions, offering significant potential for personalized
treatment.

Currently, PNS protocols are periodically determined by medical
professionals who analyze the patient’s condition and adjust treatment
regimens by modifying factors such as duration, intensity, and stimula-
tion frequency??. However, optimal treatment protocols are subject to
continuous variation due to the changes in individual physiological
conditions, drug interactions, and disease progression stages**?. Addi-
tionally, fluctuations in the electrode-to-nerve interface can significantly
impact physiological equilibrium, potentially hindering the acquisition
of meaningful outcomes from the applied stimulation®. Despite stan-
dardized protocol management across patient groups, achieving con-
sistent outcomes for all individuals remains challenging. This variability
is evident in specific studies”*’, which report differences in effective-
ness among equivalent groups. Furthermore, there are documented
cases®*” of excessive electrical stimulation applied to some individuals
within controlled groups, risking tissue and nerve damage. Despite these
risks, methods that utilize maximum stimulus intensity at the patient’s
tolerance level are still practiced. Existing PNS systems often face chal-
lenges due to the absence of reliable feedback mechanisms, resulting in
suboptimal stimulation parameters and inconsistent therapeutic out-
comes. Additionally, these systems struggle to adapt to individual
patient variability and continuously fluctuating neurophysiological
conditions, reducing their overall efficacy. In this context, the proposed
ECAP-based feedback system is poised to offer a more precise and
adaptable approach to neuromodulation, enhancing therapeutic out-
comes and significantly improving patient satisfaction. The resultant
ineffectiveness or adverse effects sometimes outweigh the benefits of
neuromodulation. This instability has driven the development of control
methods that continuously incorporate relevant physiological
feedback®™¢, rather than relying on periodic adjustment based on
empirical observation or experience.

The technological landscape of neuromodulation is rapidly evol-
ving, driven by the development of bioelectronic systems that enable
real-time signal recording and closed-loop control**¥. Capturing
comprehensive physiological signals enhances the precision of ther-
apeutic interventions by providing quantitative analysis. In particular,
neural signal monitoring has led to significant advances in DBS and
SCS. The use of local field potential (LFP) and spike analysis for closed-
loop control’® has greatly improved the management of conditions
mediated by central nervous system disorders. However, while these
established interventions have progressed to treat conditions such as
epilepsy" and even hypertension”, LFP and spike analysis do not
effectively translate to the peripheral nervous system, presenting
challenges in their adaptation and application. To address the limita-
tions of current PNS, attention must shift toward control systems that
leverage measurable and effective features within the peripheral ner-
vous system to maximize the outcomes of neuromodulation.

Here, we propose a closed-loop PNS control system that uses
ECAP as quantitative neural feedback to optimize stimulus parameters.
This approach offers superior precision and adaptability for direct
neural interfacing and has the potential for high scalability across
various PNS treatments. Unlike LFP and spike analysis, which typically
require complex, high-bandwidth systems and extensive computa-
tional resources, ECAP monitoring imposes a significantly lower engi-
neering load while still delivering reliable neural feedback. This makes
the proposed approach both efficient and scalable, offering superior
precision and adaptability for precise PNS control across various
treatments. This versatility stems from relying on nerve signal

feedback—specifically, ECAPs observed across nerve strands—rather
than being limited to specific physiological parameters of chronic
conditions. The proposed system is designed to be fully implantable,
integrating custom-developed devices for measurement and stimula-
tion. It monitors ECAPs from stimulation to assess nerve activation,
providing feedback for the control system to adjust stimulus para-
meters accordingly (Fig. 1a). Additionally, our custom-developed
electrodes for neural signal measurement, coated with a hybrid ionic
gel (gelatin methacryloyl (GelMA) with choline-malate ionic liquid) on
a flexible mesh electrode, enhance neural interfacing compared to
conventional metal electrodes. This design improves signal fidelity and
electrode stability by offering high capacitance and electrochemical
stability. To assess the in vivo performance and feasibility of the sys-
tem, we selected tibial nerve stimulation (TNS) as the application for
this closed-loop neuromodulation method. TNS is an emerging treat-
ment for alleviating overactive bladder (OAB) symptomes. In this study,
we evaluated the effectiveness of the proposed system by monitoring
the controlled bladder activity***°. We compared the results of TNS
using conventional motor response-based methods*** with those
obtained using our ECAP-based control system (Fig. 1b).

Results

System evaluation through TNS application

In clinical settings, TNS treatment is commonly used to alleviate
symptoms of urinary disorders, such as urinary incontinence and
OAB*®. TNS aims to reduce detrusor muscle overactivity and relieve
symptoms of urgency and frequency in the bladder. Although the
precise mechanism of TNS remains uncertain, it is believed that this
effect may stem from the modulation of afferent signals triggered by
bladder distention, leading to the maintenance of bladder
continence**, By monitoring bladder activity through intra-bladder
pressure (IBP) measurement, we conducted a quantitative analysis of
the increased micturition interval achieved by the applied stimulation.
Measurement data collected during stimulation was excluded due to
susceptibility to electrical artifacts, which could interfere with the
interpretation of genuine physiological responses. To ensure accuracy,
data from the post-stimulation window were analyzed, allowing for a
clearer and more reliable assessment of micturition patterns.

The proposed bioelectronic system was specifically designed for
TNS, with an implantable device and electrode configuration tailored to
meet the requirements of TNS therapy. The system delivers electrical
stimulation to the tibial nerve, while response signals are measured from
the sciatic nerve to assess neural activity. Using ECAP analysis, detailed
in the Methods section, the system adjusts the stimulus intensity to
ensure precise control and effective neuromodulation. While traditional
TNS relies on toe tremor as a criterion for determining stimulus inten-
sity, the proposed system uses ECAP as a feedback feature to analyze
nerve activation increment as the selection criterion. Traditional TNS
systems determine stimulus intensity based on toe tremor, whereas the
proposed system leverages ECAP as a feedback feature to assess nerve
activation increments as the selection criterion. This approach reduces
the need for repeated adjustments to reach an appropriate threshold,
addressing the limitations of traditional methods, which can be time-
consuming and less efficient in optimizing stimulus intensity. To eval-
uate the performance of the proposed feedback-based stimulation
optimization system, motor response (toe tremor) was monitored via
EMG for comparison with the conventional method.

Threshold evaluation for stimulation intensity control

The experiment protocol, shown in Fig. 2a, outlines the threshold
testing phase conducted to evaluate the motion threshold and the
ECAP threshold for each subject. During this test, stimulus intensity
was incrementally increased (in 5 pA steps, from 20 to 255 pA, within a
safe range for direct nerve stimulation*®) while nerve signal and EMG
responses were continuously measured. Our experiment employed a
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Fig. 1| Overview of ECAP-based control system. a Diagram of the nerve signal
analysis feedback-based system. The system stimulates the nerve and measures the
nerve signal. ECAP signals are captured for analysis, and stimulation is controlled
based on ECAP feedback. b Representative diagram illustrating the system
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IBP

evaluation in a TNS application. Comparison of micturition interval changes by
stimulation control method: conventional method (motor response) vs. proposed

method (ECAP-based feedback). (* IBP: intra-bladder pressure) Created in BioR-
ender. Rachim, V. (2025) https://BioRender.com/3p6aulk.

nerve cuff electrode and low-intensity stimulation, minimizing unin-
tended current spread. Given the anatomical distance of the tibial
nerve from major visceral organs and the absence of motor responses
even at proximal muscles, influence to unintended targets are unlikely.

Figure 2b presents the threshold analysis results from repre-
sentative data obtained during the test. The top plots show the EMG
and nerve signal response relative to the applied stimulus intensity.
The motion threshold was defined as the stimulus intensity at which
EMG activation occurred, while the ECAP threshold was determined by
a significant increase in the ECAP amplitude, as analyzed through the
rate of change in the integrated ECAP. The threshold test ensured the
accurate measurement and confirmation of both thresholds, with the
motion threshold averaging 94 +2.2 pA and the ECAP threshold aver-
aging 117 £ 4.5pA. Figure 3a shows the motion threshold and ECAP
thresholds measured from eight rats, consistently indicating that the
motion threshold was lower than the ECAP threshold. Comprehensive
analysis data can be found in supplementary information (Supple-
mentary Fig. 1 and Supplementary Table 1).

The tibial nerve, which branches from the sciatic nerve, consists of
both motor and sensory nerves, encompassing various types of nerve
fibers*’%, These fibers have distinct physical and electrophysiological

characteristics. As fiber diameter decreases and myelination reduces,
progressively higher stimulus intensities are required to activate and
propagate action potentials, in the following order: Ax-, AB-, A6-, and
C-fibers*. The afferent innervation of the urinary bladder primarily
involves AS and C fibers’®", while motor responses arise from Ax
fibers®. The higher ECAP threshold compared to the motion threshold
suggests that additional nerve fibers were activated as the ECAP
threshold was reached. This approach allows for more precise inten-
sity adjustments by using ECAP as a specific physiological marker,
offering quantitative control superior to traditional methods.

TNS effectiveness comparison for system evaluation

For treating OAB, reducing urinary frequency is one of the important
factors. In the main experiment, the effectiveness of micturition
interval increase was compared between groups stimulated at the
motion threshold and ECAP threshold intensities. Figure 2c shows a
representative micturition pattern measured during this phase.
Motion threshold stimulation was conducted first, followed by ECAP
threshold stimulation, with a resting period of at least 1h between
trials to minimize residual effects. IBP was monitored throughout the
experiment to assess micturition activity and compare results from
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Fig. 2 | Application of the proposed system for TNS compared to the conven-
tional motor-response method. a Experimental protocol for the acute condition
evaluation. A threshold test is performed in the preliminary phase, followed by the
main experiment where stimulation trials are conducted using the evaluated thresh-
old. b Process of the threshold test for evaluating motion threshold from EMG and

ECAP threshold from nerve signal measurements (technical n = 5). Representative data
of subject #1. ¢ Micturition patterns from intra-bladder pressure (IBP) monitoring,
showing normal state, motion threshold stimulation, and ECAP threshold stimulation.
Micturition intervals were analyzed for TNS effectiveness comparison. Data are pre-
sented as mean values + SD. Representative data of subject #1.

stimulation trials with the normal state. The bottom subplot illustrates
the result of the micturition interval analysis. Motion threshold sti-
mulation resulted in a marginal increase in micturition interval,
whereas ECAP threshold stimulation led to a 38% increase compared to

the normal state (normal: 171.1+21.6s, motion threshold:
179.2 £20.2 s, and ECAP threshold: 237.0 £ 69.9 s).
Figure 3b presents the analyzed micturition interval results from

the normal state, motion threshold stimulation, and ECAP threshold
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stimulation across eight rats. While motion threshold stimulation
resulted in less than a 10% increase in the micturition interval, ECAP
threshold stimulation achieved a significant increase. In addition to its
profound effectiveness, a pattern of micturition suppression was
exclusively observed with ECAP threshold stimulations (Supplemen-
tary Fig. 1 and Supplementary Table. 1). Micturition suppression,
characterized by increased pressure and retention, was observed in
rats 5-8. However, these rats regained normal micturition reflexes
within 30 min post-stimulation, indicating that the proposed stimula-
tion modality induces a transient, acute, and fully reversible response.
This suppression aligns with the previously reported prolonged
bladder-inhibitory effect™>°, which was also fully reversible and did
not cause long-lasting impairments in bladder function.

Previous studies*’> have explained variations in electro-
physiological characteristics and functional roles based on the specific
types of nerve fibers. Nerve responses after the stimulus pulse were
consistently observed within the signal window, gradually increasing
as the stimulus intensity rose. The significant increase in ECAP ampli-
tude observed at the ECAP threshold is likely attributed to the acti-
vation of additional nerve fibers during action potential propagation.
At stimulus intensities reaching the ECAP threshold, more nerve fibers
are activated, leading to a cumulative rise in ECAP amplitude as their
activation thresholds are progressively met. However, the variation
among activated nerve fiber types suggests that stimulus intensity at
the motion threshold may be insufficient to achieve the desired neu-
romodulation effect, as it may not engage enough necessary fibers to
produce the intended therapeutic outcome.

These findings highlight the limitations of conventional methods.
Motor responses often fail to correlate with optimal therapeutic out-
comes, resulting in inadequate neuromodulation effects. When the
initial stimulus intensity is insufficient, it is manually increased to
achieve the desired therapeutic effect. However, motor responses lack
precision in this adjustment process. In contrast, the proposed
approach enables more precise adjustments by incorporating quanti-
tative feedback from ECAP analysis, resulting in more targeted neu-
romodulation. Our experimental results demonstrated that the
proposed system achieves better alignment with the desired outcomes
than the conventional method.

Device validation for operation in implant conditions

The custom implantable device’s circuitry comprises a microcontroller
unit and an electrophysiology interface, enabling the integrated
operation of nerve stimulation and signal measurement. It also fea-
tures wireless communication and wireless power transfer (WPT) for

use under implanted conditions. The device was assembled in a
custom-designed packaging case that includes a WPT transmission coil
and a Li-Po battery (Fig. 4a). This case is designed to provide both
hermetic sealing and allow radio frequency signal penetration. Wire-
less control, data transfer, and WPT were successfully tested in vivo
before the implantation experiment. Figure 4b shows the results of a
temperature test conducted during maximum amplitude stimulation
and WPT charging. The temperature increased by 0.7 °C after 30 min
and by 1.2°C after 1h. Under idle conditions, the temperature
increased by 0.6 °C after 6 h. During the implanted operation, the
temperature rose by 1.1 °C following the protocol, remaining below the
2°C safety limit for implantable medical devices.

Power consumption was primarily attributed to the electro-
physiology interface’s operation. Power consumption during full
operation (stimulus pulse signal generation at maximum amplitude)
was measured at 86.8 mW, while idle condition consumption was
48.5mW (Fig. 4c). The system remained fully operational for 5h and
could maintain idle mode for 2 days without recharging. During WPT
charging, the system was operational for over 12 h, since the TNS
protocol required stimulation for only 30 min, charging during
operation was unnecessary.

Nerve signal measurement cuff electrode

Flexible electrodes for neural signal recording are designed to closely
match the mechanical properties of neural tissue, reducing mechanical
mismatches and thereby minimizing inflammation and potential long-
term damage. Their flexibility enhances tissue integration and increa-
ses the contact area between electrode and tissue, which improves
charge transfer and enhances sensitivity for neural signal detection.
Another critical feature of these electrodes is their ability to maintain
electrical stability over extended use, preventing performance degra-
dation. This combination of mechanical compliance and long-term
electrical stability makes flexible electrodes ideal for reliable, long-
term neural interfacing, optimizing signal detection while reducing
tissue damage. To meet the necessary characteristics for such
recording electrodes, an equivalent circuit model of the tissue-
electrode interface in bioelectronics is shown in Fig. 5a. For record-
ing purposes, the most critical factor is achieving a high recording
voltage (V.ec). The voltage signal (V.), generated by ionic currents from
action potentials (IAP) in the extracellular medium, passes through the
tissue-electrode interface, which comprises contact resistance (R.) and
electrical double-layer (EDL) capacitance. Therefore, lower Re and
higher EDL capacitance at the electrode interface are essential to
ensure effective recording electrodes.
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To achieve these properties, we fabricated an ion-gel-coated,
stretchable Au electrode on an elastic nanofiber mesh. The ion gel,
made from GelMA biopolymer combined with choline malate ionic
liquid, provides high EDL capacitance. This ion gel was stably coated
onto the stretchable Au electrode via photo-crosslinking (Fig. 5b and
Supplementary Fig. 4)*. Figure 5c shows the thickness variation of the
Au mesh electrode before coating (Au MESH) and after applying the
GelMA ion gel (GelMA MESH), as measured by AFM, with thickness
increasing from -2 to 4 pm. The GelMA ion gel, with a high ionic
content (80 wt%) on the mesh, exhibited a modulus of 87.3 kPa, similar
to human nerve tissue (Supplementary Fig. 5)%. Additionally, the
integration of the ion gel coating showed a stress relaxation effect due
to the viscoporoelastic properties of the ion gel (Fig. 5d)°**°. The stress
on the Au MESH initially decreases and then stabilizes over time. In
contrast, the Gel[MA MESH, and the GelMA MESH after soaking in
phosphate-buffered saline (PBS) to simulate physiological conditions,
showed a progressive reduction in stress magnitude over time, indi-
cating that the force applied by the electrode on the nerve gradually
diminishes.

Next, the electrical stability of the GeIMA MESH was evaluated
under varying strain rates. For the Au MESH, the resistance remained
relatively stable at lower strain levels but it increased sharply when
strain exceeded 50% (Fig. Se and Supplementary Fig. 6). This behavior
is attributed to the cracks forming in the electrode as the spacing
between sputtered Au layers on the mesh expanded under tensile
stress. In contrast, the GelMA MESH exhibited superior mechanical
resilience, as the tensile force was effectively distributed through the
ion gel coating. Even at 100% strain, the initial resistance remained

largely unaffected, indicating excellent strain tolerance of the GeIMA
MESH. Additionally, at a maximum strain of 20%—the highest stress
typically endured by human nerves®-®>—repeated cyclic testing showed
that the Au MESH could not maintain its initial resistance beyond 100
cycles, with a sharp increase in resistance observed. In contrast, the
GelMA MESH exhibited outstanding stability, retaining its initial
resistance even after 1000 cycles (Supplementary Fig. 7). This high-
lights the superior mechanical durability of the GelMA MESH under
repetitive strain conditions, demonstrating its potential for long-term
cyclic loading.

The electrochemical stability of the GelMA MESH was assessed
through multiple charge-discharge cycles using cyclic voltammetry
(CV). To evaluate electrochemical performance, the GeIMA MESH was
immersed in PBS and used as a working electrode during CV mea-
surements (Fig. 5f). For the Au MESH, capacitance formation was pri-
marily attributed to ion accumulation at the Au-PBS interface, resulting
in surface-limited capacitance. In contrast, the GelMA MESH benefited
from the high volumetric capacitance of the GelMA ion gel, leading to a
significantly higher current density (Fig. 5g). Moreover, during repe-
ated charging and discharging cycles, the Au MESH exhibited sub-
stantial variations in initial current values and charge storage capacity
due to redox reactions after 1000 cycles. By comparison, the GelMA
MESH maintained stable current density and charge storage capacity,
even after 1000 cycles, demonstrating superior electrochemical sta-
bility (Fig. Sh). These findings further support the use of GelMA-coated
flexible electrodes in long-term neural interfacing applications, where
both mechanical compliance and electrical reliability are essential for
optimal performance.
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Fig. 5 | Mechanical and electrochemical stability of the GeIMA MESH recording
electrode. a Equivalent circuit design of the human tissue and electrode interface
for the recording electrode. b Schematic of the stretchable electrode fabrication
sequence. The electrode was manufactured by coating gold onto a SEBS mesh and
then coating it with ion gel. ¢ 3D and 2D atomic force microscopy (AFM) images of
Au MESH and GelMA MESH stretchable electrodes. d Time-dependent
stress-relaxation behavior of the electrodes before and after soaking in PBS for
0-1000 s. e Impedance changes in the stretchable electrode under strain.

Potential (V)

f Schematic illustration of the three-electrode cyclic voltammetry (CV) setup used
to analyze the stability of the stretchable electrode. Au MESH and GelMA MESH
were soaked in PBS solution as the working electrode. Data are presented as mean
values + SD. g CV curve comparison between Au MESH and GelMA MESH during
multiple cycles of charging/discharging. h Charge storage capacity (CSC) changes
in Au MESH and GelMA MESH during various cycles. Data are presented as mean
values + SD.

System evaluation in an implanted freely moving rat
The custom-developed device and electrode were carefully designed
to meet the requirements for a fully implantable system. This process
involved optimizing both their functional capabilities and physical
characteristics to ensure stable performance in the in vivo environ-
ment while achieving effective neuromodulation. The validation pro-
cess included rigorous testing and refinement to ensure that both the
device and electrode could withstand the implanted condition,
ensuring successful implementation for the selected TNS application.
The system was assembled and implanted into a freely moving rat
according to the procedure outlined in the Methods section. After a
recovery period of 3-day post-implantation, the rat underwent the
experiment protocol outlined in Fig. 6b for evaluation in a freely
moving state. Nerve signals measured under the implantation condi-
tion successfully distinguished the ECAP threshold (Fig. 6¢). Figure 6d
shows the result of the threshold test and micturition interval com-
parison in the freely moving rat. The results revealed a lower motion
threshold (motion threshold: 48 + 2.7 pA, ECAP threshold: 71 +2.2 uA)
and greater effectiveness during ECAP threshold stimulation (ECAP
micturition interval change: 140.9 £13.9s~>235.0 £ 64.7s). These
results, which closely match those observed in previous acute tests,

demonstrate the robustness and adaptability of the system under
dynamic conditions. The successful distinction of ECAP thresholds and
the consistent effectiveness in the freely moving rat strongly indicate
the system’s reliability with more natural, real-world settings. The
effective performance of the fully implanted system suggests that it
can be adapted for other PNS applications, highlighting the scalability
of our approach.

Tissue response evaluations further confirmed the electrode’s
stability and biocompatibility. Throughout the two-month implanta-
tion period, no behavioral abnormalities were observed. Post-excision
histological analyses also revealed no signs of inflammation, adhe-
sions, or nerve deformation at the implantation site (Supplementary
Fig. 9). These findings underscore the system’s reliability for long-term
applications and support its potential for clinical translation.

Discussion

Neuromodulation offers a promising alternative for managing a
range of neurological disorders, though its clinical success hinges on
the precise optimization of stimulation protocols. This study pre-
sents an ECAP-based feedback control system as a foundation for
closed-loop PNS control, addressing limitations in traditional PNS
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Fig. 6 | System evaluation with fully implanted freely moving rat. a Overview of
the system evaluation in implanted condition. b Experiment protocol for the freely
moving rat. The rat underwent the same procedure as the acute experiment after a
3-day recovery period. ¢ Nerve signal measurement and ECAP analysis in implanted
conditions. Motion and ECAP thresholds were evaluated. d Comparison of

micturition patterns between motion threshold stimulation and ECAP threshold
stimulation. The plot shows micturition time points and intervals for TNS effec-
tiveness analysis. (* IBP: intra-bladder pressure) Created in BioRender. Rachim, V.
(2025) https://BioRender.com/3p6aulk.

methods, which rely on patient responses or sensory and motor
feedback. We developed a fully implantable device featuring her-
metic sealing, wireless charging/communication, and a soft elec-
trode for long-term, stable neural interfacing. This system was
evaluated in the context of TNS, an emerging neuromodulation
approach for managing overactive bladder syndrome, and its efficacy

was thoroughly tested in a freely moving rat study. The results
showed that stimulation based on the ECAP threshold extended
micturition intervals more effectively than motion threshold-based
stimulation. The higher stimulation intensity at the ECAP threshold,
compared to the motion threshold, likely contributes to a more
pronounced output response. This enhanced efficacy is likely due to
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broader nerve fiber activation at the ECAP threshold, including fibers
that contribute more effectively to neuromodulation.

The system also holds potential for personalized control across
various PNS applications by using neural signal feedback for precise
modulation, independent of physiological symptoms. The ECAP-based
tibial nerve modulation technique proposed in this study represents a
distinct approach from conventional methods, requiring further
investigation before clinical application. While this study primarily
validated the proposed TNS in a rat model, translating it into clinical
use presents several challenges. The selection of male rats introduced
anatomical and technical constraints in assessing detailed responses,
such as urodynamics and urethral resistance. These include demon-
strating therapeutic efficacy in humans, overcoming the complexities
of implanting cuff electrodes for invasive nerve access, and mitigating
long-term degradation of fully implanted systems. Ensuring long-term
biocompatibility, optimizing minimally invasive implantation techni-
ques, and addressing anatomical variability in human peripheral
nerves remain critical hurdles in advancing this technology toward
human clinical trials. To support clinical translation, biocompatible
materials with excellent mechanical and electrical stability, including
SEBS, Au, and GelMA ion gel, were incorporated. These materials,
rigorously validated for in vivo safety and biocompatibility, minimize
tissue damage during implantation while ensuring sustained, reliable
performance over extended periods. However, enhancing the system’s
versatility and scalability necessitates further exploration of advanced
minimally invasive approaches, such as laparoscopic-assisted proce-
dures. Addressing challenges such as optimizing implantation techni-
ques for safety and accommodating anatomical variations in human
peripheral nerves will be essential. Also, for actual clinical translation,
long-term safety and stability must be directly tested in human appli-
cations. Additionally, during clinical use, lasting follow-up monitoring
of tissue responses to the implanted electrode will be essential for each
patient. Future research should aim to develop a real-time closed-loop
system and test it in diverse PNS scenarios. Such advancements could
eliminate preliminary calibration phases, improve system responsive-
ness, and reduce the time needed to achieve effective neuromodula-
tion in clinical settings. The ECAP-based feedback system can be
adapted for various bioelectronic therapies, including chronic pain
management with peripheral nerve stimulation and hypertension and
epilepsy treatment with vagus nerve stimulation. By enabling more
precise neuromodulation through the targeted regulation of specific
neural responses, this approach enhances therapeutic efficacy across
multiple clinical applications. In summary, this study demonstrates
that the proposed ECAP-based feedback control system enables more
precise TNS, improves outcomes, and lays the groundwork for
advanced PNS control techniques to manage a variety of chronic
conditions associated with neurological disorders.

Methods

Device firmware

The device is operated by a CCI350 microcontroller unit (Texas
Instruments Inc.), which controls the RHS2116 electrophysiology
interface (Intan Technologies). RHS2116 is capable of simultaneous
recording and stimulation with isolation circuitry. The firmware is
written in Code Composer Studio (v12, Texas Instruments Inc) and is
controlled via a LabView GUI (National Instruments Corp.). A devel-
opment kit (Texas Instruments Inc.) was used to establish the wireless
connection for the PC-controlled operation of the device. From the
host PC, the GUI facilitated control of the device functions, allowed for
adjustments to the stimulus parameters, displayed measurement
results, and enabled data transfer for further analysis.

ECAP threshold analysis and stimulation control
Measurement results transferred from the device were analyzed to
capture the ECAP response for ECAP threshold evaluation. The ECAP

signal was integrated to quantify nerve activation. ECAP threshold was
determined as the point where the second derivative of the integrated
ECAP signal exceeded twice the value of the previous results, indicat-
ing a significant increase. The ECAP threshold value was selected as the
stimulus intensity, and nerve signals were continuously monitored to
ensure that the ECAP signal level was maintained throughout the
stimulation.

Circuit development

The device was designed to withstand implantation conditions and
was powered by a 3.7 V Li-Po battery, with an option for WPT charging.
A 3.3V low-dropout regulator (ADP151, Analog Devices Inc.) was inte-
grated to ensure the proper operation of the main chips. Additionally,
a+5Vbuck-boost converter (LT3582, Analog Devices Inc.) was used to
generate the biphasic signal required for stimulation. For wireless
communication, a 433 MHz antenna (ANT1204, Pulse Electronics) was
incorporated. Function diagram of the circuitry design is shown in
Supplementary Fig. 2. The PCB size was 15 mm x 18 mm.

Wireless power transfer design

The wireless power system was designed with a dedicated WPT Rx coil
for the device. A WPT Tx coil was integrated into the cylindrical cage,
with both coils tuned to a frequency of 6.78 MHz. The device incorpo-
rated a linear voltage regulator (XCM414, Torex Semiconductor Ltd.) to
enable WPT charging of the battery. The WPT Rx coil was designed to
wrap around the edges of the PCB, optimizing space utilization with
dimensions of 17 mm x 20 mm. WPT Tx coil was connected to a wireless
power amplifier (EPC9512, Efficient Power Conversion Corp.) and a DC
power supply (PWS4305, Tektronix Inc.) for WPT charging.

Packaging case

The packaging comprised biocompatible materials—ceramic and
Kovar—which were brazed together for seamless welding for implan-
ted conditions. The design prioritizes non-metallic (ceramic) parts,
covering over 80% of the case’s surface area, to enhance wireless
connection efficiency. The case lid was also made from Kovar, with a
feedthrough (SA271082 Rev3, Morgan Advanced Materials) incorpo-
rated for electrode connections. The case was laser welded after the
assembly for hermetic sealing. The dimensions of the packaging case
are 20 mm x 25 mm x 8 mm, including the lid.

Electrode fabrication

GelMA MESH was prepared in three main steps: (i) SEBS MESH fabri-
cation, (ii) Au deposition, (iii) GelMA ion gel photo crosslinking. In the
first step, a 10 wt% solution of SEBS-g-MA was prepared using a solvent
blend of cyclohexane, THF, and DMF in a weight ratio of 7:1:2 (Sigma-
Aldrich). The solution was electrospun onto an aluminum substrate at
a controlled feed rate of 1 mL/h under an applied voltage of 18.0 kV,
using an electrospinning apparatus. The setup included a 22 G nozzle,
with a nozzle-to-collector distance of 15 cm. After forming a 50 um
thick fiber mat, it was peeled from the substrate. To initiate imidiza-
tion, the fiber mat was submerged in a 10 wt% PEI (Sigma-Aldrich)
solution in ethanol and maintained at 70 °C for 10 h. This prolonged
immersion allowed complete infiltration of PEI into the nanofibers.
After retrieval, the mat underwent ultrasonication for 30 min to elim-
inate excess PEIl, followed by drying at ambient temperature. Subse-
quently, the imidized mat was treated with a 10 wt% solution of (3-
aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) in ethanol for 2 h
at 70 °C. Post-treatment, the mat was rinsed with DI water and ultra-
sonicated again for 30 min to remove any unreacted components. In
the second step, Au was deposited onto the amine-modified nanofiber
mat through a mask. The deposition was achieved via sputtering at
20 mA for 500 seconds using a DC magnetron sputtering system’. In
the third step, GeIMA polymer solution was prepared with 10% (w/w)
GelMA (mol wt 95kDa, degree of substitution 60%, Sigma-Aldrich,
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Saint Louision, MO, USA) in DI water. The prepared GelMA polymer
solution was supplemented with 1wt/vol% of the photoinitiator (Igar-
cure 2959, Sigma-Aldrich), relative to the GelMA solution, and 80% (w/
w) of choline malate ionic liquid, relative to the GelMA polymer. The
combined solution was heated at 60 °C and stirred at 100 rpm for 4 h,
after which the pre-fabricated Au MESH electrode was dipped into the
solution for 1 min. The dipped Au MESH electrode is exposed to UV
light (365 nm, 25 mW/cm?) for 1 min to fabricate the GeIMA MESH. The
fabricated GelMA MESH electrode, measuring 0.5 x 1cm?, was inte-
grated with gold nanowires (AuNWs) at both terminal ends, serving as
the working electrode on one side and the ground electrode on the
other. To reduce noise interference, the AuNWs were encapsulated ina
PDMS coating during fabrication. The resulting GeIMA MESH electrode
was designed to wrap around the nerve, functioning similarly to a cuff
electrode for targeted neural stimulation.

Rat preparation

All procedures were approved by the Pohang University of Science and
Technology Institutional Animal Care and Use Committee (POSTECH
IACUC, POSTECH-2024-0026). Sprague-Dawley rats (270-300g
weight, 8 weeks old, male, animal vendor; Orient Bio Inc.) were used in
the study. The rat underwent short-term anesthesia with isoflurane
(Piramal Critical Care, Inc.) for the surgical procedure (2% isoflurane,
0.5-0.6 L/min flow rate, 30-40 min). Following surgery, anesthesia
was switched to urethane (Sigma-Aldrich) via intraperitoneal injection
(20% urethane saline solution, 1.0-1.2 g/kg) to maintain autonomic
system function for the micturition reflex.

The syringe pump continuously infused saline intravesically at a
constant flow rate of 0.1mL/min throughout the experiment. This
method was chosen to simulate natural bladder filling and ensure
stable IBP measurements. During the experimental setup, normal
micturition was identified by rhythmic bladder contractions, char-
acterized by periodic IBP peaks. Conversely, cases exhibiting irregular
or continuous leakage from the urethra were classified as failed mic-
turition and excluded from analysis.

The sciatic nerve was accessed via the outer thigh, where a
custom-developed cuff electrode was placed for measurement. Simi-
larly, the tibial nerve was accessed via the ankle region, and a nerve cuff
electrode (NC-1-2-250SS-1-2-Sut-20SS, Microprobes for Life Science)
was applied for stimulation. The tibial nerve, a branch of the sciatic
nerve, consists of motor and sensory fibers, including Aa, Af, AS, and
C fibers. Among these, A6 and C fibers play a primary role in bladder
innervation, while Aa fibers are responsible for motor responses.

The rat bladder was exposed and catheterized, with the catheter
connected to a pressure transducer (BP-100, iWorx System Inc.) and a
syringe pump (Pump 11 Elite I/W Dual; v3.0.6, Harvard Apparatus) for
controlled monitoring of IBP. A DAQ module (IX-RA-834, iWorx System
Inc.) and Labscribe (v3, iWorx System Inc.) were used for physiological
measurement.

For the freely moving rat, additional surgical procedures were
required. The catheter was extended and connected to a neck button
(Instech Laboratories, Inc.) to minimize movement interference and
secure the catheter connection from inside the body to the external
environment. The device was implanted in the subcutaneous lumbar
region, maintaining connection with the electrodes. Incisions made
during the surgical process were sutured and sanitized before the rat
was allowed to recover from isoflurane anesthesia.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for

information can be directed to, and will be fulfilled by, the corre-
sponding authors. Source data are provided with this paper.
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