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Urination control

Lower urinary tract dysfunction (LUTD) is a prevalent condition characterized by symptoms such as urinary
frequency, urgency, incontinence, and difficulty in urination, which can significantly impair patient’s quality of
life and lead to severe physiological complications. Despite the availability of diverse treatment options,
including pharmaceutical and behavioral therapies, these approaches are not without challenges. The objective
of this study was to enhance treatment options for LUTD by developing a wireless, battery-free device for
managing bladder contractions. We designed and validated a compact, fully implantable, battery-free pulse
generator using the magnetic induction coupling mechanism of wireless power transmission. Weighing less than
0.2 g and with a volume of less than 0.1 cubic centimeters, this device enables precise stimulation of muscles or
neurons at voltages ranging from 0 to 10 V. Wireless technology allows real-time adjustment of key stimulation
parameters such as voltage, duration, frequency, pulse width, and pulse interval. Our findings demonstrate that
the device effectively controlled bladder contractions in mice when used to stimulate the Major Pelvic Ganglion
(MPG). Additionally, the device successfully managed micturition in mice with bilateral transection of the pu-
dendal nerve. In conclusion, the development of this innovative wireless pulse generator provides a safer and
more cost-effective alternative to conventional battery-powered neurostimulators for bladder control, addressing
the limitations of such devices. We anticipate that this novel technology will play a pivotal role in the future of
electrical stimulation therapies for voiding dysfunctions.

1. Introduction a threat to patients’ lives [7,8]. Despite the availability of various

treatment modalities for LUTD, including behavioral therapy and

The lower urinary tract plays an essential role in the storage and
regular elimination of urine[1-5]. However, lower urinary tract
dysfunction (LUTD), characterized by symptoms such as urinary fre-
quency, urgency, incontinence, and difficulty in urination, not only
severely impacts patients’ daily life and social activities but also may
lead to a series of more serious physiological complications [6,7].
Chronic voiding disorders can result in an overactive bladder, decreased
bladder wall compliance, morphological changes, and upper urinary
tract pathologies, such as ureteral reflux, hydronephrosis, and renal
damage, potentially progressing to end-stage renal disease, which poses

pharmacological interventions, these approaches still face numerous
challenges [9]. For instance, in patients with refractory overactive
bladder syndrome (OAB) [10,11], behavioral therapy may fail, and
monotherapy with antimuscarinic agents like M-receptor antagonists
may not achieve the desired efficacy after 6-12 weeks of treatment or
may be associated with intolerable side effects [12]. Additionally,
neurogenic lower urinary tract dysfunction (NLUTD), such as that
caused by incomplete spinal cord injury and multiple sclerosis (MS),
presents even greater demands for existing treatment options [13,14].
Among these challenging cases, neuromodulation therapy, particularly
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sacral neuromodulation (SNM), offers renewed hope owing to its
adjustable and reversible stimulation properties [15,16]. SNM has
become a well-established therapy for refractory non-neurogenic LUTD
[17].

SNM delivers electrical currents to nerves or tissues via external or
implanted electrodes to modulate neural activity or facilitate tissue
repair. Since the U.S. Food and Drug Administration (FDA) approved
SNM for the treatment of urge incontinence in 1997, its indications have
expanded to include the treatment of frequency-urgency syndrome and
non-obstructive urinary retention[17-19]. Several brands currently
offer SNM systems, such as Medtronic, Boston Scientific, Prometheus,
NuVetra, and Axonics, each providing different electrode and pulse
generator (stimulator) configurations [18]. However, the Medtronic
Intellis™ System is acknowledged as one of the smallest neural stimu-
lators on a global scale, its weight remains above the 10-g threshold
[18]. Despite its compact size, the system is not without risks, as it is still
susceptible to post-implantation complications such as infection or de-
vice displacement. In addition, the relatively high cost associated with
its treatment may impose financial constraints that limit its accessibility
to certain patient populations. While addressing these challenges, cur-
rent research aims to reduce stimulator size, minimize post-implantation
infection and displacement risks, and improve patient acceptance.
Wireless systems that use near-field energy transfer are considered po-
tential solutions to these issues. Wireless and battery-free systems
eliminate the need for frequent maintenance and potential discomfort
caused by wired connections, thus enhancing patient compliance and
continuous monitoring capabilities[20-30]. Recent reports indicate that
soft wireless implants can achieve long-term monitoring and in-
terventions in the body without requiring batteries or external connec-
tions[31-35]. Furthermore, Jang et al. have successfully controlled
micturition by directly targeting the bladder using an optogenetic
wireless system [32,36]. Additionally, a fully implanted, battery-free,
high-power platform has been utilized in research on chronic spinal
and muscular functional electrical stimulation [37]. Lee et al. suggested
that implantable electronics with a flexible neural clip interface could
effectively treat underactive bladder (UAB) syndrome [38]. Moreover,
Lee et al. have demonstrated the control of micturition through direct
electrical stimulation of the bladder wall using a wireless, fully
implantable electronic complex [39]. These findings highlight the po-
tential of flexible wearable electronics in regulating bladder function.

In this study, we designed and validated a miniature, fully implant-
able, battery-free wireless stimulator based on the theory of wireless
power supply using magnetic induction coupling. This wireless stimu-
lator, weighing less than 0.2 g and with a volume of less than 0.1 cubic
centimeters, enables precise stimulation of peripheral nerves or muscles
at 0-10 V. The device allows for real-time adjustment of key parameters,
such as stimulation voltage, duration, frequency, pulse width, and pulse
interval via wireless technology. This device was used to stimulate the
Major Pelvic Ganglion (MPG) to control bladder contractions in mice.
Additionally, after bilateral pudendal nerve transection, this device
effectively managed micturition in mice. In conclusion, the development
of this wireless stimulator resolves the limitations associated with
traditional battery-powered electrical stimulators for bladder control
and offers a safer and more cost-effective treatment alternative. We
anticipate that this innovative device will play a pivotal role in the
future of electrical stimulation treatment of voiding dysfunction.

2. Methods
2.1. Device fabrication and encapsulation

The copper microcircuit of the device was created by etching a 35
pm-thick copper foil. An appropriate amount of lead-free solder paste
No. 9 was applied to the designated component soldering positions on
the microcircuit, followed by sequential placement of capacitors,
Schottky diodes, and microscale inorganic light-emitting diode (p-ILED)
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indicators. The microcircuit was then moved to a constant-temperature
soldering station at 200°C for a 10-s soldering process. After soldering,
the device was placed on a glass slide measuring 15 x 50 x 1 mm for
encapsulation. Polydimethylsiloxane (PDMS) was spin-coated at 1000
rpm for 30 s and cured at 70°C for 6 h to form a first layer with a
thickness of 100 pm. The device with the first layer was flipped and
encapsulated with PDMS again, spun at 1000 rpm for another 30 s, and
cured at 70°C for 6 h to complete the second layer encapsulation.

2.2. Energy transmission device assembly

The radio frequency (RF) power transmission system consisted of the
following components: a signal generator (N9310A, Agilent), a power
amplifier (13.56 MHz RFPD), a direct current (DC) power supply with a
heat sink (Keysight Technologies), and impedance-matched RF an-
tennas. The power amplifier and fan were powered by separate DC
power supplies. The signal input of the power amplifier was connected
to the output of the signal generator, whereas the signal output of the
power amplifier was connected to a circular copper tube antenna with a
diameter of 20 cm and a characteristic impedance of 50 Q. Together,
these components form the RF energy emission field.

2.3. Device response frequency and system latency testing

Two 36-gauge American Wire Gauge (AWG) silver wire electrodes,
each 10 cm in length, were soldered to the stimulation site of the device.
The other ends of the silver wires were connected to the recording cable
(Channel One) of a multichannel physiological recorder (RM6240E,
Chengdu Instrument Factory, China). Concurrently, the modulation port
of the RF power transmission system was connected to Channel Two for
long-duration recording. The recorded data from Channel Two included
information on the start time, duration, and cycle of the device’s voltage
output. The difference in time between the appearance of a marker on
Channel Two and the start of the voltage change on Channel One rep-
resented the latency of the wireless stimulation system.

2.4. Device output voltage testing

Two 10-cm-long 36 AWG silver wire electrodes were soldered to the
stimulation site of the device with the other ends connected to the
voltage-measurement leads of a digital high-precision multimeter.
Changes in the voltage output of the device at different RF power
transmission levels were recorded using a voltage measurement
function.

2.5. Animals

Wild-type (WT) C57BL/6J mice were housed under standard labo-
ratory conditions with free access to food and water provided by the SPF
(Beijing) Biotechnology Co., Ltd. All experimental procedures followed
the Animal Welfare Guidelines of the Third Military Medical University
(TMMU) and the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals and were approved by the TMMU Animal
Care and Use Committee. Mice of comparable age and weight were
randomly assigned to control groups (laparotomy and sham groups) or
the device-implanted group. The laparotomy (Lap) group consisted of
mice that underwent surgery without device implantation. The sham
group consisted of device-implanted mice without stimulation.

2.6. Cystometry

Cystometry was performed according to established procedures [2,
40]. Male C57BL/6J mice were anesthetized with isoflurane (3% in-
duction, 1.5% maintenance) and placed on a temperature-controlled
pad in the supine position. An eye ointment Bepanthen® (Bayer) was
used to protect the eyes. Following shaving of the abdominal fur, a 1 cm
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midline incision was made to expose the bladder. A 7 cm long PE10
catheter was then carefully inserted into the bladder dome using a 20 G
(0.9x80 TWLB) needle. The PE10 catheter was secured to the bladder
dome with a 6-0 nonabsorbable suture, and the other end of the catheter
was passed through the abdominal wall and exited from the dorsal neck
skin. The connections were reinforced using Vetbond Tissue Adhesive
(3M, 1469SB). Subsequently, mice received intraperitoneal (i.p.) in-
jections of ketoprofen (5 mg/kg) and enrofloxacin (5 mg/kg) for post-
operative care.

A multichannel physiological recording system (RM6240E, Chengdu
Instrument Factory, China) was employed, with four channels connected
to a pressure transducer (YPJO1H; Chengdu Instrument Factory, China).
The pressure transducer system was attached to the PE10 catheter on the
neck of the mouse. An infusion pump (RWD404; RWD Technology
Corp., Ltd., China) was used to administer the infusions at rates ranging
from 5 to 50 pl/min. The pressure recording parameters included a
sensitivity of 12.5 cmH50, no high-pass filtering in hardware, and a low-
pass filter set at 30 Hz. Post-recording analysis involved assessing peak
pressure and pressure differentials. RM6240E’s analysis tools were used
for data extraction, which was then exported to Excel for further sta-
tistical analysis using SPSS 23 software (IBM, USA).

2.7. Device implantation surgery

Male C57BL/6J mice were anesthetized with isoflurane (3% induc-
tion, 1.5% maintenance) and placed on a temperature-controlled pad in
the supine position. A 1-cm incision was made along the midline of the
abdomen. The tissue around the prostate was bluntly dissected using
forceps to facilitate the implantation of the nearby stimulation elec-
trode. A 20-gauge needle was used to place the cuff electrode of the
device over the major pelvic ganglion (MPG), typically located on the
left side, and the four connection points of the electrode were secured
with a 6-0 non-absorbable suture. The entire contact site was then fixed
with Kwik-Sil silicone adhesive and 3M tissue glue. Abdominal muscles
and skin were sutured separately using 5-0 sutures. At the end of sur-
gery, the mice were intraperitoneally injected with ketoprofen (5 mg/
kg, i.p.) and enrofloxacin (5 mg/kg, i.p.).

2.8. Hematoxylin&Eosin staining

Bladder tissues were stained using a Hematoxylin&Eosin (H&E)
staining kit (R23261, Shanghai Saint-Bio Biotechnology Co., Ltd). The
procedure is as follows: 5-um thick bladder sections were fixed in
paraformaldehyde for 3 min, followed by a 3-min water wash. Hema-
toxylin staining was performed for 1 min, followed by differentiation for
10 s, and a 1-min water wash. Sections were then blued in a bluing re-
agent for 2 min, and washed in water for 1 min. Eosin staining was
applied for 30 s, followed by a 30-s water wash. The sections were
dehydrated using a graded series of ethanol (95%-100%), cleared in
xylene, and mounted with neutral resin. Images were captured at 20x
and 40x magnification using a slide scanning system (PanoBrain, Meca
Scientific).

2.9. Statistical analysis

The sample size was not determined by statistical methods.
Normality of the data was assessed using the Shapiro-Wilk test and
histograms in the SPSS23 software (IBM, USA) to check for normal
distribution. All statistical analyses were two tailed. Paired and unpaired
two-tailed Student’s t-tests or F-tests were used for normally distributed
data. The Wilcoxon and Mann-Whitney U test or Kruskal-Wallis test
were used for non-normally distributed data. Statistical significance was
set at p < 0.1. Values below this threshold were considered statistically
significant and as indicated in the figures. *P < 0.05; **P < 0.01; ***P <
0.001; ns indicates no significant difference. Error bars represent mean
+ standard error of the mean (s.e.m.) and reflect the average value and
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its precision. For data that do not follow a normal distribution, error bars
representing the 5th to 95th percentiles show the range within which the
central 90% of data points fall.

3. Results

3.1. Overview of wireless battery-free functional electrical stimulation
device

We designed and fabricated a flexible, biocompatible, and wireless
electrical stimulation device to minimize its size, measuring 1 cm x 1 cm
in surface area, approximately 0.1 cm in height, and weighing approx-
imately 0.2 g. This device, fully implantable into the subcutaneous area
of a mouse’s abdomen, enables electrical stimulation of peripheral
nerves or muscles. Its battery-free design, coupled with flexible me-
chanics and a low displacement volume (0.1 cm3), minimizes the impact
on the animal’s appearance and spontaneous exploratory activity
(Fig. 1A-C). To further reduce the weight of the electrical stimulation
device, wireless power transfer (WPT) functionality was integrated into
a thin, flexible square printed circuit (FPC). A dual-loop receiving an-
tenna for the device was formed via laser ablation on the top and bottom
coils, thereby enabling a battery-free design. The device’s electronic
components-including a Schottky diode, capacitor for rectification, and
a p-ILED for local illumination-were soldered to the antenna, providing
power supply and active control (Fig. 1A-D). Encapsulation was ach-
ieved using a bilayer film of poly (p-xylylene)-polydimethylsiloxane
(PDMS) (20-200 pm), excluding the electrical stimulation contact point,
to prevent inflammation and ensure soft contact with the surrounding
tissues (Fig. 1A and 1D). The encapsulated electrical stimulation device
was subcutaneously implanted in the abdomen to target abdominal
nerves or muscle tissue for electrical stimulation (Fig. 1C). The unen-
capsulated electrical stimulation device features two exposed bare
copper contacts that form the electrical stimulation interface, providing
contact points for the electrical stimulation output (Fig. 1D and 1E). The
snake-shaped extension at the front of the electrical stimulation inter-
face can stretch up to 1.5 cm, enhancing flexibility for electrical stim-
ulation localization during surgery (Fig. 1E). For secure fixation, the
interface copper cover can be sutured, and a biocompatible tissue ad-
hesive is used to wrap the stimulated nerve tissue, ensuring a stable
connection between the electrical stimulation device and nerve
(Fig. 1F). To enable wireless power supply for the electrical stimulation
device, we developed a power transfer system (Fig. 1G-H). The system
includes a radio frequency (RF) source for energy provision, employs
magnetic coupling for power transmission, and facilitates energy
collection using a wireless electrical stimulation device. The RF source
energy supply uses a 13.56 MHz signal generator paired with a power
amplifier to drive the primary single-loop RF transmission antenna for
the wireless power supply.

3.2. Characterization of wireless electrical stimulation device

To test the energy-harvesting capability of the wireless electrical
stimulation device, the device was placed at the center of the bottom
area of a circular experimental cage (diameter 20 cm). When the pri-
mary single-loop RF antenna transmitted power in the range of 4 W to
12 W, the rectified voltage of the device varied from 0 V to 10 V
(Fig. 2A). The transmission power of this primary single-loop RF an-
tenna was adjustable and linearly correlated with the receiving power of
the electrical stimulation device. The rectified current-voltage response
(Supplementary Fig. 1a) and the rectified power transmission charac-
teristics (Supplementary Fig. 1b) highlight the key operational features.
This characteristic can be used to estimate the power requirements of
the larger experimental chambers. The stimulation parameters of the
electrical stimulation device were wirelessly transmitted through a
custom protocol, controlling the amplitude, pulse width, period, and
duration by adjusting the RF power, supporting a maximum of 1000 Hz
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and 1 ms pulse width stimulation (Fig. 2B). The stimulation parameters
used in this study were as follows: total stimulation duration, 5 s; voltage
amplitude, 1 V; frequency, 25 Hz; pulse width, 10 ms; and pulse interval,
30 ms (Fig. 2C). Next, we evaluated the effect of the newly designed
device on the movement of the mice after implantation. According to
our findings, there were no significant differences in the average total
distance traveled, speed, and average number of movement circles of
representative mice in an open field environment for 5 min between the
laparotomy (Lap) group and the device-implanted (Dev) group without
stimulation. This suggests that the effect of subcutaneous implantation
on the movement behavior of mice was minimal (Fig. 2D-G).

Notably, previous studies have indicated that implants made from
FPC and encapsulated in PDMS exhibit long lifespans and do not lead to
erosion of the skin or muscle tissues in animals [31,33,34,41]. In this
study, considering the heat generation when current flows through the
conductor during device operation, efforts were made to minimize the
temperature variation at the implantation site. During the design and
manufacturing process, wire with a diameter supporting a maximum
current of 100 mA was used. By reducing the current density, heat
generation was minimized. At an output voltage of 1 V, the output
current was 0.35 mA, and the maximum rectified current was 3.5 mA
(Supplementary Fig. 1c). Furthermore, the change in surface tempera-
ture adjacent to the device was measured under different voltages, duty
cycles, and prolonged operation. After operating for 10 min at 1 V, 25
Hz, and 100% duty cycle, the maximum surface temperature change was
0.2°C (Supplementary Fig. 1d). At 9 V (resistors replaced p-ILED), 25 Hz,
and 100% duty cycle, the maximum surface temperature change after

10 min was 0.1°C (Supplementary Fig. 1e). Under long-term operation
at 1V, 25 Hz, and 25% duty cycle, the maximum surface temperature
change was 0.1°C (Supplementary Fig. 1f). Overall, the wireless elec-
trical stimulation device demonstrated effective energy-harvesting ca-
pabilities, precise control of stimulation parameters, and minimal
impact on mouse movement behavior and implantation site tempera-
ture, indicating its potential for safe and long-term biomedical
applications.

3.3. Application of wireless electrical stimulation device to control mouse
bladder contraction

Previous studies have shown that bladder emptying can be achieved
by stimulating the sacral anterior/ventral roots that dominate the
bladder muscle[42-44]. To evaluate the in vivo effects of the wireless
device, we targeted the MPG, which is anatomically connected to the
bladder and directly innervates the bladder muscle [45,46]. The wireless
device was placed between the skin and abdominal muscles in male WT
mice, with the stimulation contact point cuffing the MPG and secured
with a Kwik-Sil silicone adhesive (Supplementary Fig. 3a). Subse-
quently, intravesical pressure (IVP) traces were monitored during
wireless electrical stimulation using non-continuous transvesical infu-
sion cystometry in urethane-anesthetized mice (Fig. 3A). Observations
indicate that wireless electrical stimulation of the MPG (stimulation
frequency: 25 Hz; duration: 5 s; pulse width: 10 ms; pulse interval: 30
ms) with stimulation voltage at 1 V resulted in immediate and
time-locked increases in IVP. Furthermore, the effects of various
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electrical stimulation parameters on IVP were measured through MPG
stimulation (Supplementary Figs. 2a-2f). Representative IVP traces
during non-continuous transvesical infusion cystometry in
device-implanted mice showed that different stimulation parameters
induced changes in IVP. More importantly, the peak pressure values
were closely related to the stimulation parameters (Supplementary
Figs. 2a-2f). Notably, the device-induced (Dev) IVP did not result in
fluid elimination from the urethra (Fig. 3B, 3E and 3F). Additionally, the
success rate of wireless electrical stimulation in inducing bladder
contraction was 100% (Fig. 3C), with a latency of approximately 0.25 s
between the onset of stimulation and the initiation of bladder contrac-
tion (Fig. 3D).

Electrical stimulation, known for its safety and reversibility, has been
extensively studied and applied in the clinical treatment of LUTD over
the past few decades [43,47]. Additionally, prolonged electrical stimu-
lation has been shown to cause no damage to nerves [48]. Here, we
further evaluated the long-term effects of electrical stimulation on
bladder function. Bladder pressure was monitored during electrical
stimulation after varying durations of stimulation (30 times per day for 1
week, 2 weeks, and 3 weeks) (Supplementary Figs. 4a-4c). To prevent
muscle adaptation or memory effects due to regular stimulation in-
tervals, we applied electrical stimulation at random intervals. The re-
sults showed no significant differences in the latency of detrusor
contractions or peak pressure during stimulation after different dura-
tions of treatment (Supplementary Figs. 4d and 4e). Additionally, the
impact of long-term electrical stimulation on reflexive bladder voiding
was assessed. Bladder pressure changes induced by reflexive voiding
were monitored during bladder filling before stimulation (Before) and
after 3 weeks (Post) of stimulation (Supplementary Figs. 4f and 4g).
Compared to the before group, no significant differences were observed
in peak bladder pressure or pressure difference during filling
(Supplementary Figs. 4h and 4i). Histological analysis of bladder sec-
tions stained with H&E revealed no significant differences in bladder
wall thickness between mice subjected to 3 weeks of electrical
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stimulation and laparotomy (Lap) mice. Furthermore, there was no ev-
idence of epithelial inflammation, edema, or capillary congestion
(Supplementary Figs. 4j and 4k). In summary, these findings suggest that
subcutaneous implantation of an electrical stimulation device targeting
the MPG can effectively control bladder contractions in mice. Long-term
electrical stimulation reliably induces detrusor contractions without
negatively impacting bladder function.

3.4. Wireless programmable electrical stimulation device control mouse
micturition

To further investigate the feasibility of wireless device stimulation,
we implanted the device in the MPG in the abdomen of mice
(Supplementary Fig. 3a) with bilateral pudendal nerve transection to
simulate sacral nerve stimulation (Fig. 4A). First, we performed urine
spot monitoring in mice while stimulating the MPG (Supplementary
Videos 1 and 2). Wireless electrical stimulation of the MPG (stimulation
frequency: 25 Hz; duration: 5 s; pulse width: 10 ms; pulse interval: 30
ms; stimulation voltage: 1 V) via this device induced micturition in
freely moving mice with bilateral pudendal nerve transection (Fig. 4B).
Compared with the diameter of urinary spots during micturition in the
sham group, the proportion of urinary spots induced by wireless elec-
trical stimulation (Device group) with a diameter >3 cm was 50%
(Fig. 4C). To further monitor the effects of wireless electrical stimulation
of the MPG on bladder pressure in mice with bilateral pudendal nerve
transection, we combined MPG wireless electrical stimulation with
cystometry in urethane-anesthetized mice. Wireless electrical stimula-
tion induced urination with a success rate of 100% (Fig. 4E), and the
pattern of IVP changes induced by wireless electrical stimulation closely
resembled natural reflexive urination (Fig. 4D). The delay between the
onset of stimulation and the initiation of bladder contraction was
approximately 0.25 s (Fig. 4F). This interval reflects the time required to
induce bladder contraction after stimulation, demonstrating that the
electrical stimulation method can quickly and efficiently evoke bladder
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Fig. 4. Effects of Wireless Electrical Stimulation on Bladder Behavior after Bilateral Pudendal Nerve Transection (A) Flowchart of the wireless electrical
stimulation experiment. Implantation of wireless electrical stimulation device at the MPG (Major Pelvic Ganglion) is performed in mice after bilateral pudendal nerve
transection, while monitoring the mice’s urine spots or recording bladder pressure changes after bladder catheterization. (B) Examples of urinary spots of the sham
group (Sham) and device-implanted group (Device). The sham group consisted of device-implanted mice without stimulation. (C) Quantification of the diameters of
urinary spots in Figure B. (D) Representative intravesical pressure (IVP) traces during continuous transvesical infusion cystometry in device or sham group. The sham
group consisted of device-implanted mice but without stimulation, and without pudendal nerve transection. Each voiding event is denoted with an asterisk.
Intravesical pressure data was subjected to Savitzky-Golay filtering in Figure D. (E) Success rate of electrical stimulation at MPG inducing IVP in device group. (F)
Quantification of the time interval between the initiation of IVP changes and the onset of electrical stimulation. (G) Quantification of the variation in IVP (AP). AP
denotes the difference between threshold pressure (sudden increase in bladder pressure) and end pressure. N = 8 mice for each group. Student’s t-test (two-tailed,
unpaired), ns: no significant difference. (H) Quantification of peak pressure for the sham group and device group. N = 8 mice for each group. Student’s t-test (two-
tailed, unpaired), ns: no significant difference. Error bars represent SEM.
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contraction. This process simulates the physiological conduction of
nerve impulses through the MPG to the bladder, leading to contractions.
These results highlight the immediate effect of electrical stimulation and
its efficiency in bladder control. Furthermore, wireless electrical stim-
ulation led to a negative pressure change, allowing urine to flow from
the urethra, with a bladder pressure difference of approximately 2
cmH0, which was not statistically different from the sham group
(Fig. 4G). The peak pressure induced by stimulation was approximately
6 cmH>0, which was not statistically different from that of the sham
group (Fig. 4H). Overall, these findings imply that the wireless device
can effectively control micturition in mice with bilateral pudendal nerve
transection by stimulating MPG.

4. Discussion

In this study, we present an innovative wireless battery-free device
for regulating bladder contractions, aimed at improving electrical
stimulation therapy for patients with LUTD. Compared to traditional
interventions such as medication and surgery, the method offers several
advantages, including reversibility of intervention, miniaturization of
the device, real-time adjustment of parameters, and low cost. The
stimulation control demonstrated rapid reversibility, with bladder
pressure quickly rising during MPG electrical stimulation and promptly
decreasing once stimulation ceased (Fig. 3B; Supplementary Figs. 2a, 2c,
and 2e). In contrast to the existing active SNM electrical stimulation
interventions, this device is designed for wireless power transmission via
magnetic induction coupling. This design provides multiple benefits
over current treatment methods. Firstly, its miniaturized design elimi-
nates the need for external batteries, weighing less than 0.2 g and with a
volume of less than 0.1 cubic centimeters (Fig. 1A-C). This reduction in
size and weight allows for minimally invasive procedures and eliminates
the need for external connections, thereby simplifying the surgical
process and reducing patient discomfort. This represents a significant
improvement over previous devices such as Medtronic’s Intellis™ Sys-
tem, which, despite being the smallest neural stimulator on the market
[17,18], still presents risks of post-implantation infection or displace-
ment and carries a high treatment cost. Furthermore, the device,
composed of low-cost diodes and flexible electrodes (Fig. 1A and 1D), is
expected to decrease treatment costs and increase patient acceptance of
such therapies. Moreover, the wireless stimulator’s ability to allow for
real-time adjustment of key parameters, such as stimulation voltage,
duration, frequency, pulse width, and pulse interval, represents a major
technological leap (Fig. 2B and 2C). This level of control and precision is
crucial for tailoring treatments to individuals’ needs and for optimizing
therapeutic outcomes. In summary, the wireless, battery-free device
reported in this study offers significant advantages for the electrical
stimulation treatment of LUTD. These advantages include minimally
invasive procedures, real-time parameter adjustment, and low cost.

The precision of device control is always a concern when it is in use.
In fact, the stability of the device output is closely related to animal
behavior and the RF antenna. Variations in the height and angle of the
device relative to the RF antenna can result in changes in magnetic flux.
For more complex applications, addressing the changes in angle and
height between the device and the RF antenna caused by movements
typically involves increasing magnetic field coverage. This is often
achieved by using dual-loop antennas or angled antennas to enhance the
stability of energy transmission, accommodating a wider range of device
movements [33,49]. However, in the context of electrical stimulation for
mouse urination control (Supplementary Videos 1 and 2), the posture of
the mice remains fixed during urination, meaning they keep their bodies
still. Consequently, the angle and height between the device and the RF
antenna remain relatively constant. Therefore, in our study, stable
output control of the electrical stimulation was achieved using a
single-loop RF antenna.

By targeting the major pelvic ganglion (MPG), the wireless stimu-
lator achieved a 100% success rate in controlling bladder contractions in
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mice (Fig. 3B and 3C). MPG stimulation in this study is believed to
induce excitatory postsynaptic potentials (EPSPs) in the MPG, leading to
significant recruitment and release of acetylcholine (ACh) at the syn-
aptic terminals. Upon release, ACh binds to receptors on detrusor muscle
cells, triggering depolarization and subsequent calcium ion influx,
which in turn initiates detrusor muscle cell contraction, ultimately
resulting in overall bladder detrusor contraction [7]. Bladder pressure
monitoring showed an increase in intravesical pressure. This suggests
that the device has the potential to be a reliable and effective treatment
option for patients with refractory UAB or NLUTD, such as that caused
by spinal cord injury.

Normal micturition requires coordination between the bladder
detrusor and the external urethral sphincter [3]. Although Lee et al. have
achieved control of micturition through electrical stimulation of the rat
bladder wall [39], numerous studies have indicated limited clinical
success with direct bladder wall stimulation. This is due to problems
with concomitant sphincter activation (DSD) caused by reflex activity
evoked by the activation of pelvic afferents in the bladder [43,50,51]. In
our study, when we electrically stimulated the MPG, which directly
innervates the bladder muscle, we observed only immediate and
time-locked increases in IVP, with no fluid elimination from the urethra
(Fig. 3B, 3E and 3F). This observation is consistent with previous
research. Therefore, to further validate the efficacy of the device, we
used mice in which the pudendal nerve, responsible for innervating the
external urethral sphincter, was transected. In this case, electrical
stimulation of the MPG successfully induced urine elimination, a pro-
cedure analogous to sacral nerve stimulation combined with dorsal
rhizotomy (Fig. 4B and 4D). However, the long-term efficacy of the
device remains to be evaluated, which is a critical direction for future
research. Overall, the development of this wireless stimulator represents
a promising therapeutic approach for the treatment of LUTD. This study
has addressed the limitations associated with traditional
battery-powered electrical stimulators for bladder control. The device’s
potential for personalized treatment, minimal invasiveness and high
therapeutic efficacy make it a valuable addition to the current treat-
ments available for LUTD.
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