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Abstract—
Bladder function depends on a coordinated interaction between the

detrusor muscle, urethral sphincters, spinal reflex circuits, and supraspinal
control centers. In conditions such as spinal cord injury (SCI) and
age-related neurodegeneration, these pathways are disrupted. These
dysfunctions significantly impair quality of life and often require chronic
management.

This report reviews the physiological basis of bladder control and
presents two categories of implantable solutions: sacral root stimulation,
and wireless pressure-sensing devices. Their roles and architectures
are analyzed in the context of future closed-loop bladder management.
The comparison highlights the technological progression from open-loop
stimulation to integrated sensing–stimulation systems capable of restoring
more physiological bladder control.

I. INTRODUCTION

Bladder dysfunction is a common consequence of neuro-
logical disorders and old age. These conditions disrupt the
normal coordination between detrusor contraction and sphincter
relaxation, leading to symptoms that range from incontinence
to complete urinary retention. Beyond quality-of-life concerns,
impaired bladder regulation increases the risk of infections,
renal damage, and complications such as ulcers [1], [3]. As a
result, reliable monitoring and effective management of bladder
function are essential.

Clinical evaluation is primarily based on urodynamic tests
that measure intravesical pressure using catheters inserted
through the urethra. Although these measurements are done
often as a diagnostic, they are invasive, can provoke discomfort
and infection, and do not capture bladder behavior during
natural daily activities [1]. The need for continuous, long-term
pressure monitoring has therefore motivated the development
of minimally invasive implantable devices.

At the therapeutic level, electrical stimulation of the sacral
roots has been used to restore micturition. Despite their clinical
effectiveness, these systems operate in an open-loop manner:
stimulation parameters are fixed in advance and do not adapt
to the physiological state of the bladder.

Integrating real-time pressure sensing within these therapeu-
tic systems could enable a transition toward closed-loop bladder
management, where stimulation is applied only when needed
and adjusted according to bladder filling or contractions. Several
technological approaches have been proposed to achieve this
goal. Fully passive devices powered by inductive coupling can
offer battery-free operation and diminish implant complexity,
while active devices incorporating microbatteries and custom
electronics can provide higher sampling rates and more reliable
telemetry at the cost of greater design complexity.

This report first outlines the physiological mechanisms
responsible for bladder control and the pathological states of
when these mechanisms are disrupted. It then presents existing

stimulation therapies and examines two implantable pressure-
sensing technologies in detail: a passive inductive capsule
and the Wireless Implantable Micromanometer (WIMM).
Their capabilities, limitations, and potential integration with
neuromodulation systems are analyzed to highlight current
progress toward closed-loop bladder control.

II. PHYSIOLOGY AND CLINICAL BACKGROUND

The physiology behind bladder control is intricate and relies
on the coordinated activity of several neural pathways. To
understand how implantable systems can restore function, it
is first essential to review the components underlying normal
bladder regulation. During the storage phase, the bladder wall
(detrusor muscle) remains relaxed while the external sphincter
contracts to maintain continence. When voiding is initiated,
the detrusor contracts and both sphincters relax, allowing urine
to exit [4], [2]. This collaboration is obtained by three main
pathways, as illustrated in Figure 1.

In the sympathetic pathway activation of the hypogastric
nerve (T10-L2) relaxes the bladder wall and contracts the
internal sphincter, promoting urine storage. The somatic
pathway, through the pudendal nerve maintains continence by
voluntary contraction of the external urethral sphincter. Finally
in the parasympathetic pathway (S2–S4, pelvic nerve), there
is contraction of the detrusor and relaxation of the sphincters
which enables voiding [4].

Fig. 1: Simplified diagram of neural innervations to the bladder
and external sphincters, adapted from D. Fitzpatrick et al. [4].

Many disorders can disrupt this coordination. Detrusor
hyperreflexia, often caused by spinal cord lesions above the
sacral segments, leads to frequent, involuntary contractions and
poor synchronization with sphincter relaxation. This results in
incontinence but also incomplete bladder emptying. In contrast,
detrusor areflexia is characterized by an absence of detrusor



contractions, preventing voluntary voiding and causing overflow
incontinence. Overactive bladder (OAB) produces an abnormal
urge to urinate with involuntary contractions. Finally urinary
retention, which is due to obstruction, loss of innervation, or
weak detrusor muscle impairs complete bladder emptying [4].

Understanding normal physiology and the mechanisms
underlying these disorders is essential for designing electrical
stimulation strategies capable of restoring more physiological
bladder behavior.

III. METHODS

A. Sacral Stimulation

Two main stimulation-based approaches have been developed
to restore bladder function, each targeting different aspects of
the sacral pathways described earlier.

The Finetech–Brindley Sacral Anterior Root Stimulator
(SARS) selectively stimulates the efferent sacral roots (S2–S4)
to produce bladder contraction and regulated voiding [4].
Because conventional electrodes tend to activate large-diameter
somatic fibers before the smaller parasympathetic fibers,
stimulation can contract the external sphincter before detrusor
activation. The SARS system avoid this through a stimulation
pattern that exploits the slower contraction of smooth detrusor
muscle compared to the rapid contraction of the external
sphincter. During each pulse, the sphincter contracts briefly
but relaxes quickly during the interpulse interval, while the
detrusor continues its slow contraction. If the interpulse interval
is sufficiently short, intermittent urine flow occurs during each
relaxation phase of the sphincter. This coordinated timing
allows effective micturition and has been used clinically to
suppress unwanted reflexes [4].

Sacral neuromodulation (SNM), as implemented with the
Medtronic InterStim system, delivers low amplitude stimulation
near the S3 sacral root to modulate afferent signaling rather than
directly trigger contractions [4]. By influencing the abnormal
sensory processing associated with OAB and urinary retention,
SNM helps to normalize bladder–brain communication. The
InterStim neurostimulator delivers adjustable biphasic pulses
(60–450 µs, 2–130 Hz), and the tined lead placed in the S3
foramen provides stable, long-term contact. SNM is clinically
established, but operates in an open-loop fashion, without real-
time sensing of bladder state, motivating the development of
integrated sensing–stimulation systems.

B. Passive Inductive Bladder Pressure Capsule

Coosemans and Puers (2005) proposed a fully passive,
battery-free bladder pressure capsule powered entirely through
inductive coupling [5]. The global architecture of the system
is shown in Fig. 2, where the external unit provides inductive
powering as well as bidirectional data transfer, while the
implant contains only the minimal circuitry required for
pressure sensing and communication.

The capsule floats freely and relies entirely on external
field orientation To maintain reliable powering regardless of
the capsule’s orientation in the bladder, the external driver
incorporates three orthogonal coils positioned around the waist,

Fig. 2: Overall system overview with inductive powering and
bidirectional communication.

leg, and lower abdomen. The system continuously selects the
coil that provides the strongest coupling. Inside the implant,
the receiving coil is wound around a ferrite core to increase
magnetic permeability and strengthen the inductive link despite
the small physical dimensions of the capsule (5 mm × 10 mm).

Inside the implant, the receiving coil forms a resonant
LC tank tuned to the external 132 kHz carrier. At resonance,
the tank efficiently absorbs energy, which is then rectified
and regulated to generate the local supply voltage VDD. The
rectifier–regulator block is shown in Fig. 3, where the induced
AC is rectified, stored on C1, and stabilized before powering
the internal electronics.

Fig. 3: Resonant secondary, load modulation transistor, rectifier,
and supply regulator.

The same inductive link supports bidirectional communica-
tion. For the downlink (external to implant), the external driver
applies on–off keying (OOK) to the carrier field. The implant
detects these amplitude variations using an envelope detector.

For the uplink (implant to external receiver), the implant uses
passive absorption modulation. Instead of generating its own
RF signal, the implant briefly modifies the load on the LC tank
by momentarily short-circuiting it. This imposes detectable
changes on the external coil current.



The data is encoded using binary phase-shift keying (BPSK)
at 66 kHz. This is achieved by switching the phase of the
modulation signal by 180 degrees according to the transmitted
bitstream.

A technical difficulty arises because the implant normally
extracts its timing reference from the LC tank voltage, which is
periodically disrupted during uplink due to the short-circuiting.
To maintain a stable clock, a Schmitt-trigger based RC oscillator
is included, which synchronizes to the continuous 132 kHz
carrier transmitted by the external unit, giving the implant an
uninterrupted clock reference even when the LC tank oscillation
stops during load modulation.

Pressure sensing is implemented through a capacitive sensor
embedded in a relaxation oscillator, shown in Fig. 4. Pressure
induced variations in capacitance directly modify the oscillation
frequency, which is counted by the microcontroller and
transmitted via the BPSK uplink.

Fig. 4: Capacitive pressure sensor integrated into a ring-
oscillator-based interface.

With a sampling rate of 10 Hz, the system achieves a
resolution of 0.04 kPa, which is adequate for urodynamic
measurements. The overall implant consumption is around 610
µA at 2 V, which is sufficiently low to support continuous
inductive powering for all capsule orientations within the
bladder.

Overall, the system demonstrates the feasibility of a bat-
teryless bladder pressure capsule with fully integrated power
transfer and telemetry. However, achieving chronic implantation
will require additional miniaturization and the development of
reliable biocompatible encapsulation.

C. Wireless Implantable Micromanometer (WIMM)

Majerus et al. (2015) introduced the Wireless Implantable
Micromanometer (WIMM), a chronic bladder pressure sensor
designed for suburothelial placement using a standard cysto-
scope [1]. Unlike fully passive inductive capsules, the WIMM
integrates a custom low-power ASIC, a MEMS piezoresistive
pressure transducer, and a rechargeable lithium-ion microbattery.
This design allows continuous sensing without relying on an
external power field.

The internal architecture of the system is summarized in
Fig. 5. The MEMS transducer is intermittently biased through
an on-chip current DAC to minimize static power consumption,
and its differential output is amplified and digitized by an

8-bit successive-approximation ADC. Dynamic offset-removal
circuitry compensates long-term sensor drift, and power-gating
selectively activates only the required analog and digital
blocks. Digitized pressure samples are then processed by an
adaptive transmission controller, which adjusts the telemetry
rate depending on bladder activity

Pressure samples can be acquired at up to 100 Hz, which
is sufficient to capture normal bladder filling dynamics as
well as rapid phasic contractions. Data is transmitted using a
frequency-shift keyed (FSK) link at 27.12 MHz.

Fig. 5: Internal Architecture of the WIMM device [1].

To avoid unnecessary transmissions, the ASIC includes
an adaptive activity detector that analyses first and second
order differences of the pressure signal using a small FIR
filter. When the bladder is relatively inactive, the transmission
rate is automatically reduced and during contractions, the
system increases its sampling and transmission rate to ensure
physiologically relevant events are captured. This event-driven
scheme allows the WIMM to capture fast pressure transients
while maintaining low average power consumption.

Fig. 6: Wireless Recharging Link [1].

Because the device is intended for long-term implantation,
the battery must be recharged wirelessly. Fig. 6 shows the 3
MHz inductive link used for recharging. Energy is coupled
through a two-coil resonant link, rectified by a CMOS full-
wave rectifier, and regulated by a dedicated charging circuit
that enforces current limits and prevents overvoltage. The link
maintains sufficient coupling at implantation depths up to 20
cm, making the system compatible with larger patients.

The device packaging is tailored for implantation within
the bladder wall. A rigid epoxy encapsulates the ASIC and
passive components, while a PDMS outer layer provides
biocompatibility. A compliant “pressure port” mechanically
transmits bladder wall deformation to the MEMS die without
allowing direct urine contact.

Animal studies in feline and canine models demonstrated that
the WIMM can track bladder pressure both intraluminally and



submucosally with high correlation to catheter measurements.
These results indicate that the WIMM is suitable for chronic
use and provides a sensing platform compatible with future
closed-loop bladder control systems where real-time pressure
information triggers conditional stimulation.

IV. RESULTS AND DISCUSSION

The technologies reviewed in this report highlight different
strategies for sensing or restoring bladder function. The passive
inductive capsule confirms that continuous bladder pressure
monitoring is achievable using minimal circuitry and fully
externalized power. Its resonant LC tank, rectifier, and load-
modulation telemetry (Fig. 3) operate reliably under favorable
coupling conditions, and the capacitive sensor integrated into
the relaxation oscillator (Fig. 4) delivers adequate resolution
for urodynamic monitoring. The main limitation observed is
the dependence on coil alignment and field strength, which
directly affects both the available supply voltage and uplink
signal quality.

The WIMM system provides more stable performance due
to its internal battery, programmable analog front end, and
higher sampling bandwidth. Its architecture (Fig. 5) enables
accurate pressure reconstruction during filling and phasic
contractions while maintaining low average power through
selective activation of circuit blocks. The dedicated wireless
recharge link (Fig. 6) allows operation independent of external
field orientation and supports chronic use. These results
indicate that integrating local energy storage substantially
improves measurement robustness and suitability for long-term
deployment.

When considered alongside established stimulation therapies,
both sensing platforms provide the missing physiological
feedback required for adaptive bladder control. Clinical neuro-
modulation systems modulate afferent pathways but currently
function without real-time information about bladder state.
The sensing results obtained from the passive capsule and
the WIMM suggest that integrating pressure telemetry with
sacral stimulation could support conditional activation and
more precise modulation of bladder behavior.

Feature Neurostimulation Passive Capsule WIMM
Purpose Neuromodulation Pressure sensing Pressure sensing
Power IPG Inductive only Rechargeable
Telemetry None Passive load mod-

ulation
FSK 27.12 MHz

Sampling Not applicable 10 Hz 100 Hz
Coupling dependence None High Low
Circuit size Moderate Minimal High (ASIC)
Implant site S3/S2 roots Bladder lumen Bladder wall
Closed-loop use Limited Possible Well-suited

TABLE I: Comparison of implantable bladder systems

Table I highlights the characteristics and trade-offs between
stimulation therapies and implantable sensing approaches.
Neurostimulation systems provide robust and long-established
clinical benefits but lack real-time physiological feedback,
limiting their use in closed-loop control. The passive bladder
capsule demonstrates that continuous pressure sensing is

feasible with minimal circuitry and without an internal power
source, however, its performance is highly dependent on
inductive coupling conditions. In contrast, the WIMM system
achieves higher sampling bandwidth, more stable telemetry, and
chronic usability at the expense of increased implant complexity
and volume.

V. SUMMARY

This review highlights the progression from open-loop
stimulation toward integrated systems capable of sensing and
modulation. The passive inductive capsule demonstrates the
feasibility of battery-free pressure monitoring but remains
sensitive to variations in inductive coupling. The WIMM system
achieves higher stability and measurement fidelity by combining
a rechargeable battery with an optimized analog front end and
controlled telemetry. Together, these technologies outline a
path toward closed-loop bladder management, where reliable
pressure information can be used to guide stimulation and
restore more physiological bladder function.

REFERENCES

[1] S. J. A. Majerus, P. C. Fletter, H. Zhu, and M. S. Damaser, “Implantable
bladder pressure sensor for chronic application: a case study,” in
Implantable Biomedical Microsystems, Bhunia et al. (Eds.), Elsevier,
pp. 231–250, 2015. doi: 10.1016/B978-0-323-26208-8.00011-X.

[2] Clemens, J. Quentin, ”Basic Bladder Neurophysiology”, Urologic Clinics
of North America, 37, 4, 2010, Elsevier. doi:

[3] Coyne, Karin S. and Sexton, Chris C. and Kopp, Zoe S. and Ebel-Bitoun,
Caty and Milsom, Ian and Chapple, Chris, ”’The impact of overactive
bladder on mental health, work productivity and health-related quality of
life in the UK and Sweden: results from EpiLUTS”’, BJU International,
2011. doi:

[4] D. Fitzpatrick, “Bladder Implants,” Implantable Electronic Medical
Devices, Elsevier, pp. 99–106, 2015. doi: 10.1016/B978-0-12-416556-
4.00007-3.

[5] J. Coosemans and R. Puers, “An autonomous bladder pressure monitoring
system,” Sensors and Actuators A, vol. 123–124, pp. 155–161, 2005.
doi: 10.1016/j.sna.2005.03.040.

http://dx.doi.org/10.1016/B978-0-323-26208-8.00011-X
http://dx.doi.org/10.1016/B978-0-12-416556-4.00007-3
http://dx.doi.org/10.1016/B978-0-12-416556-4.00007-3
https://doi.org/10.1016/j.sna.2005.03.040

	Introduction
	Physiology and clinical background
	Methods
	Sacral Stimulation
	Passive Inductive Bladder Pressure Capsule
	Wireless Implantable Micromanometer (WIMM)

	Results and Discussion
	Summary
	References

