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Abstract: Sacral neuromodulation (SNM) has emerged as an effective third-line therapy for overactive
bladder (OAB), fecal incontinence (FI), neurogenic lower urinary tract dysfunction (NLUTD), and
nonobstructive urinary retention. However, challenges remain in lead placement accuracy, stimulation
efficiency, and device longevity. In this work, we present a comprehensive virtual framework that
integrates medical imaging, 3D anatomical modeling, Multiphysics simulation, and system-level
instrumentation to optimize SNM therapy. A pelvic CT scan was segmented using 3D Slicer to
reconstruct patient-specific anatomy of the sacral plexus and bladder. The reconstructed model was
imported into Fusion 360, where realistic 3D geometries were developed and five distinct electrode
placements were virtually designed. COMSOL Multiphysics was employed to analyze electric field
distribution, current density, and activation zones, enabling objective quantification of placement
efficacy. Additionally, a complete instrumentation framework was simulated, including wireless power
transfer, microcontroller-based stimulation control, rectification, and closed-loop feedback from
bladder sensors. Results indicated that electrode placements within 3 mm of the sacral plexus and an
insertion angle of 35-40° achieved superior response scores and minimized revision risk. The
integration of anatomical modeling with device-level circuit simulation highlights a pathway toward
patient-specific, adaptive, and energy-efficient neuromodulation. This multi-domain approach
enhances the translational potential of SNM, offering insights into both clinical efficacy and engineering
feasibility.
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1. Introduction

Lower urinary tract dysfunctions and pelvic floor disorders, including overactive bladder (OAB), urinary
incontinence (UI), fecal incontinence (FI), and neurogenic lower urinary tract dysfunction (NLUTD), represent
major challenges in urological and neurological practice. These conditions significantly impair quality of life,
causing social stigma, psychological distress, and increased healthcare utilization. Sacral neuromodulation
(SNM) has emerged as an established third-line therapy for patient’s refractory to conservative and
pharmacological treatments, offering a minimally invasive alternative that targets the sacral plexus to restore
normal bladder and bowel function [1], [2].
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Epidemiological studies highlight the widespread burden of these disorders. Overactive bladder affects
approximately 20% of the global population, while urinary incontinence impacts more than 423 million adults
worldwide [3], [4]. Similarly, fecal incontinence is estimated to affect 8% of adults, with prevalence rising in
older populations and among women [5]. Collectively, these statistics underscore the significant public health
burden and the pressing need for effective, durable interventions such as SNM.

Despite its proven clinical efficacy, SNM faces persistent limitations. Implant revisions are required in up to
19-30% of patients, primarily due to suboptimal lead placement, battery-related issues, or variable patient
response [6], [7]. Current intraoperative strategies often rely on subjective motor and sensory responses to
guide lead positioning, which can result in inconsistent therapeutic outcomes. Furthermore, while recent
advances such as rechargeable systems and wireless power transfer have improved device longevity [8], [9],
the optimization of electrode placement relative to patient-specific anatomy remains an unmet challenge.

Recent efforts in computational modeling and bioengineering provide new opportunities to address these
gaps. Patient-derived imaging, finite element modeling, and Multiphysics simulations now allow researchers
to virtually explore electrical field distributions, current density patterns, and neural activation thresholds. By
combining clinical knowledge with digital modeling tools, electrode placement strategies can be optimized
prior to implantation, reducing trial-and-error approaches and minimizing the risk of revision surgeries.

In this study, we present an integrated simulation-based framework for optimizing SNM lead placement.
Using CT-derived pelvic anatomy reconstructed in 3D Slicer, we developed a physiologically accurate model
of the sacral plexus and bladder in Fusion 360. Lead placements were virtually tested in multiple
configurations, followed by COMSOL Multiphysics simulations to evaluate electric field distribution, current
density, and nerve activation response. Finally, comparative analyses of placement outcomes were conducted
to identify optimal trajectories. This approach demonstrates how software-based modeling can complement
clinical practice, providing an evidence-driven pathway toward more precise and effective SNM interventions.

2. Literature Review

Sacral neuromodulation (SNM) has been studied extensively over the past three decades, with research
ranging from clinical outcomes to device design innovations and computational modeling. The following
section synthesizes findings from sixteen key studies, highlighting their contributions, limitations, and
relevance to the present work.
2.1. Clinical Efficacy and Long-Term Outcomes

Early clinical investigations established SNM as an effective therapy for refractory bladder and bowel
dysfunctions. Chris et al. [1] reported that symptom improvement rates ranged between 50-80% in patients
with OAB and FI, demonstrating the therapeutic potential of this modality. Similarly, Johnson et al. [2]
conducted a multicenter trial showing durable benefits of SNM in nonobstructive urinary retention, though
limitations included relatively small sample sizes and short follow-up periods. Building on these findings,
Ahmed et al. [3] and Li et al. [4] confirmed long-term efficacy, but highlighted the need for more standardized
implantation techniques to reduce variability in patient outcomes.
2.2. Device Design and Power Innovations

A major technical limitation of traditional SNM systems is battery longevity. To address this, Zhang et al. [5]
analyzed economic and clinical implications of rechargeable implantable pulse generators, showing significant
cost reductions and fewer revision surgeries. Building further, Wang et al. [6] developed the first rechargeable
SNM system in China, demonstrating improvements in bladder capacity and compliance in a single case
report. Complementary work by Kim et al. [7] explored patient comfort and performance trade-offs in
rechargeable versus non-rechargeable systems, underscoring the growing need for miniaturized, efficient
designs.

In a key advancement, Lee et al. [12] introduced a flexible polyimide/PDMS receiver coil for wireless power
transfer, validated via Ansys Maxwell 3D simulations and in vitro pig skin testing. This study achieved 78%
efficiency at 542 kHz, providing evidence that wireless technologies may eventually eliminate the need for
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repeated battery replacements. However, as noted by Lee et al., coil size and thermal management remain
pressing challenges.
2.3. Electrophysiological Mechanisms and Neural Monitoring

Understanding neural activation has been another important line of research. Patel et al. [13] recorded
electrically evoked compound action potentials (ECAPs) and compound muscle action potentials (CMAPs)
from the S3 nerve in patients with FI, revealing medium-velocity (36-60 m/s) and slow fibers (<15 m/s) that
correlated with patient responses. Although limited by small cohorts, this work laid the foundation for closed-
loop SNM systems capable of real-time adjustments.

Similarly, Green et al. [15] investigated the acute effects of SNM on urodynamic parameters in OAB patients.
While no significant changes in bladder capacity or detrusor pressure were observed during percutaneous
nerve evaluation, eight of ten patients reported >50% symptom relief, suggesting that chronic neuroplastic
changes may underlie long-term efficacy rather than acute responses.

2.4. Lead Placement and Surgical Optimization

Lead positioning remains a critical determinant of SNM success. Brown et al. [16] conducted a retrospective
review of 176 patients, showing that higher intraoperative motor response scores (toe and bellows responses)
significantly reduced revision rates (19.3%). Patients under 59 years of age with low scores were at higher risk
for revisions, underscoring the clinical importance of intraoperative motor feedback.

Complementary to this, Smith et al. [8] and O’Neill et al. [9] examined intraoperative strategies for
minimizing lead migration, reporting that proper sacral foramen selection and angulation directly influence
outcomes. Despite these insights, variability in patient anatomy continues to pose challenges for standardizing
implantation.

2.5. Experimental and Simulation-Based Approaches

Several groups have turned to computational tools to complement clinical studies. Martinez et al. [10] utilized
finite element modeling to simulate electric field distributions in pelvic tissues, demonstrating that electrode
orientation and depth critically influence nerve recruitment. Their findings were echoed by Roberts et al. [11],
who applied urodynamic modeling to explore long-term bladder compliance changes under SNM.

More recently, Lee et al. [12] combined device engineering with simulation, while Patel et al. [13] emphasized
electrophysiological validation. These studies illustrate the growing recognition that software-based
approaches can reduce reliance on invasive trial-and-error procedures and serve as preclinical testing
environments.

2.6. Summary of Gaps

Taken together, these sixteen studies highlight the substantial progress made in SNM research. Clinical trials
confirm efficacy but suffer from small cohorts and revision rates [1-4], while innovations in rechargeable and
wireless systems [5-7], [12] address hardware challenges but require long-term validation.
Electrophysiological studies [13, 15] advance understanding of underlying mechanisms but remain limited by
sample size. Lead placement optimization [8, 9, 16] remains an unresolved challenge due to anatomical
variability. Finally, computational models [10-12] offer promising tools, yet integration across clinical imaging,
anatomical modeling, and physics-based validation remains rare.

This motivates the present work, which integrates CT-derived anatomy (3D Slicer), anatomical modeling
(Fusion 360), and multiphysics validation (COMSOL) into a unified framework. By comparing multiple
electrode trajectories, our approach demonstrates how software-based modeling can provide reproducible
insights into optimal lead placement, complementing clinical practice and addressing longstanding limitations
in SNM.

3. Methodology

The methodology employed in this study integrates patient-derived imaging, anatomical reconstruction,
CAD-based modeling, multiphysics simulations, and implantable stimulator circuit validation into a unified
workflow. Each stage was designed to preserve anatomical accuracy while ensuring electrical safety and
feasibility of sacral neuromodulation (SNM). The workflow consists of five key parts: (A) 3D anatomical
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reconstruction, (B) CAD modeling, (C) multiphysics simulation, (D) circuit and instrumentation validation,
and (E) system integration.
3.1. CT Image Processing and Anatomical Reconstruction

Pelvic CT images in DICOM format were imported into 3D Slicer for preprocessing. To enhance anatomical
fidelity, a Gaussian smoothing filter was applied to reduce imaging noise while maintaining structural
boundaries. Resampling was performed to 1 mm isotropic resolution, ensuring accurate three-dimensional
reconstruction.

Segmentation was carried out to extract the sacrum, sacral foramina (52-54), bladder, and surrounding
tissues. Bone was delineated using thresholding above 200 Hounsfield Units, while the bladder was isolated
using region-growing algorithms refined with manual corrections. The sacral plexus was reconstructed by
mapping the foraminal exit points of S2-S4 nerves and creating tubular nerve paths (4—6 mm diameter)
consistent with known neuroanatomy. Anatomical dimensions were validated against literature, including
bladder diameter (80-100 mm) and sacral foramen width (12-14 mm). Final meshes were smoothed and
exported as STL files for CAD processing.

5 . RS i) .~ XY
Figure 1. 3D Slicer reconstruction of pelvic CT with bladder and sacral plexus segmentation.
3.2. CAD Modeling and Electrode Placement

The STL meshes were imported into Autodesk Fusion 360 for geometric refinement and electrode integration.
The bladder was modeled as an ellipsoidal cavity of approximately 90 mm in diameter with a 3 mm average
wall thickness. The sacral plexus was reconstructed from S2-54 foramina, with nerve roots spaced 15-25 mm
from the bladder wall, replicating physiological geometry.

Leads were modeled as flexible shafts of 0.9 mm diameter with cylindrical electrodes (1.3 mm diameter, 3
mm length). A total of five placements (A-E) were designed, varying insertion depth, trajectory angle, and
lateral offset relative to the sacral foramina. These configurations were chosen to mimic realistic surgical
practice, accounting for patient variability and the anatomical curvature of the sacrum.
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Figure 2. Fusion 360 model of bladder and sacral plexus

Figure 3. Electrode placements (A) in Fusion 360

Figure 4. Electrode placements (B) in Fusion 360

Figure 5. Electrode placements (C) in Fusion 360
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Figure 6. Electrode placements (D) in Fusion 360

Figure 7. Electrode placements (E) in Fusion 360
3.3. Multiphysics Simulation in COMSOL

The anatomical and electrode models were imported into COMSOL Multiphysics for biophysical analysis.
The following physics modules were employed:

e Electric Currents (EC): Solved for voltage distribution, electric field, and current density in tissue.
¢ Bioheat Transfer: Verified negligible thermal rise during chronic stimulation.
¢ Solid Mechanics: Ensured electrode insertion did not cause unrealistic tissue deformation.

Tissue conductivities were defined from literature: muscle (0.25 S/m), nerve (0.08 S/m), bladder wall (0.2
S/m), and bone (0.02 S/m). Each electrode was modeled as a biphasic current source with amplitudes 0.5-3 mA
and pulse widths 100-400 ps. Simulations quantified the Volume of Tissue Activated (VTA), electric field
gradients, and current density distribution for each placement.

[

Figure 8. COMSOL E-field distribution around lead placement C

By systematically varying insertion depth and angle, optimal placements were identified based on maximal
sacral plexus activation and minimal off-target spread.
3.4. Circuit and Instrumentation Validation

To validate the electrical feasibility of the simulated parameters, a hardware-level stimulation circuit was
designed using a 555-timer-based astable configuration driving a switching MOSFET stage. The circuit,
powered from a 9 V supply, generated biphasic stimulation pulses with a controllable frequency and pulse
width. A series limiting resistor and blocking capacitor were incorporated to ensure both current limitation
and charge balancing across the electrode-tissue interface. This configuration, although simplified for
prototyping purposes, reflects the fundamental design principles employed in clinically approved stimulators
where charge-balanced biphasic pulses are standard to minimize tissue damage.
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The stimulation current was defined by the compliance voltage and electrode load:
Vcomp (1
Rload+Rlim )

Where,
Veomp=3.0,
Rioad=1 kQ,
and Riim=500 Q.
This yielded Isim~2 mA.

For a pulse width of 200 ps, the charge per phase was:

Qphase = Istim - PW = 0.4 uC (2)

Given an electrode contact dimension of 1.3 mm x 4 mm (surface area = 0.163 cm?), the corresponding charge
density was:
o= % ~ 2.45 uC/cm? 3)

Well below conservative safety thresholds (<30 uC/cm?).

The blocking capacitor requirement was:

Cblock > =% ~ 2 yuF (4)
with a 10 uF capacitor chosen for safety margin.

Energy per biphasic pulse was calculated as:

Epulse = Istim - Vcomp - PW -2 = 2.4 (5)

At a stimulation frequency of 10 Hz, the average stimulation power was approximately 24 uW. When
combined with MCU activity (~30 uW), sleep currents (~15 uW), and analog front-end requirements (~10 uW),
the total implant power consumption was estimated at ~79 pW. With a 1.2 Ah Li-CFx primary cell at 3 V, the
projected device lifetime was ~5.2 years, aligning with reported longevity of implantable neuromodulation
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Figure 9. Circuit schematic of the designed stimulation system
Table 1. Calculated Stimulation and Power Parameters

Parameter Value Note
(Example)
Stimulation frequency 10 Hz Therapy rate (programmable)
Pulse width (per phase) 200 ps Biphasic, charge-balanced
Stimulation current ~2mA Veomp=3.0V, Rload+Rlim=1.5kQ
Charge per phase 0.4 uC IxPW
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Electrode area 0.163 cm? 1.3 mm x 4 mm Pt-Ir contact
Charge density ~2.45 uC/cm? Safe (<30 uC/cm?)
Energy per pulse 2.4 yJ Biphasic cycle
Avg. stimulation power 24 pW At10 Hz
Total implant power ~79 uW Including MCU + analog
Battery capacity 1.2Ahat3V Li-CFx chemistry
Estimated lifetime ~5.2 years Consistent with SNM implants

3.5. Integration and Data Consistency

Finally, all data were integrated across platforms. CT-derived anatomy (3D Slicer), CAD geometry (Fusion
360), electrode designs, and COMSOL field results were synchronized into a common workflow. For each
placement (A-E), electrical safety (charge density, energy per pulse), anatomical validity, and simulation

outcomes (VTA, activation score) were cross-referenced.

Sacral Neuromodulation Optimization

Workflow

CT Image
Processing

N

3D Anatomical
Reconstruction

N

CAD
Modeling

N
Electrode
Placement

N
Multiphysics
Simulation

N
Circuit
Validation

N
System
Integration

N
Optimization

Figure 10. Workflow diagram linking imaging, CAD, COMSOL, and instrumentation validation
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This ensured that observed differences in activation patterns could be directly correlated with both

anatomical trajectories and stimulation feasibility, providing a reproducible methodology for SNM

optimization.
Sacral Neuromodulation Workflow
( ) ]
] ~—o 3D Anatomical
[ System Integration }ﬁ Reconstruction
Data CT Image
Synchronization Processing
Cross-Referencing Segmentation
Circuit Validation .
J CAD Modeling
Circuit Design :I ¢ t Electrode Design
Povyer Geometric
Consumption Refinement
Analysis l
Multiphysics
Simulation

Electric Currents

Bioheat Transfer

Solid Mechanics

Figure 11. Component diagram of Sacral Neuromodulation
4. Results

The results obtained from multiphysics simulations and instrumentation validation provided a
comprehensive understanding of how electrode placement, stimulation parameters, and circuit-level
constraints jointly influence the efficacy and safety of sacral neuromodulation.

4.1. Multiphysics Simulation Outcomes

Five electrode placements (A-E) were assessed in COMSOL. Each was evaluated in terms of electric field
distribution, current density, and estimated neural activation volume. Placements closer to the sacral plexus
with favorable insertion angles demonstrated greater activation while minimizing off-target field spread.

Placement C consistently produced the largest activation volume within the sacral plexus while maintaining
field containment away from bone and bladder tissue. Placement A showed suboptimal activation due to
excessive distance, while placement E demonstrated partial off-target stimulation toward bladder
musculature.

4.2. Comparative Response Metrics

A scoring framework was applied to quantify performance across placements, integrating activation
efficiency and anatomical precision.

Table 2. Comparative COMSOL-Based Metrics for Lead Placements

Position Distance to Pealk E- Current Activation
Placement (Anatomical Nerve (mm) Field Density Score (0-10) Observation
Reference) (V/m) (A/m?)
A Lateral to sacral 8.5 182 004 40 Too distant, low

foramen (S3) efficiency
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Position . Peak E-  Current .
. Distance to . . Activation .
Placement (Anatomical Nerve (mm) Field Density Score (0-10) Observation
Reference) (V/m) (A/m?)
Improved
Medial entry near proximity,
B 6.1 24.8 0.36 6.7
S3 foramen moderate
activation
. . Optimal
C Direct alignment 43 316 0.52 9.1 proximity and
with sacral plexus .
field coverage
. . Good
D Shghﬂyleofique 50 27.9 0.48 8.4 activation,
P broader spread
Partial
B Inferior-lateral to 70 205 0.29 5.8 activation, off-
sacral plexus target bladder
spread
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Figure 12. Bar graph of activation score vs. lead placement
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Figure 13. Scatter plot of distance to nerve vs. activation score
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Figure 14. Scatter plot of electric field strength vs. activation score
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Figure 15. Scatter plot of current density vs. activation score

4.3. Instrumentation Output and Circuit Validation

The stimulator model confirmed that the simulated parameters could be safely and realistically delivered
with implantable hardware. Using a compliance voltage of 3 V and load impedance of ~1 kQ, the circuit
produced biphasic currents in the 1-3 mA range.

Charge safety analysis confirmed that the calculated charge density of 2.45 uC/cm? was well below published
safety thresholds (~30 pC/cm? per phase for Pt-Ir electrodes).

Table 3. Instrumentation and Safety Validation Outputs

Parameter Calculated Value Safety / Reference Value Observation
Stimulation Current 2.0mA 0.5-12.5 mA (clinical range) ~Within therapeutic range
PulsepV}\lf;j;? (per 200 us 60-450 us (programmable) Clinically acceptable
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Parameter Calculated Value Safety / Reference Value Observation
Charge per Phase 0.4 uC <1.0 uC typical Safe
Charge Density 2.45 uC/cm? <30 uC/cm? (safety threshold) Safe
Energy per Pulse 2.4 4 N/A Within expected
A im P
verage Stim Power @ 24 uW N/A Low power demand
10 Hz
Total Implant Power 79 uW Pacemaker ~80-100 uW Comparable
Battery Life Estimate ~5.2 years 5-7 years (non-rechargeable Consistent

SNM)

4.4. Integrated Analysis
The combined results demonstrate that:
e Placement C provides the most favorable neural activation profile with optimal anatomical proximity and
efficient current density.
¢ Instrumentation calculations validate that the designed waveform (10 Hz, 200 pus biphasic, 2 mA) is safe,
reproducible, and within clinically accepted ranges.
® The power budget of ~79 uW ensures device longevity (~5.2 years) consistent with established implantable
neurostimulators.
By merging anatomical fidelity, physics-based simulation, and real-world circuit feasibility, the analysis
supports the translation of the proposed design toward clinical applicability.

5. Conclusion

This study presented a comprehensive, multi-domain framework for optimizing lead placement in sacral
neuromodulation (SNM) by integrating clinical imaging, computer-aided design (CAD), multiphysics
simulations, and circuit-level instrumentation validation. Using CT-derived anatomical models in 3D Slicer,
we reconstructed the sacral region with high fidelity, while Fusion 360 allowed the design and alignment of
electrode leads with realistic dimensions. COMSOL multiphysics simulations quantified electric field
distributions, current densities, and activation volumes across five electrode trajectories. These results
highlighted that Placement C, aligned directly with the sacral plexus, achieved the highest activation score
(9.1/10) and optimal current density without significant off-target field spread, outperforming alternative
placements.

Complementing the anatomical and simulation results, circuit design and instrumentation validation
confirmed that the stimulation parameters (10 Hz, 200 us biphasic pulses, 2 mA current) were both clinically
effective and safe, yielding a charge density of 2.45 uC/cm?—well below conservative safety thresholds. Power
budget analysis demonstrated an average consumption of ~79 uW, translating to an estimated battery
longevity of ~5.2 years, which is comparable to established implantable devices. This dual-layer validation—
linking biophysical activation with real-world energy and charge safety constraints—provides a more
translational and clinically grounded assessment than anatomical modeling alone.

The integrated workflow therefore addresses a critical gap in current SNM research, where anatomical
placement studies often overlook circuit-level feasibility, and engineering models rarely validate their outputs
against anatomical ground truth. By merging these perspectives, the framework not only identifies the most
effective lead placement but also demonstrates that the chosen stimulation protocol can be safely and
sustainably delivered by implantable hardware.

In conclusion, the work establishes a scalable and reproducible methodology that bridges biomedical
engineering design with clinical applicability. This approach offers a pathway for refining lead placement
strategies, enhancing stimulation efficiency, and guiding future development of next-generation, low-power
neuromodulation implants.
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