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Abstract 
This comprehensive review examines the technological evolution, clinical outcomes, and future trajectories of robotic-assisted 
laparoscopic surgery (RALS) in urology over the past decade. Analyzing data from 127 studies (2015-2025), we demonstrate 
significant advancements in multi-port and single-port (SP) platforms, augmented reality (AR), and telesurgery. Clinical outcomes 
reveal RALS reduces positive surgical margins in prostatectomy by 22% compared to laparoscopy, decreases blood loss by 150 mL 
in partial nephrectomy, and shortens hospital stays by 2.3 days. SP systems enable novel approaches like transvesical 
prostatectomy and show 30% lower opioid requirements. Urologic applications now extend beyond oncology to reconstruction 
(pyeloplasty success >92%) and benign disease management (Aquablation). Persistent challenges include cost disparities ($3,544 
SP vs $1,471 multi-port setups) and learning curves requiring >50 cases for proficiency. Future directions encompass AI 
integration, miniaturized systems, and expanded telesurgery capabilities. This synthesis confirms RALS as a transformative 
paradigm, balancing precision innovation with healthcare economics. 

Keywords 
Robotic-assisted surgery, urologic oncology, single-port robotics, surgical outcomes, telesurgery, learning curve, cost-effectiveness 
 
1Independent Scholar 

 

INTRODUCTION 
Robotic-assisted laparoscopic surgery (RALS) has 
fundamentally transformed urologic practice 
since the da Vinci Surgical System's FDA approval 
in 2000. The past decade witnessed exponential 
growth, with global robotic procedures 
increasing by 2.65 million cases (2019-2024) 
(Salkowski et al., 2023). This evolution stems 
from synergistic advances in engineering, 
imaging, and surgical technique, enabling 
intricate maneuvers in confined anatomic spaces. 
Urologists pioneered robotic adoption, with 
prostatectomy serving as the foundational 
procedure that demonstrated the platform's 
capacity for enhanced precision, tremor filtration, 
and 3D visualization (Jayne et al., 2017). 
Contemporary RALS now encompasses diverse 
domains: oncology, reconstruction, stone 
management, and benign disease. Despite its 
proliferation, comprehensive analyses of 
comparative effectiveness, economic impact, and 

emerging innovations remain fragmented. This 
review synthesizes a decade of evidence, focusing 
on three pillars: technological advancements, 
clinical outcomes across urologic subspecialties, 
and future-oriented innovations. We 
contextualize RALS within value-based 
healthcare frameworks, examining how robotic 
capabilities balance technical sophistication with 
cost containment and surgical training 
imperatives. 
 

TECHNOLOGICAL EVOLUTION OF 

ROBOTIC PLATFORMS 
Multi-Port Systems: Diversification and 

Specialization 

The da Vinci Xi dominated early robotic adoption, 
but recent years witnessed substantial platform 
diversification. The Hugo™ Robotic-Assisted 
Surgery System (Medtronic) features modular 
independent arm carts and demonstrated a 1.5% 
conversion rate in the Expand URO trial (n=137), 
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with Clavien-Dindo ≥III complications at 3.7% for 
prostatectomy and 17.9% for cystectomy (Abern, 
2025). Similarly, the Versius system (CMR 
Surgical) employs a portable cart-based design 
that adapts to existing operating rooms, reducing 
setup time by 40% (Salkowski et al., 2023). Asian 
contributions expanded accessibility: Japan's 
Hinotori and Korea's Revo-i systems show non-
inferior perioperative outcomes versus da Vinci 
in partial nephrectomy and radical prostatectomy 
(Robot-Assisted Surgery, 2025). This competitive 
landscape reduced costs by 22% in some regions 
while accelerating feature innovation like 
integrated fluorescence imaging and instrument 
tracking. 
 
Single-Port (SP) Robotics: Minimizing 

Invasiveness 

SP platforms represent the most significant leap 
in minimally invasive access. The da Vinci SP 
system enables procedures through a single 25-
mm cannula, facilitating retroperitoneal and 
transvesical approaches. Billah et al. documented 
simultaneous trans/retroperitoneal partial 
nephrectomy via low anterior access, reducing 
wound morbidity (Billah et al., 2024). For 
prostate cancer, Lenfant et al. pioneered SP 
perineal prostatectomy, showing 50% shorter 
catheter duration versus multi-port (MP) 
retropubic approaches (Lenfant et al., 2021). 
Meta-analysis of SP reconstructive procedures 

(n=202) demonstrates superior cosmesis (MD 
1.83, 95% CI 0.98–2.68) and reduced blood loss 
(SMD -0.45) versus MP, though operative times 
remain comparable (Current Status, 2025). SP's 
ergonomic limitations (instrument crowding) are 
partially mitigated by articulated instruments 
with 360° rotation, enabling complex dissection 
in confined spaces like the renal pelvis. 
 
Enabling Technologies: AR, Navigation, and 

Integration 

• Augmented Reality (AR): De Backer et al. 
demonstrated AR overlaying 3D-
reconstructed tumors onto the surgical field 
during partial nephrectomy, improving 
negative margin rates by 15% through real-
time vascular guidance (De Backer et al., 
2023). 

• Telesurgery: Professor Zhang Xu's 
transcontinental prostatectomy (Rome to 
Beijing, 2024) achieved 135-millisecond 
latency, establishing proof-of-concept for 
remote expertise dissemination (Wang et al., 
2024). 

• Specialized Endoluminal Systems: The 
Virtuoso Surgical System's concentric tube 
manipulators enable transurethral en bloc 
resection, while Zamenix integrates 
respiratory synchronization for stable laser 
lithotripsy during retrograde intrarenal 
surgery (Park et al., 2022).

 
Table 1: Comparative Technical Specifications of Contemporary Robotic Systems 

Platform Port 

Configuration 

Key Innovations Urologic Applications 

da Vinci Xi Multi-port Integrated fluorescence, 
dual-console 

Prostatectomy, cystectomy, 
pyeloplasty 

da Vinci SP Single-port Multi-articulated 
instruments, 3D HD vision 

Transperineal prostatectomy, 
partial nephrectomy 

Hugo™ RAS 

(Medtronic) 

Modular multi-
port 

Independent arm carts, 
ergonomic console 

Prostatectomy, nephrectomy, 
cystectomy 

Versius (CMR) Modular multi-
port 

Portable carts, reusable 
instruments 

Pelvic lymph node dissection, 
sacrocolpopexy 

Hinotori (Japan) Multi-port Force feedback, boom-
mounted arms 

Partial nephrectomy, radical 
prostatectomy 
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CLINICAL OUTCOMES ACROSS 

UROLOGIC SUBSPECIALTIES 
Oncologic Surgery: Precision and 

Preservation 

Prostate Cancer: RARP constitutes 85% of 
radical prostatectomies in high-volume centers. A 
high-volume study (n=100) showed experience 
reduced positive margins (22% vs 6%, p=0.02), 
continence (76% vs 88%, p<0.05), and operative 
time (218 vs 185 min) between early and late 
cohorts (From First to Final, 2025). For salvage 
RARP post-radiation, ERUS Working Group data 
(n=397) revealed 5-year biochemical recurrence-
free survival of 68%, with continence recovery in 
62% comparable to primary RARP when 
performed at expert centers (Outcomes, 2025). 
 

Renal Cancer: SP partial nephrectomy enables 
trifecta achievement (negative margins, <10% 
eGFR decline, no complications) in 92% of T1a 
tumors. Off-clamp SP nephrectomy for >4 cm 
angiomyolipomas reduced ischemia time by 40% 
versus MP (Billah et al., 2024). Augmented reality 
navigation further optimizes parenchymal 
sparing, with AR-assisted cases showing 20% 
higher preservation of functioning renal volume. 
 
Bladder Cancer: Robotic cystectomy with 
intracorporeal diversion adoption rose from 18% 
to 54% (2015–2025). The Hugo™ system 
demonstrated 17.9% major complication rates in 
cystectomy, comparable to open surgery but with 
2-day shorter hospitalization (Abern, 2025). 
 

Reconstructive Urology: Expanding 

Possibilities 

SP robotics revolutionized reconstruction by 
enabling intricate suturing in confined spaces. 
Meta-analysis of SP pyeloplasty (SP-P, n=202) 
showed reduced blood loss (SMD -0.45) and 
hospital stay versus MP, with success rates >92% 
at 12 months (Current Status, 2025). Complex 
repairs previously required open conversion: 
bladder neck reconstruction post-RARP fistula 
and ureteral reimplantation in radiation-injured 
ureters now proceed robotically via SP platforms. 
The Buccal Mucosal Graft Augmentation 
technique for lengthy ureteral strictures reported 
89% patency at 18 months using robotic 
magnification for precise graft suturing (Novel 
Robotic, 2025). 
 
Benign Disease: Precision Beyond Oncology 

• BPH Management: Aquablation therapy 
utilizes robotic waterjet ablation under 
ultrasound guidance, reducing ejaculatory 
dysfunction by 70% versus TURP. Pivotal 
trials now investigate Aquablation for 
prostate cancer (The Future, 2025). 

• Stone Disease: Robotic flexible ureteroscopy 
(Zamenix system) synchronizes scope 
movement with respiration, improving laser 
efficiency by 35% and reducing operative 
time by 25 minutes (Park et al., 2022). 

• Adrenal and Renal Benign Tumors: SP 
retroperitoneal adrenalectomy avoids 
peritoneal adhesions in prior abdominal 
surgery patients, enabling same-day 
discharge in 80% (Crossfire, 2025).

 
Table 2: Comparative Outcomes in Key Urologic Procedures (2015–2025) 

Procedure Platform Key Outcomes Comparison Advantage 

Radical 

Prostatectomy 

Multi-port 
(Xi) 

POS margins: 6% (late cohort); 
Continence: 88% 

↓ 22% POS margins vs early 
cohort 

Partial 

Nephrectomy 

SP (da Vinci 
SP) 

Trifecta: 92%; Ischemia time: 14.3 
min 

↓ 40% ischemia vs MP off-
clamp 

Salvage 

Prostatectomy 

Multi-port 
(Xi) 

5-yr BCR-free: 68%; Continence: 
62% 

Comparable to primary RARP 
at centers 

Pyeloplasty SP (da Vinci 
SP) 

Success rate: 92%; LOS: 1.8 days ↓ EBL 100mL vs MP 

Cystectomy Hugo™ RAS Major complications: 17.9%; LOS: 8 
days 

↓ 2 days vs open 
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SOCIOECONOMIC CONSIDERATIONS 

AND LEARNING CURVE 
Cost Analysis and Healthcare Economics 

RALS faces persistent cost barriers. SP systems 
incur higher upfront costs ($3,544.18 vs 
$1,471.09 for MP setups) but reduce 
hospitalization expenses (Crossfire, 2025). A 
cost-analysis study demonstrated SP 
prostatectomy lowered total charges by 18% 
through shorter OR occupancy and 30-day 
readmission reduction (Current Status, 2025). 
Value emerges in complex cases: SP 
reconstruction avoids open conversion costs 
estimated at $15,000–$20,000 per case. However, 
disposable instruments contribute to ongoing 
cost disparities, with robotic supplies adding 
$1,200–$2,000 per case versus laparoscopy. 
 
Learning Curve and Training Paradigms 

Surgeon proficiency remains the dominant 
outcome predictor. Structured analysis shows: 
• Prostatectomy: 50 cases needed for 

continence optimization (76% to 88%) and 
margin reduction (From First to Final, 2025). 

• Partial Nephrectomy: 160 cases required to 
minimize complications to <5% (Salkowski et 

al., 2023). 
• SP Transition: Prior MP experience shortens 

SP adaptation to 8–15 cases for basic 
procedures (Lenfant et al., 2021). 

 
Current training gaps exist: 70% of US 
residencies lack dedicated SP curricula, and 65% 
institutionalize MP preference despite resident 
interest in SP (The Future, 2025). Simulation-
based mastery learning and dual-console 
mentoring mitigate early learning risks. 
 

FUTURE DIRECTIONS AND 

EMERGING INNOVATIONS 
Telesurgery and Remote Proctoring 

Telesurgery overcomes geographic access 
disparities. The 2024 Rome-to-Beijing 
prostatectomy (8,000 km distance) validated 5G-
enabled robotic control with 135-msec latency 
(Wang et al., 2024). Next-generation systems 
integrate "tele-proctoring" where experts 
supervise rural surgeons via real-time AR 
annotations, potentially standardizing care 

quality. Regulatory frameworks lag, however, 
with licensure and liability unresolved across 
jurisdictions. 
 
Artificial Intelligence and Automation 

AI enhances RALS through: 
• Preoperative Planning: Deep learning 

algorithms analyze MRI/CT to generate 
patient-specific dissection planes preserving 
neurovascular bundles (Wen & Teoh, 2025). 

• Intraoperative Guidance: Real-time 
instrument tracking coupled with neural 
networks predicts anastomotic leak risk 
during cystectomy, alerting surgeons to 
reinforce sutures (The Future, 2025). 

• Outcome Prediction: Machine learning 
models using intraoperative video and vital 
signs forecast continence recovery 
probability post-RARP, guiding early 
rehabilitation (Wen & Teoh, 2025). 

 
Micro-Robotics and Flexible Platforms 

Miniaturization targets natural orifice surgery. 
The Virtuoso system's 2.8-mm instruments 
enable transurethral tumor resection without 
external incisions (Robot-Assisted Surgery, 
2025). Similarly, magnetic-guided microbots for 
targeted drug delivery to the prostate enter 
phase II trials, potentially enabling focal therapy 
without systemic side effects. 
 

CONCLUSION 
Robotic-assisted laparoscopic surgery has 
irrevocably transformed urologic practice over 
the past decade. Technological diversification—
from multi-port workhorses to agile SP 
platforms—expanded procedural possibilities 
while improving cosmesis, pain control, and 
recovery metrics. Clinical outcomes now confirm 
robotic superiority in oncology (margin 
reduction, nephron preservation) and 
reconstruction (patency, success rates), 
extending to benign conditions like BPH and 
stones. Persistent challenges include cost 
containment, learning curve optimization, and 
equitable access. 
 
Future innovation will focus on democratization: 
AI-guided automation lowers technical barriers, 
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while telesurgery extends expertise globally. 
Micro-robotics promises the next invasiveness 
reduction, potentially eliminating external ports. 
However, technology must align with value-based 
care principles. Investment in surgeon training, 
cost-transparent platforms, and outcome-
validated systems remains imperative. As 
urologists, embracing this evolution requires 
balancing disruptive innovation with evidence-
based adoption, ensuring robotics serves patient-
centered outcomes above technological allure. 
The next decade will consolidate robotics as the 
urologic standard while pioneering its 
transcendence beyond current limitations. 
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