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Abstract

Total knee arthroplasty (TKA) has undergone substantial technological evolution over the past four decades, progressing
from conventional jig-based mechanical instrumentation to computer-assisted navigation and, more recently, robotic-
assisted platforms. Conventional TKA, although highly successful in relieving pain and restoring function, is associated
with alignment variability and surgeon-dependent inconsistencies. Computer navigation emerged to enhance intra operative
accuracy and reduce radiological outliers, improving coronal plane alignment and component positioning. Building upon
these advancements, robotic-assisted TKA integrates preoperative imaging or imageless mapping with real-time haptic
guidance, aiming to optimize bone preparation, soft-tissue balancing, and implant positioning with enhanced reproducibility.
Despite these technical advantages, the magnitude of clinical benefit and long-term superiority over conventional methods
remain subjects of ongoing debate.

This review critically examines the evolution of TKA technology, synthesizing contemporary literature, national joint registry
data, randomized controlled trials, and recent meta-analyses comparing conventional, navigated, and robotic-assisted
techniques. Particular emphasis is placed on alignment accuracy, functional outcomes, complication rates, survivorship,
cost-effectiveness, and implementation challenges. Current evidence consistently demonstrates that robotic-assisted TKA
achieves superior radiological precision, significantly reducing alignment outliers and improving component positioning
accuracy. Studies report decreased variability in femoral and tibial cuts, improved restoration of mechanical or functional
alignment strategies, and more consistent gap balancing. Early postoperative outcomes suggest modest improvements in pain
scores, early range of motion, and short-term functional recovery. Some reports also indicate reduced soft-tissue trauma and
lower early inflammatory response markers. However, mid-term outcomes generally show equivalence between robotic and
conventional TKA in terms of implant survivorship, complication rates, and revision risk.

A key limitation in the literature is the scarcity of long-term data exceeding 10 years, making definitive conclusions regarding
implant longevity premature. Economic considerations remain central to adoption decisions, as robotic systems involve
substantial capital investment, maintenance costs, and disposable instrumentation expenses. Additionally, operative time
and learning curve factors may initially affect workflow efficiency, although these typically improve with surgical experience
and institutional standardization. Robotic-assisted TKA represents a technological refinement that enhances precision,
reproducibility, and surgeon confidence. While short-term clinical benefits and radiological improvements are well
documented, conclusive evidence demonstrating long-term survivorship advantage and cost-effectiveness is still evolving.
Ongoing longitudinal studies and registry analyses will be essential to determine whether enhanced accuracy translates into
sustained clinical superiority and broader healthcare value.
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1. Introduction

Total knee arthroplasty remains one of the most successful surgical
procedures in orthopaedics, with survivorship exceeding 90%
at 15 years in conventional systems [1,2]. Despite this success,
variability in component alignment and soft tissue balancing has
prompted technological innovation. Mechanical malalignment
exceeding 3° has historically been associated with higher failure
rates [3]. Computer navigation was introduced to reduce alignment
errors but demonstrated inconsistent long-term functional
superiority [4]. Robotic-assisted TKA represents the next stage of
evolution, integrating preoperative imaging, real-time planning,

and haptic-controlled bone preparation.

2. Technological Evolution of Robotic TKA

Robotic systems evolved from passive navigation platforms to
semi-active haptic systems and active robotic milling platforms.
(Figure 1) Modern systems provide: - Preoperative 3D planning,
Real-time intra operative, feedback, Gap balancing quantification,
Controlled bone resection. Radiological precision has significantly
improved, with alignment outliers reduced to below 5% in most
contemporary reports [5,6].
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Figure 1: Evolution of Robotic TKA

Radiological Accuracy and Implant Positioning Multiple meta-
analyses demonstrate a statistically significant reduction in
mechanical axis outliers with robotic assistance. CT-based
analyses confirm improved femoral and tibial rotational alignment
reproducibility. While improved precision is well documented,

registry data currently demonstrate comparable mid-term revision
rates between robotic and conventional techniques. Longitudinal
data remain necessary to determine whether enhanced accuracy
translates into survivorship superiority (Figure 2).
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Figure 2: “Robotic-Assisted TKA Enhances Surgical Precision and Early Recovery Metrics; However, Long-Term Superiority Over

Conventional Techniques Remains Under Evaluation.”

3. Accuracy and Early Clinical Outcomes

Meta-analyses demonstrate superior coronal and sagittal
alignment accuracy in robotic TKA compared with conventional
techniques [5,6]. Early postoperative pain reduction and decreased
opioid requirement have been reported [7]. Short-term functional
improvements at 3—-12 months have also been observed [8].
However, robotic TKA is associated with increased operative time
during the initial learning phase [9].

4. Comparative Clinical Outcomes: Conventional, Navigated
and Robotic TKA

Total knee arthroplasty (TKA) has evolved from mechanically
aligned conventional instrumentation to computer navigation and
subsequently to robotic-assisted systems. While conventional
TKA remains clinically successful with long-term survivorship
exceeding 90% at 15 years, alignment outliers (>3° deviation from
target mechanical axis) have been reported in 15-30% of cases [1-
3]. Computer navigation reduced alignment variability but did not
consistently demonstrate superior long-term functional outcomes
or survivorship [4]. Robotic systems introduced preoperative 3D
planning, intra operative haptic feedback, and real-time soft tissue
balancing, significantly reducing alignment outliers to below
5% in most modern series [5,6]. Meta-analyses demonstrate:
- Improved radiological precision with robotic TKA Reduced
early postoperative pain and opioid requirement Improved early
functional scores (3—12 months), Longer operative time in early
adoption phase, No proven long-term survivorship superiority yet
Importantly, alignment precision does not automatically translate
to long-term implant survival [5-9]. Survivorship data beyond 10

years for robotic systems remain limited [10]. Therefore, while
robotic TKA enhances reproducibility and early recovery metrics,
long-term outcome superiority remains under evaluation.

5. Learning Curve, Economic Considerations and Institutional
Adoption

Robotic TKA introduces a measurable learning curve. Early reports
suggested proficiency after 20—30 cases, whereas high-volume
centres report workflow stabilization after 10-15 procedures
[11,12]. Accuracy metrics remain high even during early adoption,
suggesting that robotics reduces human technical variability. Cost
remains a major adoption barrier. Capital investment, maintenance,
disposables and extended operative time increase procedural
expense [13]. Cost-effectiveness models suggest potential
economic neutrality in high-volume centres due to reduced
revision rates and faster discharge; however, real-world long-term
economic validation remains limited [14]. In resource-constrained
environments, ethical allocation of healthcare expenditure must be
considered. Robotics should be viewed as an adjunct to surgical
expertise rather than a replacement for fundamental principles of
arthroplasty.

6. Limitations of Current Evidence and Research Gaps
Despite increasing publication volume, several limitations persist
in robotic TKA literature:

1. Short-term follow-up predominance (<5 years) [6,8]

2. Industry-associated trials in early system development

3. Heterogeneity in implant design and alignment philosophy

4. Limited data on complex deformity, revision, and hinged

J Surg Care, 2026

Volume 5 | Issue 3 | 3



applications

5. Absence of robust 15-20-year survivorship registries

6. National joint registries have not yet demonstrated statistically
significant survivorship advantage of robotic TKA over
conventional methods [10].

7. Moreover, functional improvement differences beyond 2
years are marginal in most randomized trials [8].

Future research should focus on: Long-term survivorship
comparison, Cost-utility modelling in developing nations, Soft
tissue balance quantification metrics, Robotic application in severe
deformity and constrained implants, until such data mature, robotic
TKA should be considered an accuracy-enhancing evolution rather
than a paradigm-shifting revolution.

7. Future Directions:
Arthroplasty Alignment
The next phase of robotic arthroplasty will likely integrate
artificial intelligence (Al), predictive analytics, and patient-
specific kinematic alignment strategies [15]. Machine learning
algorithms may refine intra operative balancing by incorporating
demographic, anatomical, and biomechanical datasets. Emerging
platforms are exploring, Real-time ligament tension mapping,
Dynamic gap analysis, Augmented reality visualization, Predictive
implant survival modelling. The convergence of robotics with Al
may transition TKA from mechanical alignment dogma toward
individualized joint restoration [15]. However, technological
advancement must remain grounded in clinical outcome validation.
Surgical judgment, soft tissue understanding, and patient selection
remain paramount determinants of success. Robotic TKA
represents a significant technological refinement in orthopaedic
surgery, enhancing precision and reproducibility. Its ultimate long-
term clinical superiority, however, awaits longitudinal evidence.

Al Integration and Personalized

8. Comparison of Robotic-Assisted and Conventional Total
Knee Arthroplasty: Current Evidence

Robotic-assisted total knee arthroplasty (RA-TKA) has emerged
as a significant technological advancement designed to improve

implant positioning, restoration of limb alignment, soft-tissue
balancing, and overall surgical precision. Contemporary robotic
systems enable three-dimensional preoperative planning and
real-time intraoperative guidance, thereby reducing technical
variability during bone preparation and component implantation.
Conventional manual TKA, however, continues to remain the
gold standard because of its excellent long-term survivorship,
predictable clinical outcomes, and extensive worldwide experience
with established implant designs (1-6,10,15-19).

Multiple systematic reviews, meta-analyses, and randomized
controlled trials have consistently demonstrated that robotic-
assisted TKA provides superior accuracy of component positioning
and significantly reduces mechanical alignment outliers compared
with conventional instrumentation (4-6,16-19). Improved
restoration of mechanical alignment and more accurate bone
resections have been associated with better soft-tissue balancing
and greater reproducibility of surgical execution. Several studies
have also reported modest improvements in early postoperative
pain control, functional recovery, and patient satisfaction
following robotic-assisted TKA, although these advantages appear
to diminish with longer follow-up (5-8,16-19).

Despite these technical advantages, current evidence indicates that
improved radiographic accuracy has not consistently translated
into superior long-term clinical outcomes, implant survivorship,
or reduced revision rates. Most comparative studies demonstrate
similar patient-reported outcome measures, complication rates,
revision rates, and implant survival between robotic-assisted and
conventional TKA at short- and mid-term follow-up (2,6,8,10,16—
19). Furthermore, robotic-assisted procedures require substantial
capital investment, increased maintenance costs, specialized
infrastructure, longer operative times during the initial learning
phase, and dedicated training of the surgical team (9,11-14,17-19).
Consequently, robotic-assisted TKA should currently be regarded
as a precision-enhancing adjunct that complements surgical
expertise rather than replacing meticulous operative technique and
sound clinical judgment (15).

Srno | Parameter Robotic-Assisted TKA Conventional TKA

1 Preoperative planning Three-dimensional planning with precise implant positioning Standard radiographic planning
2 Implant positioning More accurate and reproducible Surgeon-dependent variability
3 Mechanical alignment Fewer alignment outliers Greater variability

4 Soft-tissue balancing Dynamic Improved intraoperative balancing Manual assessment

5 Bone resection Highly accurate and reproducible Conventional cutting guides

6 Early postoperative pain | Slightly lower in several studies Comparable

7 Early functional recovery | Modest early improvement in selected studies Good outcomes

8 Long-term function Similar in most studies Similar

9 Revision rate No proven long-term reduction to date Well-established survivorship
10 Operative time Usually 10-25 minutes longer initially Shorter

11 Learning curve Approximately 10-20 cases for experienced A surgeons Minimal for experienced surgeons
12 Radiation exposure None or minimal (image-free systems) None

J Surg Care, 2026

Volume 5 | Issue 3 | 4



13 Cost Higher capital and maintenance cost Lower cost
14 Availability Limited to specialized centers Widely available
15 Overall conclusion Greater surgical precision Proven long-term durability

Table 1: Evidence-Based Comparison of Robotic and Conventional Total Knee Arthroplasty

Srno | Outcome Current Evidence

1 Alignment accuracy Robotic-assisted TKA consistently reduces alignment outliers compared with manual TKA

2 Component positioning | More precise and reproducible with robotic assistance.

3 Early functional outcome | Several studies report modest improvement in early postoperative recovery and patient satisfaction.
4 Mid-term function Generally comparable between both techniques.

5 Pain relief Slight early improvement has been reported in some studies; long-term differences remain minimal.
6 Complications Similar incidence between robotic and conventional TKA.

7 Revision surgery No convincing evidence of lower revision rates at present.

8 Cost-effectiveness Remains controversial because of high acquisition and maintenance costs.

Table 2: Summary of Recent Comparative Evidence

9. Advantages of Robotic-Assisted Total Knee Arthroplasty

Advantages

1. Improved accuracy of component positioning (4—6,16—19)

2. Significant reduction in mechanical alignment outliers (3—
6,16-19)

3. Enhanced soft-tissue balancing and individualized gap
assessment (5,8,15,19)

4. Greater reproducibility and consistency among surgeons
(5,6,15-19)

5. Superior preoperative planning with real-time intraoperative
feedback (5,15,19)

6. Potential improvement in early postoperative pain relief,
functional recovery, and patient satisfaction (5,7,8,16—19)

Limitations
1. High installation, maintenance, and acquisition costs
(13,14,17)

2. Increased operative time during the initial learning phase
(9,11,12,17)

3. Requirement for specialized equipment, software, and trained
personnel (11,12,15,19)

4. Limited evidence demonstrating superior long-term implant
survival or reduced revision rates (2,6,10,16—18)

5. Restricted availability, particularly in low- and middle-income
healthcare systems (13—15)

10. Clinical Perspective

Current evidence strongly supports that robotic-assisted TKA
improves surgical precision, component positioning, and
restoration of mechanical alignment (4-6,15-19). Nevertheless,
conventional manual TKA continues to produce excellent long-
term clinical outcomes and implant survivorship when performed
by experienced arthroplasty surgeons (1,2,10). At present, the
principal value of robotic technology lies in enhancing the
consistency, reproducibility, and precision of surgical execution
rather than conclusively improving long-term implant survival
(6,10,15-19). Future well-designed multicenter randomized
controlled trials with long-term follow-up exceeding 10—15 years
are required to determine whether the improved technical accuracy
achieved with robotic assistance ultimately translates into superior
implant longevity, improved functional outcomes, greater patient
satisfaction, and better cost-effectiveness (13—19).

Srno | Study Year | Study Design Sample Size Major Findings

Comparison of robotic-assisted total knee 2024 | Systematic Multiple studies | Robotic TKA demonstrated improved component

arthroplasty: an updated systematic review review & meta- alignment and radiographic accuracy, with some

and meta-analysis (Fu X et al.) analysis early functional advantages but no consistent long-
term superiority

Robotic-assisted versus conventional total 2025 | Meta-analysis of | 2,692 patients Robotic TKA significantly reduced mechanical

knee arthroplasty a systematic review and 21 RCTs alignment outliers (RR =0.33), improved alignment

meta-analysis of alignment accuracy and accuracy, and increased operative time by about 20

clinical outcomes minutes, with no significant differences in WOMAC
or Oxford Knee Score

Robotic assisted versus conventional total 2024 | Meta-analysis of | Multiple RCTs | Better radiographic precision with robotic

knee arthroplasty: a systematic review and RCTs assistance; limited evidence of clinically important

meta-analysis of randomised controlled trials long-term functional superiority.

(Daoub A et al.)

J Surg Care, 2026

Volume 5 | Issue 3 | 5




Accuracy and Outcomes of a Novel Cut- 2024
Block Positioning Robotic-Arm Assisted
System for Total Knee Arthroplasty (Zaidi

Fetal.)

Systematic
review

ROSA robotic
platform

Demonstrated high component positioning accuracy
and acceptable learning curve; further long-term
outcome data required.

Table 3: Representative Recent Studies Comparing Robotic-Assisted and Conventional Total Knee Arthroplasty

11. Discussion

Recent systematic reviews, meta-analyses, and randomized
controlled trials consistently demonstrate that robotic-assisted
total knee arthroplasty significantly improves the accuracy of
implant positioning and reduces mechanical alignment outliers
compared with conventional manual techniques (4-6,16—19).
These technical improvements have been associated with
enhanced soft-tissue balancing and modest improvements in
early postoperative recovery, pain relief, and patient satisfaction
in selected patient populations (5,7,8,16—19). However, despite
improved radiographic precision, current evidence has not
consistently demonstrated superior long-term functional outcomes,
implant survivorship, or lower revision rates for robotic-assisted
TKA compared with conventional TKA (2,6,8,10,16—18).
Robotic-assisted procedures are also associated with increased
operative time during the learning phase, greater acquisition and
maintenance costs, and the need for specialized infrastructure
and surgeon training (9,11-14,17-19). Accordingly, robotic
technology should presently be regarded as a precision-enhancing
adjunct that improves surgical consistency and reproducibility
rather than a replacement for meticulous surgical technique, sound
clinical judgment, and appropriate patient selection (15). Future
long-term prospective studies are required to establish whether
the improved technical performance of robotic systems results in
clinically meaningful improvements in implant longevity, quality
of life, and healthcare cost-effectiveness (13—19).

12. Conclusion

Robotic-assisted total knee arthroplasty represents a significant
technological advancement in modern arthroplasty. Current
evidence demonstrates superior accuracy of implant positioning,
restoration of mechanical alignment, and greater reproducibility
compared with conventional manual TKA (4-6,16-19). Several
studies also suggest modest improvements in early postoperative
pain, functional recovery, and patient satisfaction; however,
convincing evidence demonstrating superior long-term implant
survivorship, functional outcomes, or reduced revision rates
remains lacking (2,6-8,10,16—18). Accordingly, robotic-assisted
TKA should be regarded as an adjunct to surgical expertise rather
than a substitute for established arthroplasty principles. Evidence-
based adoption should consider clinical effectiveness, economic
justification, institutional resources, and surgeon experience while
awaiting the results of long-term, high-quality randomized clinical
trials (13-19).
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