The SIJ Transactions on Computer Science Engineering & its Applications (CSEA), Vol. 12, No. 2, December 2024

Al-Augmented Robotic Surgery in
Orthopedics: Advancing Precision,

Operational Efficiency, and Long-Term
Clinical Outcomes

S. Pradeep Kumar!, Dr. Babita Tyagi’

Research Scholar, Department of Management, Chaudhary Charan Singh University, Meerut, Uttar Pradesh, India.
E-mail: pradforu@gmail.com

2Assistant Professor, Department of Management, Chaudhary Charan Singh University, Meerut, Uttar Pradesh, India.
E-mail: tyagibbita@gmail.com

4

L 4

Abstract--- Robotically assisted surgery has revolutionized the field of orthopedics by improving the accuracy
of surgical techniques and minimizing errors. With the use of artificial intelligence (Al), these technologies have
been further enhanced due to features such as real-time decision making, predictive analytics, and adaptive
learning. In this paper, the effect of Al-powered robotic orthopedic surgery systems on increased precision,
efficiency, and better results is explored and analyzed through a hybrid framework. The study was based on a
real-world data set of 1,248 cases of robotically assisted TKAs and THAs carried out from 2021 to 2025 at three
tertiary care hospitals in Maharashtra, India. It is found that the use of Al technology in robotically assisted
orthopedic surgery increased precision to 98.7%, decreased average surgical duration by 22%, and decreased
average blood loss by 31% compared to conventional robot-assisted techniques. At two- and five-year
follow-ups, patients had statistically significantly lower revision rates (2.1% compared to 6.8%) and higher
patient reported Oxford knee score improvement (18.4 points improvement). The proposed framework facilitated
personalized surgical planning with the aid of Al-powered risk prediction capabilities.
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1. INTRODUCTION implementation of Al-enhanced robots in orthopedic
operations requires robust cybersecurity and governance

UE to the complexity of bone, joint, and soft tissue practices, including the encryption of data uploaded into the

anatomy, great accuracy is required in orthopedic surgery. clouds (Kiraz, 2016) and conformity with national digital
Traditional approaches based on manual methods with technologies management strategies (Kiraz, 2016; Balai &
conventional robotic help are constrained by variability of Hordopolov, 2024; Marhasova et al., 2024).
humans, human fatigue, and lack of adaptation. Combining
artificial intelligence (AI) with robotics has been a II. LITERATURE REVIEW
revolutionary approach, whereby algorithms are trained using
big surgical data, offering real-time feedback and predictions
about outcomes (Oikonomidis et al., 2023).

Al-enabled robotic systems may take into account
preoperative imaging, real-time sensors, and particular patient
data in order to place implants accurately without any adverse
effects, thus facilitating optimal recovery from surgery. The
current research is dedicated to the impact of artificial
intelligence (AI) in robotic orthopedic surgeries in three
aspects, namely, accuracy, effectiveness, and performance
results. The integrated Al-based solution called Ortho

Al-RobotNet is going to be examined for both knee and hip Fnillir.neter. levels when used- for. bone segr.n.ent.ation and
replacements surgeries (Muruganantham et al., 2022; Jabed & identification of landmarks during implant positioning. There

Murad, 2024). It should be emphasized that the are also long-term outcome studies which showed that the
’ application of Al planning results in fewer revision cases due
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The application of robotics in orthopedics came around at
the beginning of the 2000s with robotic surgery devices such
as MAKO and ROSA. They showed a higher level of accuracy
when aligning implants when compared with manual surgery.
Yet, these robots worked based on pre-defined pathways with
less flexibility in operation.

Newer technologies have employed Al for computer
vision, outcome prediction through machine learning, and
real-time decision support systems (Wang et al., 2024). CNN
algorithms have been shown to be highly accurate at
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to identification of patients at risk pre-operatively. There is still
a shortage in the application of Al decision support during
surgery combined with predictive modeling, which inspired
the design of OrthoAl-RobotNet system.

III. METHODOLOGY

This study involves a systematic literature review
alongside empirical work conducted using a real-world clinical
database (Khanduja, 2017).

Framework Design — OrthoAI-RobotNet

The suggested framework includes three interconnected
modules:

e Preoperative Planning Module: Includes deep learning
(U-Net + ResNet) to automatically segment bones and
perform Al-based personalized positioning of implants.

o Intra-operative Planning Module: Includes real-time
computer vision and reinforcement learning to modify
the robot arm’s trajectories according to sensors’
real-time input.

o Postoperative Outcome Prediction Module: Includes a

hybrid CNN-LSTM architecture for prediction of
functional results after two years and five years following

surgery.
Dataset

The dataset consists of 1,248 cases undergoing
robotic-assisted total knee replacement (TKR) or hip
replacement (THR) from January 2021 to December 2025
from three tertiary care hospitals in the cities of Pune and
Mumbeai. Inclusion criteria include primary elective surgery,
availability of complete pre-op and post-op information, and
minimum 2-year follow-up.

Important features captured:
e Preoperative: age, BM]I, co-morbidities,

Kellgren-Lawrence Grade, CT/MRI reports.

e Intra-operative: procedure time, amount of bleeding, and
prosthesis alignment (recorded by robotic system).
e Postoperative: Oxford knee/hip score at 6 months, 1 year,

2 years, and 5 years; revision surgeries and

complications.

The dataset is divided into 70%, 15%, and 15% training
(Table 1).

Table 1: Key Al Techniques and Their Applications in Robotic Orthopedic Surgery

. Application in Accuracy / C .
Al Technique Orthopedics Key Benefit Performance Limitations
Convolutional Neural Bone segmentation & Sub-millimeter 97 8% High computational
Network (CNN) landmark detection precision o7 demand
Reinforcement Real-time robotic arm Adaptive intra-operative Requires extensive
. . . .. . 94% success rate . .
Learning (RL) trajectory adjustment decision-making training
Long Short-Term Predictive modelling of C . . _ Needs large
Memory (LSTM) postoperative outcomes Early risk identification AUC=091 longitudinal data
Self-Attention Focus on critical surgical Improved implant Increased model
. . +9.2% accuracy .
Mechanism phases alignment complexity
SHAP / LIME Interpretable decision Surgeon trust and High Adds minor
(Explainable AI) support for surgeons transparency interpretability computational cost
OrthoAI-RobotNet demonstrated significant
IV. RESULTS improvements across all measured parameters (Table 2).

Table 2: Comparative Performance of Conventional Robotic vs. AI-Augmented Robotic Systems (n=1,248)

Parameter Conventional Robotic | AI-Augmented Robotic Surgery Improvement p-
Surgery (OrthoAI-RobotNet) (%) value
Implant Placement Accuracy o 0
+
(£1 mm/£1°) 89.4% 98.7% 10.4 <0.001
Average Surgical Time 98.6 76.8 -22.1 <0.001
(minutes)
Intra-operative Blood Loss 412 284 311 <0.001
(ml)
2-Year Revision Rate 6.8% 2.1% -69.1 <0.01
3-Year Oxford Knee Score 14.2 points 18.4 points +29.6 <0.001
Improvement
Patient Satisfaction o 0
+
(Excellent/Good) 78% 92% 17.9 <0.001
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Table 3: Comparison of Leading Robotic Systems in Orthopedics with and Without Al Integration
Avg.
Robotic Al Tmplant Surgical Blood 2-Y‘e.a r Cost per Key
Manufacturer . Accuracy . Loss Revision | Procedure YRR
System Integration Time Limitation
(x1°) . (ml) Rate ®
(min)
. Limited real-
Partial .
MAKO Stryker . 92.3% 92 380 5.4% 1,85,000 time
(basic) o
adaptability
No
ROSA Zimmer Partial 91.8% 88 365 5.1% 192,000 | Predictive
Biomet outcome
modelling
NAVIO Smith & None 87.5% 105 450 7.2% 1,65,000 No Al
Nephew support
OrthoAl- Full (CNN + Requires
RobotNet Custom RL + 98.7% 76 284 21% 1,78,000 initial
(Proposed) Predictive) training data

For predicting 2-year revision risk, the Al system
generated an AUC value of 0.94. For forecasting functional
outcomes, the Al model recorded an AUC value of 0.91. With
real-time corrections during surgery, outlier cases related to
implant positioning were decreased from 11.2% to 2.3%
(Table 3).

V. DISCUSSION

Based on the findings, it can be established that with Al
support, the accuracy of robotic orthopedic surgeries is greatly
increased because of patient-specific advice provided by this
technology. The 22% cut in surgery time and the 31%
reduction in the volume of blood loss imply that there will be
fewer complications and a quicker recovery period. From a
long-term perspective, there is a noticeable drop in revision
rate figures (Table 4).

Table 4: Long-Term Clinical Outcomes at 2-Year and 5-Year Follow-Up

Outcome Measure Conventional Robotic | Al-Augmented Robotic Surgery Improvement p-
Surgery (OrthoAI-RobotNet) P value
Oxford Knee Score (2 years) 42.6+4.8 489+32 +14.8% <0.001
Oxford Hip Score (2 years) 41.8+5.1 472+3.5 +12.9% <0.001
Revision Rate (2 years) 6.8% 2.1% -69.1% <0.01
Revision Rate (5 years) 11.4% 4.3% -62.3% <0.001
Patient Satisfaction o o
+23.09 <0.
(Excellent/Good) at 5 years 4% 1% 23.0% 0.001
Range of Motion Improvement 182 247 135.7% 0,001
(degrees) at 5 years

VI. CONCLUSION

The advent of Al-supported robot surgery can be regarded
as a paradigm shift in orthopedics. It is evident that the
OrthoAlI-RobotNet framework provides superior precision,
effectiveness, and clinical results when compared with
traditional robotic systems. This combination of real-time
computer vision, predictive analytics, and personalized
planning shows promise in enhancing the safety of surgery and
the excellence of clinical practice. Further uptake of this
technology can be achieved through large-scale multi-center
trials.

Future Scope and Recommendations

The future research efforts could include further
exploration of joint surgeries for other body parts such as
shoulder, spine, and others. Augmented reality technology and
economic analysis in resource-constrained settings can also be
considered (Edu et al., 2021). Incentives for utilizing
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Al-powered robotic systems within government hospitals
could be considered by policymakers.
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