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CHAPTER

M INTRODUCTION

The convergence of robotics, computer-assisted surgery
(CAS), and artificial intelligence (AI) has fundamentally
redefined the landscape of modern orthopedics. Precision,
reproducibility, and personalization—once aspirational
goals—are increasingly achievable through technology
that was, until recently, confined to research laboratories.
Orthopedic procedures demand exacting tolerances: a

Passive

Navigation Systems Haptic Robotics

(CT-based)

Robotics, Computer-Assisted

Intelligence in Orthopedics

Haptic/Semiactive

Manish Kumar Varshney |

Surgery, and Axrtificial

V o e

femoral component malpositioned by even a few degrees
can alter joint kinematics, accelerate polyethylene wear,
and compromise long-term implant survival. It is in this
context that technology-assisted surgery has moved from
novelty to necessity. As depicted in Figure 1, the spectrum
of technological integration in orthopedics ranges from
passive computer navigation to fully autonomous robotic
execution, with a rapidly expanding middle ground of
Al-augmented decision support.

Autonomous

Haptic Robotics Autonomous Robotic

(Imageless)

MBARS (research)
@ Future platforms

Decreasing surgeon real-time control

Increasing robotic autonomy

Al/Machine Learning Layer —

Superimposed across all levels for planning, execution, and outcome prediction

Fig. 1: Spectrum of computer-assisted orthopedic surgery, ranging from passive navigation systems at one end to fully autonomous robotic
systems at the other, with haptic/semiactive systems occupying the intermediate zone. Surgeon real-time control progressively decreases, and
robotic autonomy progressively increases, from left to right. An artificial intelligence/machine learning layer is superimposed across all levels,
contributing to preoperative planning, intraoperative execution, and postoperative outcome prediction irrespective of the underlying system'’s
autonomy class.



m Section 12: Miscellaneous Topics

TABLE 1: Classification matrix of robotic and computer-assisted

orthopedic surgery systems by autonomy and execution
mechanism.

Level of
Classification surgeon Orthopedic
axis Category control examples
Degree of Passive/ Full (surgeon Stryker NAV3i and
autonomy navigation acts on data) Brainlab Knee3
only
Degree of Semiactive Shared (robot  Stryker MAKO,
autonomy (haptic) constrains) Smith+Nephew
CORI, and Zimmer
Biomet ROSA
Degree of Autonomous  Supervisory ThinkSurgical
autonomy (surgeon TSolution One
initiates/stops)
Execution Direct Variable MAKO (burr) and
mechanism resection TSolution One
(milling)
Execution Indirect/jig-  Higher ExcelsiusGPS (spine)
mechanism assist and VELYS (TKA)
Execution Hybrid Shared CORI (burr + digital
mechanism planning)

The word “robot” traces its etymology to the Czech/
Polish term robota, meaning “forced labor,’ first coined
by playwright Karel Capek in 1920. The conceptual'seed
of a mechanical worker had been planted much earliex
implicit in Leonardo da Vinci’'s mechanical sketches,
but the mathematical and computational frameworks
required to actualize these concepts remained elusive
for centuries. The modern era of Al-enabled machines
germinated in 1956 at the Dartmouth Summer Research
Project, and it was not until 1985 that this technology
first entered the operating theatre when.a PUMA 560
robotic arm (Unimation Inc.)/was used to perform CT-
guided stereotactic neurosurgical biopsy. The orthopedic
landmark arrived in 1992 with' ROBODOC—the first
robot deployed for femoral canal preparation in total
hip arthroplasty (THA). The subsequent three decades
have witnessed a breathtaking acceleration, transitioning
from single-purpose autonomous cutters to multimodal,
Al-integrated platforms capable of intraoperative plan
modificationseutcome prediction, and surgeon coaching.

Contemporary orthepedic robotic and computer-
assisted systems are broadly classified on two axes—(1)
the degree of autonomous decision-making (from
passive navigation to autonomous robotic action), and
(2) the mechanism of surgical execution (direct bone
resection versus indirect jig/template placement). These
axes yield amatrix of system types summarized in Table 1.
At the foundation, all such systems share three conceptual
building blocks (Box 1): (1) a therapeutic object (TO)—the
anatomical target; (2) a virtual object (VO)—its digital

BOX 1: Conceptual framework common to all computer-assisted

orthopedic surgery (CAOS) systems.

1. Therapeutic object (TO): The real anatomical target (eigs, the
femur, tibia, or vertebra being operated upon). Intraoperative
registration anchors the digital plan to this physical structure:

2. Virtual object (VO): The digital counterpatrt of the TO, generated
either preoperatively from CT/MRI data @r intraopératively via
fluoroscopy or point-cloud acquisition. In modern systems, deep
learning algorithms refine the VO in‘real time.

3. Navigator: The spatial tracking engine that maintains a live,
mathematically precise correspondence’between the TO and VO
throughout the procedure. Opticahinfrared (IR)/electromagnetic
(EM), or hybrid tracking madalities are.employed. Without robust
navigation, the accuracy of even,the mestisophisticated robotic arm

\_ is clinically meaningless. Y,

representation; and (3) a Navigator—the link that main-
tains spatial‘correspondence between TO and VO in real
time.

The proposed advantages of technology-assisted
orthopedic surgery are well-recognized—more accurate
implant placement, improved component alignment,
reduced outliers beyond +3° of the mechanical axis, and
enhanced. reproducibility across surgeons of varying
experience levels. However, the translation of these radio-
logicalrand technical improvements into demonstrable
long-term clinical and functional gains remains an active
and evolving area of investigation. The following sections
provide a detailed and updated overview of robotic-
assisted arthroplasty, spine surgery, trauma applications,
computer-assisted orthopedic surgery (CAOS) systems,
and the transformative role of Al/machine learning (ML)
and Industry 5.0 frameworks in shaping the future of the
specialty.

M ROBOTIC-ASSISTED ARTHROPLASTY
SURGERY

Joint replacement surgery represents the highest-volume
application of orthopedic robotics. The clinical rationale
is compelling—prosthetic alignment outside accepted
mechanical and kinematic thresholds significantly
increases the risk of accelerated wear, aseptic loosening,
instability, and revision surgery. While experienced
surgeons using conventional instrumentation achieve
acceptable results, a nontrivial proportion of cases fall
outside target ranges—and it is precisely this “tail” of
outliers that robotic systems aim to eliminate. Figure 2
illustrates the workflow common to haptic robotic arthro-
plasty systems, from preoperative CT-based planning
through intraoperative execution.

Robotic systems in orthopedics are best classified by
their level of intraoperative autonomy and the nature of
their interaction with the surgeon. This framework helps
in understanding their distinct capabilities and clinical
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The 4th edition of “Essential Orthopedics: Principles and Practice”, 3 Volumes, is a nearly complete rewrite of the text, incorporating the
latest advancements in orthopedic principles and practice, with Artificial Intelligence (Al), Machine Learning (ML), and Industry
5.0-aligned management concepts integrated into every disorder and its management.

This comprehensive three-volume format spanning more than 3,000 pages ensures exhaustive coverage, from foundational basic science
to future-oriented, and technology-integrated orthopedic management.

+ Numerous new Tables and dedicated Concept Boxes have been introduced throughout the three volumes to explain updated and
emerging concepts, classifications, and management paradigms in a clear, structured, and easy-to-grasp format.

Difficult and advanced concepts are specifically contained within Concept Boxes, allowing students and clinicians a focused, detailed
understanding without being overburdened during regular reading.

Dedicated clinical practice points are separately included for the Spine and Upper Extremity (excluding Shoulder) sections—regions
widely regarded as the most challenging by orthopedic surgeons and residents—bridging theory with real-world clinical
decision-making.

« The textis upgraded to reflect the latest prevailing knowledge in orthopedics and is partly heuristic in its integration of Al and ML, making
it a valuable and upgraded knowledge resource even for expert clinicians, not just postgraduate trainees.

Nearly all concepts continue to be described with relevant and high-quality illustrations for rapid comprehension and long-term
retention.
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academic experience in orthopedics since completing his MS (Orthopedics) from the All India Institute of Medical Sciences
(AIIMS), New Delhi, in 2004. He has been trained at some of the foremost institutes in the country, including AlIMS, New Delhi
and Maulana Azad Medical College, and has assimilated his teaching and clinical experience into several postgraduate
orthopedic textbooks, including the three-volume “Essential Orthopedics: Principles and Practice,” now in its 4th edition, the
widely read compendium "Practical Orthopedic Examination Made Easy," long regarded as one of the most read texts in orthopedlcs in the
country and ever revered “Postgraduate Orthopedics—An Examination Preparatory Manual”.

He is also the author of a forthcoming dedicated textbook on Artificial Intelligence (Al) and Machine Learning (ML) in Orthopedics,
currently in publication, which comprehensively addresses the application of Al and ML across the full breadth of orthopedic diagnosis,
surgical planning, robotics, rehabilitation, and future surgeon-orchestrated care. Reflecting his conviction that orthopedic education must
evolve alongside emerging technology, this parallel body of work has directly informed the Al- and ML-integrated content newly woven into
every chapter of the present 4th edition, positioning him among the early Indian orthopedic authors to formally systematize this intersection
for postgraduate and practicing surgeons alike.

He continues to be a forerunner in guiding postgraduate students through thesis work, grasping core orthopedic principles, and
examination preparation. He has been a faculty member in courses organized by the Association for Osteosynthesis (AO) Foundation to help
students to understand and apply the principles of trauma surgery. An avid researcher committed to disseminating correct, evidence-based
scientific knowledge, he has authored more than 40 national and international research publications and continues to serve as a reviewer for
several national and international journals. He has presented extensively at national and international conferences, chaired scientific
sessions, and served as a local examiner for the National Board of Examinations (NBE), New Delhi, India. His research has been recognized
internationally, including the prestigious "Paul R Manske Award," conferred by the American Society for Surgery of the Hand (ASSH) for the
best paper on congenital deficiencies of the upper extremity in 2013, and the "SS Yadav Gold Medal" for his research on aneurysmal bone
cysts, which continues to be cited widely by researchers in the field.
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