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In the past few decades, there have been great changes in the science related 
to knee and hip replacement surgery. Robotics in Knee and Hip Arthroplasty 
is a testament to the newest advances in this ever-emerging process.

When total hips and total knees were first introduced four decades ago, the 
acetabular reaming was guided with a drill hole in the bottom of the acetabu-
lum, in the knee the proximal tibial osteotomy was guided with the wide 
osteotome placed along the long axis of the tibia, and the femoral osteotomy 
was guided with an angular rod slide under the quadriceps muscles. It did not 
take long to appreciate that consistent techniques for perfect position and 
alignment were essential for the long-term success of a prosthesis.

We can now appreciate the evolutionary changes that have occurred dur-
ing the past few decades. These changes in techniques started with instru-
ments that allowed reproducible acetabular reaming and position, well-placed 
femoral neck osteotomies in the hip, as well as accurate tibial and femoral 
cuts for a total knee arthroplasty. Over the years, instrument sets have evolved, 
creating reasonably reproducible results. Smaller instrumentation for smaller 
incisions evolved; there has been a gradual introduction into computer-
assisted surgery; and we now have robotic-assisted surgery. This latest 
advancement will allow joint replacement surgeries to achieve a level of con-
sistency and efficiency never even considered a decade ago, let alone when 
joint arthroplasties were first introduced.

This text gives the reader a comprehensive synthesis of the state of the art 
in robotic hip and knee surgery. It is superbly written and edited. It first out-
lines the history and evolution of robotics in healthcare and hip and knee 
arthroplasty. There is a review of the advantages and disadvantages of robot-
ics. The entire second and third sections are devoted to techniques and are a 
“how-to” for a variety of different hip and knee robotic applications.

This excellent, up-to-date text will serve as a testament to the emerging 
science of robotic surgery: it will be a classic in this field and a guide for the 
next generation of arthroplasty surgery.

Paul A. Lotke
Emeritus Professor of Orthopaedic Surgery

University of Pennsylvania School of Medicine
Philadelphia, PA, USA

Foreword
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While manufacturing and warehousing have enjoyed longer-term use of 
robotic technology to enhance their industries, healthcare – and particularly 
orthopaedic surgery – has been slower to embrace robotic technologies, until 
recently. The field of robotics is now hitting an inflection point in healthcare 
in general, as well as arthroplasty and other sectors of orthopaedics in par-
ticular, with tremendous recent growth. When considering the dynamic trends 
and attitudes toward robotics in joint arthroplasty, early scepticism was the 
norm for nearly a decade when it came to robotics, and other than a relative 
handful of us who were innovating in and advocating for robotics, few others 
were using robotic methods. When I first began presenting on robotics at 
national meetings in 2008, there were many who doubted the need for this 
sort of advanced technology. After all, there were decades of reasonable out-
comes after joint arthroplasties performed with conventional tools. Happily, 
the past few years have experienced a paradigm shift. A recent informal poll 
of the members in attendance at the 2018 annual meeting of the American 
Association of Hip and Knee Surgeons found that 30% use robotic assistance 
for unicompartmental knee arthroplasty. Additionally, in some regions in the 
United States, 30% of hospitals now offer robotic technology for knee or hip 
arthroplasty, and some hospitals have several orthopaedic robots in their 
operating rooms. Robotic technologies have expanded into their third genera-
tion, and each major company has a robot either in use or in development. As 
technologies evolve, efficiencies improve, and costs are better contained, it is 
likely that robotic assistance will continue to grow as a surgical tool and 
beyond the operating table to improve perioperative processes within our 
hospitals.

This text is designed to give a broad descriptive overview of available 
robotic technologies, primarily for knee and hip arthroplasty procedures, as 
well as spinal surgery. While some are available worldwide, others are emerg-
ing and at various stages of approval by regulatory bodies. By virtue of the 
fact that the same technologies may be used for various kinds of procedures, 
there may be some redundancy among chapters with regard to system descrip-
tions, but it is intended that each chapter can stand alone. Additionally, a sec-
tion on the emerging field of robotics for hospital process improvement is 
included as a window into advances that may become more commonplace in 
the next 5–10 years.

While using this text, please recognize that each surgeon contributor is 
describing their personal perspective on a particular use of a particular robotic 

Preface
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technology or the field of robotics in general. These perspectives may not be 
completely shared by the broader robotics community as a whole; subtle dif-
ferences may exist between surgeons’ preferences, protocols, and techniques 
based on personal or institutional experiences and philosophies. This text is 
geared toward providing the reader with a foundation upon which build their 
knowledge base for the current and emerging robotic platforms. Given the 
rapid evolution of robotic technologies, I suspect the next edition of this book 
will need to be written in the near term.

Philadelphia, PA, USA� Jess H. Lonner

Preface
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A Brief History of Robotics 
in Surgery

Jess H. Lonner and James F. Fraser

The word “robot,” derived from the Czech word 
robata, which means “forced labor,” was first 
introduced to popular culture in 1917 by Joseph 
Capek in the science fiction story Opilec [1]. In 
the contemporary Oxford Dictionary, a robot is 
defined as a “machine capable of carrying out a 
complex series of actions automatically, espe-
cially one programmable by a computer” [2]. The 
modern concept of robotics was advanced in the 
science fiction writings of Isaac Asimov in the 
1940s, who coined, among other things, The First 
Law of Robotics, which admonished that “A 
robot may not injure a human being or, through 
inaction, allow a human being to come to harm” 
[3]. These concerns are particularly germane in 
the healthcare realm, where the focus on robotic 
interventions has not only been on their potential 
efficacy in performing “complex series of 
actions” but also the safety of those tools vis-a-
vis both the patients and surgical teams working 
in collaboration with the robots.

Visionaries in computer science and automa-
tion have stated that the emergence of robotics in 

various industries [and perhaps even more so in 
healthcare] has lagged behind where the per-
sonal computer was three decades ago [4]. 
Nonetheless, having gained an early foothold in 
the industrial arena [5], robots are now proving 
useful in many sectors, ranging from transporta-
tion to manufacturing to warehousing and 
beyond. Indeed, we are in the midst of the 
“Second Machine Age”  – a time marked by 
exponential and impactful growth of digitaliza-
tion, artificial intelligence, robotics, and other 
highly advanced smart technologies, which are 
creating unparalleled growth and impacting so 
many areas, including healthcare [6]. As 
Brynjolfsson and McAfee point out, just as the 
introduction of the steam engine in 1775 was a 
dramatic “inflection point” in the Industrial 
Revolution, recent advances in computer tech-
nologies and robotics in a variety of industries 
are having a comparable dramatic, even extraor-
dinary, impact on vast sectors of society [6]. 
Ninety-nine percent of farm workers have been 
replaced by automation, and it is anticipated that 
by the end of this century, 70% of today’s occu-
pations  – manufacturing, assembly, transport, 
warehousing, military, inventory, and health-
care – will likewise be replaced, or more likely 
augmented, by automated technologies [7, 8]. 
Since the use of robotic technologies has 
expanded across a broad swath of industries and 
increasingly used alongside humans  – collabo-
rating with, and augmenting our capabilities, 
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Orthopaedic Institute, Sidney Kimmel Medical 
College, Thomas Jefferson University,  
Philadelphia, PA, USA
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rather than replacing them  – there is no doubt 
why numerous surgical procedures are now 
identified as optimally suited for robotic assis-
tance. After years of slow, measured, almost 
undetectable advances in robotics in healthcare, 
the last 5–10  years have seen more dramatic 
growth and progress in surgery. In fact, taking 
joint arthroplasty surgery as an example, recent 
patent activity in robotics is greater than most 
other areas of surgical technology development 
at this time, highlighting the tremendous interest 
in, and resource allocation toward, the field of 
robotics [9].

In addition to the drive to improve outcomes 
and surgical efficiencies, economic pressures and 
regional competition have been major drivers of 
robotic technology acquisition [10]. The main 
benefit of robots to augment human capabilities 
in surgery is their ability to perform repetitive, 
predictable, and often “complex” tasks with 
unmatched accuracy and consistency while also 
improving the ergonomics of the surgery for the 
surgeon user [11]. The story of the evolution of 
robotics in arthroplasty and other surgical spe-
cialties is a study in the characteristic patterns 
that define technological progress and innova-
tion, in general, whereby initial skepticism ques-
tions the role of the intervention, after which 
exponential developments occur along with data 
on the class of interventions, followed by declin-
ing capital and maintenance costs, smaller space 
requirements, broadening access, and increased 
utilization [6, 12, 13]. Although additive costs of 
robotic surgery with the current predominant sys-
tems are currently high, increased competition 
from manufacturers and wider dissemination of 
alternative technologies should drive costs down, 
as we have observed with orthopedic robotic sys-
tems [6, 12–14].

Despite the “promise” of robot assistance, 
there will naturally be surgeon adopters on the 
one hand and nonusers on the other [15, 16]. 
Simplifying the unified theory of acceptance and 
use of technology, it can be argued that one’s per-
ceptions regarding the usefulness and ease of use 
of the technology, as well as extrinsic factors 
such as regional competition, patient requests, 
technology costs, and learning curves, may at 

once serve as either motivators or deterrents to 
using robotics in surgery [10, 11, 15, 17, 18]. 
Indeed, in healthcare, the decision to acquire and 
implement a new technology is largely based on 
the perceived “value” of that technology, which 
is traditionally determined by considering the 
applicable costs and benefits [17]. However, 
while these factors are often concrete and well 
defined, the unclear net costs and uncertainty 
regarding the long-term benefits of robotically 
assisted surgery challenge this assessment.

Notwithstanding those competing interests 
and biases for or against surgical robots, the 
emergence of robotics in the medical space, 
while initially quite slow, is now growing para-
bolically. Over the past decade, robots have aug-
mented nearly two million surgical operations 
worldwide [19]. In addition to the intrinsic and 
extrinsic motivators described above, the global 
market for medical robotic systems is driven by 
other factors such as technological advancement 
in the automation of the healthcare industry, 
increase in elderly population, increased vol-
umes of all sorts of surgeries, and pursuit of pre-
cision in the setting of less invasive surgical 
techniques. Certainly, the prevalence of knee 
and hip arthroplasty is experiencing tremendous 
growth, with no end in sight [20]. The global 
surgical robotics market is expected to increase 
substantially, growing from $4.9 billion in 2016 
to $12.8 billion in 2021 and $16.74 billion by 
2023, a cumulative annual growth rate of over 
20% [21, 22]. Intuitive Surgical – the dominant 
surgical robot company – estimates that in 2017 
alone, surgeons throughout the world completed 
approximately 877,000 surgical procedures 
using its technology, compared to roughly 
80,000  in 2007. Similarly, albeit slower to the 
robotics space, the knee and hip arthroplasty 
robotics market has grown from $84 million in 
2015 to $375 million in 2017, and the global 
orthopedic medical robots market is anticipated 
to reach between $2 billion and $4.6 billion over 
the next 5–6 years as a new generation of robotic 
devices, systems, and instruments is introduced 
to manage a rising number of musculoskeletal 
conditions in a growing orthopedic population 
[23, 24].

J. H. Lonner and J. F. Fraser
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�History of Robotic Surgery

Early surgical robot development can be traced to 
the mid-1980s when innovative surgeons and 
engineers worked to advance the field in neuro-
surgery and orthopedics, taking advantage of the 
rigidity of fixed bony landmarks to serve as land-
marks from which to guide early robotic tools 
[11]. The first surgical robot, Puma 560 (Unimate, 
New Jersey, US), was introduced in 1985 and was 
designed to be used in conjunction with computed 
tomography (CT) guidance for obtaining neuro-
surgical biopsies [25]. The next-generation neuro-
surgical robot, Minerva, was introduced in the 
early 1990s. It was a stereotactical neurosurgical 
robot and utilized an intraoperative CT scanner 
and a head frame attached to the robot that allowed 
for increased rigidity and precision [26, 27]. Each 
of these systems combined information from 
three-dimensional scans with fiducial markers 
affixed to rigid points of the cranium to determine 
exactly where in space the tip of a biopsy device 
was located [11]. In addition to their ongoing use 
in obtaining brain biopsies, modern robots have 
assisted with other neurosurgical operations rang-
ing from glioma resections to pedicle screw inser-
tion [28, 29]. In 1988, ROBODOC (Integrated 
Surgical Systems, Delaware, US) was introduced 
to allow precision planning and milling for the 
femoral component in total hip arthroplasty. Also 
in 1988, the earliest robotic procedure in urology 
was performed at Imperial College (London, UK) 
with the use of the PROBOT in a clinical trial. In 
1993, a robotic arm to assist in laparoscopic cam-
era holding and positioning called AESOP 
(Automated Endoscopic System for Optimal 
Positioning) was released by Computer Motion, 
Inc. (Santa Barbara, CA). While the earliest 
robotic interventions were in orthopedics, neuro-
surgery, and cardiac surgery, it was in urologic 
applications where the broadest and most wide-
spread adoption occurred throughout the world 
before expanding to other specialties like general 
surgery, gynecology, and head and neck surgery 
and ultimately seeing greater recent use in ortho-
pedics and neurosurgery [30].

The year 1998 was a seminal period in the 
field of surgical robotics, with the introduc-

tion to the market of both the ZEUS Robotic 
Surgical System (Computer Motion, Inc.) and 
the da Vinci Surgical System (Intuitive Surgical, 
Inc., Sunnyvale [CA], US), both with remote 
surgical consoles manipulating their articu-
lated robotic arms. The initial da Vinci robotic 
surgical procedure was a robot-assisted heart 
bypass, performed in Germany in 1998 [31]. 
In 2000 the first reported robot-assisted radical 
prostatectomy was performed in Paris, France 
[32]. The US Food and Drug Administration 
(FDA) approved the da Vinci robot for general 
laparoscopic surgery (cholecystectomy and gas-
troesophageal reflux surgery) in July 2000, for 
prostate surgery in 2001, for mitral valve repair 
surgery in November 2002, and for gynecologi-
cal surgeries in 2005 [1]. Intuitive Surgical, Inc., 
is now the primary player worldwide in the non-
orthopedic robotic surgical market, although 
newer entrants into the space are emerging, with 
the prospects of lower costs, improved efficien-
cies, and portability.

Early on it was observed that robots were 
well-suited to assist with laparoscopic surgeries, 
where complex tasks were being performed in 
confined spaces with precision, but which were 
plagued by long learning curves, ergonomic and 
dexterity challenges, compromised sensory feed-
back, and visualization challenges compared to 
open techniques [33]. The ability of the surgeon 
to control laparoscopic tools with haptic sensors 
while seated at a control console that magnified 
the field in three dimensions enhanced the ability 
to manipulate tissues with extreme precision and 
dexterity through minimally invasive approaches 
in a way that enhanced the ease and ergonomics 
for the surgeon users, thereby improving on the 
limitations of conventional laparoscopic tech-
niques [34].

Across a number of disciplines, compared to 
open surgery, robotic assistance has been shown 
to decrease length of stay and reduce complica-
tions such as bleeding and in-hospital mortality 
[35–37]. However, in its current iteration, robot-
assisted laparoscopic surgery is costlier, and 
often more time consuming, than laparoscopic 
surgery and open surgery, adding as much as 
13% ($3200) to the total average procedural costs 
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across 20 surgical procedures when using robotic 
assistance [17]. Despite the additional costs, 
robot assistance has been utilized in over 1.5 mil-
lion operations in the fields of general surgery, 
gynecology, head and neck surgery, cardiotho-
racic surgery, and urology and over 130,000 
cases in orthopedic surgery.

�Urology

The vast majority of radical prostatectomies in 
the United States – roughly 80% – are now per-
formed with a robot [38]. This has resulted in 
measurable reductions in surgical blood loss, 
hospital length of stay, and complication rates 
compared to open prostatectomies [36]. Despite 
these potential benefits, a number of studies have 
found equivalent cancer cure rates and no sig-
nificant differences between open and robotic 
techniques in potency or urinary continence 
[39]. While the vast majority of robot-assisted 
urological cases relate to prostate disease, in 
some centers, robotics has expanded into the 
treatment of bladder and kidney disease as well, 
resulting in quicker discharge, less bleeding, and 
equivalent cure rates compared to open treat-
ments [40–43].

�Colorectal, General, 
and Gynecological Surgery

Robotics has been shown to be effective and 
safe for a myriad of other conditions and surgi-
cal procedures such as bariatric surgery, fundo-
plication, cholecystectomy, and hysterectomy, 
with comparable blood loss, clinical outcomes, 
conversion rate to open surgery, length of hospi-
talization, and overall morbidity compared to 
conventional laparoscopic techniques. The lon-
ger surgical times and higher costs of robotic 
surgery have tempered broader enthusiasm for 
the use of robots for these surgeries [44–49]. 
Admittedly, there is a relative paucity of high-
quality studies evaluating the health outcomes 
of robotic technology in non-orthopedic- and 
non-prostate-related conditions, which make 

definitive conclusions about the role of robotics 
across the spectrum of surgeries difficult [50]. 
Natural orifice robotic techniques may further 
refine robotic applications in general surgery 
and other applications in the future [51].

�Cardiothoracic Surgery

One of the earliest robotic-assisted procedures 
was a coronary artery bypass grafting (CABG) 
performed endoscopically in the United States in 
1999 [52]. Robotics has since been used not only 
for CABG but also to repair and replace the 
mitral valve, close atrial septal defects, implant 
left ventricular pacing leads, and resect myocar-
dial tumors. Robotics has also been used to treat 
thoracic conditions, including resection of pri-
mary lung cancers, esophageal tumors, thymic 
diseases, and mediastinal tumors. While some 
metrics appear to be improved with robotic 
assistance, including reduced morbidity and 
mortality, shorter hospital and intensive care unit 
length of stay, and less blood loss, the lengthy 
and risky learning curves and additional surgical 
time are likely reasons that robotics is mostly 
limited to select centers for treating cardiotho-
racic diseases [53–56].

�Head and Neck Surgery

Otolaryngology, which also benefits from the 
relative rigidity of the cranium and its surround-
ing structures, has proven to be another fertile 
ground for the introduction of robotic surgical 
techniques. In the 1990s, a robotically controlled 
device for drilling the footplate of the stapes was 
developed [11]. Robots have also been shown to 
be safe and effective at removing benign and 
malignant thyroid lesions [57] and are now ven-
turing into the realm of retinal surgery, inner and 
middle ear surgery, and head and neck surgeries 
where exacting precision is paramount to optimal 
success [58–60]. More recent robotic systems 
have been utilized to perform minimally invasive 
transoral thyroidectomies, with mixed results 
[61, 62].

J. H. Lonner and J. F. Fraser



7

�Robots in Orthopedics

Despite being first to the field, widespread use of 
robotic technology for joint arthroplasty and par-
ticularly spine surgery is a relatively recent phe-
nomenon. Similar to cranial surgery, robots in 
orthopedics benefit from the structural rigidity of 
the human skeleton [11]. This rigidity allows 
robots to integrate information from preoperative 
imaging studies or intraoperative surface map-
ping methods with fiducial markers and fixed 
anatomic landmarks during surgery [11, 63]. 
Some orthopedic robotic systems are imageless, 
having been designed to function without the 
need for additional advanced imaging studies, 
whereas others require preoperative computer 
tomography scanning for planning [11, 63, 64].

The main advantage of robots over conven-
tional techniques in knee and hip arthroplasty 
procedures is the accurate and precise cutting 
and reaming of bone in preparation for implant 
placement, resulting in fewer errors and outli-
ers. The ability to quantitatively balance the soft 
tissues through a range of motion in knee arthro-
plasty using several currently available semiau-
tonomous robotic technologies may further 
optimize kinematics and functional recovery 
and prove to be equally, or more, important than 
component alignment for achieving maximal 
durability. While we rely on component align-
ment and position as surrogate determinants of 
the benefit of robotic technology, data are lim-
ited as to whether there is a measurable influ-
ence on clinical outcomes and durability in knee 
or hip arthroplasty with robotics [65–69]. 
Current data suggest that robotics that include 
algorithms for both bone and implant alignment 
and soft tissue balance may indeed have an 
impact on function and early durability in UKA, 
whereas midterm and longer-term studies ana-
lyzing robotic systems devoid of a soft tissue 
balancing algorithm for TKA have not shown a 
measurable impact on either function or durabil-
ity. Newer robotic systems that emphasize both 
precision of implant position and soft tissue bal-
ance may prove to be more beneficial in TKA, 
but further study is necessary before we can 
fully determine the importance of robotics in 

TKA and THA, other than satisfying the desire 
to get closer to some chosen “target.”

In fact, there may be a need to change our 
mindset on how we judge the role of robotic tech-
nologies. No studies in knee and hip arthroplasty 
have found that assistance from semiautonomous 
robots is detrimental to outcomes. Even if we do 
not eventually convincingly show that robotics 
has an impact on durability or functional out-
comes with “optimized” alignment and balance 
in some procedures, the technology may still 
prove beneficial if we can show equivalence of 
outcomes, particularly if by using a robotic tool 
we can reduce inventory, eliminate instruments 
and surgical trays, improve workflow and surgi-
cal efficiency, and show net cost neutrality or 
even cut costs. We are beginning to approach the 
latter goal with newer enabling robotic technolo-
gies. In the end, it may turn out that robotics may 
be more beneficial for some procedures than oth-
ers (like UKA over TKA) or have a greater role 
for novice or lower volume surgeons, who may 
have difficulty achieving adequate precision and 
balance with conventional instrumentation [69–
71]. It may also be possible that although robotic 
systems are effective for both achieving align-
ment and soft tissue balance, the relative impor-
tance of those capabilities may differ between 
procedures. For instance, in UKA, the need for 
both precision of implant alignment and soft tis-
sue balance is established; in TKA, on the other 
hand, recent data suggests that variability in com-
ponent alignment is well tolerated as long as the 
soft tissues are balanced. The issue of how we 
think about robots in TKA, THA, and UKA con-
jures a story about Abraham Wald, an Eastern 
European mathematician who worked for the 
American government during World War 
II.  Concerned about the state of fighter planes 
which were returning from overseas combat mis-
sions with their fuselage and tails riddled with 
bullet holes, the military leadership sought a 
solution to reinforce and protect the planes’ tails 
and fuselage without weighing the planes down 
and impairing their ability to fly. Wald’s response 
based on clever statistical analyses and his abun-
dance of common sense was that their perception 
of the problem was misguided. As he explained, 
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the planes struck with bullets in the tails or fuse-
lage were making it back safely; the concern 
should have been for the planes struck in their 
noses and engines, as those were the ones which 
weren’t returning, and thus it was the engines and 
noses of the planes which needed reinforcement 
[72, 73]. With this unconventional wisdom in 
mind, unlike UKA, it may be that we should 
acknowledge that our efforts to optimize compo-
nent alignment within in 1–2 degrees of a target 
in TKA is an attainable, but misguided, goal. 
Perhaps, our objective for the robot in TKA 
should be to better quantify soft tissue balance 
and enhance surgical efficiency, ergonomics, and 
economies of scale.

Regardless of the ideal use of robots for knee 
and hip arthroplasty, what is clear is that during 
the past decade, the use of robotic technology has 
grown exponentially in the field of joint arthro-
plasty, as data has emerged, pricing improved, 
additional robotic options entered the space, and 
utilization expanded beyond UKA into total knee 
arthroplasty (TKA) and total hip arthroplasty 
(THA) [74, 75]. Analysts suggest that once 
robotic penetration in the joint arthroplasty mar-
ket achieves a 35% level, orthopedic surgeons 
and hospitals will demand access for the proce-
dures [74]. Given a recent informal poll of the 
members in attendance at the 2018 annual meet-
ing of the American Association of Hip and Knee 
Surgeons, which found that 30% use robotic 
assistance for unicompartmental knee arthro-
plasty, we may soon reach that threshold. 
Between 2008 and 2015, utilization of robotics in 
knee arthroplasty alone increased from 15.3% to 
27.4% of hospitals and 6.8–17.7% of surgeons in 
the New York state alone [76]. It is anticipated 
that the role of robotics will further expand over 
the next decade, particularly as our focus shifts 
beyond component and limb alignment in TKA 
and more toward the role of robotics in soft tissue 
balancing, reduction in instrumentation and 
inventory and its attendant cost savings, and sur-
gical efficiencies. One semiautonomous robotic 
technology first used in 2006 (MAKO, Stryker, 
Mahwah, NJ, USA) reported a 130% increase in 
robotic volume from 2011 to 2012; another, first 
used in 2013, reported growth of 480% between 

2013 and 2014, due to its improved cost struc-
ture, ease of use, smaller footprint, image-free 
platform, and applicability in ambulatory surgery 
centers (Navio, Smith and Nephew, Memphis, 
TN), demonstrating the growing popularity of 
robotic technology [77, 78]. Further, a recent 
analysis of potential market penetration over the 
next decade projected that nearly 37% of UKA’s 
and 23% of TKA’s will be performed with robot-
ics in 10 years [79]. As of January 2019, these 
robots, as well as newer emerging systems, are 
expanding usage worldwide, while others are in 
various stages of development.

�Spine Surgery

Robots for spine surgery have expanded beyond 
Puma and Minerva [11, 25–29], and more 
recently there has been tremendous growth in the 
robotics market for spine surgery worldwide 
[80]. Current ramp-up with FDA-approved spinal 
surgery robots  – Mazor SpineAssist, Mazor X, 
and Renaissance (Mazor Robotics, Orlando, FL) 
approved in 2004 with subsequent approval of 
updates in 2011 and 2017; Rosa Robotics 
(Zimmer Biomet, Warsaw, IN) approved in 2016; 
and Excelsius (Globus Medical, Audubon, PA) 
approved in 2017  – is occurring [81]. Mazor 
robotic systems, for instance, have been used in 
36,000 surgical cases [82], with the other systems 
growing in market share. According to one analy-
sis, by the year 2022, the worldwide market for 
spinal surgical robots is anticipated to increase 
from $26 million to $2.77 billon [83]. Indeed, in 
the coming years, the accessibility and the num-
ber of spine surgeries performed with robotic 
technology is expected to increase substantially.

�Summary

The relative proliferation of robotic systems in 
surgery and orthopedics in the last decade or two 
is the natural progression of a robotic evolution 
that began in the industrial realm in the middle of 
the twentieth century. The 1960s and 1970s wit-
nessed rapid advances and widespread adoption 
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of robotic technologies in various manufacturing 
settings. Robots have become more impactful 
after the development of collaborative robots that 
perform side-by-side with workers, rather than 
instead of them. The collaborative nature of 
robots is perfectly suited for use in the operating 
room. Despite the recent expansion of robotics 
into modern surgery, the additional cost and sur-
gical times accrued as a result of the technologies 
must be reconciled with both the proven and 
heretofore unrealized benefits of the various 
available and emerging robotic systems across a 
variety of specialties. The critical stakeholders – 
physician/surgeons, hospital administrators, 
patients, regulators, and payers – may argue the 
role for robotics in healthcare; however, advo-
cates and critics alike cannot help but to recog-
nize that robotic technology is becoming more 
pervasive in many surgical specialties.
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Evolution of Robotics 
in Arthroplasty

Mark W. Allen and David J. Jacofsky

Robotic-assisted orthopedic surgery has improved 
total joint arthroplasty by enhancing the surgeon’s 
ability to reproduce alignment; this technology has 
been available for over 20 years. As more surgical 
procedures are being performed with robotic assis-
tance, and surgical indications and techniques are 
expanding, a growing body of supporting literature 
is emerging [1, 2]. The evolution of arthroplasty 
from past to present is reviewed in this chapter.

Over the long term, robotic technologies 
introduced in various industries have shown an 
increase in production capacity, improved accu-
racy and precision, and lower overall costs. As in 
all development efforts, robotics in other indus-
tries generally undergoes a period of development 
and refinement prior to rapid adoption, which 
occurs after the benefits of the technology become 
clear. Robotic surgery has become an increasingly 
popular tool for orthopedic surgeons in the opera-
tive suite. During unicompartmental knee arthro-
plasty (UKA), total knee arthroplasty (TKA), 
and total hip arthroplasty (THA), these robotic 
platforms have been shown to increase accuracy 
and precision of component placement. Improved 
alignment has been shown to increase implant 

survival and decrease revision surgery [3]. The 
future of robotics in orthopedics appears bright.

�History of Robotics

Several definitions of “robot” exist. According to 
the Robot Institute of America, a robot is defined 
as a reprogrammable, multifunctional manipu-
lator designed to move material, parts, tools, or 
specialized devices through various programmed 
motions for the performance of a variety of tasks 
[4]. Webster’s Dictionary describes a robot as an 
automatic device that performs functions nor-
mally ascribed to humans or a machine in the 
form of a human [5].

Devol, from Louisville, KY, created the first 
robots in the early 1950s by inventing and patenting 
a reprogrammable manipulator called “Unimate” 
[6]. In the late 1960s, the “Father of Robotics,” 
Joseph Engelberger, acquired Devol’s robot patent, 
modified it into an industrial robot, and formed a 
company called Unimation [6]. This robot was the 
standard hydraulic robot in the industry until elec-
trically driven robots were developed.

The work completed in the 1950s and 1960s 
led to robotic advancements in the surgical field. In 
1985, Puma 560 was the first robotic surgical sys-
tem created which allowed neurosurgical biopsies 
to be done with greater precision using CT guid-
ance [7]. In 1988, the same system was used for a 
transurethral resection of a prostate. This eventually 
led to the development of the PROBOT system, 
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designed to specifically aid in the resection of pros-
tatic tissue, proving that predictable soft tissue sur-
gery was feasible with robotics [8]. Since then, the 
field of medical robotics has grown tremendously.

Much of the initial field of robotics has focused 
on advancing laparoscopic surgical techniques. In 
2000, the FDA approved the first robotic surgical 
system – the da Vinci surgical system. This is con-
sidered a sophisticated robotic platform designed 
to expand a surgeon’s capabilities and offer a 
state-of-the art minimally invasive option for 
major surgery. Physicians have used the da Vinci 
system successfully worldwide in approximately 
1.5 million various surgical procedures to date in 
multiple surgical fields including cardiac, colorec-
tal, general, head and neck, and thoracic surgery, 
gynecology, and urology [9]. The da Vinci system 
is a passive, remote, tele-manipulator system that 
allows the surgeon to sit at the da Vinci console and 
view a magnified, high-resolution 3D image of the 
patient’s anatomy. The surgeon is actively control-
ling the robotic arms without a preoperative plan in 
place, thus allowing for intraoperative variability.

The field of orthopedics has focused on hard 
tissue models in the advancing robotic field. Knee 
and hip arthroplasty surgeries require a very high 
degree of precision when preparing and placing 
implants [10]. Bony landmarks are static structures, 
thus allowing preoperative imaging and intraop-
erative mapping for reliable and precise anatomic 
positioning of bone resection. In contrast to the 
da Vinci system, the orthopedic systems are able 
to be modified by the surgeon to develop the final 
planned outcome before an incision is even made 
and then can accurately produce that outcome.

�Historical Systems

�CASPAR

CASPAR (Ortho-Maquet/URS Ortho Rastatt, 
Germany) was an early autonomous system. The 
CASPAR system was an image-guided active robot 
used for THA and TKA similar to ROBODOC 
[11]. Initial results focused on improving and 
decreasing the variability in the mechanical axis 
of the leg during TKA. Many studies have dem-
onstrated the importance of the mechanical axis in 

TKA function, outcomes, and longevity [12, 13]. 
A study performed by Siebert et al. using CASPAR 
for TKA noted improved tibiofemoral alignment 
[14]. However, despite improving tibiofemoral 
alignment, the CASPAR system was somewhat 
restrictive. Femoral and tibial bone screws had 
to be placed preoperatively (during an initial first 
surgery) as fiducial markers for registration of 
the preoperative CT scan allow for intraoperative 
robotic function. No major adverse events related 
to the CASPAR system were found.

CASPAR for THA has been shown to increase 
the accuracy of femoral preparation and position 
of the cementless prosthesis in the femoral cav-
ity [15]. Conversely, CASPAR has been shown to 
have a low accuracy of postoperative anteversion 
angles of the femoral stem compared to the preop-
erative plan [16]. A prospective trial compared the 
clinical outcome of both conventional (35 hips) 
and robotic milling (36 hips) procedures using 
the CASPAR system and demonstrated that the 
CASPAR system surgeries lasted about 50  min-
utes longer and patients showed increased blood 
loss, had significantly lower hip abductor function, 
had an increased incidence of Trendelenburg’s 
sign, and had a higher complication rate [17]. The 
authors recommended critical consideration of 
possible complications prior to initiating robotic-
assisted THA [17]. These early attempts at robot-
ics, with less advanced systems, clearly showed 
that robotics can have the potential to portend risks 
greater than their benefits. The CASPAR robotic 
system is no longer available for clinical use, and 
the company is no longer in business.

�Acrobot

Acrobot, an acronym for active constraint robot, 
was developed largely at the Imperial College 
of London. The Acrobot utilized CT-based soft-
ware to accurately plan TKAs preoperatively. 
Intraoperatively, the surgeon guided a small, 
special-purpose robot called Acrobot, which was 
mounted on a gross positioning device. The Acrobot 
used active constraint control, limiting motion to 
a pre-defined region and allowed the surgeon to 
safely resect the bone to accept a TKA prosthesis 
with high precision. A noninvasive anatomical reg-
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istration method was used, and this was a predicate 
to more modern haptic systems. The company was 
acquired by Stanmore Implants Worldwide in 2010 
and subsequently withdrew from robotics. MAKO 
Surgical acquired the assets as part of a confidential 
patent infringement settlement in 2013.

�Contemporary Systems

The steps performed during a robotically assisted 
surgery typically involve (1) creating a patient-
specific model preoperatively (in image-based sys-
tems); (2) intraoperatively registering the patient to 
create a final model and developing a plan based on 
the patient’s anatomy; and (3) using robotic assis-
tance to make bone cuts and carry out the proce-
dure. Many robotic systems have been developed 
and prototyped, but only a handful have been suc-
cessfully used in a clinical setting. More recent 
and commonly utilized systems for arthroplasty 
surgery (Table 2.1) include the Navio PFS (Smith 
and Nephew, London and Hull, UK), the iBlock 
robotic cutting guide (OMNIlife Science, East 
Taunton, MA), the MAKO Robotic Arm Interactive 
Orthopedic System (RIO; MAKO Surgical 
Corporation, Fort Lauderdale, FL, USA), and 
ROSA Knee Robot (Zimmer Biomet, Warsaw, IN).

�ROBODOC/TSolution One™ Surgical 
System

In the early 1990s, Howard A. Paul, DVM, and 
William L. Bargar, MD, teamed up to develop a 
system to prepare the femoral side of a THA to 

facilitate the use of cementless stems and improve 
bony ingrowth [18]. In 1992, the ROBODOC sys-
tem (initially by Curexo Technology, Fremont, 
CA) designed by Drs. Paul and Bargar made 
history by being the first robot used clinically in 
orthopedic surgery (Fig.  2.1). ROBODOC was 
an image-based, active, autonomous, milling 

Fig. 2.1  THINK surgical robot. (Courtesy of Curexo 
Technology, Fremont, CA)

Table 2.1  Current robotic platforms

System Corporation Arthroplasty
Preoperative 
planning Control Platform

Bone 
resection

TSolution One 
(Robodoc)

Think Surgical, Fremont, 
CA, USA

TKA, THA 
(femur)

CT scan Autonomous Open Mill

iBlock OMNIlife Science, East 
Taunton, MA, USA

TKA None Autonomous Closed Saw

MAKO Stryker Corporation, 
Mahwah, NJ, USA

UKA, PFA, 
TKA, THA

CT scan Semiautonomous, 
haptic

Closed Burr, Saw

Navio PFS Smith and Nephew, 
Memphis, TN, USA

UKA, 
PFA,TKA

None Semiautonomous Open Burr, Saw

ROSA Knee Zimmer Biomet, Warsaw, 
IN, USA

TKA None Semiautonomous Closed Saw

TKA total knee arthroplasty, UKA unicompartmental knee arthroplasty, THA total hip arthroplasty

2  Evolution of Robotics in Arthroplasty
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robotic system. The system operates with an open 
implant platform. Once the system was positioned 
and fixed to the patient, markers in the surgical 
field (fiducials) were then used as a reference for 
image guidance. After anchoring in the bone, the 
robot would automatically mill a cavity in the 
femur for the stem. Initial pilot studies were per-
formed in dogs, and human trials began in 1992 
[18]. The European Union approved ROBODOC 
for sale in 1994, and the first system was installed 
in Germany [19]. Worldwide, the system has been 
used for more than 24,000 joint arthroplasties. 
More recently, the system has been improved and 
expanded the focus beyond THA, to also include 
TKA using a similar technical approach.

Initial clinical trials began in 1994 and were 
approved for THA by the FDA in 2008 [19–21]. 
The FDA has not yet approved it for TKA or par-
tial knee arthroplasty. As in the early ROBODOC 
system design, it remains CT based, but it is 
now a computer-aided, robotic milling device 
that allows cavity preparation for hip arthro-
plasty and surface preparation for TKA.  The 
“ORTHODOC” workstation transfers data, com-
pletes the segmentation, and plans the implant 
positioning before engaging and operating the 
robot intraoperatively. A series of clinical tri-
als have proven clinical success and utility [21, 
22]. Overall implant positioning and alignment 
are consistently within 1° of error in all planes 
and radiographic improvements in accuracy with 
robotic-assisted arthroplasty compared to con-
ventional techniques [2, 13, 23]. The company 
was formerly known as Curexo Technology 
Corporation and changed its name to Think 
Surgical, Inc. in September 2014.

In cementless primary hip arthroplasty, a 
randomized multicenter study conducted from 
1994–1998 showed statistically improved fit, fill, 
and alignment with ROBODOC as compared 
to manual THA [18], and ROBODOC milling 
has shown a decrease in intraoperative embolic 
events compared to standard femoral broach 
preparation [24].

The first 100 ROBODOC TKA procedures 
were performed by Professor Martin Börner 
at the Berufsgenossenschaftliche Unfallklinik 
(BGU) in Frankfurt, Germany [25]. The 
ROBODOC system made cuts that were good 

enough to allow cementless implantation for 
both the tibia and femur in 76% of the patients. 
In 97% of the cases, the alignment of the knee 
was restored to the planned ideal mechanical axis 
(0° error). In two different prospective studies 
comparing ROBODOC-assisted to manual TKA, 
the robot had more accuracy and less variation 
in the mechanical axis and had no difference in 
patient-reported outcome measures [23, 26]. 
In both studies, the ROBODOC-assisted TKA 
procedures averaged 25 minutes longer than the 
manual procedures, but they demonstrated less 
postoperative bleeding.

The ROBODOC system requires increased 
time for planning, registration, and milling. The 
increase in operative time is a known potential 
risk factor for prosthetic joint infection [27]. If 
the robot monitoring system detects an error 
(such as movement of the bone), the robot will 
stop, and the recovery process is a series of steps 
that must be completed to allow the procedure 
to safely continue. The current hip application 
is limited to femoral preparation only; however, 
it can assist in acetabular positioning by provid-
ing the calculated femoral anteversion to provide 
an appropriate estimate of combined anteversion 
and decrease component impingement. Neither 
live kinematic joint assessment nor final implant 
position information is currently available with 
the ROBODOC platform.

�Navio PFS

Navio PFS (Smith and Nephew, Memphis, TN), 
initially FDA approved in 2012 for UKA and 
later for TKA, is a handheld and imageless device 
that uses an open platform and provides freehand 
sculpting for unicondylar, patellofemoral, and 
total knee arthroplasty (Fig. 2.2). The interactive, 
surgeon-controlled, handheld cutting tool has an 
end-cutting burr that extends and retracts so that 
only the planned bone is removed. As a semi-
autonomous system, it monitors the surgeon’s 
movements of the burring tool, with safeguards 
in place to optimize both accuracy and safety via 
the retraction of the burr tip when the edge of 
the desired bone removal volume is approached. 
Navio utilizes optical-based navigation with an 

M. W. Allen and D. J. Jacofsky



17

imageless system to provide 3D morphed images 
and views of the procedure, thus creating a virtual 
model of the osseous knee. The system continu-
ously tracks the position of the patients’ lower 
limb and the handheld burr, so that the limb posi-
tion and degree of knee flexion can be changed 
constantly during the surgical procedure to gain 
exposure to different parts of the knee during reg-
istration and bone preparation.

As the Navio system is imageless, it elimi-
nates the risk of radiation exposure and the asso-

ciated cost with preoperative imaging. However, 
Navio does not rely on haptic feedback. Rather, 
it provides protective control against inadver-
tent bone removal by modulating the exposure 
and speed of the motorized burr. The safety of 
the burr retraction is limited to its sensitivity and 
retraction speed.

A cadaveric study of the medial UKA Navio 
system investigated implant accuracy and was 
able to demonstrate implant position within the 
expected target with low rotational, angular, and 

Fig. 2.2  Navio TKA planning and instrumentation. (Courtesy of Smith & Nephew, Andover, MA, USA)
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translational errors [28]. Navio improved post-
surgical mechanical axis alignment, decreased 
cutting phase time, and improved Oxford Knee 
Scores from preoperative to 6  weeks postop-
erative, and the mean mechanical axis deformity 
was reduced in the Navio group [29].

There is a fairly rapid learning curve with 
this technology [30, 31]. There is limited pub-
lished complication and outcome data available; 
however, a number of clinical trials and stud-
ies are currently in press or at various stages of 
completion.

�iBlock

The iBlock robotic cutting guide (OMNIlife 
Science, East Taunton, MA), previously known 
as Praxiteles, was FDA approved in 2010 [32] 
for femoral resections in TKA (Fig. 2.3). It is 

an imageless, motorized, bone-mounted cutting 
guide that positions itself for femoral resections 
according to the surgeon’s plan, allowing the 
surgeon to then use a standard oscillating saw. 
iBlock is paired with the NanoBlock, a sepa-
rate, adjustable, resection block used for tibial 
resection. The OmniBiotics computer station 
utilizes bone morphing technology to gener-
ate a unique 3D digital model of the patient’s 
knee intraoperatively, allowing for planning of 
implant positioning and sizing intraoperatively 
and visualizing planned bone cuts before they 
are made.

Compared to conventional navigated instru-
mentation, iBlock’s mean femoral preparation 
time was shorter, the average deviation in the 
final bone resections was more accurate, and 
the adjustable cutting block was found to pro-
vide equal or better component alignment while 
decreasing postoperative mechanical alignment 

Fig. 2.3  OmniBiotics total knee system with iBlock. (Courtesy of OMNIlife science, Inc., Raynham, MA, USA)
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and tourniquet time [33, 34]. The femoral resec-
tions were also compared using a robotic cutting 
guide vs. conventional techniques, and the robotic 
guide allowed for significantly more accurate and 
repeatable bone resections [35].

There is limited clinical data on iBlock avail-
able. A retrospective review of the first 100 
cases used with iBlock at a single institution 
was performed, allowing one surgeon to make 
bone resections within 3° of neutral in 98% of 
cases [34]. The iBlock system is limited by hav-
ing no haptic feedback, available only for TKA 
applications on a closed platform, and having 
limited kinematic assessment after implantation 
of trials and/or implants. Many believe that this 
is best characterized as a motorized, computer-
navigated, adjustable jig rather than a “robot.”

�MAKO

The Robotic Arm Interactive Orthopedic System 
(RIO; MAKO Stryker, Fort Lauderdale, Florida) 
is a haptic system available in clinical prac-
tice for UKA, THA, and TKA (Fig. 2.4). As an 
image-based system, a preoperative CT is used in 
surgical planning to help determine component 
sizing, positioning, and bone resection which is 

then confirmed and adjusted preoperatively and/
or intraoperatively based on the patient’s specific 
kinematics prior to any surgical resection. The 
robotic system provides haptic feedback during 
the procedure to prevent bone resection outside 
of the desired plan [36].

MAKO robotic arm-assisted procedures have 
been shown to overcome technical challenges 
associated with manual partial and/or multi-
compartmental knee procedures. A series of 
studies demonstrated that, as compared to man-
ual techniques, the robotic system has increased 
accuracy in placing the tibial component [10, 
37–40] and significantly decreases the learn-
ing curve during the adoption of UKAs with 
traditional instrumentation [41–44]. Data sup-
ports improved outcomes with bicompartmental 
arthroplasty using robotic assistance and pres-
ervation of the cruciate ligaments as well [45]. 
One study reviewed patellofemoral resurfacing in 
combination with medial or lateral compartment 
resurfacing in 29 patients (30 knees) who were, 
on average, 63.6 years old and demonstrated 83% 
good to excellent results [46].

MAKO robotic-arm assisted UKA resulted in 
shorter hospital stays, significantly lower postop-
erative pain, greater functionality, and decreased 
office visits to general practitioners and hospital-

Fig. 2.4  MAKO planning, instrumentation, and intraoperative use for distal femur resection. (Operative photo courtesy 
of Steven Myerthall, MD, The CORE Institute; MAKO photo courtesy of Stryker, Kalamazoo, MI, USA)
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izations within 3 months following surgery [47]. 
MAKO-assisted UKA procedures had a cumula-
tive revision rate of 1.2%, a substantially lower 
rate than historically reported rates for manual 
UKR of 4.5% and 4.8% at a 2-year follow-up 
(Swedish and Australian national registries, 
respectively) [48]. Recently, Pearl reported a sur-
vivorship of 98.8% at 2.5 years for 909 roboti-
cally assisted unicompartmental arthroplasty 
procedures with 92% of patients either very sat-
isfied or satisfied with their knee function [49]. 
A single-center study of 65 medial UKA and 8 
lateral UKA performed with MAKO robotic 
assistance showed 91 and 88% satisfactory post-
operative results with 1 case of overcorrection of 
HKA angle in a lateral UKA [50].

The use of manual THA with traditional instru-
ments is associated with complications including 
dislocation, impingement, and wear, leading to 
patient discomfort and walking complications. In 
a recent study evaluating patients undergoing pos-
terior-approach THA, individuals receiving manual 
THA experienced more dislocations at 6  months 
as compared to those undergoing MAKO robotic-
assisted THA [51]. In a study comparing manual 
THA to THA using robotic-assisted alignment, 50 
MAKO-assisted THAs were matched to historical 
manual THAs conducted between 2008 and 2012 
[52]. 100% of the MAKO-assisted THAs were 
placed within the Lewinnek safe zone for antever-
sion and inclination (vs. only 80% of manual), and 
92% of the MAKO-assisted THAs were within the 
Callanan safe zone (vs. only 62% of manual) [52]. In 
a multicenter study of MAKO-assisted THA cases, 
planned cup placement was compared with cup ori-
entation after impaction and immediately postop-
eratively, and in 95% of cases, cup placements were 
recorded to be within 5° of the surgical plan. This 
demonstrates that MAKO robotic assistance pro-
vides surgeons with optimal measures to facilitate 
patient-specific planning [53]. In a cadaveric inves-
tigation, 12 acetabular components were implanted 
into 6 cadaveric pelvises: MAKO-assisted THA on 
one side and manual THA on the other side. Hips 
implanted with the MAKO assistance had four to 
six times greater accuracy in version and inclina-
tion vs. manual THA [54]. The use of MAKO-
assisted THA has been shown to improve accuracy 

in achieving desired leg length and offset compared 
with manual THA based on a cadaveric investiga-
tion of 21 hips [55]. In a matched-pair controlled 
study, the size of the acetabular cup relative to that 
of the femoral head was used as a surrogate measure 
of acetabular bone resection. In this study, MAKO-
guided THA allowed for the use of smaller acetabu-
lar cups in relation to the patient’s femoral head size 
compared to conventional THA, indicating greater 
preservation of acetabular bone stock [56].

Improved component positioning leads to bet-
ter range of motion, decreased impingement, and 
more stability, potentially improving function 
and outcome in primary THAs. MAKO-assisted 
THA improved accuracy for both acetabular 
abduction angles and acetabular anteversion 
leading to lower dislocation rates with 0% dislo-
cations in the robotic THA group within the first 
2  years postoperatively [51]. At 1-year follow-
up, patients who had received MAKO-guided 
THA demonstrated significantly higher modified 
Harris Hip scores and UCLA activity level com-
pared with manual THA [57].

MAKO has received 510(k) market clearances 
of the MAKO total knee application and is in 
clinical use (Fig. 2.4). Early studies have shown 
improved safety as it relates to soft tissue and lig-
amentous damage from the saw when comparing 
MAKO assisted to manual TKA [58]. The total 
knee application expands the MAKO offering by 
providing a comprehensive solution in the robotic 
reconstructive service line (i.e., UKA, TKA, and 
THA). The total knee application utilizes the 
MAKO Integrated Cutting System (MICS). The 
MICS powers a saw blade specifically designed 
for the MAKO platform. Given the 3D planning 
capabilities of the system and the ability of the 
system to predictably reproduce an intended sur-
gical plan, it is expected that the safety and preci-
sion of this application will prove to be similar to 
the published results of other applications on the 
MAKO platform.

�ROSA Knee Robot®

ROSA robot has been used for cranial surgery, 
but recent adaptation of the system for TKA 
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(ROSA Knee Robot, Zimmer Biomet, Warsaw, 
IN) has led to its use initially in Australia in 
2018 and now in the United States, having 
received 510  K approval by the US Food and 
Drug Administration in early 2019. The ROSA 
Knee Robot system (Fig.  2.5) does not require 
advanced preoperative imaging, such as CT scan-
ning; planning can be done exclusively intraoper-
ative by registering bony and cartilage landmarks 
for three-dimensional modeling, intraoperative 
decisionmaking, and resection plans. It is a semi-
autonomous surgical system that haptically posi-
tions a resection guide, but not the cutting saw, 
to augment the precision of bone resections, and 

assesses the balance of the soft tissue envelope in 
TKA surgery. Early data demonstrates precision 
of bone resections and implant positioning, with 
reductions in outliers compared to conventional 
methods.

�Other Systems

In addition to TSolution One (ROBODOC), 
Navio, iBlock, ROSA, and MAKO, there has 
been development of miniature bone-mounted 
robots [10]. For example, PiGalileo (Plus 
Orthopedics AG, Smith & Nephew, Switzerland) 

Fig. 2.5  ROSA Knee Robot. (Courtesy of Zimmer Biomet, Warsaw, IN)
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is a passive system that uses a hybrid navigated 
robotic device that clamps onto the mediolat-
eral aspects of the distal femoral shaft [10]. The 
MBARS (Mini Bone-Attached Robotic System) 
was an active system developed for patellofemo-
ral joint arthroplasty procedures [59]. Plaskos 
et al. presented Praxiteles in 2005 as a miniature 
bone-mounted robotic cutting guide for TKA 
[60], the predecessor to the modern iBlock. Song 
et al. have developed an active system consisting 
of a hybrid bone-attached robot for joint arthro-
plasty (HyBAR) that uses hinged prismatic 
joints to provide a structurally rigid robot for 
minimally invasive joint arthroplasty [61]. It is 
important to begin to carefully define the defini-
tions of “robot” and “robotic tools,” as compared 
to “navigated jigs” and/or “smart instruments” 
as the industry advances and the space begins 
to fill with various products all claiming to be 
“robotic.” Further, several robotic systems are 
currently in early use or development for spinal 
applications, such as Mazor X (Mazor Robotic 
Ltd., Caesarea, Israel), ROSA Spine robotic sys-
tem (Zimmer Biomet, Warsaw, IN), and Excelsus 
system (Globus Medical, Audubon, PA).

�Discussion

Robotic surgery is changing the landscape of 
orthopedics. Robots were initially introduced into 
orthopedic operating rooms to improve precision, 
accuracy, and patient’s overall outcome and satis-
faction rates. Robotic-assisted surgery is already 
achieving these goals by enhancing the surgeon’s 
ability to generate reproducible techniques 
through an individualized surgical approach. 
Anatomic restoration with optimized soft tissue 
balancing, reproducible alignment, and restora-
tion of normal joint kinematics has already dem-
onstrated advantages of robotically assisted total 
knee surgery, partial knee surgery [62–65], and 
total hip arthroplasty [57, 66]. Although experts 
may argue about the ideal target in arthroplasty 
(e.g., ideal posterior slope and ideal alignment), 
there is little question that robotics allows the sur-
geon to more accurately hit whatever target they 
may set.

�Limitations of Robotics

In addition to the cost associated with robotics 
in the operating room, there is also a significant 
amount of education required for surgeons and 
staff to optimize the safety, efficiency, and use-
fulness of robotics. Operative time with the use 
of robotic systems may be longer, especially dur-
ing the learning curve, and the preferred robotic 
system of a surgeon may not be compatible with 
their preferred implant system. The systems are 
currently unable to directly perform soft tissue 
balancing, despite the ability of certain systems 
to provide gap balancing feedback to the surgeon 
in very accurate ways (e.g., similar to navigation). 
Additionally, these systems will make cuts in the 
planned location regardless of what they may 
be cutting. Despite improved soft tissue safety 
with haptic systems when tissue retraction is per-
formed properly, the surgeon must still retract the 
soft tissues, or the tissues in the planned path can 
be damaged. Future designs will likely include an 
evolution of failsafe mechanisms and navigated 
retractors to prevent such inadvertent injury 
to soft tissues. Finally, the robot will cut based 
on a plan designed around the registration data 
provided to it. Although image-based systems 
provide additional safety by more easily recog-
nizing errors in registration, both image-based 
and imageless systems are only as good as the 
data provided to them. Therefore, grossly incor-
rect registration can lead to potentially devastat-
ing results.

�Future Robotic Innovations

Current design in the field of robotics has focused 
on decreasing outliers and improving accuracy in 
TJA radiographic outcomes. Early data is dem-
onstrating decreased revision rates with unicom-
partmental arthroplasty and improved functional 
outcomes with THA.  Future innovations will 
likely continue to improve the planning, setup, 
and workflow during robotic-assisted arthro-
plasty. These innovations will be implemented in 
a way that simplifies the process and minimizes 
the learning curve. Critical areas for improvement 
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include preoperative analysis, intraoperative sen-
sors, and robotically controlled instrumentation. 
Currently, image-based systems rely on preoper-
ative CT scans to evaluate the patient’s anatomy, 
but the next step would be to go beyond imag-
ing to appreciate the kinematics of the operative 
joint before it has been altered by the pathology 
of arthritis. The preoperative plan will be used 
to recreate the desired anatomic and kinematic 
framework. Whereas prior implant design was 
limited by the preparation possible with tradi-
tional jigs, traditional visualization requirements, 
and traditional instruments, the future of implant 
development may look very different.

�Conclusion

To date, robotics has improved consistency 
and decreased variability at the cost of initial 
increased operative time. There is growing evi-
dence proving better alignment and a better 
margin of safety with robotic arthroplasty and 
emerging evidence supporting improved clinical 
outcomes and patient satisfaction. Although addi-
tional research will be required to fully define the 
costs and benefits of robotics, one thing is clear: 
robotics is here to stay.
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The history of robotic hardware in the operat-
ing room is a relatively short one, with the first 
robotic system introduced into the medical field 
in 1985 [1, 2]. This system, the PUMA 560, 
was designed for increased accuracy for needle 
placement in a computerized tomography (CT)-
guided brain biopsy. Surgical use of robotics has 
continued to expand and evolve, being embraced 
by several surgical specialties, including urology, 
gastroenterology, oncology, and gynecology [2, 
3]. Orthopedic surgery joined this technological 
surge in the mid-1980s with the development 
and introduction of the ROBODOC (Curexo 
Technology Corporation, Fremont, CA, origi-
nally by Integrated Surgical Systems), led by Hap 
Paul and William Bargar [4]. This new technol-
ogy was introduced with the intent of improving 
the accuracy of femoral bone preparation and 
anatomic placement of the femoral component 
in a cementless primary total hip arthroplasty 
(THA) by using a CT-based, computer-aided 
robotic milling device [5]. This technology was 
first used in human subjects in 1992 and was soon 

adapted for use in primary total knee arthroplasty 
(TKA) and revision THA procedures [5]. Despite 
some promising outcomes [6], the usage of the 
ROBODOC was limited due to early-generation 
technical complications related to the device [7].

Following the introduction of the ROBODOC, 
several passive and semiautonomous systems 
began to emerge [3]. Semiautonomous systems 
require surgeon involvement; however, they will 
not deviate from the planned operative proce-
dure. Initially, these systems used three-
dimensional (3D) CT scans and preoperative 
planning to provide real-time feedback intraop-
eratively in order to enhance the surgeon’s con-
trol, thus increasing operative safety [8]. The 
active constraint robot (ACROBOT) (Imperial 
College, London, UK) was the first semiautono-
mous system to become available. Initial trials of 
this device performed by Justin Cobb and col-
leagues [9] showed consistent and accurate 
placement of implants in unicondylar knee 
arthroplasty (UKA) that were superior to the 
conventional manual technique. Following the 
promising results seen with the ACROBOT, the 
MAKO robotic arm (Stryker, Mahwah, NJ, 
USA) received approval for use by the US Food 
and Drug Administration (FDA) in 2008. 
Encouraging results with these semiautonomous 
systems in UKA have been demonstrated due in 
part to the greater precision in bone resection 
and more consistent soft tissue balancing [10, 
11]. The success of these systems has led to fur-
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ther interest and expansion of these systems to 
also include image-free techniques (NAVIO, 
Smith and Nephew Memphis, TN; OMNIBotics, 
OMNIlife Science, Inc.; Raynham, MA). Passive 
systems have also been developed, which involve 
assisting in preoperative planning, simulation, 
and intraoperative guidance. These systems are 
also known as “navigation” systems, and the 
main distinction, when compared to semiautono-
mous and active systems, is that the surgeon has 
complete control of the entire procedure with the 
computer-aided navigation providing guidance 
[3]. These systems create 3D visualization of the 
patient’s anatomy in order to allow detailed pre-
operative planning. The goal of this chapter is to 
provide an updated and comprehensive compari-
son of current robotic systems available within 
the orthopedic armamentarium.

�Technology Platform Types

�Image-Guided Versus Image-Free 
Surgical Planning

Current robotic systems require the creation of a 
three-dimensional plan derived from a process of 
mapping the anatomy of the joint surfaces, with 
or without a preoperative CT scan. In image-
guided systems, a preoperative CT scan (or MRI 
in some navigation systems) of the involved joint 
and limb is obtained. In knee arthroplasty cases, 
the protocol involves a scan of the patient’s hip, 
knee, and ankle to gather the patient-specific data 
on limb alignment (mechanical axis) and ana-
tomic features of the knee. The software converts 
the CT scan data into segmented slices, which 
creates the three-dimensional patient-specific 
bone model for surgeon templating prior to sur-
gery. It then allows manipulation and coordina-
tion of the collected bone surface data to model 
the limb and accurately plan the implant size, 
alignment, and corresponding volume and ori-
entation of bone resection. In the case of THA, 
the software utilizes the virtual 3D images to plan 
bone resection depth, optimal component size 
and alignment, leg length and offset restoration, 
and volumetric bone removal. The preoperative 

plan is then correlated to the patient’s anatomy 
which is registered intraoperatively by surface 
mapping after arthrotomy [8]. The virtual plan is 
then carried out by surgical manipulation of the 
robotic tool. Despite the benefits of being able 
to virtually plan the surgery preoperatively, the 
downsides of a preoperative CT scan include the 
increased (and often unreimbursed) cost of the 
imaging study, patient inconvenience to obtain 
the study at certified centers, and risk of radiation 
exposure [8, 12–14].

Alternatively, imageless systems rely entirely 
on intraoperative registration of the anatomical 
surfaces and kinematics after arthrotomy to cre-
ate a 3D virtual model, develop a surgical plan, 
and define boundaries beyond which the bone 
cutting tools should not remove surface tissue. 
Specialized CT or MRI scans are unnecessary. 
Thus, while imageless systems address the dis-
advantages presented by the image-based sys-
tem because no preoperative imaging is used, 
this then creates potential disadvantages. A true 
preoperative plan that allows the determination 
of implant size, position, and alignment cannot 
be performed. Furthermore, the intraoperative 
registration relies on the surgeon’s accuracy of 
inputting the correct data points, which is subject 
to human error [8]. Despite these potential dis-
advantages, cadaveric and early clinical studies 
discussed above demonstrate that the imageless 
system results in comparably accurate prosthesis 
placement [15, 16].

�Autonomous, Semiautonomous, 
and Passive Robotic Systems

There are three broad categories of robotic sys-
tems used in orthopedic surgery, including auton-
omous, semiautonomous, and passive systems. 
Passive systems provide a virtual road map for 
surgery but do not provide constraints against 
inadvertent bone and hard surface preparation. 
Both autonomous and semiautonomous systems 
incorporate safeguards against removal of bone 
beyond the 3D plan; they differ in the method and 
extent of surgeon direction and control in the pro-
cess of bone removal.
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�Autonomous Systems
Autonomous robotic systems have the capability 
of completing an operation without surgeon input, 
other than establishing and determining the plan 
of resection, positioning, and sizing. The surgeon 
performs the initial dissection and approach to set 
up the robotic system [17, 18]. The robot then per-
forms the remaining operation independently with 
surgeon oversight; however, the surgeon controls 
an emergency switch in case of a desire to pause 
the procedure or to adjust the plan or if there is an 
impending or actual mishap. Autonomous robots 
had fallen out of favor due to concerns over nerve 
and other soft tissue injury, among other compli-
cations, although currently there is a resurgence in 
enthusiasm for autonomous robotics and redou-
bled efforts to refine techniques and protocols 
[17, 18]. Examples of autonomous robotic sys-
tems include ROBODOC [now TSolution One] 
(Curexo Technology Corporation, Fremont, CA) 
(Fig.  3.1) and CASPAR (Ortho-Maquet/URS, 
Schwerin, Germany), both of which rely on CT 
imaging for preoperative planning. Initial stud-
ies on anthropomorphic phantoms demonstrated 
high geometric accuracy of both the ROBODOC 
and CASPAR systems [8, 19–30]. These systems 
have a predictable learning curve, as evident in 
the longer operative time and greater blood loss 
[21, 26–28], but each had greater precision with 
mechanical axis alignment compared to conven-
tional techniques [27–29]. Disadvantages and 
limitations of the autonomous systems included 
additional time for preoperative planning and reg-
istration, aborted procedures contributing to lon-
ger duration of surgery, lack of surgeon input and 
intraoperative adjustment, and technical compli-
cations [7, 8, 26, 30].

�Passive Systems
Unlike autonomous systems, passive systems do 
not independently perform the operations. They 
are also known as computer-assisted or naviga-
tion systems, which use patient- and instrument-
centered reference points to provide the surgeon 
with perioperative recommendations and guide 
positioning of the surgical tools [29]. The naviga-
tion system is composed of a dynamic reference 
base attached to the instrument or anatomical 

landmark that emits or reflects an optical-based 
medium to the tracker [31]. Passive systems fur-
ther provide guidance on precise placement of 
the prostheses [17] and have revolutionized mini-
mally invasive techniques in orthopedic surgery.

Navigation-assisted surgery have been used 
for performing UKA and TKA to address his-
torical shortcomings associated with component 
malposition. And while several studies have dem-
onstrated the superior accuracy of navigation for 
achieving femorotibial mechanical axis and com-
ponent alignment on postoperative radiographs 
compared to conventional techniques and reduc-
ing outliers compared to jig-based techniques, 
most studies have shown equivalent functional 
outcomes and comparable survivorship [32–44]. 
The use of navigation has further extended to 

Fig. 3.1  ROBODOC. (Courtesy of Curexo Technology 
Corporation, THINK Surgical, Inc., Fremont, CA, USA)
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THA, where it has been applied primarily for 
acetabular component planning, with mixed out-
comes in terms of positioning within the targeted 
“safe zone” [45–51].

�Semiautonomous Systems
Semiautonomous robotic systems combine the 
benefits seen with the passive navigation and 
the autonomous robotic systems. This is done by 
using the skills of the surgeon needed for passive 
navigation and combining these with the control 
of the robot seen in autonomous systems [17]. 
Semiautonomous robots, on the one hand, are 
controlled and manipulated by the surgeon, but 
the surgeon’s control is modulated by the robotic 
system to limit bone preparation to within a 
defined volumetric boundary. A feedback loop is 
established within the system either by haptically 
constraining the cutting tool or positioning of the 
cutting blocks or by modulating the exposure 
or speed of the robotic tool. These safeguards 
not only optimize precision and reduce error, 
but they also simplify the surgical procedure. 
Semiautonomous systems prevent surgeons from 
deviating from the preoperatively planned bony 
excision, which has led to an increased accu-
racy and reduced errors in component placement 
[8, 15, 52]. Currently, three such systems are in 
use in the United States for joint arthroplasty. 
The MAKO robotic arm (Stryker, Mahwah, NJ, 
USA) (Fig. 3.2) uses a preoperative CT scan to 
form the predetermined cutting areas for bone 
preparation and thus is known as an “image-
guided” system. The other semiautonomous sys-
tems in use are the Navio PFS (Smith & Nephew, 
Memphis, TN, USA) freehand sculpting robot 
(Fig.  3.3) and OMNIBOT (OMNIlife Science, 
Inc.; Raynham, MA) (Fig.  3.4) robotic guide 
positioner which are “imageless,” in that they do 
not require specialized preoperative imaging for 
planning or registration [15].

The advantage of semiautonomous robotic 
systems is that the tools are directly manipulated 
by the surgeon, which minimizes the learning 
curve and the potential for inadvertent tissue 
injury while at the same time facilitating accurate 

bone preparation even during the early stages of 
technology adoption [15, 16, 52–63].

�Methods of Robotic Restraint

As discussed, the advantage of robotic bone 
removal is the precision with which surface prep-
aration is accomplished. With current systems, 
there are essentially two primary methods by 
which the robotic tools maintain a high level of 
precision as well as safeguard against inadvertent 
tissue removal  – either by restricting the cutting 

Fig. 3.2  MAKO robotic arm. (Courtesy of Stryker, 
Mahwah, NJ, USA)

A. H. Jinnah et al.



31

tool or positioning of the cutting blocks by haptic 
constraint to within a defined region or by modu-
lating the exposure or speed of the robotic tool to 
within a predetermined 3D surface volume. These 
safeguards not only optimize precision and reduce 
error, but they also simplify the surgical procedure. 
With the MAKO robotic arm and TSolution One 
(ROBODOC) systems, bone resection is deter-
mined initially with a preoperative CT scan and 
then adjusted intraoperatively if needed [17, 21]. 
During the procedure, tactile haptic feedback is 
provided to prevent the robotic arm from moving 
the high speed burr or saw blade outside the prede-

termined cutting zone [4, 5, 7, 8, 11, 17, 21, 29, 30, 
54–65]. In the case of OMNIBOT, control comes 
in the haptic positioning of cutting blocks through 
which the surgeon uses a conventional saw to pre-
pare the bone. This approach restricts the resection 
guides but provides no additional safety mechanism 
to the cutting tool to prevent errant bone prepara-
tion. Nonetheless, emerging data shows success 
with this mechanism of precision in TKA.

Using an alternative method of restraint, the 
Navio system controls exposure or speed of the 
robotic burr. In “Exposure Control” setting, the 
burr continuously rotates, but it is only exposed 
when it is within the predefined volume of bone 
to be prepared and retracted within a protec-
tive guard when the instrument tip is outside the 
desired cutting zone [66]. In “Speed Control” 
setting, the burr will only spin when within the 
desired cutting zone. The rotating burr is at full 
power until it approaches the margin of bone 
being prepared, at which time its speed linearly 
decreases to zero [66]. Theoretically, the burr 
speed/exposure control methods will allow more 
control and minimize errors seen in bony cuts; 
however, results to date have shown comparable 
precision to the haptic system [15].

�Soft Tissue Balancing

Finally, soft tissue balancing has been shown to 
play an important role in knee arthroplasty, to 
maintain normal knee kinematics and proprio-
ception, and to prevent subsequent wear and 
instability [67–70]. UKA and TKA outcomes are 
influenced by lower leg alignment and compo-
nent rotation, size, and position [71], and intui-
tively, it makes sense that the use of robotics 
could help in controlling these multiple variables. 
However, in both UKA and TKA, precise soft tis-
sue balancing is considered equally, if not more 
important to successful function and durability. 
Several current robotic systems incorporate soft 
tissue balancing algorithms in their planning and 
procedures, and studies have demonstrated the 
accuracy of soft tissue balancing associated with 
robotics in UKA [11] and TKA [28].

Fig. 3.3  Navio (Courtesy of Smith & Nephew, Memphis 
TN, USA). (Courtesy of Smith & Nephew, Andover, MA, 
Memphis TN, USA)
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�Limitations of Navigation 
and Robotic-Assisted Surgery

The use of robotic systems has been shown to 
increase operative time. They require the place-
ment of optical arrays for registration of bony 
landmarks. Imageless systems then require trac-
ing of selected anatomic areas to create a 3D 
image of the operative field. Robotic-assisted 
systems that are based on preoperative CT scan 
also require the registration of bony landmarks 
and surfaces in a similar fashion. In a study com-
paring robotic and manual UKA systems, the 
mean operative time with robotic system was 
increased by 20 minutes, which led to an increase 
cost of approximately $2466 to $9220 [72]. An 
unobstructed path between optical arrays and the 
system’s tracker is necessary at all times, and 
optical instruments need to be held in a certain 
way to be registered. While this can be cumber-
some initially, the learning curve is not steep 
[16, 63]. The use of robotics is associated with 
a significant financial investment which may be 

prohibitive to lower volume surgical centers. 
Without clear clinical advantages, the cost for 
these systems may not be justified.

�Conclusion

The use of navigation and robotic assistance in 
orthopedic surgery continues to increase, and their 
application is expanding. Current applications 
include UKA, PFA, TKA, THA, and spine surgery, 
but future development of navigation and robotic-
assisted systems may include revision total knee 
and hip arthroplasty as well as other surgical pro-
cedures. There is little doubt that robotic technol-
ogy is here to stay, and the orthopedic community 
is beginning to embrace it. Trends are now moving 
toward miniaturization, and once enough progress 
is made in this direction, it will become a routine 
part of our armamentarium. However, long-term 
clinical outcomes of contemporary robotic sys-
tems for UKA and TKA are not available. The 
survivorship of robotic-assisted UKA using the 

Fig. 3.4  OMNIBotics. (Courtesy of OMNIlife Science, Inc., Raynham, MA, USA)
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MAKO robotic arm was 98.9% in 620 patients at 
2-year follow-up [73]. The 3-year revision rate for 
UKAs to TKA using the MAKO robotic system 
was reported as 5.8% and found to be comparable 
to conventional UKAs in national registries [74]. 
Further long-term results are needed to validate 
the relationship between improved accuracy of 
component placement and survivorship.
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Learning Curve for Robot- and 
Computer-Assisted Knee and Hip 
Arthroplasty

Jason P. Zlotnicki and Michael J. O’Malley

Advances in robotic technology over the past 
several decades have allowed for the conversion 
of real-time data into precise actions aimed at the 
successful completion of any number of tasks. 
These technologies have recently infiltrated 
orthopaedic surgery, with the goal of producing 
improved (and more importantly, repeatable) 
operative results and maximizing patient out-
comes [1]. The use of robotic-assisted surgery in 
hip and knee arthroplasty has increased over the 
past decade as interest and literature support have 
grown.

Total hip and knee arthroplasty are two of the 
most successful and cost-effective surgical proce-
dures performed in orthopaedics [2, 3]. Despite 
great success, total joint arthroplasty is accompa-
nied by significant risks and costs to the healthcare 
system [2, 4]. Hip and knee arthroplasty lend them-
selves well to robotic-assisted technology as they 
are technically demanding procedures that rely on 
appropriate component position and joint balance 
for optimal success. Several studies have shown 
poor outcomes and decreased implant survival 
if components are placed outside of appropriate 
alignment [5–7]. Robotic-assisted technology has 
improved alignment and decreased the presence of 

postoperative outliers in the positioning of hip and 
knee components [8–13]. Surgeons and health-
care systems are concerned by a potential learn-
ing curve while implementing robotic-assisted 
technology effectively and in a cost-efficient 
manner. This chapter aims to highlight what tech-
nologies are being used and early data discuss-
ing the learning curve for robotic technologies in 
unicompartmental knee arthroplasty (UKA), total 
knee arthroplasty (TKA) and total hip arthroplasty 
(THA).

�Robotic Technology in Arthroplasty

In order to interpret the learning curve for the use 
of robotic technology in arthroplasty, one must 
have a basic understanding of the concepts and 
necessary surgical procedural steps. A thorough 
discussion of robotic technologies is beyond the 
scope of this chapter, but a surgeon who seeks to 
learn this technology must understand the process 
by which the robot receives information and sub-
sequently what action the robot will perform. 
Robotic systems can be broadly categorized based 
on the amount of involvement that is required of 
the operating surgeon: passive, autonomous or 
semi-autonomous. Passive systems require con-
tinuous and direct action of the surgeon and mini-
mal work by the robot; this is more consistent 
with navigation. In contrary, autonomous systems 
function independent of surgeon involvement. 
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Semi-autonomous systems are the most common 
in use today and share characteristics of each, 
requiring surgeon involvement while providing 
real-time feedback to augment the surgeon’s con-
trol. Semi-autonomous robotic systems provide 
actual restraints for surgical resection such that 
the operator cannot operate (cut, burr, etc.) out-
side the preset parameters. These hard stops pre-
vent aberrant resection and likewise component 
malposition and soft tissue damage. The per-
ceived benefit of these robotic processes is that 
operative technique is solely based on real-time 
quantitative data and therefore should be more 
accurate as well as repeatable [14, 15].

All robotic systems require the entry, or regis-
tration of data, either via virtual mapping with 
coordinate systems (imageless) or based on 
three-dimensional preoperative imaging (i.e. 
MRI or CT scan). Regardless, specific anatomi-
cal reference points must be registered such that 
the robot can assign a relationship between the 
instrumentation (cutting tool) and the patient 
anatomy. Once registration is complete, implant 
planning commences. This entails determining 
the implant position based on bony references 
and ligament balance. Once the plan is finalized, 
bone preparation (cutting phase) ensues. Each 
robotic system performs this task differently. 
Some use a fixed robotic arm that prevents aber-
rant resection, while others use a protective guide 
or automatically cease operation when the cut-
ting tool is moved outside of the designated cut-
ting field. Lastly, once the bone is prepared, 
trialing and component implantation commence. 
These steps have a time element.

The learning of these robotic systems is not 
limited to the surgeon. The operating room staff 
must become familiar with the registration pro-
cess and proper execution of the preoperative 
plan in order to maximize efficiency [16]. For 
inexperienced surgeons and staff, these steps 
include learning the robotic system set-up, posi-
tioning and orientation. These steps are an oppor-
tunity for the introduction of error and/or 
increased operative time, both of which may 
affect the final surgical outcome.

There are reports of difficulties associated 
with the early stages of robotic technology adop-

tion. Despite the improvement in component 
positioning and the elimination of outliers [17], 
increased operative time, heat generation with 
robot bone-milling and inability for surgeon 
intervention once the program was initiated were 
significant drawbacks [15]. With clinical case 
reports demonstrating a high rate of technical 
complications (pin loosening, computer interface 
difficulty, etc.) and aborted robotic surgeries, sig-
nificant room for improvement in technical appli-
cation was realized [18]. These early studies 
clearly identified targets for improvement to opti-
mize the technology and further ease the learning 
curve for implementation.

�The Learning Curve for Robotic-
Assisted Arthroplasty

The implementation of robotics in UKA and 
TKA aims to reduce variability and increase the 
reliability of successful outcomes. Several stud-
ies have documented improved component posi-
tioning, increased accuracy and decreased 
variability or outliers with robotic-assisted sys-
tems compared to conventional techniques [13, 
19, 20]. Therefore, in an attempt to optimize their 
surgical outcomes, surgeons and healthcare sys-
tems have invested in robotic systems.

A learning curve can be defined as an improve-
ment in performance over time with increased 
experience. Performance might be measured by 
time, alignment, component position, complica-
tion rate, patient outcome or a number of other 
metrics. A learning curve for robotic-assisted 
UKA and TKA has been demonstrated and varies 
depending on specific outcome of study. Overall, 
several studies have reported a modest learning 
curve that can be overcome without an increase in 
the risk of complications during this introductory 
period [21–23].

Wallace et  al. recently reported a learning 
curve of 8 surgeries using a handheld robotic-
assist system with the primary performance out-
come being time. In this study 5 surgeons 
participated by completing 15 cases each. The 
average total surgical time from all surgeons 
across their 15 cases was 56.8  minutes (range: 
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27–102 minutes). The average improvement over 
the 15 cases was 46  minutes from slowest to 
quickest surgical times [21]. The greatest 
improvement in performance was noted during 
the cutting phase with an average decrease of 
31 minutes, while the other phases (e.g. landmark 
registration, condyle mapping) had an observed 
trend towards decreased times.

In a similar study using a handheld robot-
assist device, 11 surgeons each performed a mini-
mum of 10 cases (range 10–30). Measured 
parameters included (1) time for anatomic regis-
tration and implant planning, (2) cutting time and 
(3) time from tracker attachment to termination 
of bone cutting. The goal was to determine how 
many cases were needed to achieve 95 percent of 
learning. The authors determined the learning 
curve to be eight cases. Improvement was noted 
in all phases of surgery including total surgical 
time (Fig. 4.1), cutting time (Fig. 4.2) and map-
ping/implant time components (Fig.  4.3) of the 

procedure. Again, the greatest improvement was 
noted in cutting phase [24].

There have been few studies on the learning 
curve in total knee arthroplasty. A recent study by 
Sodhi et  al. analysed operative times for two 
experienced arthroplasty surgeons who had no 
prior robotic experience. The mean operative 
times for their first 20 robotic-assisted were sig-
nificantly greater than that recorded for their last 
20 cases (99 vs. 81 minutes, p < 0.05). In addi-
tion, comparison of their last 20 robotic-assisted 
case operative times to 20 random manual TKAs 
yielded no significant differences in operative 
times (84 vs. 81 minutes, p > 0.05) [25]. A recent 
systematic review by Khlopas et al. evaluating a 
total of 40 studies reported that robotic-assisted 
TKA may improve patient satisfaction and out-
comes with an anticipated learning curve of 
roughly 15 cases [26].

Robotics may lessen the effect of surgeon 
experience on certain performance outcomes. 
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Fig. 4.1  Learning curve surgical time  – the learning 
curve for surgical time (tracker placement to implant trial-
ing) indicates that it takes approximately 8 cases (95% CI 

6–11) to achieve 95% of total learning, with a mean 
decrease in operative time of 28 minutes
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Fig. 4.2  Learning curve cutting time – as a major compo-
nent of total surgical time, cutting time with robotic tech-
nology demonstrated the greatest time reduction during 

the learning curve with an average improvement from 42 
to 25 minutes
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Fig. 4.3  Learning curve implant planning time  – as a 
component of total surgical time, implant planning time 
(including anatomic point registration and implant plan-

ning) demonstrated a decrease during the learning curve 
from 14 to 6 minutes
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Simons et al. sought to evaluate the technological 
learning curve of an imageless handheld robotic 
system. In this study, five surgical trainees each 
performed five robotic-assisted UKA on saw 
bones. Time to complete each phase of surgery as 
well as component alignment was evaluated. The 
average total surgical time for the five orthopae-
dic trainees decreased significantly (p  <  0.001) 
from 85 minutes to 48 minutes after only five sur-
geries [23]. Most phases of the operation demon-
strated a significant decrease in operative time 
with the gained experience of increasing number 
of surgeries performed (all p < 0.05); most sig-
nificant was the cutting phase, decreasing from 
41 to 23 minutes (p < 0.001). In addition, the 
translational and rotational accuracy of the 
implants was accurate with the initial surgery and 
did not vary significantly with surgery number, 
which suggests that accurate placement can be 
ensured even during the initial stages of robotic 
technology adoption. This concept of proper 
alignment during the learning curve has been 
observed in other studies as well. Karia et al. ran-
domized 16 inexperienced surgeons to perform 3 
UKAs with either conventional instrumentation 
or a semi-autonomous robot. Mean procedure 
time decreased for both groups; however, the 
authors found that accuracy of component posi-
tion was much greater in the robotic-assisted 
group. The conventional group component posi-
tion remained inaccurate over the three attempts 
[27]. In another study, Coon et al. demonstrated a 
significant reduction in tourniquet time over the 
learning curve period while excellent radio-
graphic results were produced. Comparing the 
first 36 robotic arm patients with their last 45 
manually instrumented patients, in age- and sex-
matched groups, the accuracy of the tibial slope 
was improved, and varus alignment was 3.2 
degrees better (p < 0.05) with less variability in 
the robotic arm group [16]. The ability to suc-
cessfully reproduce appropriate component posi-
tion and alignment, even during the initial period, 
is a proposed benefit of implementing robotic 
technology.

Robotic-assisted technology is finding a 
presence in hip arthroplasty as well, and as such 
there are concerns over performance during the 

learning curve. In one of the first and few studies 
to directly assess the learning curve of robotic-
assisted THA, Redmond et al. demonstrated that 
a learning curve indeed exists. In this study, the 
first 105 robotically assisted THAs performed 
by a single surgeon were divided into 3 equal 
groups based on timing in his learning curve. 
Outcome measures included component posi-
tion, operative time and intraoperative techni-
cal problems or complications. The authors 
reported that operating time decreased on aver-
age by approximately 13 minutes when compar-
ing the first 35 cases to the subsequent groups 
(p  =  0.02). The risk of having an acetabular 
outlier after the first 35 cases also significantly 
decreased (p  =  0.02). There was no difference 
in intraoperative complications between groups 
[28]. Some studies suggest that more immedi-
ate improvements are noted when compared 
to conventional techniques. In a recent study 
by Kamara et  al., immediate beneficial effect 
was noted within the first 100 cases for fluo-
roscopic and robotic technique, with 76% of 
manual (conventional) THAs being within the 
target zone for cup position compared to 84% 
fluoroscopic guided and 97% robotic-assisted 
(p < 0.01) [12].

�Conclusion

With the implementation of a new technology 
and a new clinical paradigm, a learning curve 
will undoubtedly exist with the utilization of 
robotic technology in patient care. However, 
robotic-assisted arthroplasty has consistently 
demonstrated a modest learning curve of decreas-
ing surgical time and improved efficiency during 
which fundamental aspects such as component 
position and mechanical alignment are optimized 
and maintained. A modest learning curve is nec-
essary as the robotic technology must be used 
efficiently enough to justify the cost of imple-
menting the technology. Robotic-assisted arthro-
plasty is gaining in popularity and use, and as 
such further studies are warranted to determine if 
clinical and patient outcomes improve with the 
use of these technologies.
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Perioperative Protocols 
to Facilitate Early Discharge 
and Rapid Recovery After Robotic 
Surgery

Michael J. Feldstein and Jess H. Lonner

As robotic surgical innovations advance, the 
ancillary technologies that support the procedures 
themselves evolve concurrently. Facilitating 
the various processes around robotic surgery 
requires attention to several perioperative ele-
ments in order to optimize success and improve 
recovery. Appropriate preoperative planning to 
help with execution of the surgery, to optimize 
the patient physically and medically, and to set 
patient expectations will ensure a smooth tran-
sition toward early discharge and full recovery. 
Self-directed home exercise regimens, to support 
or supplant formal physical therapy, as well as 
multimodal pain management to limit narcotic 
consumption  – both inhospital and at home  – 
will assist in maximizing clinical results and 
patient satisfaction. Web-based rehabilitation, 
augmented by burgeoning technologies, prom-
ises to offer improved results at a lower cost and 
greater ease for patients. Finally, it is important to 
prepare the clinic, hospital, and staff accordingly 
for the transition to rapid recovery and early dis-
charge after robotic surgery.

�Preoperative Planning

Preoperative planning is an essential step in all 
orthopedic surgical procedures, and robotic assis-
tance in joint arthroplasty or spine surgery is no 
exception. In fact, depending on the system, the 
use of robotics often requires additional preopera-
tive planning (such as advanced imaging) to ensure 
that the robotic system can be properly utilized to 
reach the desired endpoint. In this section, we will 
outline the essential steps in perioperative planning 
for robotic-assisted knee and hip arthroplasty sur-
gery that can facilitate the experience through the 
entire episode of care. Specific details of surgery-
related planning for each system will be reviewed 
in other individual chapters.

The first step in preoperative planning is 
confirming that the particular surgery is indeed 
indicated and will address the patient’s particu-
lar pathology. A thorough history and physical 
examination is indispensable. It is important 
to know if there have been any prior surgeries 
or trauma that may interfere with the planned 
incision or with the placement of pins that are 
required by some robotic systems to hold fidu-
cials that allow registration of the bony anatomy. 
Quality preoperative imaging is essential, and it 
is important to know whether additional imaging 
will be required for the given robotic system. For 
instance, some robotic systems require a preop-
erative CT scan using specialized protocols that 
must be specifically uploaded and calibrated 
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at particular imaging centers in coordination 
with the robotics company. Those scans have 
to be pre-approved by the insurers and arrange-
ments made in advance to have the patients go 
specifically to those sites. Advanced planning is 
important so that three-dimensional segmented 
virtual models can be built from those images 
and the surgery planned. The additional radiation 
exposure [1, 2] imparted by the use of CT scan 
should be discussed with patients beforehand. 
For some patients who are being considered for 
partial knee replacement, it may be prudent to 
obtain a preoperative MRI to rule out pathology 
in other compartments if in doubt regarding the 
optimal procedure. This is especially important 
for robotic-assisted partial knee replacement, 
because the setup and planning for robotic-
assisted partial knee replacement differ substan-
tially from the setup for a total knee replacement, 
and if pathology were found in the other com-
partments intraoperatively, it would add time to 
switch from a robotic unicompartmental knee 
setup to either a standard or robotic-assisted total 
knee setup. As more systems become available 
that allow for robotic unicompartmental (UKA), 
patellofemoral (PFA), total knee (TKA), and 
bi-cruciate retaining total knee surgery (BiKA), 
the intraoperative interchangeability between 
procedures will undoubtedly become easier, 
and this point may become moot. Additionally, 
while several available systems have capacity for 
both TKA and partial knee arthroplasties, many 
hospitals may only have software and hardware 
loaded on their robot for either TKA or partial 
knee arthroplasty, but not both, further chal-
lenging interchangeability between procedures 
based on intraoperative findings or unforeseen 
circumstances.

During the preoperative clinical visits, it is 
important to set the patient’s expectations regard-
ing the surgical process and outcomes, including 
limitations and possible complications. The role 
of robotics in the surgery should be outlined to the 
patient clearly. Educating patients on the ratio-
nale and potential utility of the robot is important 
for aligning patient expectations. Some patients 

may have unrealistic expectations regarding the 
role of the robot during surgery and how it will 
affect their outcome. On the other hand, other 
patients may have a misguided notion about a 
robot taking control of the surgery, and these con-
cerns should be addressed and assuaged early in 
the process.

Planning your OR day and workflow around 
robotic surgery is another important factor. When 
first starting it is prudent to plan the robotic cases 
with additional time allotted due to the antici-
pated learning curve, as the OR team and robot-
ics representative will need ample time for setup 
and the surgeon will require a natural ramp-up 
period before which surgical efficiencies are real-
ized. The role of the representative in the execu-
tion of a smooth robotic-assisted surgery should 
not be underestimated. The representative should 
coordinate with the OR staff to make sure that 
the robot is stored and maintained properly. In 
some circumstances, the robot is brought in to 
the hospital or outpatient surgery facility specifi-
cally for a given OR day, while in others it will 
reside there. In either situation, the representative 
will ensure that the robot is setup and fully opera-
tional. A suitable OR suite should be chosen that 
will accommodate the size of the robot, have 
adequate power supply, and allow adequate space 
for any accessory sensors that may be needed for 
registration. Having select OR staff that are des-
ignated as the robotics team that goes through 
formalized training and assists frequently during 
these cases will optimize system and room setup, 
surgical efficiencies, and the overall periopera-
tive experience.

While some surgeons may be concerned that 
robotic surgery may decrease OR efficiency and 
add to operative time, with the proper room setup, 
team training, and communication, robotic sur-
gery can be accomplished efficiently. The extra 
initial preparation often encountered after tech-
nology adoption should not discourage the use 
of robotics, but instead should be considered an 
essential part of maximizing the utility of robotic 
assistance to ensure a seamless surgical experi-
ence and optimal results.
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�Perioperative Management 
and Advanced Planning

For the majority of patients, robotic UKA, 
PFA, and BiKA are performed on an outpa-
tient basis, either at a surgery center or hospital. 
Increasingly, total joint surgery and some spine 
surgeries are being performed with the expecta-
tion that patients can be discharged on the day 
of surgery or sometime the next day. Early dis-
charge of course cannot be performed without 
appropriate expectation management; coordina-
tion with an identified caregiver; advanced plan-
ning with the facility and practice navigator to 
evaluate perioperative risk and plan discharge 
and postoperative services; and provision of 
prescriptions in advance of surgery for postop-
erative venous thromboembolism prophylaxis, 
antibiotics, and pain medications as well as 
physical therapy [3].

Preemptive analgesia, intraoperative fluid 
management, minimization of intraoperative 
sedation, low-dose spinal anesthesia with bupiva-
caine (or general anesthesia with laryngeal mask 
airway to reduce the risk of urinary retention in 
men), and perioperative nausea control are critical 
to secure safe and early discharge. Standard-risk 
patients are typically discharged within 2–6 hours 
after partial knee arthroplasty; higher-risk patients 
or those undergoing total joint arthroplasty can 
often be discharged by 23  hours; even when 
patients are admitted overnight depending on 
circumstances, advanced preparation is critical. 
Patients are encouraged to ambulate immediately 
with in-facility supervision and after discharge, 
using crutches, walker, or a cane, with immedi-
ate range of motion exercises administered via 
an interactive web-based program or simple 
preprinted handout. Formal outpatient physical 
therapy should be commenced within 2–5  days 
of surgery, although some surgeons prefer to wait 
several weeks to determine if formal PT is nec-
essary. Transition from walker/crutches to a cane 
and then weaning from all ambulatory aids can 
be considered once the patient recovers adequate 
balance and strength.

Effective postoperative pain management is 
one of the most important factors contributing to 
safe early discharge to home and successful over-
all outcomes after surgery. Patients whose pain is 
well-controlled are more likely to engage in their 
rehabilitation and resume independent unassisted 
ambulation. While perioperative protocols are 
re-evaluated periodically and may evolve over 
time, one particular protocol, which has been 
used successfully for the past few years for both 
TKA and partial knee arthroplasty in the senior 
surgeon’s practice, includes the following, unless 
contraindicated due to allergy, medical comor-
bidity, age-related issues, or drug intolerances or 
interactions:

	1.	 Preoperative Patient Preparation
	(a)	 One preoperative consultation with a 

physical therapist is prescribed for gait 
training with the use of a cane, crutch, and 
walker on level ground and on stairs and 
to work with the patient on the methods of 
getting into and out of a car or other tasks.

	(b)	 Patients are given access to a web-based 
interactive rehabilitation program 
(FORCE Therapeutics) (Figs. 5.1 and 5.2) 
in order to initiate an account and begin a 
tutorial so that web-based exercises can 
begin as soon as the day of surgery or 
early the next day.

	(c)	 Prescriptions are given preoperatively for 
postoperative physical therapy, walker, 
crutches, and cane, a commode if needed, 
and, in the case of knee arthroplasty, a 
cryotherapy pack.

	(d)	 Additionally, preoperatively prescriptions 
are given for the postoperative medica-
tions which may be needed after dis-
charge, including multimodal pain 
medications, antiemetics, thrombopro-
phylaxis agents, and antibiotics (for out-
patient surgery) [see below].

	2.	 Perioperative Management of Pain and 
Nausea: Antibiotic Prophylaxis
	(a)	 Medications to be given on the morning 

of surgery, preoperatively:
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	 (i)	 Acetaminophen 975 mg po
	(ii)	 Gabapentin 300 mg po
	(iii)	 Celecoxib 200 mg po

	(b)	 Anesthesia:
	(i)	 Either low-dose bupivacaine spinal or 

LMA (reduces urinary retention in 
men).

	(ii)	 Indwelling catheters, epidural anes-
thesia, and postoperative patient-
controlled anesthesia are avoided.

	(c)	 Preop antibiotics:
	(i)	 Keflex or clindamycin or vancomycin

	(d)	 Regional analgesia current choices:
	(i)	 TKA/UKA/PFA  – adductor canal 

block – single injection [4–8]
	(ii)	 Peri-incisional injections

–– The composition of the injection 
does not have clear evidence and is 
at the discretion of the attending.

Fig. 5.1  FORCE Therapeutics web-based therapy platform helps patients perform therapy at home, in some cases sup-
planting the need for a physical therapist. (Courtesy of FORCE Therapeutics)

Fig. 5.2  This is an example of a patient interfacing with 
the FORCE Therapeutics mobile app in the comfort of 
their own home. (Courtesy of FORCE Therapeutics)

M. J. Feldstein and J. H. Lonner



49

	 (a) � Selection of ropivacaine or 
bupivacaine may vary by sur-
geon, including %, volume, 
and plain vs. with epinephrine.

	 (i) � Current preference: 40 cc 
of 0.5% ropivacaine with-
out epinephrine (15  cc 
injected into adductor 
canal; 25  cc pericapsular 
injection) (in the case of 
knee arthroplasty)

	 (b) � Liposomal bupivacaine is not 
supported.

	(e)	 Blood loss management:
	(i)	 Tranexamic acid 1 gm IV adminis-

tered during surgery (unless patient 
considered high risk [history of coro-
nary artery disease, peripheral 
vascular disease, ischemic stroke or 
VTE]) [9–13]

	(f)	 Additional intraoperative medications for 
nausea prevention:
	(i)	 Decadron 4 mg IV
	(ii)	 Zofran 4 mg IV

	(g)	 Fluid management:
	(i)	 Adequate hydration per anesthesia

	(h)	 In-facility standing orders for pain 
management:
	(i)	 IV – Toradol 15–30 mg IV q6h (age 

dependent)
	(ii)	 Oral

–– Tylenol 975 mg q6h
–– Neurontin 300 mg q 8 h
–– Celecoxib 200 mg BID

	(i)	 In-facility PRN orders for pain 
management:
	(i)	 Mild/moderate – tramadol 50 mg po 

q6h
	(ii)	 Moderate/severe

–– Toradol is first choice (see above 
for dose).

–– Oxycodone 5–10 mg po q4h.
	(j)	 Other in-facility post-op medications:

	(i)	 Zofran 4–8 mg IV for nausea (prn)
	3.	 Post-discharge Medicine Management

	(a)	 Standing medications (for 2–4 weeks):
	 (i)	 Tylenol 650 mg PO q6h
	(ii)	 Neurontin 300 mg PO tid
	(iii)	 Celecoxib 200 mg BID

–– Modify use of NSAIDs in patients 
with peptic ulcer disease or intol-
erance, renal insufficiency

	(iv)	 Protein pump inhibitor Protonix 
40 mg po QD for 4 weeks

	(b)	 PRN medications:
	(i)	 Pain

–– Mild/moderate pain
	 (a)  Tramadol 50 mg PO q6h
–– Moderate/severe pain
	 (a)  Oxycodone 10 mg po q4h

	(ii)	 Nausea
–– Zofran 4  mg 1–2 pills PO every 

6–8 hrs as needed for nausea
	(c)	 Post-op antibiotics for outpatient 

surgeries:
	(i)	 Keflex 500 mg 1 po Q8 h (3 pills)
	(ii)	 Or Cipro 500 mg po Q8 h for PCN 

allergic patients (3 pills)
	(d)	 Venous thromboembolism (VTE) 

prophylaxis:
	(i)	 ASA 81  mg plain po BID (325  mg 

enteric coated BID if patient is 
already on that preop) starting on the 
evening of surgery [14].

	(ii)	 Anticoagulants other than ASA (low 
molecular weight heparin, Xarelto, 
Eliquis, etc.) can be used as indicated 
in patients considered to be at higher 
risk for VTE, starting 1 day after sur-
gery [15, 16].

�Physical Therapy

Physical therapy is an important aspect of recovery 
after joint arthroplasty, and to facilitate outpatient 
robotic surgery, a modern and efficient physical 
therapy plan should be implemented. Given reduced 
hospital stays after surgery, physical therapists may 
be relied on to identify concerning findings such as 
wound drainage or irritation, swelling, and unusual 
levels of pain that must be conveyed to the care 
team. Streamlined and technologically up-to-date 
physical therapy programs are now available to 
augment or enhance therapy and, in many cases, 
may supplant formal PT altogether. Indeed, the role 
of the physical therapist may be changing as new 
technologies are introduced such as robotics [17], 
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wearable motion tracking [18–20], video game 
interfaces [21–23], and web-based rehabilitation 
platforms [24–26]. It is important to note that new 
technologies will work as force multipliers allow-
ing physical therapists to treat more patients, more 
effectively while utilizing fewer resources. This 
increase in efficiency could positively impact out-
comes for the patient at a lower cost [27].

�Web-Based Rehabilitation

The trend toward outpatient and short-stay arthro-
plasty has been an improvement for caregivers 
and patients alike. However, it has shifted the 
rehabilitation burden from the inpatient setting 
to the outpatient and home setting. The increased 
usage of home health physical therapy to act as a 
bridge to outpatient therapy has added cost to the 
outpatient portion of arthroplasty, and burgeon-
ing technologies, especially web-based rehabili-
tation, are helping ease the cost and man power 
burden associated with outpatient and in-home 
therapy [25]. Automating the physical therapy 
process and reducing the human capital burden 
has potential for major cost savings for the epi-
sode of care, which can offset to an extent the 
increased cost of robotic surgery and may even 
lead to better results by tracking patients at home 
more closely. Furthermore, the ideal physical 
therapy program, both pre- and post-op, is still 
unknown. Data collection from technologically 
enhanced therapy programs may help surgeons 
and clinicians optimize therapy programs in gen-
eral and for each individual patient.

Web-based rehabilitation (Figs.  5.1, 5.2, and 
5.3) offers the convenience of accessing rehabili-
tation protocols anywhere that an Internet connec-
tion is available [28–30]. Web-based rehabilitation 
is inherently superior to simple computer-aided 
rehabilitation that may involve watching video 
tutorials or even interacting with a video game 
interface because web-based rehabilitation allows 
for feedback, tracking, and accountability. Several 
technologies are being developed to help improve 
the efficacy and adherence to web-based physi-

cal therapy protocols. These technologies include 
messaging, phone and video calls, reminders and 
automated surveys, games with avatars [31, 32], 
and a combination of sensors and tracking devices 
[33–35] to provide feedback to patients and pro-
viders (Figs. 5.4, 5.5, and 5.6). Providers can track 
how their patients are doing and therapies can be 
tailored and customized depending on a patient’s 
progress [36]. Several randomized clinical stud-
ies have found that compared to formal outpatient 
PT, self-directed web-based therapy in inclined 
patients produces comparable functional outcomes 
and improvements in knee motion after both total 
and unicompartmental knee arthroplasty, although 
in both groups there remains a subset of patients 
who will still benefit from formal PT to obtain 
optimal outcomes [25, 37].

There may be a future where web-based 
therapies employ robotic assistance [38] to 
help patients reach range of motion, gait, and 
strengthening goals. Although the technology 
has not yet matured, augmenting robotic sur-
gery with web-based rehabilitation makes intui-
tive sense to optimize outcomes while reducing 
cost. Further integration with wearable devices 
and sensors will increase the interactive poten-
tial of the modality [18, 20]. Research and 
development of web-/mobile-based platforms 
(Tracpatch, El Dorado Hills, Ca. USA; Muvr 
Labs, San Francisco, Ca. USA; SWORD Health 
[20], Porto, Portugal) augmented with wearable 
devices is helping to further advance the technol-
ogy (Figs. 5.7, 5.8, 5.9, and 5.10). The usability 
and utility of wearables for medical applications 
remain a burgeoning area, and more work must 
be done for the technology to mature. Patients 
who seek out robotic-assisted surgery are likely 
to be computer savvy and will be more amenable 
to adopting new technologies such as web-based 
rehabilitation than luddites who may prefer more 
traditional surgical techniques and rehabilita-
tion protocols. Currently these systems are being 
actively researched, and the ideal combination of 
interface, sensors, and feedback to most effec-
tively motivate patients throughout their recovery 
remains elusive.
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Fig. 5.3  TRAK Web interface is another web-based platform that originated out of the university setting in the UK to 
research web-based physical therapy. (From [26], with permission)
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Fig. 5.4  TRAK also has a mobile interface. (From [26], with permission)

Fig. 5.5  Some web-based platforms have attempted to use sensors within smartphones as the wearable device or off 
the shelf commercially available wearable devices as in this case. (From [24], with permission)
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Fig. 5.6  Several companies are now working on combi-
nation web/mobile rehabilitation interfaces with custom 
wearable inertial measurement units (IMUs). This is an 

example from SWORD Health, Porto Portugal. (From 
[20], with permission)
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Fig. 5.7  Muvr Labs is developing a web/mobile interface with wearable IMUs. Muvr Web interface with dashboard. 
(Courtesy of Muvr Labs, San Francisco, CA, USA)
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Fig. 5.8  Muvr mobile interface. (Courtesy of Muvr Labs, San Francisco, CA, USA)
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�Conclusion

In conclusion, outpatient and short-stay robotic 
surgery has matured and has a promising and 
exciting future. New robotic systems are precise 
and increasingly more efficient, making adop-
tion more widespread. With the proper preop-
erative planning and perioperative management, 
recovery from robotic surgery can be optimized. 
Advanced preparations, multimodal pain man-
agement strategies, and rethinking physical 
therapy protocols that take advantage of wear-
able sensors and interactive systems such as web-
based rehabilitation are further augmenting the 
surgical advances seen with robotics.
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Perioperative Pain Management 
Protocols for Robotic-Assisted 
Knee and Hip Arthroplasty

Richard Southgate and Derek Ward

The primary goal of total joint arthroplasty (TJA) 
and partial knee arthroplasty (PKA) is to allevi-
ate pain to maximize functionality and improve 
quality of life. However, surgery is associ-
ated with significant short-term pain. Failure to 
control postoperative pain results in decreased 
patient satisfaction, prolonged hospital stays, and 
increased healthcare costs [1]. Developments in 
postoperative pain management have moved the 
standard of care away from strictly narcotic regi-
mens to multimodal techniques, with increasing 
use of regional and spinal anesthesia along with 
combinations of nonnarcotic drugs. The ultimate 
goal of opioid-sparing multimodal analgesia is 
to maintain adequate pain relief while avoiding 
side effects from any single medication [2]. For 
the most part, we see no need for alterations in 
perioperative anesthetic or pain management 
protocols, whether or not robotic assistance is 
utilized; however, if robotic usage lengthens sub-
stantially one’s surgical times, such as early in 
a surgeon’s learning curve, longer-acting anes-
thetics may be necessary. This chapter provides 
an overall summary of perioperative anesthetic 
and analgesic options. Individualized protocols 

will vary among clinicians, depending on expe-
riences, preferences, formulary restrictions, and 
emerging data.

�Medication Types and Options

Opioid medications, administered via oral (PO), 
intravenous (IV), or patient-controlled anesthesia 
(PCA) route, were traditional mainstays of postop-
erative pain treatment following TJA. Examples 
of opioid medications include oxycodone, hydro-
codone, hydromorphone, morphine, and fen-
tanyl. These are effective pain relievers but have 
numerous side effects such as nausea/vomiting, 
ileus, sedation, respiratory depression, pruritus, 
withdrawal, and addiction. These medications 
continue to have a role in post-TJA analgesia; 
however, other classes of medications are now 
used on a scheduled basis to prevent pain and 
decrease narcotic usage. Tramadol, available 
in both PO and IV formulations, is a synthetic 
opioid which works by binding to the mu opioid 
receptor as well as inhibiting reuptake of sero-
tonin and norepinephrine. Tramadol is thought 
to have a more favorable side effect profile than 
other opioids and carry less risk of addiction with 
long-term use; however, there are no conclusive 
studies demonstrating the latter.

Acetaminophen/paracetamol is an effective 
adjunct in pain control and has a favorable safety 
profile. Although the medication is widely used, 
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its exact mechanism is unknown; it is thought to 
be a centrally acting cyclooxygenase inhibitor. 
Commonly given orally, this route is subject to 
delayed absorption; intravenous acetaminophen 
is a recent addition and as effective as some 
weaker narcotics or ketorolac. Cost issues may 
prevent adoption of the IV formulation [3].

Nonsteroidal anti-inflammatory drugs 
(NSAIDs) such as ibuprofen, aspirin, and 
meloxicam are often available in PO and IV 
formulations. This class of medications inhibits 
cyclooxygenase, which leads to decreased pro-
duction of prostaglandins, resulting in analgesia 
and decreased inflammation. There are two iso-
zymes of cyclooxygenase: COX-1 and COX-2. 
COX-1 is constitutively active in many tissues 
including gastric mucosa and kidneys, so nonse-
lective COX inhibitors carry the risk of gastric 
ulcers and renal insufficiency. Selective COX-2 
inhibitors such as celecoxib (Celebrex) focus 
on COX-2 isozyme found in areas of increased 
inflammation, thereby resulting in reduced risk 
for gastric ulcers and less platelet dysfunction 
than nonselective COX inhibitors. While there 
has been an increased risk of cardiovascular 
events associated with COX-2 inhibitors, doses 
of celecoxib up to 400 mg per day have not been 
shown to increase this risk [2]. The use of sched-
uled celecoxib 200 mg twice daily for 6 weeks 
has been shown to reduce pain up to 12 weeks 
and increase flexion up to 1  year; additionally 
those taking celecoxib also took far fewer nar-
cotics than those taking placebo [4]. Ketorolac is 
another NSAID which deserves special mention. 
Available in both PO and IV formulation, this is 
the most potent NSAID with near-opioid levels 
of pain control. Unfortunately, it can only be pre-
scribed for a course of less than 5 days to avoid 
side effects such as impaired renal function.

Neuromodulators such as gabapentin and 
pregabalin are centrally acting medications that 
affect signaling of gamma-aminobutyric acid 
(GABA) receptors, resulting in reduced central 
sensitization at the level of the spinal cord and 
brain. Pregabalin is more potent than gabapentin, 
requiring a lower dose to achieve the same effect. 
Although the use of gabapentin and pregabalin 

for acute pain prevention is considered off-label 
use, there is evidence that they are effective. A 
14-day taper of gabapentin has been shown to 
reduce opioid use and improve knee flexion at 30 
days as well as decrease the chance of the patient 
developing chronic neuropathic pain [5]. There 
is some concern over the side effects of sedation 
and confusion with these medications.

�Preoperative Evaluation 
and Mitigation

With the preoperative history and physical, an 
accurate medication history is important, espe-
cially with regard to the patient’s average daily 
dose of narcotics. Patients who have been tak-
ing opioids on a chronic basis should be coun-
seled that pain control is going to be more 
difficult. Attempts should be made to work with 
the patient’s primary care or pain management 
physician to decrease their narcotic use prior 
to surgery, as this can affect postoperative pain 
medication requirements as well as outcomes 
[6]. Elective surgery can be justifiably delayed to 
accommodate reduction of narcotics to maximize 
outcomes and minimize complications.

Clinicians should inquire about allergies, reac-
tions, and sensitivities to previous medications. 
These include gastrointestinal bleeding/upset 
to nonsteroidal anti-inflammatories, allergies to 
sulfa-containing medications which preclude the 
use of celecoxib, and prior nausea/vomiting with 
specific types of narcotics. A thorough medical 
history is important as certain medications are 
contraindicated with conditions such as renal 
failure or cardiac disease.

�Preemptive Analgesia

As part of a multimodal analgesia regimen, preop-
erative medications can be given to prevent sensi-
tization of nociceptors and pain fibers secondary 
to surgery. Normal pain fiber sensitization results 
in hypersensitivity to innocuous stimuli during 
the postoperative period, prevention of which can 
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both decrease the amount of postoperative pain 
and decrease the risk of chronic neuropathic pain 
[7]. Options for preoperative analgesia include 
acetaminophen, narcotics, nonsteroidal anti-
inflammatories, and gabapentinoids, with any of 
these in combination. Pre-treating pain leads to 
lower doses of anesthetic agents which are safer 
and allow for quicker recovery.

�Regional Anesthesia

Regional anesthesia has contributed significantly 
to the improvement of multimodal pain strate-
gies. If given preoperatively it can help decrease 
the amount of anesthesia required by the patient. 
Other benefits include shorter length of stay, 
decreased opioid consumption, and earlier par-
ticipation in therapy. Potential drawbacks include 
the need for specialized anesthesia skills, com-
plications related to the administration of the 
block, and variable failure rates ranging from 0% 
to 67% [2, 8]. Additionally, femoral nerve blocks 
are associated with quadriceps motor weakness, 
which can result in falls. Although rare, periph-
eral nerve injury and/or dysesthesias can occur if 
the medication is administered into the nerve or 
nerve sheath. Severe side effects such as cardiac 
arrest, death, or seizure can occur if the medica-
tion is administered intravenously [9].

Appropriate choice of peripheral nerve block-
ade around the hip and knee requires understand-
ing of the related anatomy. Sensory innervation 
around the knee consists of the femoral nerve 
(anterior cutaneous innervation), posterior cuta-
neous nerve of the thigh (posterior), obturator 
nerve (medial), and lateral femoral cutaneous 
nerve (lateral). With a femoral nerve block, local 
anesthetic is introduced into the femoral canal, 
which results in anesthesia in the distribution 
of the femoral nerve as well as lateral femoral 
cutaneous and obturator nerves. The effect is 
both sensory and motor. The sensory distribu-
tion affected by a femoral nerve block includes 
the anterior, lateral, and medial thigh as well as 
the anterior shin. A key aspect of femoral nerve 
blocks is associated quadriceps weakness, which 

requires a knee immobilizer to prevent falls with 
early ambulation. The risk of falling after a femo-
ral nerve block is reported to be 1.6–7%, while 
the risk of reoperation in one study was found to 
be 0.4% [10]

Adductor canal blocks target sensory nerves 
in the adductor canal with rare motor weakness. 
The sensory nerves include the saphenous nerve, 
the articular branch of the obturator nerve, and 
the medial retinacular nerve, providing blockade 
to the anteromedial knee (from the superior pole 
of the patella) and medial lower leg. Adductor 
canal blocks also involve the motor nerve to the 
vastus medialis, but this is of little functional con-
sequence. Since quadriceps function is spared, 
there is no concern for weakness. No large-scale 
clinical trials have been performed comparing 
adductor canal blocks to femoral nerve blocks; 
however, smaller trials have shown equivalent 
pain relief with improved postoperative mobility 
with the former [11–13].

Other types of peripheral nerve blockade used 
mostly for hip procedures include lumbar plexus 
block, fascia iliaca block, and sciatic nerve block. 
The lumbar plexus block (psoas compartment 
block) and fascia iliaca block both have similar 
sensory and motor blockade as a femoral nerve 
block, whereas the sciatic nerve block covers 
posterior aspect of the hip and knee and entire 
lower limb below the knee (motor and sensory) 
except the medial leg and foot (covered by the 
saphenous nerve). The skin overlying the pos-
terior aspect of thigh is innervated by posterior 
cutaneous nerve of the thigh which originates 
more proximally in the sacral plexus.

Regional anesthesia can be delivered as a sin-
gle shot or continuously via insertion of a cath-
eter. Since local anesthetics wear off in a matter 
of hours, insertion of a catheter at the time of 
administering the blockade can help prolong anes-
thesia. The risks of continuous catheters are rela-
tively low, and the main contraindication is active 
infection in the area receiving the peripheral nerve 
blockade. Multiple regional anesthesia strate-
gies demonstrate efficacy; however, specifics will 
depend on hospital resources, anesthesia skill set, 
and perioperative work flow.
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�Intraoperative Anesthesia

When performing hip and knee arthroplasty, the 
anesthetic options include general anesthesia, 
neuraxial anesthesia (spinal/epidural), or com-
bination general/neuraxial. Overall the literature 
supports an increased safety profile and improved 
outcomes with neuraxial anesthesia. Multiple 
reports (including several large database studies) 
had been published showing neuraxial anesthe-
sia is associated with decreased mortality, sur-
gical site infections, transfusion rates, length of 
stay, cost, and surgical times [14–16]. Notably, 
the benefits of spinal anesthesia may be great-
est in less healthy patients with higher American 
Society of Anesthesiologist scores.

Neuraxial anesthesia involves delivery of 
a local anesthetic with or without narcotic to 
either the spinal or epidural space. Similar to 
peripheral nerve blockade, this can be given as 
a single shot or a continuous infusion via cath-
eter. Methods to extend a single-shot neuraxial 
anesthetic include following the injection with 
an epinephrine wash to elicit vasoconstriction or 
adding long-acting narcotics to the cocktail. The 
risks of neuraxial anesthesia are quite low, with a 
reported complication rate of 0.03% and failure 
rate of 4% [2]. Serious but rare risks include spi-
nal/epidural hematoma or abscess, cauda equina, 
and meningitis. More common adverse effects 
include postoperative hypotension and urinary 
retention (leading to common use of urinary 
catheters). Urinary retention is rare when spinals 
are performed with local anesthetic as opposed to 
opioids, so some surgeons only use catheters in 
those patients that have risk factors for retention 
including a history of benign prostatic hyper-
trophy, renal failure, neurogenic bladder, longer 
operative time, and age over 67 years [17].

The American Society of Regional 
Anesthesiologists has developed guidelines for 
the use of neuraxial anesthesia and chemopro-
phylaxis, noting that the use of twice-daily dos-
ing for low molecular weight heparin (LMWH) is 
associated with a greater risk of spinal hematoma 
formation [18]. Their guidelines stipulate the 
removal of epidural catheters before any LMWH 
has been administered and waiting 2 hours after 

catheter removal to initiate chemoprophylaxis. 
Low molecular weight heparin may be initiated 
6–8 hours after surgery, but the epidural catheter 
may only be removed 10–12 hours after the last 
administration of LMWH.  If warfarin is used, 
then the catheters should be removed before 
the international normalized ratio rises above 
1.4. The use of aspirin does not affect timing of 
removal of epidural catheters.

�Periarticular Injections

Surgeon-administered intraoperative analgesia 
includes periarticular injections, which have 
been consistently shown to alleviate pain and 
decrease narcotic usage. The individual for-
mulation of the periarticular injection remains 
a matter of debate and personal preference, 
with multiple studies showing efficacy for vari-
ous mixtures (Table 6.1). Anesthetics that have 
been studied include formulations of local 
amide anesthetics, clonidine, ketorolac, corti-
costeroids, epinephrine, and morphine with or 
without the addition of antibiotics. Injections 
are given into the surrounding tissue around the 
knee joint during surgery, and care should be 
taken to administer the medication thoroughly 
into the periarticular structures and periosteum 
including the posterior capsule. It is important, 
however, to avoid the central posterior capsule 
near the neurovascular bundle as well as the far 
posterolateral aspect of the knee joint to avoid 
the peroneal nerve.

Particularly controversial is liposomal bupiva-
caine, with some studies showing benefits and oth-
ers showing no significant difference in alalgesia 
when compared to standard formulations. Given 
the limited evidence of significant benefit of lipo-
somal bupivacaine compared to other modalities 
and its significant additional cost, its routine use 
is likely not justified [22–25]. Periarticular infu-
sion through an elastomeric device placed intra-
operatively is another option for intra-articular 
pain control. Studies have shown these devices to 
be of some efficacy; however, they carry a higher 
cost, and patient tolerance and management can 
be an issue [26].
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The comparisons of various periarticular 
injections and regional anesthesia make distinct 
conclusions difficult given the variability in 
the literature; however, there is sound evidence 
that periarticular injections have benefit when 
compared to standard narcotic-based regimens 
without regional anesthesia. The low cost and 
potential benefit of most periarticular injections 
likely justify their routine use.

�Postoperative Medications

Multimodal postoperative pain control begins 
with scheduled nonnarcotic medications includ-
ing acetaminophen, celecoxib or other nonste-
roidal anti-inflammatories, gabapentinoids with 
scheduled and as-needed opioids, tramadol, and 
ketorolac. Although patient-controlled analgesia 
(PCA) machines were previously the standard 

of care at many institutions, there is concern that 
these increase the overall use of narcotics and 
associated side effects while negatively affecting 
length of stay; therefore, PCA is rarely utilized 
after joint arthroplasty. Medications to decrease 
the side effects of opioids are also an important 
adjunct, including antiemetics and constipation 
mitigation. Multimodal postoperative regimens 
result in improved pain control and patient satis-
faction while decreasing narcotic use and length 
of stay [8, 27, 28].

While a standard multimodal pain manage-
ment protocol is able to provide adequate anal-
gesia for most patients, there are some patients 
who need increased doses of pain medications. 
The first step should be to increase the dose of 
short-acting narcotics. Some may consider long-
acting narcotics in certain situations. There are 
patients whose pain needs exceed the expertise 
of the orthopedic surgeon, and consultation of 

Table 6.1  Periarticular injections

Study Components Administration
Busch et al. 
[19]

400 mg ropivacaine (80 mL of 0.5% ropivacaine 
at 5 mg/mL)
30 mg ketorolac (1 mL at 30 mg/mL) 0.6 mg of 
1:1000 epinephrine (0.6 mL
At 1 mg/mL) 5 mg epimorphine (0.5 mL at 
10 mg/mL)

Dilute cocktail to a total volume of 100 mL using 
normal saline. Prior to component implantation, 
inject 20 mL into posterior capsule and medial and 
lateral collateral ligaments. During cement curing, 
inject 20 mL into quadriceps and retinacular 
tissues. After component implantation, inject 
60 mL into fat and subcuticular tissues

Kelley 
et al. [20]

246.25 mg ropivacaine (49.25 mL of 0.5% 
ropivacaine at 5 mg/mL)
0.5 mg 1:1000 epinephrine (0.5 mL at 1 mg/mL)
30 mg ketorolac (1 mL at 30 mg/mL) 0.08 mg 
clonidine (0.8 mL at 1 mg/10 mL)

Dilute cocktail to a total volume of 100 mL using 
normal saline. Prior to component implantation, 
inject 9 mL into posterolateral soft tissues and 
lateral femoral periosteum, 10 mL into 
posteromedial soft tissues and medial femoral 
periosteum, and 1 mL into PCL. After component 
implantation, inject 25 mL into medial meniscus 
remnant and inferomedial capsule, 25 mL into 
superomedial capsule, 10 mL into lateral capsule, 
10 mL into medial subcutaneous tissues, and 
10 mL into lateral subcutaneous tissues

Parvataneni 
et al. [21]

200–400 mg bupivacaine (40 mL of 0.5% 
bupivacaine [200 mg] at 5 mg/mL or 53 mL of 
0.75% bupivacaine [400 mg] at 7.5 mg/mL)
4–10 mg morphine sulfate (0.421 mL at 10 mg/
mL)
0.3 mg of 1:1000 epinephrine (0.3 mL at 1 mg/
mL)
40 mg methylprednisolone acetate (1 mL at 
40 mg/mL) (contraindicated in diabetic or 
immune-compromised patients)
750 mg cefuroxime (substitute vancomycin if 
patient has penicillin allergy)

Dilute cocktail to a total volume of 60 mL using 
normal saline. After components cemented, but 
before liner is inserted, inject 15 mL into posterior 
capsule and posteromedial and posterolateral 
structures. After liner is inserted and knee is 
reduced, inject remaining 45 mL into extensor 
mechanism, synovium, capsule, pes anserinus, 
anteromedial capsule, periosteum, iliotibial band, 
and collateral ligaments and origins
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the anesthesia pain service is beneficial in these 
situations. The pain service should be preemp-
tively consulted in patients identified preopera-
tively who consume high doses of narcotics on a 
daily basis (>100 mg oral morphine equivalents) 
and have a history of substance abuse disorder or 
those who are on methadone or buprenorphine.

�Opioid Addiction Epidemic

The United States is in the midst of a national 
epidemic of nontherapeutic opioid use. Opioid-
related deaths occur with greater frequency than 
suicide or motor vehicle collisions. With the 
introduction of pain as the fifth vital sign and 
growing emphasis of controlling a patient’s pain 
as an integral part of patient satisfaction, physi-
cians have up until recently been incentivized to 
prescribe more narcotics. In many instances, this 
is a patient’s first step into addiction. Orthopedic 
surgeons write 7.7% of all opioid prescriptions 
in the United States, placing them as the third 
highest prescribers of narcotics among all physi-
cians [29]. While our patients are likely to be in 
pain in the postoperative period or following an 
acute injury, it is important that orthopedic sur-
geons prescribe opioid medications for as short 
of a duration as possible. In the setting of elec-
tive surgery such as arthroplasty, patients should 
be informed ahead of time that they are only 
going to receive narcotics for a defined period 
following surgery and that the surgeon will not 
continue to provide them with such medications 
after they have recovered from their procedure. 
Additionally, patients should be advised preop-
eratively that the alternative nonnarcotic multi-
modal pain management regimens should reduce 
the need for narcotics.

�Current Protocol

While pain management strategies vary across 
centers, the current protocol at our institution 
is as follows. Preemptive preoperative medica-

tions for all patients unless contraindicated are 
acetaminophen 1000 mg PO, celecoxib 400 mg 
PO, and gabapentin 600 mg PO administered in 
preoperative suite within 1–2  hours of surgical 
incision. Patients undergoing total knee replace-
ment receive an adductor canal catheter that is 
dosed with ropivacaine pre- and intraopera-
tively, infused postoperatively, and removed on 
the morning of postoperative day 1. We also use 
the periarticular “cocktail” described by Kelley 
et  al. (Table  6.1) for total knee and total hip 
patients [20].

All total joint and partial knee arthroplasty 
recipients receive a short-acting spinal anes-
thetic. Postoperatively all patients receive 
around-the-clock acetaminophen (1000 mg every 
6–8  hours), gabapentin (600  mg at bedtime), 
and celecoxib (200  mg twice daily) with oxy-
codone PO (5–10 mg every 4 hours) as needed. 
Hydromorphone is available for IV breakthrough 
pain but is not needed in most patients. Patients 
may also receive up to 4 doses of ketorolac 
(15 mg IV every 6 hours) if needed for additional 
pain control. Long-acting narcotics are avoided. 
Patients are discharged on the same multimodal 
regimen of acetaminophen, celecoxib, gabapen-
tin, and oxycodone.

�Summary

Hip and knee arthroplasty are among the most 
successful procedures in medicine for restor-
ing function and decreasing pain. Significant 
improvements in perioperative pain control 
with a multimodal pain strategy can maximize 
functional gain while decreasing complications 
and minimizing narcotic side effects. Treating 
pain involves frank conversations with the patient 
and their family as well as coordination with all 
members of the team from the orthopedic surgeon 
and anesthesiologist to the nursing and physio-
therapy staff. The modern arthroplasty surgeon 
should employ a combination of preemptive, 
perioperative, and regional modalities to take a 
global approach toward pain management.

R. Southgate and D. Ward
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Throughout modern history, there has been 
a trend toward automation as technology 
advances to replace human labor. Machines 
have consistently proven to be an efficient, cost-
effective, and valuable addition to the produc-
tivity of the human labor force [1]. Similarly, 
the introduction of robotic systems into ortho-
pedic surgery has been touted as a promising 
opportunity to improve surgical and clinical 
outcomes. For nearly 20 years, robotic-assisted 
orthopedic surgeries have been performed [2]. 
Since then, the field of robotic surgery has rap-
idly expanded to include multiple systems. It 
is now utilized in various procedures with the 
goal of limiting human error and maximizing 
the ability to restore proper joint alignment and 
kinematics while providing optimal component 
positioning [2, 3].

The use of robotic systems in orthopedic sur-
gery has primarily focused on total knee arthro-
plasty (TKA), total hip arthroplasty (THA), 
unicompartmental knee arthroplasty (UKA), 
with lesser but expanding use in patellofemo-
ral arthroplasty (PFA), and spinal procedures. 
Early reports on surgical outcomes have been 
favorable, specifically with respect to more 
accurate and precise alignment, implant posi-
tioning, and improved gap balancing compared 
to conventional techniques [4–6]. However, 
given the relatively recent introduction of these 
procedures, there is limited data on long-term 
clinical outcomes to justify their associated 
economic burden. As healthcare systems con-
tinue to emphasize the delivery of value-based 
care through quality improvement and expendi-
ture reductions, the margins for inefficiencies 
and sub-optimal quality of care continue to nar-
row. Thus, the utilization of cost-effectiveness 
analysis to evaluate the value of these novel 
technologies before they can be accepted as 
alternatives to traditional techniques is neces-
sary [7, 8].

This chapter will discuss the economic viabil-
ity of implementing robotic-assisted technology 
for THA, TKA, and UKA procedures. Emphasis 
will be placed on the costs of purchasing and 
operating the systems, the increasing demand 
for these procedures, and the clinical and cost-
effectiveness outcomes associated with each 
robotic system.
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�Types of Robotic Systems

Robotic arthroplasty systems can broadly be 
divided into active, semi-active, and passive con-
trol systems based on the degree of surgeon con-
trol over the robot. These systems are currently 
limited to primary joint arthroplasty procedures, 
with ongoing development to expand to revision 
arthroplasty. Passive robotic systems are under the 
full control of the surgeon while active systems can 
perform a procedure without any surgeon involve-
ment. Semi-active systems are a combination of 
the two in which the surgeon is in total control 
of the robotic tool but is restricted by a restrictive 
feedback system. These systems prevent the robot 
from making bony cuts beyond a set of predeter-
mined boundaries, thus protecting vulnerable and 
important soft tissue structures immediately adja-
cent to the joint (specifically the neurovascular 
bundles and support ligaments). Reliable spatial 
awareness allows for less dependence on direct 
visualization and consequently smaller soft tissue 
exposure with corollary potential rehabilitation 
advantage. Semi-active systems include Mako 
(Mako Stryker, Mahwah, New Jersey, USA), 
Navio (Smith & Nephew, Memphis, TN, USA), 
and Omni (OmniLife Science, Raynham, Mass), 
while TSolutioin One robots (THINK Surgical, 
Fremont, CA, USA) are fully autonomous, active 
systems. A summary of the surgical capabilities 
and pricing requirements of each of these systems 
is illustrated in Table 7.1.

�Direct Costs of the Robotic Systems

The costs associated with purchasing and oper-
ating robotic systems include the (1) robot tool 
itself and operational costs, (2) disposables, 
(3) preoperative imaging and scans (with some 
robotic systems), and (4) implants. As with all 
medical technologies, these expenses vary widely 
between each robotic system based on the unique 
manufacturer’s license agreements, hospital vol-
ume, and negotiated pricing. In order to assess 
the economic feasibility of the various robotic 
systems, a discussion of these list prices is useful.

The price of the various robotic systems is 
reported to be between $400,000 and $1.2 mil-
lion [9, 10]. The annual maintenance agree-
ment, which is required in most systems, is 
listed between $40,000 and $150,000 per robot. 
Another significant and costly yearly cost is the 
software upgrade, which may be included in the 
annual maintenance agreement. In some cases, 
discounted pricing may be negotiated if multiple 
systems are purchased, but this again varies by 
institution. Alternative payment models may also 
be offered, whereby systems are leased with a 
per-case pricing model instead of charging an 
upfront capital investment for the robotic equip-
ment. In those circumstances, there may be no 
charge to use or maintain the robot; instead, costs 
are generated through charges of the company-
specific implants and the disposables used during 
the case [9, 11].

Disposable costs include charges for intra-
operative equipment used in each case such as 
drapes, pins, burs, saw blades, robotic-assist kits, 
and battery packs. Although traditional tech-
niques have their own disposable costs, the per-
case cost attributed to robotic-assisted cases are 
greater. Prices vary slightly between robotic sys-
tems and types of procedures (THA, TKA, UKA) 
but are estimated to cost between $750 and $1300 
per case for all four robotic systems listed [9].

In order for proper calibration of the navi-
gation system and implant placement planning 
and preparation, some robotic systems require 
an additional preoperative CT scan of the lower 
extremity. A lower extremity CT scan without 
contrast is approximately $260 [12]. These 

Table 7.1  Robot-specific fees and capabilities of various 
robotic arthroplasty systems

Mako Navio
TSolution 
One Omni

Robot-specific fees
Capital investment Yes Yes Yes No
Service/maintenance 
contract

Yes Yes Yes No

Preoperative CT 
scan required?

Yes No Yes No

Closed platform? Yes No No Yes
Capabilities
THA Yes No Yes Yes
TKA Yes Yes No Yes
UKA Yes Yes No No

THA total hip arthroplasty, TKA total knee arthroplasty, 
UKA unicompartmental knee arthroplasty

K. K. Chen et al.
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imaging modalities are required for every Mako 
and TSolution One procedure. Conversely, 
Navio and Omni are imageless systems that do 
not require any preoperative imaging. Instead 
they rely on intraoperative morphing technol-
ogy, whereby a 3-D model of the knee in space 
can be created by manual registration of key 
joint surfaces and bony landmarks. It should be 
noted that although imageless modeling may 
save costs and patient travel time, it may add 
intraoperative time for morphing computation 
and implant templating.

The price of the implants makes up a signifi-
cant portion of the overall hospital cost of any 
joint replacement procedure. In a 2012 report by 
Robinson et  al., implants accounted for 12.71–
87.07% of the total cost of a primary TKA proce-
dures and 14.96–87.24% of a primary THA. This 
wide range in implant price range is explained in 
part by variances in geographical location, prices 
charged by different manufacturers, and negotia-
tions with hospitals [13].

Implant choice in robotic-assisted procedures 
is often limited by whether or not a robotic sys-
tem utilizes an “open” or “closed” platform. 
Though in principle all systems have the theo-
retical capacity to make generic cuts that might 
satisfy leg alignment and joint line obliquity 
requirements, the implant-customized pre-cut 
templating is restricted and proprietary. Closed 
platforms limit the surgeon to these specific, pro-
prietary implant types. Open platforms, however, 
permit the surgeon to use multiple implant com-
panies and designs depending on the surgeon’s 
preference. Having an open platform allows the 
surgeon to choose implant systems that they 
may be more comfortable with while also pro-
viding variability in the cost of the implants. As 
with any market, a lack of variability can lead to 
decreased competition and increased pricing. It 
is not surprising, therefore, that robotic systems 
with closed platforms tend to have a greater pro-
portion of their overall hospital cost dedicated to 
implants when compared to open platform sys-
tems. Open platform systems, such as Navio and 
THINK, provide per-case cost savings by allow-
ing physicians to choose from a competitively 
priced implant market.

�Direct Cost Comparison per Case 
to Traditional TJA

A cost analysis was performed to compare the 
increase in cost associated with the various 
robotic platforms to traditional techniques. The 
prices for each robotic system’s fixed contrac-
tual costs, such as capital investment fees and 
manufacturer’s maintenance agreements, as well 
as procedural costs, including disposable costs 
and imaging requirements, were individually 
assessed in this analysis. First, the fixed contrac-
tual costs were divided by estimated annual case 
volumes (100 or 300 cases) along with theoreti-
cal robotic life spans (5 or 10 years), providing us 
with the fixed contractual cost per case. Next, the 
procedural costs of a robotic TJA were subtracted 
from those of a traditional TJA to determine the 
projected increase in procedural costs per case. 
The fixed contractual costs per case were then 
added to the projected increase in procedural 
costs to ascertain the total increased direct costs 
per case. Finally, we converted this direct cost 
into a percentage relative to a traditional TJA by 
dividing this value by the average total cost of a 
traditional, non-robotic case (Table 7.2).

Using this method, we found that Mako adds 
roughly 12.2% and 6.1%, respectively, to the cost 
of each case if 100 and 300 cases are performed 
annually, assuming a 5-year robotic life span 
(Table 7.2). Under the same price model, THINK 
surgical, Navio, and Omni procedures add 13.9%, 
6.1%, and 2.3%, respectively, per case when 100 
cases are performed on a robot given a 5-year life 
span and 6.6%, 3.5%, and 2.3%, respectively, 
when 300 cases are performed. These analyses, 

Table 7.2  Percentage increase in cost by annual case 
volume and robotic life span relative to traditional TJA 
based upon capital investment, maintenance fees, dispos-
able cost, and imaging requirements

Estimated 
robotic 
lifetime

Annual 
case 
volume Mako Navio

TSolution 
One Omni

5 100 12.19% 6.10% 13.90% 2.25%
300 6.05% 3.53% 6.61% 2.25%

10 100 9.19% 4.82% 10.04% 2.25%
300 5.05% 3.11% 5.33% 2.25%

***Implant pricing was not factored into this model

7  Cost-Effectiveness Analysis of Robotic Arthroplasty
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however, do not account for implant pricing vari-
ability, which can affect the overall value of these 
procedures significantly.

�Institutional Data

At our institution, over 800 robotic procedures 
have been performed since 2012 with 2 of the 4 
mentioned robotic systems (Mako and Navio). In 
the calendar year from April 2016 to April 2017, 
199 Stryker Mako procedures were performed 
(TKA and THA). In this same time period, 29 
Smith & Nephew Navio TKAs were performed and 
25 Navio UKAs were used with various implants.

�Surgical and Clinical Outcomes

As the use of robotics has become integrated more 
commonly into the practices of orthopedic surgeons 
over the past few decades, the body of literature 
reporting the radiographic outcomes associated 
with these techniques has grown substantially. To 
justify the large capital fees, service costs, and 
institution-wide learning curves associated with 
the integration of these technologies, incremental 
cost savings measured through clinical improve-
ments, such as revision rates, implant durability, 
length of stay, and patient satisfaction, among other 
quality metrics, must be assessed. Once long-term 
outcomes are available, a better assessment of the 
cost-effectiveness of these techniques can be made.

�THA, TKA, and UKA Procedures

Provided here is a brief overview of the short-
term surgical and clinical outcomes associated 
with the use of robotics in THA, TKA, and 
UKA procedures followed by a review of their 
cost-effectiveness.

�Total Knee Arthroplasty

Robotic-assisted TKA has produced improved 
accuracy with respect to leg alignment and flex-
ion/extension gap balancing while significantly 

reducing outliers compared to traditional meth-
ods [14–19]. When assessing implant placement 
specifically, improvements in both accuracy and 
precision have been achieved along the coronal 
femoral, sagittal femoral, and sagittal tibial angles, 
consistently measuring within 1 degree of error 
compared with manual techniques [14, 15, 20, 21].

These surgical findings, however, have not 
always translated into clinical benefits. A study 
comparing the Robodoc system and conven-
tional techniques by Park and Lee [21] showed 
no differences in clinical outcome with respect 
to postoperative range of motion and patient-
reported outcome (PRO) scores measured using 
the Knee Society Score over a 4-year follow-up 
period [21]. Other randomized control trials have 
found a similar lack of differences in PRO scores 
measured by the Hospital for Special Surgery 
(HSS) score and Western Ontario and McMaster 
University Arthritis Index (WOMAC) at both 
1-year and 3-year follow-up periods [15, 17].

�Total Hip Arthroplasty

In an early large multicentered randomized 
clinical trial comparing 65 Robodoc-assisted 
cementless THAs to 62 manual THA procedures, 
significant improvements in fit, fill, and alignment 
were achieved [22]. Since then, robotic-assisted 
techniques have demonstrated up to a sixfold 
increase in accuracy with respect to anteversion, 
inclination, offset, and desired leg length when 
compared to manual THA [23–25]. Robotic-
assisted THA has also shown improvements with 
respect to short-term clinical outcomes. Patients 
have experienced improved complication rates 
including a significantly lower prevalence of dis-
locations when compared to manual THA [5]. 
Patient-reported outcome (PRO) data has also 
demonstrated improved activity levels, pain lev-
els, level of deformity, and range of motion [26].

�Unicompartmental Knee 
Arthroplasty

The first 57 UKAs using the Navio system achieved 
postoperative mechanical alignment within 1 
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degree of the intraoperative plan in 91% of cases. 
Robotic-assisted Mako UKAs have shown similar 
success in recreating the posterior tibial slope and 
achieving coronal-tibial alignment significantly 
more accurately and with less variability than 
manual techniques [27–29]. Moreover, Mako-
assisted tibial and femoral component alignment 
has proven to be more accurate and precise when 
measured in all planes [30, 31]. Clinically, studies 
that have investigated robotic UKA outcomes with 
respect to patient satisfaction, postoperative pain, 
functionality, and revision rates have all demon-
strated advantageous results [32]. A multicenter 
study by Conditt et al. showed that 93% of patients 
who underwent robotic-assisted UKA were either 
very satisfied or satisfied with their procedure at 
2-year follow-up [33]. The same study showed that 
cumulative revision rates (1.1%) were lower than 
previous reports of 4.5% in manual UKAs.

�Cost-Effectiveness

There is a paucity of data regarding major cost 
drivers throughout the postoperative stages of 
joint arthroplasty such as revisions and readmis-
sions. The data is further limited by the fact that 
the majority of the literature available assesses 
first-generation robotic platforms. Among 
TKA procedures, robotic techniques have been 
reported to have a 5% lower rate of readmission 
than conventional techniques [9]. Extrapolating 
this data, we can calculate differences in cost 
with respect to robotic and traditional TKA by 
factoring in the average cost of a typical revision 
TKA.  This cost was then converted into a per-
centage increase by comparing it to the cost of an 
average primary TKA (Table 7.3).This amounts 

to a 4.0% decrease in the overall cost of a pri-
mary TKA when using robotic instrumentation 
(Table 7.3).

In a study comparatively evaluating robotic and 
traditional THA, the rate of revision was 12.3% 
higher in the robotic cohort [34]. Conversely, 
another study reported a slightly decreased rate 
of postoperative complications resulting in fewer 
readmissions with robotic-assisted THA (13.8% 
vs. 14.5%), albeit not statistically significant [22]. 
Using a similar methodology as above, robotic-
assisted THA was associated with a 20.3% increase 
in cost when compared to traditional THA.

The difference in revision rate between robotic 
and traditional UKAs has been reported to be 
3.4% [10], potentially resulting in a cost savings of 
5.39% per UKA (Table 7.3) when robotic-assisted 
instrumentation is utilized. Approximately 80% 
of UKAs that require revision receive a TKA [35] 
incurring a cost of roughly $49,360 per revision 
[36]. As a result, with respect to revision rates, 
robotic-assisted UKAs may save institutions 
approximately $170,000 dollars annually assum-
ing a case volume of 100 UKAs.

�Surgical Limitations of Robotic-
Assisted Techniques

Robotic-assisted procedures are associated with 
specific complications not observed in manual 
procedures. These include fractures during pin 
placement, as well as mechanical and hardware 
failures that necessitate conversion to a manual 
procedure. Rates of complications have been 
reported to be as high as 22%, the majority 
arising from technical or mechanical errors [37]. 
Robotic procedures have also demonstrated sig-
nificantly longer operating times largely due to a 
steep learning curve as well as the time needed 
to prepare and calibrate the robotic system intra-
operatively. Not only are longer operating times 
associated with substantial financial expendi-
tures, they also increase the risk of superficial and 
deep infection, additional sources of avoidable 
expenses [38]. Altogether, as more longitudinal 
data becomes available, these limitations must 
be considered carefully when judging the overall 
value of these procedures.

Table 7.3  Percentage cost difference for robotic-assisted 
procedures

% Cost Difference due 
to: THA UKA TKA
Revision rate +20.88% −5.39% –
Minimum 90-day 
readmission rate

−0.53% – −4.01%

Total +20.35% −5.39% −4.01%

***Costs reported as % increase or decrease from tradi-
tional primary procedure

7  Cost-Effectiveness Analysis of Robotic Arthroplasty
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�Case Volume and Robotic Lifetime

One requirement to justify the use of robotic sys-
tems in arthroplasty procedures is an adequate 
demand for such procedures. As the “baby-
boomer” population continues to age, the preva-
lence of osteoarthritis and the demand for lower 
extremity arthroplasty procedures have substan-
tially increased. The demand for THA and TKA 
is projected to reach 4 million procedures by 2030 
[7]. Furthermore, there are approximately 45,000 
UKA procedures performed in the United States 
annually, and this number continues to increase 
at a rate of 32.5% per year [8]. Previous studies 
have projected that based on the incremental cost 
savings, which take into account the clinical ben-
efits of the procedures, associated with robotic-
assisted UKA and TKA procedures, returns on 
investments may occur after just 2 years, given 
caseloads of 50 and 20 after 1 year and 70 and 
30 after 2  years, respectively [39]. A Markov 
decision analysis performed on patients undergo-
ing Mako UKAs determined that its incremen-
tal cost-effectiveness ratio (ICER) was $47,180 
per quality-adjusted life year (QALY). Based 
on previous studies that have identified $50,000 
as the lowest threshold of willingness to pay 
(WTP) for a QALY, robotic UKAs were identi-
fied as cost-effective. However, in their analysis, 
Moschetti et  al. point out that these values can 
only be achieved in high-volume centers that per-
form greater than 94 robotic UKA cases annu-
ally while maintaining a 2-year failure rate below 
1.2%. Although most institutions do not currently 
meet these case volume thresholds, platforms 
such as the Navio, which requires significantly 
lower capital fees (almost 50% lower) and affords 
more variability in implant pricing, may serve as 
an alternative for institutions with smaller cases 
performed. In a very low-volume situation, the 
Omni model, with no capital expense, becomes 
more attractive.

With the exception of Omni robots, there is 
a direct inverse relationship between case vol-
ume and percentage increase in cost. As demon-
strated by prior studies, high-volume institutions 
have a much greater opportunity to profit from 
the incremental cost savings of each robotic 

case [37, 39]. These case volumes are not cur-
rently the norm for most institutions. However, 
as the popularity of robotic-assisted procedures 
increases and surgeon familiarity improves, 
these thresholds will gradually become more 
attainable. Furthermore, if improved surgical 
and clinical outcomes continue to accompany 
these procedures, costs may be increasingly 
offset by higher reimbursement rates. Given 
the impact that case volumes have on determin-
ing the value of robotic systems, those that are 
capable of multiple types of procedures (THA, 
TKA, and UKA) are expected to be economi-
cally more advantageous. This removes the need 
to invest in separate robotic systems for each 
procedure type while also distributing the fixed 
contractual costs over a greater case volume.

Finally, the life span of the robot itself is para-
mount to the long-term practicality of these pro-
cedures. If a new capital investment is required 
every 10 years rather than 5 years, it would sig-
nificantly alter the number of procedures needed 
to create a return on investment. This is appar-
ent considering an institution that performs 100 
procedures annually adds a hypothetical cost of 
9% per case over a 10-year period when using 
Mako systems but as much as 12% per case over 
a 5-year estimated robotic life span (Table 7.2).

�Conclusion

The economic practicality of implementing a 
novel technique with large upfront costs and 
uncertain long-term clinical improvements 
must be examined closely. This issue is magni-
fied by the fact that traditional joint arthroplasty 
is already considered a highly successful and 
expensive procedure [35]. As the goal of patient 
care continues to evolve to optimize clinical out-
comes in an economically responsible manner, 
opportunities exist to improve upon traditional 
techniques.

Given the costly capital fees and annual 
contracts of robotic systems, value relies on an 
inverse relationship between case volume and 
cost-per-case pricing. Since fixed contractual 
costs are distributed equally among the number 
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of cases performed, the more robotic-assisted 
cases an institution is capable of performing, the 
lower the economic burden will be on each case. 
Moreover, as surgeons gain more experience with 
these techniques, and patients become more com-
fortable with this novel concept, increased case 
volumes can be expected to follow. Preliminary 
literature has presented mostly favorable short-
term clinical outcomes with decreased revision 
rates in UKA and decreased readmission rates 
following robotic THA and TKA.  In order for 
robotic techniques to remain viable, long-term 
outcome assessment will need to continue to sup-
port current short-term findings.

Other unknowns remain including the modi-
fications that payment models will undergo as 
companies adapt to growing competition within 
this field. These changes may facilitate the devel-
opment of more economically feasible pricing 
arrangements. For example, Omni does not require 
any capital investment or an annual maintenance 
fee but instead relies on per-case charges such as 
implants and disposables. Thus, smaller institu-
tions that cannot maintain large case volumes or 
cannot afford the initial capital fees may consider 
Omni as a more viable option compared to other 
systems. Furthermore, uncertainties exist as to 
whether companies will decide to reduce restric-
tions on implant compatibility with their robotic 
systems. As implant pricing can play a large role in 
the total cost of arthroplasty, the ability to choose 
from a wider range of implants is potentially an 
area for significant cost savings. Thus, open plat-
form systems including THINK and Navio may 
help mitigate the overall cost of these robotic-
assisted procedures by providing the opportu-
nity for reduced implant pricing. Closed systems 
such as Omni and Mako may offer wider ranges 
of implants in order to decrease per-case costs 
for robotic-assisted arthroplasty. The increase of 
value-based implant availability and the decrease 
in perceived benefit of high-priced implants in the 
US marketplace make implant choice a critical 
feature of robotic-assisted systems.

Overall, there is optimism surrounding the 
concept of robotic-assisted procedures becom-
ing a standard technique in joint arthroplasty. 
However, in a cost-effective, performance-based 

healthcare environment, clinicians must thor-
oughly consider all aspects of these techniques 
to ensure that patient care is delivered in a value-
based manner.
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Risks and Complications 
of Autonomous 
and Semiautonomous Robotics 
in Joint Arthroplasty

Laura J. Kleeblad and Andrew D. Pearle

Total joint arthroplasty (hip, THA and knee, 
TKA) and unicompartmental knee arthroplasty 
(UKA) have been shown to be reliable treatment 
options for end-stage degenerative disease. 
Systematic reviews report survivorship rates over 
95% for total joint arthroplasty and 92% for UKA 
at long-term follow-up [1–3]. However, survivor-
ship reported by national registries is lower [4–
8]. Over the last two decades, there has been 
special interest for the surgical variables which 
can be controlled intraoperatively, in order to 
increase survivorship rates. Motivated by the 
desire to improve accuracy, decrease the risk of 
outliers, and improve component position, 
robotic systems have been implemented into 
orthopedic surgery [9–11]. There are many 
advantages of robot-assisted surgery, allowing a 
surgeon to control and improve the surgical pre-
cision of the procedure. On the contrary, the use 
of robotic systems in joint arthroplasty is associ-
ated with risks and complications related to the 
system [12, 13]. Several robotic systems are on 
the market, all with a different combination of 
features [13]. To date, there are four robotic sys-

tems approved for joint arthroplasty, of which the 
characteristics are shown in Table 8.1.

The aim of this chapter is to discuss the main 
risks and complications of robot-assisted surgery, 
which include radiation exposure, pin-related 
complications, registration malfunction, soft tis-
sue damage, and longer operating times.

�Risks and Complications

�Radiation Exposure

Some autonomous as well as semiautonomous 
systems involve preoperative planning based on 
an imaging modality. The Robodoc (autono-
mous) and the MAKO (semiautonomous) system 
require computed tomography (CT) scans preop-
eratively to create a three-dimensional (3D) map 
and define the amount and orientation of bone to 
be removed. Potential disadvantages of image-
based systems include extra costs of the imaging 
study and risk of radiation exposure during the 
CT scan [14–16]. The biological effects from 
radiation depend on the dose as well as the tis-
sue’s biological sensitivity. The difference in bio-
logical sensitivity is called the effective dose 
(ED), which is expressed in millisievert (mSv, 
1 mSv = 1 mGy). Normally, a single pelvic CT 
scan corresponds to a radiation dose around 
6 mSv and a knee CT to 1 mSv in an adult accord-
ing to current literature [14]. However, the risk of 
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radiation exposure is cumulative during the 
course of one’s life regardless of time intervals 
between scans, taken into account the annual 
level of naturally occurring background radiation 
(3 mSv in the United States) and previously per-
formed imaging studies [17]. An ED of 10 mSv 
may be associated with an increase in the risk of 
fatal cancer of approximately 1  in 2000 com-
pared to 1 in 5 natural incidence of fatal cancer in 
the US population [16, 18]. In other words, for 
any one person, the risk of radiation-induced can-
cer is much smaller than the natural risk of can-
cer. Furthermore, the biological sensitivity of 
tissue is greater in young adults; therefore, it is 
necessary to be more cautioned in requesting CT 
scans [16].

�Pin-Related Complications

The anatomical surface landmarks are registered 
through reference arrays, which are attached to 
the bone using pins (Fig. 8.1). A stable construc-
tion allows accurate registration and depending 
on the system verification of the digitized CT 
model. However, the application of the bone pins 
might require an extended surgical approach or 
some additional skin incisions outside the surgi-
cal field. Total hip arthroplasty using the Robodoc 
system requires a wider exposure of the proximal 
femur, particularly of the greater trochanter [19, 
20]. The comprehensive approach is needed to fit 
the leg-holder equipment to obtain rigid fixation 
and facilitate accurate registration and cutting 

maneuver. The combination of extended approach 
and prolonged fixation of the leg in adduction 
and external rotation may damage the abductor 
muscles [19]. Bach et al. showed less hip abduc-
tion in mid-and terminal stance following robotic 
THA using a transgluteal approach compared to 
patients without THA.  However, no significant 
difference was found between robotic and con-
ventional THA patients, indicating that the 
robotic procedure does not impair hip abductor 
function more than conventional techniques [19].

Most robotic systems require reference arrays 
to be attached to both tibia and femur in case of 
TKA or UKA, allowing anatomical surface land-
marks to be registered [11, 21, 22]. Besides 

Fig. 8.1  Intraoperative registration of robot-assisted uni-
compartmental knee arthroplasty surgery using the MAKO 
(Stryker) system. (a) Tibial pins with reference array, (b) 
femoral pins with reference array, and (c) robotic semiau-
tonomous arm, which includes the burr, now set up for 
registration of the arm before the burring starts

Table 8.1  Current robotic platforms

System Corporation Arthroplasty
Preoperative 
planning Control Platform

Bone 
resection

TSolution One 
(Robodoc)

Think Surgical, 
Fremont, CA, USA

TKA, THA 
(femur)

CT scan Autonomous Open Mill

iBlock OMNIlife Science, 
East Taunton, MA, 
USA

TKA None Autonomous Closed Saw

MAKO Stryker Corporation, 
Mahwah, NJ, USA

UKA, PFA, 
TKA, THA

CT scan Semiautonomous, 
haptic

Closed Burr, saw

Navio PFS Smith and Nephew, 
Memphis, TN, USA

UKA, 
PFA,TKA

None Semiautonomous Open Burr, saw

ROSA Knee Zimmer Biomet, 
Warsaw, IN, USA

TKA None Semiautonomous Closed Saw

L. J. Kleeblad and A. D. Pearle



77

additional incisions, it has also been suggested 
that the pin tracks could work as a stress riser in 
the cortical bone, which poses a risk for fracture 
[23]. The incidence of pin-related fractures is not 
reported in literature. The senior author of this 
chapter has performed over 1400 robot-assisted 
UKAs; in his cohort, one femoral shaft fracture 
occurred (Fig. 8.2). The pin track-related compli-
cations mentioned in literature are mostly pin site 
infections and skin irritations [9, 24, 25].

�Registration Malfunction

The success of robot-assisted surgery relies on 
the precise registration, which is dependent on 
the patients’ anatomy and the construction of 

pins, arrays, and markers. Accuracy of registra-
tion depends on the technique of landmark point-
ing and soft tissue thickness as is shown by 
Hohmann et al. [26]. For example, studies show 
that body mass index (BMI) greater than 27 kg/
m2 was associated with an increase in acetabular 
cup position measurement error with an image-
less system [25, 27].

The risk of using an image-free system is the 
lack of true preoperative planning and the inabil-
ity to verify the anatomic registration landmarks 
at the time of surgery with the 3D digital map 
[13]. Therefore, CT-based systems might still 
have some advantages over the imageless system 
in patients with abnormal anatomy such as hip 
dysplasia and post-traumatic deformities or in 
revision procedures [28].

Fig. 8.2  Anteroposterior radiographs of intraoperative 
femoral shaft fracture during robot-assisted unicompart-
mental arthroplasty using MAKO (Stryker) system. Left 

image: Arrows show the pinholes in the center of the frac-
ture and * the metal pins in the tibia. Right picture shows 
the intramedullary nail postoperative at the triangle
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In the end stage of unicompartmental or tri-
compartmental knee osteoarthritis, the deformity 
of the leg normally increases to more varus or 
valgus depending on a patient’s original mechan-
ical axis. Severely deformed patients are at risk 
for registration failure, because the primary des-
ignated points for surface registration do not exist 
or are beyond the software ability to be recog-
nized. However, if a surgeon decides that robot-
assisted surgery is indicated, it is recommended 
to use an image-based system to be able to evalu-
ate the deformity preoperatively and create the 
ability to check the registration intraoperatively.

With the use of open systems (Table  8.1), 
some specificity and functionality will be sacri-
ficed, although it allows surgeons to utilize the 
most preferable implant design. The systems 
contain 3D data for several implants but often 
lack the depth of design specificity and biome-
chanical data to optimally predict kinematics for 
component positioning [13, 15]. Combining open 
systems with imageless systems, a precise regis-
tration of the anatomic landmarks is critical. The 
clinical significance of system differences 
remains debated [13].

In the unfortunate case of registration errors, 
re-registration is needed to fulfill the system 
requirements and continue the procedure. This 
will possibly extend the surgical time and might 
even lead to conversion of the procedure to con-
ventional techniques when the defect cannot be 
repaired. Bellemans et  al. aborted 12% of their 
TKA patients because of technical difficulties 
with the recognition of the markers’ position 
leading to continuous error signaling on the 
screen [21]. Furthermore, Siebert et al. reported 
that the femoral milling process could not be 
completed in one patient due to a defective regis-
tration marker [24].

�Soft Tissue Damage

Unnecessary soft tissue damage is one of the 
most serious of all risks. Robotic systems track 
the bone surfaces; however, they are usually 
unable to track the soft tissue and therefore dam-
age can occur. With regard to THA with the 

autonomous Robodoc system, the tip of the 
greater trochanter and the inner part of the glu-
teal muscles attached to the trochanter could be 
damaged during milling [12, 29]. Honl and col-
leagues reported higher rates of postoperative 
dislocation and revision in their robotic THA 
patient group compared to the conventional 
group (18% vs. 4% and 13% vs. 0%, respec-
tively). At revision, the abductor muscles were 
detached from the greater trochanter in all 
patients; this implied that the robot damaged the 
muscles causing them to rupture [30]. According 
to many authors using the Robodoc system, 
these complications can be prevented by protect-
ing and retracting the abductors appropriately. 
Several studies showed no damage of the abduc-
tor muscles following THA with the Robodoc 
system [13, 19, 20, 29].

For TKA, damage to the patellar tendon poses 
significant problems concerning the extension of 
the leg and the stability of the prosthetic knee 
[12, 31]. Concerning robot-assisted medial UKA, 
the medial collateral ligament is in danger and 
must be protected carefully during the tibial cut. 
During robotic lateral UKR, the popliteus tendon 
is particularly at risk as it drapes over the bone 
and is not tracked by the robotic system.

Another risk of robotic surgery using an 
autonomous system (Table  8.1) is the inability 
for the surgeon to prepare the surfaces, other than 
having access to a “shutdown” switch [15, 32]. 
Therefore, it is important to protect the soft tis-
sues surrounding the milling or cutting area while 
the robotic tool is preparing the bone surfaces 
(Fig. 8.3).

Robotic systems still lack the ability to make 
creative decisions or change the pre-programmed 
plan in case of an unexpected event (e.g., frac-
ture, soft tissue damage). In these cases, the sur-
geon may need to convert to conventional 
techniques [13].

�Extended Operating Times

With the use of robotic systems, longer operat-
ing times are reported by several authors. For 
most systems, the learning curve is completed 
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after the first five to eight cases according to cur-
rent literature [11, 20, 33]. However, even if sur-
geons are familiar with the systems, the operating 
times are often longer and more variable when 
compared to conventional techniques. In many 
cases, the registration setup, which includes 
bone pin fixation with the arrays, and the regis-
tration process are responsible for the additional 
surgical time when compared to conventional 
surgery. In the literature on THA, it has been 
reported that the average surgical time ranges 
from 96 to 120 minutes, which is approximately 

25 mins longer than conventional THA [29, 33]. 
The mean operating time for TKA is more vari-
able among the different studies, ranging from 
90 to 195  minutes [9, 21, 24]. For UKA, the 
average operating time is between 56 and 
95 minutes [11, 23, 34]. However, no compara-
tive studies have been performed to compare sur-
gical times of robotic TKA or UKA with 
conventional surgeries. The main concern of the 
prolonged time for surgery is the risk of deep 
infection [12]. However, this has not been proven 
in current studies.

Femoral reference
array attachment

Adjustment screws

2 DoF motor unit

Universal cut-guide

a

b c

Fig. 8.3  The iBlock® universal cutting guide mounts on 
the medial aspect of the femur and automatically positions 
the guide in the sagittal plane for the five femoral cuts, 
automating implant positioning in the flexion, distoproxi-
mal, and anteroposterior directions. Frontal and axial 
alignment is performed before making any cuts, using the 

mechanical adjustment screws (a) under navigated control. 
The iBlock was used to make all five femoral cuts in the 
following sequence: distal, anterior chamfer (b), anterior, 
posterior chamfer, and posterior. The positioning of the 
two femoral fixation pins relative to the five cuts is illus-
trated in (c). (From Koulalis et al. [22], with permission)
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�Conclusion

In summary, the main risks of autonomous and 
semiautonomous robotic systems in joint arthro-
plasty are radiation exposure, pin-related compli-
cations, registration malfunction, soft tissue 
damage, and extended operating times. Future 
innovations will likely focus on improving the 
planning, setup, and registration process during 
robot-assisted joint arthroplasty.
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Unicompartmental Knee 
Arthroplasty Technique: Navio

Jess H. Lonner and Christopher P. Bechtel

Unicompartmental knee arthroplasty (UKA) has 
become an increasingly popular surgical option 
for patients with arthritis limited to an isolated 
compartment, offering a tissue-preserving sur-
gical alternative to total knee arthroplasty, with 
better kinematics, functionality, and satisfaction, 
less postoperative morbidity, and lower periop-
erative costs [1, 2]. UKA currently accounts 
for roughly 8–10% of all knee arthroplasty pro-
cedures, and this percentage could potentially 
increase to more than 20–30% in the future, par-
ticularly with increasing use in younger patients 
[3, 4]. Even without expanding the appropriate 
surgical indications, a growing interest in outpa-
tient knee arthroplasty procedures and the emerg-
ing use of surgery centers for UKA will likely 
increase training and endorsement of these pro-
cedures by a growing volume of surgeons.

Despite reports of excellent outcomes, func-
tionality, and durability from high-volume sur-
geons [5–9], higher revision rates and decreased 
survivorship of UKA have been demonstrated 
among lower-volume surgeons and in nationwide 

databases and registries [10, 11]. While the eti-
ology of aseptic failure in UKA is multifactorial, 
component malposition or malalignment and soft 
tissue imbalance predispose to failure [12, 13]. 
One study [13] found that 12% of aseptic failures 
of UKA were due to faulty implantation and inad-
equate positioning of the components, with half 
occurring within the first 5 years after implanta-
tion. Similarly, an analysis of revision UKA from 
the Norwegian Arthroplasty Register found that 
component malalignment and soft tissue imbal-
ance and knee instability are the prevalent modes 
of failure [12]. Several studies have provided evi-
dence that small errors of more than 2° or 3° in 
the coronal plane and excessive tibial slope pre-
dispose to mechanical failure in UKA [14–19]. 
Even in the hands of skilled surgeons, achieving 
consistently accurate alignment in UKA is diffi-
cult using conventional techniques, particularly 
with minimally invasive approaches [15–18, 20]. 
Component positioning beyond 2° of the desired 
alignment may occur in as many as 40–60% of 
cases with conventional techniques [20, 21]. In 
a study analyzing the results of 221 consecutive 
UKAs performed through a minimally invasive 
approach, tibial component alignment had a stan-
dard deviation of ±4° and a range from 18° varus 
to 6° valgus [19]. It is for these reasons that robotic 
assistance has been advanced for bone prepara-
tion and soft tissue balancing during UKA.

Computer navigation was introduced in an effort 
to reduce the number of outliers and improve the 
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accuracy of UKA. Even with computer navigation, 
the incidence of outliers (beyond 2° of the preop-
eratively planned implant position) may approach 
15% resulting from the imprecision with the use of 
standard cutting guides and conventional methods 
of bone preparation [20]. Semiautonomous robotic 
guidance was therefore introduced to not only cap-
italize on the improvements seen with computer 
navigation but also to further refine and enhance 
the accuracy of bone preparation, even with mini-
mally invasive techniques, by better interfacing and 
integrating the planning and performance of bone 
preparation [21–33].

Although the emergence of robotics in knee 
and hip arthroplasty has been gradual, semiau-
tonomous robotic technology is currently being 
utilized in more than 15% of the UKA cases per-
formed in the United States [34], and those num-
bers are anticipated to grow substantially to over 
35% during the next few years as more surgeons 
embrace the robotic platforms available, pric-
ing improves, additional robotic options enter 
the space, and greater utilization expands beyond 
UKA into total knee arthroplasty (TKA) and 
other procedures [35]. While this technology has 
enhanced the precision of the surgery, the chal-
lenge facing the robotics sector is producing tech-
nologies that are also efficient and economically 
feasible. Several factors that impeded broader 
adoption of the first-generation robotic technol-
ogy, which was largely dependent on preoperative 
planning with computed tomography (CT) scans, 
included the high capital and maintenance costs 
of the first-generation systems; soft tissue com-
plications observed with an autonomous (active) 
robotic system used for a brief time by several cen-
ters for total hip and knee arthroplasty primarily in 
Asia and Europe; skepticism regarding the impor-
tance of optimizing precision in UKA; expense, 
inconvenience, and delays associated with hav-
ing to obtain preoperative CT scans for planning 
and mapping; and concern regarding the radiation 
exposure with CT-based planning [27, 29, 36, 37].

A newer image-free semiautonomous robotic 
technology (Navio, Smith & Nephew, Memphis 
TN) is an alternative to the first-generation auton-
omous and semiautonomous CT-based systems 
[26]. This chapter focuses on the specifics of this 
technology and early data.

�Navio System

The Navio system is a handheld image-free 
robotic sculpting tool available for assistance 
in UKA, patellofemoral arthroplasty (PFA), 
and total knee arthroplasty (TKA), having 
received initial CE mark and US Food and Drug 
Administration clearances in February and 
December 2012, respectively (Fig. 9.1a, b). This 
lightweight robotic tool combines image-free 
intraoperative registration, planning, and naviga-
tion with precise bone preparation and dynamic 
soft tissue balancing. As a semiautonomous sys-
tem, it augments the surgeon’s movements, with 
safeguards in place to optimize both accuracy 

a

b

Fig. 9.1  (a, b) Navio handheld robotic sculpting tool (a) 
and monitor with camera. (Smith & Nephew, Memphis 
TN)
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and safety. The system continuously tracks the 
position of the patients’ lower limb, as well as 
the handheld burr, so that the limb position and 
degree of knee flexion can be changed constantly 
during the surgical procedure to gain exposure to 
different parts of the knee during registration and 
bone preparation through a minimally invasive 
approach.

�Indications and Contraindications

The indications and contraindications are iden-
tical to those used for conventional approaches 
to UKA and other robotically assisted methods 
of UKA.  Variations may exist depending on 
surgeon philosophy, tolerances, or preferences. 
There are no specific contraindications to the use 
of the Navio system, although the added duration 
of surgery early in the learning curve may make it 
undesirable for some patients until proficiencies 
with the setup, preparation, and nuances of the 
surgical procedure are optimized.

�Surgical Technique

The patient is positioned supine on the operating 
table, and the surgical limb is prepped, draped, 
and positioned in a table-mounted leg holder. 
Bicortical, partially threaded pins are percutane-
ously inserted into the metaphysis of the proxi-
mal tibia and distal femur. On the tibia, the pins 
are placed starting approximately 3 cm inferior to 
the tibial tubercle on the medial side of the tibial 
crest. On the femur, the pins are placed start-
ing approximately 5  cm superior to the patella 
with the knee hyperflexed, in order to stretch 
the quadriceps before pin insertion and to try to 
avoid inserting the pins through the suprapatellar 
pouch. Optical tracking arrays are then secured to 
these transfixion pins, approximately 2 cm above 
the skin (Fig. 9.2). A tracking system with infra-
red cameras constantly determines the position of 
the reflective trackers in space. The knee is taken 
through a full range of motion, with and without 
tensioning the collateral ligament on the concav-
ity of the deformity to ensure that the trackers are 
visible by the camera throughout.

The knee is exposed using a standard arthrot-
omy, depending on surgeon preference. For 
medial UKAs an anteromedial skin incision 
is made from the proximal-medial edge of the 
patella to a point just proximal and medial to 
the tibial tubercle (Fig. 9.3); for lateral UKAs a 
more midline incision is made and carried more 
proximally, followed by a lateral parapatellar 
arthrotomy. For purposes of this chapter, we 
will describe the typical approach and technique 
used for a medial UKA.  A medial parapatellar 
arthrotomy is made, extending just proximal to 
the proximal pole of the patella. Care is taken 

Fig. 9.2  Positioning of bicortical pins and optical track-
ers in the distal femoral metaphysis, inserted with the 
knee hyperflexed, approximately 5  cm proximal to the 
proximal pole of the patella, and proximal tibial metaphy-
sis, approximately 3 cm distal to the tibial tubercle

Fig. 9.3  Typical arthrotomy for a medial UKA allows for 
reasonable joint assessment to confirm appropriate pathol-
ogy and ample exposure for robotic-assisted surgery
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to avoid nicking the trochlear cartilage during 
arthrotomy; this can be done by making the prox-
imal arthrotomy with the knee either flexed no 
more than 30° or fully extended (as opposed to 
making the capsular incision in deep flexion). The 
joint is inspected to corroborate that the wear pat-
tern is indeed amenable to UKA and osteophytes 
are removed from the exposed arthritic side of the 
knee and intercondylar notch.

�Limb Registration and Surface 
Mapping
Since the Navio method is based entirely on 
intraoperative navigation and registration, the 
component alignment and sizing, as well as vol-
ume and orientation of bone to be removed, are 
based on the determination of the mechanical 
and rotational axes of the femur and tibia as well 
as mapping of the surfaces of the affected con-
dyles. An algorithm is followed that sequentially 
identifies the hip center (by circumducting the 
hip), and ankle and knee centers, from which the 
mechanical axes of the limb, femur, and tibia are 
determined. The native resting mechanical align-
ment of the limb is captured in maximal exten-
sion, and then the knee is brought through a range 
of motion to maximum flexion, without tension-
ing the ligaments, thus establishing the rotational 
axis of the limb, from which femoral component 
rotation is ultimately derived (Fig. 9.4). Using the 
optical probe, multiple points of the distal femur 

and proximal tibia are registered to determine the 
boundaries of the surface anatomy and condylar 
size and shape. The rotational axis of the tibia 
is based off the orientation of the medial tibial 
spine (Fig. 9.5a, d). A three-dimensional virtual 
recreation of the proximal tibia and distal femur 
is produced by “painting” the condylar surfaces. 
From this, the component sizes and positions will 
be determined. In this way, intraoperative map-
ping supplants the predicate system that required 
a preoperative CT scan (Fig. 9.6a, b).

�Gap Balancing
Another key element of the Navio robotic tech-
nique is quantifying dynamically the soft tis-
sue balance of the knee through a full range of 
motion. An algorithm is followed to establish 
the tightness or laxity in the hemi-compartment 
after virtual positioning of the components. After 
arthrotomy and removal of the medial osteo-
phytes, a valgus stress is applied to the knee (in 
the case of medial UKA) as it is passively moved 
from full extension to deep flexion (Fig.  9.7a, 
b). After the abovementioned surface map-
ping and three-dimensional planning of implant 
sizes, their position and orientation are “virtu-
ally” established. A graphic representation of 
gap spacing through an entire range of motion is 
created. Adjustments can be made in the virtual 
positioning of the components – including tibial 
slope and depth of resection or femoral compo-
nent flexion, anteriorization, and distalization  – 
to achieve the desired soft tissue balance across 
the entire flexion arc (Fig.  9.7a–d). The goal is 
to adjust the implant positions and orientations 
such that the gaps in extension and flexion are 
balanced according to surgeon preferences, with 
roughly 2 mm of laxity between the components 
through a full arc of motion, and avoiding over-
correction of alignment into the opposite com-
partment (Fig. 9.7c, d). While the positioning and 
alignment of components is often recognized as 
the most important element of robotic precision, 
it may be that the careful quantification of soft 
tissue balance may be the factor most responsible 
for improved functional outcomes and equally 
impactful on implant durability compared to con-
ventional methods. Therefore, the time spent at 

Fig. 9.4  The rotational (kinematic) axis of the limb is 
established and serves as the reference for rotational 
alignment of the femoral component
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a

c d

b

Fig. 9.5  Condylar anatomy is mapped out by “painting” 
the surfaces of the femoral condyle and tibial hemiplateau 
with an optical probe (a) intraoperative photo, (b) map-

ping of the femoral surface, (c) mapping of the tibial sur-
face, and (d) rotational alignment of the tibial axis is 
established along the peak of the medial tibial spine

a b

Fig. 9.6  (a, b) Provisional sizing and positioning of the femoral and tibial components are planned on the virtual mod-
els, based on the mapped condylar surfaces
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this stage to create a graph depicting the desired 
soft tissue balance in UKA is critical. Finally, 
medial and lateral positioning and angular orien-
tation can be planned so that reasonable tracking 
of the femur on the tibia can be virtually planned 
and adjustments made as necessary (Fig. 9.8).

�Surface Preparation
Once the surfaces have been mapped and the 
surgical plan and gap balancing have been 
adjusted, femoral burring is undertaken. Either 
a 6- or 5-millimeter handheld sculpting burr is 
used to prepare the bone on the condylar surfaces. 
The  Navio robotic system provides protective 

control against inadvertent bone removal, through 
modulating the exposure or speed of a retractable 
bur. “Exposure-control” mode adjusts the extent 
to which the bur is exposed beyond a protective 
sheath. Position data are continuously updated in 
real time, resulting in the fluid adjustment in the 
position of the bur tip. When the bur tip is within 
the field to be removed, it is positioned outside 
of the cylindrical guard; when it is moved out-
side of the area, which had been predetermined 
to be removed, it retracts within the protective 
sheath. This mode of preparation is ideally suited 
for the distal condylar surface and portion of the 
posterior aspect of the femur. In “speed-control” 

a

b

c d

Fig. 9.7  After osteophyte excision, a dynamic soft tissue 
balancing algorithm is initiated. In the case of a medial 
UKA, a valgus stress is applied to tension the medial col-
lateral ligament and medial capsule (a, b). A virtual 
graphic representation of gap spacing (relative laxity or 
tightness) is provided through a full range of motion, and 
an assessment can be made regarding the planned posi-
tions of the femoral and tibial components and anticipated 
correction of limb alignment. (c) In this case, the initial 

plan showed excessive relative laxity between the compo-
nents between roughly 20° and 50° and excessive tight-
ness after 90° of flexion. (d) Adjustments were made to 
the tibial slope, and the femoral component was distalized 
and anteriorized to create a virtual graph that displayed 
roughly 2 mm of laxity between the components through 
the entire flexion arc and correction of the limb varus from 
4° to 2°
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mode, a shorter sheath is used that does not cover 
the bur. Instead, the rotational speed of the bur is 
modulated based on proximity to the boundaries 
of the target surface. This allows the bur to spin 
and remove intended bone, with speed slowing to 
a stop as the tip reaches the margins of the final 
preparation position. This mode is ideal for the 
preparation of the posteriormost portion of the 
femoral condyle, tibial surface, and femoral and 
tibial lug holes (Fig.  9.9a–d). Final tibial sizing 
and lug hole preparation are best done in conjunc-
tion with the manual sizer and drill guide, given 
the difficulty modeling the posterior surface of the 
tibia earlier in the case, with the femoral condyle 
intact. This method is most accurate for tibial siz-
ing and ensures accurate anteroposterior transla-
tion of the tibial component (Fig. 9.10a, b).

Fig. 9.8  Contact points showing virtually where the 
femur is anticipated to be tracking on the tibia based on 
implant position, and soft tissue balance is also shown. 
Adjustments in position can be made accordingly

a

b

c d

Fig. 9.9  (a–d) Real-time and virtual views of femoral and tibial preparation with the 6 mm bur attached to the handheld 
robotic sculpting tool
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�Trialing and Implantation
After bone preparation, the surfaces are assessed, 
and the posterior femoral osteophytes and the 
remaining peripheral bone that is not covered 
by the implants are removed (Fig.  9.11). The 
meniscus is excised and trial components manu-
ally impacted into place. Limb alignment, range 
of motion, implant position, and gap balance can 
be quantified and compared with the preopera-
tive plan (Fig. 9.12). If necessary, additional bone 
can be removed by making adjustments to slope 
or depth of resection in the surgical plan on the 
computer, depending on where some residual 
tightness or imbalance may be observed. Once 
the knee is considered adequately aligned and 

balanced, the surfaces are irrigated and dried, 
and final components are manually cemented 
into place (Fig. 9.13a–e).

a

b

Fig. 9.10  (a, b) Intraoperative view of method of final 
tibial sizing and tibial lug hole preparation, using the 
manual guide to optimize component size and AP 
translation

Fig. 9.11  Intraoperative view of the precisely prepared 
femoral and tibial surfaces

a

b

Fig. 9.12  (a, b) With trials in place, limb alignment and 
soft tissue balance are reconfirmed. In this case, final limb 
alignment in full extension is 2° varus, consistent with the 
preoperative plan. A 2 mm shim can be inserted to confirm 
reasonable balance through a range of motion

J. H. Lonner and C. P. Bechtel



93

�Results

In an initial feasibility study of Navio, Smith 
et  al. assessed the accuracy of bone prepara-
tion in 20 synthetic lower extremities (10 right 
and 10 left). Surface preparation and component 
position were highly accurate, with the root-

mean-square (RMS) errors across all angular 

orientations (flexion-extension, varus-valgus, 
and rotation) ranging from 1.05° to 1.52° for the 
femoral implant and 0.66 to 1.32° for the tibial 
implant; translational errors averaged 0.61 mm, 
with a maximum of 1.18 mm; and mean surface 
overcut or undercut was 0.14 mm and 0.21 mm 
for the femoral and tibial surfaces, respectively 

[38, 39].

a b

c d

Fig. 9.13  (a) Intraoperative appearance of medial UKA 
cemented into place. (b) A 2 mm shim is inserted between 
the components to pressurize the cement while it cures, 
with the knee flexed 20–30° to concentrically compress 

the components. (c–e) Standing postoperative anteropos-
terior (AP) of the limb and knee and lateral radiographs 
show excellent component position and limb alignment 
after UKA with Navio robotic tool
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A follow-up study by Lonner et al. evaluated 
the precision of bone preparation using Navio 
in 25 cadaveric specimens. The “planned” and 
“actual” angular, translational, and rotational 
positions of the components were compared. The 
RMS angular errors were 1.42–2.34° for the three 
directions for the femoral implant and 1.95–2.60° 
for the three directions of the tibial implant. The 
RMS translational errors were 0.92–1.61 mm for 
the femoral implant and 0.97–1.67  mm for the 
tibial implant [25]. The results, further summa-
rized in Table  9.1, highlight comparable preci-
sion to image-guided robotic technology and 
substantially reduced error compared to conven-
tional methods of bone preparation in UKA [21, 
25, 28].

A clinical radiographic study by Picard et al. 
reported on 65 patients undergoing medial UKA 
using Navio. The planned mechanical axis 
alignment was compared with the postsurgi-
cal alignment using full-length, double-stance, 
weight-bearing radiographs [40]. The average 
preoperative alignment was 4.5° mechanical 
varus (standard deviation  =  2.9°, range: 0–12° 
varus). The average postoperative mechanical 

axis was corrected to 2.1° (range: 0–7° varus). 
The postoperative mechanical axis alignment in 
the coronal plane was within 1° of the intraopera-
tive plan in 91% of the cases. Of the six cases with 
postoperative alignment greater than 1° from the 
plan, three resulted from an increase in the thick-
ness of the tibial polyethylene insert implanted. 
The average difference between the “planned” 
intraoperative mechanical axis alignment and the 
postoperative long leg, weight-bearing mechani-
cal axis alignment was 1.8° [40].

In light of the importance of preserving the 
joint line position in UKA to optimize kinemat-
ics and reduce polyethylene stress that is observed 
with distalizing the joint line, several studies have 
shown improved femoral joint line position with 
robotic Navio preparation compared to conven-
tional methods [41]. A retrospective case-control 
study by Herry et al. compared two matched groups 
of patients receiving a resurfacing UKA between 
2013 and 2016 by either a robotic-assisted (n = 40) 
or conventional (n = 40) technique. Restitution of 
joint line height was significantly improved in the 
robotic-assisted group compared to the conven-
tional group, which tended to distalize the fem-
oral joint line (+1.4 mm ±2.6 vs +4.7 mm ± 2.4 
[p < 0.05]) [42]. Likewise, a retrospective case-
control study by Fu et  al. compared tibial com-
ponent slope and femoral joint line position in 
175 matched medial UKAs performed using a 
conventional spacer block technique (n  =  52), 
image-free robotic system (Navio) (n  =  57), or 
CT-based robotic system (Mako) (n  =  66) by a 
single surgeon. The mean postoperative poste-
rior slope was highest in the conventional group 
(8.98°+/−2.83), followed by Mako (7.1°+/−2.5) 

Table 9.1  Summary of positioning – robotic techniques 
vs conventional

RMS error

Mako 
Rio 
[19]

Acrobot 
[13]

Navio 
PFS 
[17]

Conventional 
[19]

Flex-ext (deg) 2.1 2.1 1.8 6.0
Varus-valgus 
(deg)

2.1 1.7 2.5 4.1

Int-ext (deg) 3.0 3.1 1.7 6.3
Prox-dist (mm) 1.0 1.0 1.3 2.8
Ant-post (mm) 1.6 1.8 1.3 2.4
Med-lat (mm) 1.0 0.6 1.0 1.6

e

Fig. 9.13  (continued)
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and then Navio (5.56°+/−2.18). The differences 
between groups were statistically significant 
(p < 0.001). Importantly, while the senior surgeon 
attempts to restrict the posterior tibial slope to 
≤7°, the percentage of posterior slope outliers >7° 
were 25%, 5%, and 3.5% for conventional, Mako, 
and Navio cases, respectively. Furthermore, the 
joint line was significantly distalized in the con-
ventional group (−1.57 mm+/−1.62) when com-
pared with Navio (−0.3 mm +/− 1.06) (p < 0.001) 
or Mako (−0.26 mm+/−0.98) (p < 0.001). There 
were no differences in joint line between Mako 
and Navio (p = 0.65) in that study [43].

Additionally, robot assistance has been shown 
to result in a more conservative tibial resection 
compared to conventional methods [44]. In an 
analysis of 8421 robotic-assisted UKAs and 
27,989 conventional UKAs, Ponzio et al. found 
that statistically more 8-mm and 9-mm polyeth-
ylene inserts – a proxy measure of bone conserv-
ing tibial resections  – were used in the robotic 
group (93.6%) than in the conventional group 
(84.5%) (P < 0.0001). Additionally, larger tibial 
inserts of ≥10  mm  – an indication of typically 
greater tibial resection – were utilized in 6.4% of 
robotic-assisted cases and 15.5% of conventional 
cases [44]. This has both physiological and prac-
tical implications. First, proximal tibial bone is 
weaker with more distal resection, and thus it is 
biomechanically advantageous to minimize bone 
resection. Second, in the event of a future revi-
sion to TKA, reconstruction is more challenging 
and more likely to require tibial augments and 
stems when larger tibial resections were made at 
the time of UKA.

Clinical data is emerging regarding the impact 
of robotic precision on durability. A recent 2-year 
clinical study of patients who underwent Navio-
assisted UKA (medial 97%; lateral 3%) found 
the overall implant survivorship (free of failure 
or revision) to be 99.2%, which was non-inferior 
when compared to the reference survival rate of 
95.7% from the Australian registry. There was 
one revision encountered during the study, which 
was due to persistent soft tissue pain, without evi-
dence of loosening, subsidence, malposition, or 
infection [45]. In a matched case-control study 
comparing implant position, limb alignment, and 

revision rate in 160 UKAs performed with either 
Navio or a conventional technique using the iden-
tical implant (HLS Uni Evolution, Tornier®), 
Batailler et  al. found the rate of postoperative 
limb alignment outliers (±2°) was significantly 
higher in the control group than in the robotic-
assisted group for both lateral UKA (26% in 
robotic group versus 61% in control group; 
p = 0.018) and medial UKA (16% versus 32%, 
resp.; p  = 0.038). Additionally, the coronal and 
sagittal tibial baseplate position had significantly 
fewer outliers (±3°) in the robotic-assisted group 
than in the control group. At a mean follow-up 
of 19.7 months ±9 for the robotic-assisted group 
and 24.2 months ±16 for the control group, 5% 
(n = 4/80) of patients in the robotic-assisted UKA 
group and 9% (n = 7/80) in the conventional UKA 
group required revision to TKA (n.s.d.). In the 
conventional group, 86% of revisions were due 
to component malposition or limb malalignment, 
compared to none in the robotic-assisted group 
[46]. Current ongoing study is comparing func-
tional outcomes of matched groups of conven-
tional versus Navio-assisted UKA performed by 
the senior surgeon. Our preliminary unpublished 
data show accelerated recovery of functional 
milestones in the robotic group, but analysis at 
longer follow-up is not yet complete.

Despite the improved precision of robotic 
UKA, stakeholders – that is, surgeons and admin-
istrators of hospitals or surgery centers  – have 
concern that adopting robotic systems may be 
associated with a lengthy learning period and 
increased operative time before the surgeon can 
efficiently and effectively use the technology. In 
order to address the learning curve for surgical 
proficiency with Navio, Gregori et al. examined 
the number of surgeries required to reach “steady-
state” surgical time among five experienced 
arthroplasty surgeons who had no prior surgical 
experience with this robot [47]. The average sur-
gical time (tracker placement to trial acceptance) 
among all surgeons across their first 15 cases 
was 56.8 minutes (range: 27–102 minutes). The 
average improvement was 46  minutes from the 
slowest to quickest surgical times, with “cut-
ting” phase decreasing on average by 31 minutes 
during the initial 15 cases. On average, it took 8 
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procedures (range: 5–11) to reach a steady-state 
surgical time, with an average steady-state surgi-
cal time of 50 minutes (range: 37–55 minutes).

Unlike its predecessor robotic technology, 
Navio does not require preoperative mapping 
utilizing computed tomography (CT) scanning. 
A study by Ponzio and Lonner found that by 
switching from a CT scan-based system (Mako, 
Stryker Mako, Fort Lauderdale, FL) to the Navio 
system, the avoided per-scan effective dose (ED) 
of radiation was 4.8 ± 3.0 mSv (approximately 
equivalent to 48 chest radiographs) [36], thus 
heeding the US Food and Drug Administration’s 
(FDA) warning that steps be taken to mitigate 
exposure to avoidable radiation [48].

�Conclusion

Navio technology has proven effective in opti-
mizing component alignment, conserving bone 
resection volumes, restoring joint line, and 
quantifying soft tissue balance in UKA. Data is 
only now beginning to emerge that suggests that 
Navio robotic assistance is improving early func-
tional outcomes and durability in UKA. Further 
ongoing study will be necessary to better deter-
mine whether the added precision of Navio will 
correlate with better longer-term durability and 
outcomes than those achieved with conventional 
methods.

Compared to first-generation image-based 
robotic systems, without compromising precision 
or safety, Navio represents considerable savings 
on multiple levels  – including savings of time, 
inconvenience, and radiation exposure related to 
the elimination of the preoperative CT scan; sav-
ings on space requirements; and savings on capi-
tal and per-case costs. These are clear benefits 
for the key stakeholders – payers, hospitals, sur-
geons, and patients. Navio dovetails nicely into 
the transition we are seeing nationwide whereby 
partial knee arthroplasties are increasingly being 
performed on an outpatient basis, with greater 
use in surgery centers rather than hospitals. Its 
reduced costs, small footprint, and diminished 
storage needs are perfectly suited for use in these 
outpatient centers.
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The first MAKOplasty was performed in 
2006 utilizing an all poly inlay component 
(Fig. 10.1). The following year, a metal-backed 
implant was developed and is the standard 
today (Fig. 10.2). The second-generation RIO 
Robot was introduced in 2009 and enabled 
the expansion to medial, lateral, patellofemo-
ral, and bicompartmental knee arthroplasties 
(Fig. 10.3) [1].

UKAs have shown improved kinematics as 
related to total knee replacements, less pain from 
surgery, and a knee that patients prefer [2, 3].

The benefits of “MAKOplasty” still follow the 
principles of strict patient selection and appropri-
ate planning. Meticulous cementing technique 
and minimized soft tissue dissection enable con-
sistent results [4].
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Fig. 10.1  12-year post-op inlay MAKOplasty medial 
UKR AP view
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�The Robotic System

	(a)	 Software
The application software begins with a CT scan 
of the patient’s affected lower limb. This CT 
scan includes the hip, knee, and ankle joint. This 
enables anatomic implant matching and posi-
tioning, with evaluation of the joint pathology 
including intra- and extra joint deformities.

The CT scan is 3D reconstructed and then 
preoperative outlined to enable accurate veri-
fication and validation of the patient’s anat-
omy during the procedure. The software is 
depicted on a graphic user interface in the 
operating room and is the focus of the sur-
geon during surgery.

	(b)	 Hardware
The Robotic base houses the motors and 
extends out an arm that has 6 degrees of free-
dom. The motorized burr or saw blade is 
attached to the end of the arm to allow sur-
geon control of the instrument.

Multiple sensors are utilized to control 
safety and feedback during utilization of the 
burr or saw.

The navigation system is an infrared opti-
cal tracking system that requires stabile 
reflective sensors that are attached to the 
patient’s femur and tibia through bone pins. 
The robotic arm is tracked as well and vali-
dated with an independent sensor array [5, 6].

Fig. 10.2  10-year post-op medial onlay MAKOplasty AP- pre-op; AP- post-op – Lat- postop– Lat view

Fig. 10.3  Lateral view onlay bicompartmental 
MAKOplasty 8 years post-op
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Checkpoints in the femur and tibia are uti-
lized to confirm that no unintended loss of 
registration prior to cutting has occurred. The 
Robotic system is sterilely draped and posi-
tioned for full access to the surgical field 
(Fig. 10.4) [7]

	(c)	 Implants
The Femoral and Tibial components are spe-
cific to the system, with a range of compati-
ble sizes. The femur is CoCr and the tibial 
baseplate is titanium. The tibial polyethylene 
sizes extend from 6  mm to 9  mm and are 
gamma sterilized. The implants are cemented.

�Surgical Planning Phase

The surgeon evaluates the patient’s preopera-
tive CT scan and can adjust the implants for an 
anatomic fit. This enables the appropriate slope, 
rotation, cortical rim fit to be obtained. The joint 
line and depth of resection are initially set. Other 
pathologies can be defined such as the extent of 
avascular necrosis and any subchondral cysts. 
This imaging-based approach allows preopera-
tive implant selection and accurate registration to 
minimize error and improve intra-op efficiencies.

�Patient Positioning and Surgical 
Exposure

The patient is positioned in a standard supine 
fashion. The operative knee is examined. The 

knee is tested for range of motion, ligamentous 
stability and correctability of the deformity. The 
operative leg is prepped, draped and placed in a 
dynamic and articulating leg holder, making sure 
full range of motion can be achieved. A tourni-
quet is usually applied and used.

�Medial UKA
A medial arthrotomy is performed to enter the 
diseased compartment. The incision can be 
minimized as the surgeon can place the knee 
in various positions to allow the burr or saw 
to safely prepare the bone without direct visu-
alization and preventing soft tissue trauma 
(Fig.  10.5). Minimally invasive approach was 
popularized by Dr. Repicci and has become a 
“standard” approach [8]. He cited the poten-
tial advantages of decreased blood loss, less 
tissue trauma and morbidity, as well as earlier 
recovery and easier rehabilitation. With mini-
mally invasive procedures using conventional 
cutting guides, visualization is reduced leading 
to potential errors in implant placement, limb 
alignment, cement technique, and bone prepa-
ration (Fig. 10.5) [9–11].

Most advocates of minimally invasive knee 
surgery champion an arthrotomy that does not 
invade the quadriceps femoris tendon. Also, 
eversion of the patella is avoided. In the case of 
robotic-assisted surgery, the loss of direct visu-
alization is offset by the haptic boundaries and 
tracking of the joint spatially through a range of 
motion that is created by the system as a safe-
guard. The knee is stabilized and positioned in 
angles for maximal access, the MCL and patellar 
tendon protected, and robotic arm brought into 
field of surgery. This approach can be made more 
extensile in the occasional case requiring con-
comitant patellofemoral resurfacing [10].

�Lateral UKAs
Lateral UKRs are commonly approached with a 
lateral longitudinal incision, although this also 
varies by surgeon preference. Most of the work 
and exposure are done in extension and mid-
flexion to relax the lateral pull of the patella. 
The tibia must be internally rotated anteriorly to 
conform to the femur in extension based on the 
“screw home “mechanism. The femur must be 

Fig. 10.4  Robotic arm and burr entering operative knee 
with tracking sensors
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lateralized and verticalized as well. The position-
ing of the femoral component should accommo-
date the femoral divergence of the lateral condyle 
when the knee is flexed; in that way, impinge-
ment with the tibial spines will be avoided when 
the knee is brought into extension. The flexion 
gap can be difficult to balance, with its inherent 
laxity, and a worn or dysplastic posterior femur. 
Care must be taken not to overstuff the flexion 
gap, which will drive the extension gap into varus 
mal-alignment [9].

Occasionally, the popliteus has to be recessed 
due to impingement. During insertion of the 
femur, placing the knee in extension, and then 
flexing the knee aides in placement, as the lateral 
patellar pull is neutralized.

�Benefits of Robotic Technology

A robotic-assisted platform enables the sur-
geon to utilize a pre-op computer-assisted 
planning system and a tactile guidance system 
intraoperatively.

Achieving accurate alignment of the tibial 
component in unicompartmental knee arthro-
plasty with use of conventional instrumentation 
is inconsistent, with outliers beyond 2° of the 

preoperatively planned alignment occurring in 
as many as 40–60% of knees, particularly when 
minimally invasive surgical approaches are used. 
One study found a large range in tibia component 
alignment, with a mean of 6° (standard deviation, 
4°) and a range from 18° varus to 6° valgus in 
221 consecutive knees that underwent unicom-
partmental knee arthroplasty performed through 
a minimally invasive approach [11].

These errors are compounding, as an inac-
curate tibial resection in the coronal, sagittal, 
and rotational planes leads to gap imbalance, 
malalignment, malrotation, impingement, and 
edge loading (Fig. 10.6) [12, 13].

Roche and Coon have reported the accuracy 
of the RIO system in accurate implant placement 
[14, 15]. Coon et al. radiographically compared 
44 manually implanted UKAs to 33 robotically 
implanted. The accuracy of implant positioning 
with robotic arm assistance was improved by a 
factor of 2.8 in the sagittal plane and an average 
RMS error of 3.2° in the coronal plane as com-
pared with the accuracy of manual, jig-based 
instrumented UKAs. Roche et  al. radiographi-
cally measured postoperative implant placement 
accuracy on a series of 43 UKA patients. Average 
RMS errors were 1.9° in the coronal plane and 
1.7° in the sagittal plane.

Fig. 10.5  Minimally invasive approach after bone prep of medial robotic UKR and post-op scar
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While the robotic arm ensures accurate 
implant placement, many additional factors are 
required for a surgeon to achieve a successful 
surgical outcome. The ability to perform the 
predicted surgical plan consistently and precisely 
is related to proper implant sizing and position-
ing specific to the patients’ anatomy. Optimizing 
the tension/balance of the collateral and cruciate 
ligaments through entire range of motion [16], 
actualizing smooth implant-cartilage transitions 
through cartilage mapping software, and the abil-
ity to minimize bone resection and tissue injury 
during surgery with haptic boundaries are the 
benefits of haptically controlled robotic assis-
tance in UKA.

Through a minimal incision, optimized 
implant placement and soft tissue balancing 
enables a rapid rehabilitation program that 
enables patients to return to activities of daily 
living or resume work with shortened recovery 
times.

�Consistent Execution of Surgical Plan

The system reduces variability, improves safety, 
while maintaining surgical efficiencies. The 
learning curve is consistent and independent of 
surgeon experience and volume. Accuracy is a 
key differentiator. Robotic UKA is 2 to 3 times 
more accurate and 3 times more reproducible 
than manual UKA [11, 13, 14]. This is critical 
as most common technical errors lead to early 
implant failure. The ability to recreate the joint 
line, slope, and implant position allows the knee 
to achieve early motion and potentially improve 
outcomes. Knowing the implant size preopera-
tively minimizes trays, and the surgical execution 
and leg positioner minimizes the need for surgi-
cal retraction affecting line of sight.

�Pre-resection Plan Customization

�Registration Phase

Femoral and Tibial tracking pins are placed and 
stabilized, and the sensors are positioned for the 
infrared tracking system to follow the positions 
of the leg and navigated robotic arm through a 
full range of motion. During pin placement, care 
is taken not to impinge on the quadriceps tendon, 
and care is needed in the osteopenic bone. Check 
points are placed in a stable area while avoiding 
any stress holes around the final implant. The 
robotic arm is tracked through a series of cubic 
maneuvers and registered. The Limb is registered 
to obtain the mechanical axis and the bones are 
registered utilizing sharp probes that contact the 
bone and are validated to the patients CT scan.

�Customization of Plan

The knee is inspected to ensure a stable ACL 
and that the patellofemoral and lateral cartilage 
is healthy. If other compartments are felt to be 
arthritic and require resurfacing, the plan can 
now be adjusted to include other compartments, 
and cartilage can be mapped to ensure a smooth 
transition of components.

Fig. 10.6  Accelerated lateral joint degeneration due to 
overcorrection of limb and coronal implant impingement
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The osteophytes are removed, and the knee 
can now be evaluated. The surgeon now can cor-
rect the limb deformity based on the ligament 
tension and confirm that overcorrection has not 
occurred throughout a full range of motion.

	(A)	 Four poses are commonly utilized to evalu-
ate alignment and gap distances (Fig. 10.7)
•	 0°: This pose defines any flexion contrac-

tures and enables the surgeon to adjust 
the femoral component size to ensure the 
tibia will not impinge on the femoral car-
tilage in full extension

•	 10°: uncouples the screw home mecha-
nism and relaxes the posterior capsule. 
The surgeon can determine the initial 
alignment and add a valgus force until 
the mcl is tensioned while ensuring the 
limb alignment has not been 
overcorrected.

•	 45°: maintains the same angular force 
and establishes the mid-flexion laxity.

•	 90°: maintains the same tension with the 
femur stabilized to define flexion gap.

•	 The knee is now taken through a full 
range of motion to evaluate kinematic 
rollback and implant-to-implant articula-
tion (Fig. 10.8).

	(B)	 Based on these corrected angles, the plan 
can now be modified. The graph will depict 
the gap distances between the bone models, 
and with a goal of obtaining a 2  mm gap 
between components, the implant positions 
can be adjusted accordingly. The joint line is 
respected and over-resection of the tibia is 
avoided.

	(C)	 The third step is to now confirm central 
tracking of the femur on the tibia to avoid 
implant edge loading that could lead to early 
loosening. Cartilage mapping can be utilized 
to ensure a smooth transition especially with 
an associated trochlear implant.

The final plan is now loaded on the graphic 
computer screen and the surgeon prepares to 

Fig. 10.7  Surgeon defines corrective alignment and gaps prior to bone resections

Fig. 10.8  Dynamic kinematic knee assessment  – dots 
depict central implant tracking
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resect the appropriate thickness and angu-
lar implant positions. This approach allows a 
truly customized plan by achieving kinematic 
balance without disrupting the soft tissue 
envelope.

This integrated planning with accurate execu-
tion helps prevent common errors that lead to 
pain and early revision [4, 17, 18]:

•	 Overcorrection
•	 Flexion-extension Instability
•	 Patellar impingement
•	 Implant edge loading
•	 Implant overhang/underhang
•	 Implant malrotation-malalignment (coronal/

sagittal/rotational)
•	 Tibial over-resection, joint line error
•	 ACL/MCL injury

�Surgical Execution

The leg is stabilized with a mobile leg holder to 
avoid any velocity traps when the knee suddenly 
moves that would cause the robot to shut down 
the burr or saw function while allowing the inci-
sional mobile window to be minimized.

The volume of the implant is depicted in 
green, and the surgeon is instructed to remove 
this defined bone volume. The surgeon can utilize 
the burr/saw combination for efficiency.

Haptic borders are defined and presented dur-
ing surgical bone preparation. “Haptics” is the 
art of giving tactile, visual and auditory feedback 
during bone preparation. This allows the sur-
geon to work efficiently and commonly interact 
with the user screen, rather than solely trying to 
visualize inside the knee joint (Fig. 10.9). If the 
surgeon tries to violate the haptic boundaries, an 
auditory and visual red area is produced to enable 
the surgeon to refine his or her approach. If the 
haptic wall is violated, the system will shut the 
robotic arm down for safety [1, 5, 19].

A retractor on the mcl can be used. The medial 
meniscus is not initially resected, in order to help 
protect the MCL and medial capsule. The femur 
or tibia can be approached first.

The burr or saw is placed in the entry plane 
“approach mode” and the trigger is compressed. 
While the trigger is pressed, the robotic arm per-
forms surgeon-controlled motorized alignment to 
align the cutting tool to the stereotactic bound-
ary and to position the cutting tool at the Engage 
Line.

Once motorized alignment is completed, the 
system mode changes from “Approach Mode” to 
“Cutting Mode,” in which the cutting tool is con-
strained to the stereotactic boundary and is ready 
to cut the bone. This change from “Approach 
Mode” to “Cutting Mode” is visualized on the 
user screen. The surgeon can visualize the cut-
ting action in 3 different planes. The stereotactic 

Fig. 10.9  Surgeon 
interacting with 
computer screen during 
burring utilizing haptics
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interface constrains the surgeon to the field of 
bone preparation.

Once the bone prep is completed, the robotic 
arm is holstered moving the cutting tool away 
from the knee joint. When the cutting tool passes 
the Exit Line, stereotactic control is disabled. 
The cutting tool will once again be in “Approach 
Mode.” Following the planar cuts, the femoral 
keel and postholes for the femur and tibia are 
prepared with the haptically controlled motorized 
burr. Meniscal remnants and residual osteophytes 
are now removed.

The cut surfaces can be checked for accuracy, 
and the trial implants are impacted. The leg is 
now evaluated to confirm appropriate alignment, 
stability and range of motion. If any refinements 
are required, the plan can be adjusted and the 
robotic arm re-engaged. If thicker poly trials 
are required, they can be inserted and the limb 
re-evaluated.

Once the trialing is accepted, the bone is dried 
and the implants are cemented. Commonly the 
tibia is cemented first and any excess cement is 
now removed from the rim. The femur is cemented 
and the trial poly is inserted to allow the implant 
to cure in compression. The knee should be held 
in mid-flexion to allow a concentric compression 
and avoid rocking the tibial implant.

Once the cement has hardened, the tourniquet 
is let down and the knee irrigated. The final poly 
is inserted and impacted. The bones pins and 
check points are removed and sites are irrigated 
and closed.

The standard fascia and skin closure is per-
formed. No drains are used. The operative dress-
ing is applied and a cryo pad applied.

�Pain Control and Discharge

Regional adductor canal sensory blocks can sup-
plement the postoperative pain. General or spi-
nal anesthetic is used with peri-capsular blocks. 
The patient is ambulated within 2 hours and dis-
charged home.

Home exercises are given, with minimal for-
mal physical therapy. The Patient advances their 
activity as tolerated over the first 4–6 weeks.

�Complications

Patient selection is still critical for any UKA 
system and implant selection. The Robotic sys-
tem does not improve outcomes for poor patient 
selection. Utilizing a CT scan requires overall 
limb cortical and joint anatomy accuracy when 
defining the surgical plan. The surgeon should 
visualize the plan preoperatively.

Navigation allows accurate tracking of the 
robotic arm and limb. Care to confirm reflective 
sensors are stable and no OR lights are interfer-
ing with the IR tracking is essential. If validation 
is lost during surgery, specific steps are utilized 
to re-register and confirm accuracy prior to 
bone resection. Education of the surgical team 
to respect the tracking arrays is required. Bone 
pins should be placed in a uni-cortical fashion, 
with care not to spear the quadriceps tendon. The 
check points are placed in stable areas, but not 
directly under the implant surface as they can 
lead to stress risers and fracture.

Potential issues with the robotic system break-
down during surgery are infrequent, and the sys-
tem is tested prior to patient induction. The burr 
and saw blade need to be attached and stability 
confirmed and then cleared with specific registra-
tion accuracy.

The defined resection levels and limb align-
ment have to respect the joint line and minimize 
tibial bone resection that can lead to post-op 
complications. Cementing technique is criti-
cal as retained cement can break off and require 
post-op arthroscopy to remove the loose body. 
Early recovery can lead to issues of tibial bone 
stress edema due to excessive activity, and stress 
risers secondary to navigation pins are well 
documented.

�Outcomes

With any new adopted technology; evaluation 
of outcomes, patient satisfaction, and economic 
metrics [20] are required to enable widespread 
adoption.

The 2017 Australian Registry published the 
1-year revision data for all UKAs at 2.2%, while 
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the Mako-robotic-enabled UKA had a cumula-
tive revision rate of 0.8% at 1 year [21]. A multi-
center study of over 900 medial MAKOplastys at 
2 years reported a 1.2% cumulative revision rate 
with a Kaplan-Meier survivorship rate at 2 years: 
99.1% [22].

An RCT reported on 139 patients that were 
manually instrumented mobile bearing UKAs vs. a 
robotic-assisted UKA. They reported greater accu-
racy, lower post-op pain scores, and 2× more excel-
lent results with the robotic-assisted surgery [12].

A multicenter study reported a 5 year 1.8 revi-
sion rate and a 90% patient satisfaction rate [23].

UKA is cost-effective compared to TKA if 
annual conversion rate is <4% in 78-year-old 
patients [24]. The data supports the overall value 
in the adoption of robotic-assisted unicompart-
mental surgery [20–22] (Fig. 10.10).

�Summary

With any advanced technology integration, 
the benefits to the surgeon must be focused 
on improving patient outcomes. Patients are 

requesting new technology, and hospitals are 
looking to grow their market share and devel-
oping profitable service lines. Surgeons need to 
validate the overall “value” of the technology. 
Variables include efficiencies, safety, consis-
tency, and cost [23, 24].

The benefits of Robotics center on a consis-
tent execution of the surgical plan. The ability 
to customize the surgery to an individual’s knee 
pathology is due to the flexibility of the system. 
Anatomically fitting the implants; adjusting the 
plan to optimize alignment, implant position, and 
gaps; and then consistently executing the plan 
lead to improved post-op outcomes and patient 
satisfaction.

To date, over 100,000 robotic-assisted 
MAKOplasty procedures have been successfully 
performed worldwide. This enhanced technol-
ogy has been shown to have a consistent learning 
curve and can provide similar outcomes for sur-
geons of various expertise and case volumes [25].

The ability to customize each procedure to the 
patient’s disease progression and soft tissue enve-
lope has been shown to provide excellent patient 
satisfaction and early recovery.
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Fig. 10.10  MAKOplasty medial UKR implant survival outcomes
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Mid-term results are excellent, with long-term 
data required to enable continued adoption and 
capital investment.

Future applications and implant designs 
will be enabled by the ability to attach various 
instruments to the robotic arm, and explore the 
continued operative efficiencies with a larger 
ambulatory presence.
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Patellofemoral Arthroplasty: 
NAVIO

Brian Hamlin

Patellofemoral arthroplasty (PFA) is a well-
recognized procedure for the treatment of iso-
lated patellofemoral arthrosis of the knee [1, 
2]. Indications/Contraindications for the pro-
cedure are well documented in the literature 
[3]. Despite the successful outcomes that many 
patients experience with this procedure, there 
remains a significant complication, reoperation, 
and revision rate, particularly with inlay style 
implants [4]. Progression of tibiofemoral dis-
ease is the most common reason for late fail-
ures; early patellar instability occurs more 
frequently with inlay than onlay style trochlear 
implants. Controlling trochlear component rota-
tional alignment relative to the anteroposterior 
axis of the femur has reduced problems related 
to patellar tracking [4]. The precision necessary 
to place the trochlea implant can be challeng-
ing, and surgeon error in component position-
ing may lead to patellar maltracking as well 
as mechanical symptoms, such catching and 
clunk. Although surgical techniques and patel-
lofemoral implants have improved, a robotically 
assisted technique for placement of the troch-

lea implant should allow the surgeon to achieve 
more predictable results.

�NAVIO: Imageless Robotic 
Assistance

The NAVIO robotic sculpting tool is a hand-held 
semi-active robotic technology for accurate bone 
shaping [5] (Fig. 11.1). The instrumentation for 
the system is simplified with minimal equipment/
trays being required, and the operative footprint 
is small (Figs.  11.2 and 11.3). Preoperative 
imaging such as MRI or CT is not required. 
Instead the system allows for a registration of the 
patient’s anatomy within the surgical workflow 
using an optical probe. The NAVIO system pro-
vides control of bone removal by either modulat-
ing the speed or the exposure of the motorized 
bur. In exposure control, the technology tracks 
the position of the handpiece and bur relative to 
the intended cut plan and adjusts the exposure of 
the bur beyond a static guard to modulate cut-
ting. In speed control, the system modulates the 
rotational speed of the bur based on proximity to 
the target surface. The system has been shown 
to be extremely accurate and more precise than 
what can be achieved with standard instrumenta-
tion [6, 7].
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�Surgical Technique: NAVIO

The majority of procedures are performed 
under a spinal anesthetic. All patients receive 
appropriate preoperative intravenous antibi-
otics prior to incision. At the surgeon’s dis-
cretion, patients may also receive 1  gram of 
intravenous tranexamic acid unless contraindi-
cated. A standard medial parapatellar approach 

is made to the knee under tourniquet control. 
Care should be taken to protect the normal 
meniscal and articular cartilage surfaces that 
are not being replaced. The isolated disease of 
the PF joint is confirmed, and then peripheral 
osteophytes are removed. The patella is pre-
pared in standard fashion. With the knee in full 
extension, the patella is everted and held with 
a tenaculum. A transverse cut is performed so 
to give a uniform thickness across the patella, 
parallel to the anterior surface. Medialization 
of the patellar button will assist with patellar 
tracking. In general, the amount of articular 
surface resected should be replaced with an 
equally thick polyethylene button. Ideally the 
remaining patellar thickness after resection 
should be at least 15  mm, leaving a compos-
ite thickness of 23–24  mm. However, many 
patients with advanced disease of the patello-
femoral joint will have decreased patellar bone 
stock, patellar wear, and dysplasia (especially 
of the lateral facet), and care should be taken 
to avoid over-resecting and leaving an overly 
thin patella of less than 12  mm. While over-
stuffing of the patella should be avoided, in 
these circumstances, slight overstuffing may 
be necessary.

Optical tracking pins are placed in the femur, 
and the femoral landmarks/anatomy are regis-
tered with an optical probe (Fig. 11.4). A bone 
morph/virtual model is then created within 
the software (Fig.  11.5). The surgeon uses the 
graphic user interface to optimize component 
size and position (Fig. 11.6). The system allows 
for either an inlay or onlay component. The 
surgeon has complete freedom in implant posi-
tion and can control rotation, depth, flexion, 
and extension of the implant. Therefore one can 
plan a perfect transition from the implant to the 
patients’ native surrounding condylar cartilage 
and determine the femoral rotation deemed most 
appropriate given the patient’s trochlear and con-
dylar anatomy (Fig. 11.7). While some surgeons 
prefer to position the prosthesis perpendicular 
to the anteroposterior axis of the femur for all 
patients, others opt for slight inset (and thus 
internal rotation) relative to the trochlear peaks. 

Fig. 11.1  NAVIO Precision Freehand Sculpting tool in 
exposure control mode. (Courtesy of Smith & Nephew, 
Memphis, TN, USA)

Fig. 11.2  NAVIO Optical Camera and Base unit which 
houses the computer, bur power supply, and interactive 
computer screen. (Courtesy of Smith and Nephew, 
Memphis, TN, USA)
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With robotic planning, this can be quantified 
before precise surface preparation. Additionally, 
the trochlear implant should be optimally posi-
tioned so that it is flush with the anterior femo-
ral cortex proximally and the condylar surfaces 
distally to limit chance of mechanical symptoms 
and patellar catching.

After sizing and positioning the implant, 
the NAVIO handheld burr is used for bone 
removal (Fig.  11.8). The surgeon is guided 
with an active user interface to complete the 
bone preparation. Exposure control mode is 
used initially for the bulk of the planned bony 
removal. Speed control can then be used for 
fine details as well as preparation of lugholes. 
Upon completion of the bone removal, trialing 
of the implants occur. If a tourniquet is being 
used, it can be released to judge patellar track-
ing. If component position has been optimized 
but poor tracking persists, consideration should 
be given to other measures such as releasing 
the lateral retinaculum and/or medialization of 
the tibial tubercle.

In addition to patellar stability, the transition 
of the patella tracking from trochlea implant to 
native cartilage should be carefully assessed 
to assure there is no sudden change that could 
cause mechanical symptoms. If trialing shows 
issues with the position of the trochlea, the 
plan within the software can be easily changed. 

Fig. 11.3  A relatively 
small operative room 
footprint is needed to 
accommodate the NAVIO 
unit

Fig. 11.4  Optical probe registers femoral landmarks

Fig. 11.5  Femoral surface is painted to build the virtual 
model using the optical probe
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Further bone shaping can be performed to 
match the new plan before cementation of the 
final implants.

�Postoperative Care

The majority of patients receive a multimodal 
approach to pain management including acet-
aminophen, selective Cox-2 inhibitor, gabapen-
tin, and judicious use of opioids. A periarticular 
injection is also performed to assist with post-
operative pain control. All patients are mobi-
lized on the day of surgery. Patients are 
typically discharged on postoperative day 1. 
PFA can be performed in the outpatient setting 
if one wishes.

Patients are enrolled in an outpatient physi-
cal therapy regimen concentrating on range of 
motion and safe ambulation initially. A walking 
aid is encouraged until patients demonstrate good 
control of their quadriceps. Physical therapy 
introduces strengthening and functional exercises 

Fig. 11.6  Surgeon can easily manipulate the implant 
using the GUI to plan for an ideal implant size and 
position

a b

c

Fig. 11.7  (a–c) Prosthesis placement is idealized for depth, flexion, extension, and rotation. If necessary err on the side 
of a slightly recessed implant in relation to the patient’s native cartilage
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over several weeks before transitioning to a home 
exercise program.

The majority of patients can return to most 
activities by 3  months postoperatively with the 
understanding it can take 6 months to a year to be 
fully recovered. No restrictions are placed with 
regard to activity.

�Conclusion

Robotic preparation is an effective way to prepare 
the trochlear surface in PFA. The NAVIO robotic 
sculpting tool provides a vehicle for quantifiable 
preoperative virtual templating and planning and 
precise surface preparation. Following sound 
principles of patient selection, precise robotic 

surgical technique and postoperative care can 
facilitate successful recovery and outcomes of 
surgery.
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Patellofemoral Arthroplasty 
Technique: Mako

Jesua Law, Aaron Hofmann, Bradley Stevens, 
and Alexandria Myers

Isolated patellofemoral arthritis is not uncom-
mon and a well-recognized variant of the osteo-
arthritic (OA) knee with no clear consensus in 
treatment. McAlindon et  al. [1] demonstrated 
isolated patellofemoral arthritis in as many as; 
11% of men and 24% of women, older than 
55 years old. Davies et al. [2] demonstrated iso-
lated patellofemoral OA in 9.2% of patients 
with symptomatic osteoarthritis of the knee. 
Nonoperative and many forms of operative 
treatments have failed to demonstrate long-term 
effective results in the setting of advanced patel-
lofemoral OA. Total knee arthroplasty has dem-
onstrated long-term and excellent results; 
however, many surgeons are hesitant to perform 
a TKA in younger patients with isolated patel-
lofemoral arthritis. Mont et al. [3] have demon-
strated that as many as 19% of patients 
experience residual anterior knee pain when 

TKA is performed for isolated patellofemoral 
OA. Patellofemoral arthroplasty is an effective 
procedure in the properly selected patient which 
can theoretically preserve the natural tibiofemo-
ral biomechanics and kinematics.

Patellofemoral arthroplasty was first described 
by McKeever [4] in 1955, using a design that 
resurfaced either the trochlea or the patella. 
Blazina et al. [5] and Lubinus [6] both described 
newer PFA designs with reasonable short-term 
results in 1979; however, up to 30% of cases had 
complications due to excessive polyethylene 
wear or maltracking related to malalignment [7–
9]. Contemporary PFA prostheses utilize ultra-
high molecular weight polyethylene (UHMWPE) 
and have reduced patellar maltracking problems 
associated with older designs. Appropriately 
positioned trochlear inlay designs and onlay 
designs have reduced component malposition, 
whereas the previous inlay designs placed the 
trochlear component in excessive internal rota-
tion, thereby causing patellar instability and 
maltracking.

Outcomes and longevity of patellofemoral 
arthroplasty are directly related to component 
position and precise surgical technique. Due to 
the narrow window of error with trochlear com-
ponent positioning, some authors have advocated 
the use of robotic-assisted patellofemoral arthro-
plasty (RA-PFA). RA-PFA with the Mako sys-
tem uses a preoperative CT scan to allow accurate 
templating and placement of the trochlear pros-
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thesis, with consideration given to the rotational 
alignment of the component relative to the 
patient’s native anatomy (Fig. 12.1).

�Imaging

Weight-bearing AP and midflexion PA radio-
graphs are needed to ensure that there is no tibio-
femoral osteoarthritis; however, weight-bearing 
AP radiographs often underestimate the amount 
of tibiofemoral arthritis. The midflexion PA 
radiograph is needed to rule out posterior condy-
lar wear, and axial radiographs should be evalu-
ated to identify trochlear dysplasia or patellar tilt/
subluxation [10] (Fig.  12.2). MRI images and 
previous arthroscopic photographs should be 
reviewed if available [11]. Prior to the use of 
RA-PFA surgery, the patient is required to obtain 
a preoperative CT scan for evaluation of the 
patient’s anatomy, and this will be uploaded to 
the robotic software for 3D modeling and preop-
erative and intraoperative planning.

�Clinical Evaluation

The clinical evaluation should start by ruling out 
other causes for anterior knee pain including 

quadriceps/patellar tendonitis, pes anserine bur-
sitis, or meniscal tears prior to considering 
PFA. Key elements of the patient’s history need 
to be evaluated to elucidate a history of trauma, 
patellar subluxation or dislocations, as well as 
previous treatments (both surgical and nonsurgi-
cal). Patients with patellofemoral degeneration 
will complain of anterior knee pain that worsens 
when going upstairs, squatting, or sitting for a 
prolonged time. Physical exam should demon-
strate tenderness to palpation to the medial/lat-
eral facets of the patella and a positive patellar 

a b

Fig. 12.1  (a) A three-dimensional reconstruction model 
utilizing a patient’s preoperative CT scan to overlay the 
intended trochlear component. Notice the component 

does not enter the femoral notch or overhang medial or 
laterally. (b) Sagittal image of the planned trochlear com-
ponent overlay onto patients preoperative CT scan

Fig. 12.2  Preoperative CT image demonstrating lateral 
patellar subluxation
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grind test. Patellofemoral crepitance is common, 
and the physician should also assess for patellar 
tracking, and take note of the patient’s Q angle 
(Fig. 12.3).

�Indications

Potential candidates for isolated patellofemoral 
arthroplasty are patients with osteoarthritis or 
posttraumatic patellofemoral joint degeneration 
affecting daily activities. Radiographs and physi-
cal exam findings noted earlier should confirm 
the diagnosis of extensive patellofemoral joint 
degeneration (Fig. 12.4). If previous arthroscopy 
pictures or reports are available, these should be 
evaluated for extensive grade 3 or above chon-
dromalacia limited to the patellofemoral joint, as 
these patients may also be surgical candidates if 
symptomatic [12]. Patellofemoral malalignment 
or dysplasia-induced degeneration is a common 
indication for PFA.  Patients with excessive Q 
angles should have a tibial tubercle realignment 
before or during the PFA [12].

�Contraindications

Patients with systemic or inflammatory arthropa-
thy, patella baja, chondrocalcinosis, Outerbridge 
grade 3 or 4  in the tibiofemoral articulation, or 
those patients with less than grade 3 chondromala-
cia of the patellofemoral articulation are not candi-
dates for isolated patellofemoral arthroplasty. It is 
important that the clinician spend time to evaluate 
the tibiofemoral articulation because with the 
current prosthesis designs, the most common cause 
of failed PFA is progression of tibiofemoral 
osteoarthritis. Tauro et  al. [9] demonstrated 8% 
medial or lateral compartment osteoarthritic 

Fig. 12.3  Preoperative long-cassette standing X-ray 
assessing patient’s leg alignment and Q angle

Fig. 12.4  Intraoperative evaluation demonstrates exten-
sive degenerative changes isolated to the patellofemoral 
articulation
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progression at 8  years, and Kooijman et  al. [13] 
demonstrated a 23% progression at 15 years. Active 
infection is an absolute contraindication to knee 
arthroplasty, which includes PFA, and uncorrected 
patellofemoral instability/malalignment is a 
relative contraindication and should be addressed 
prior to or during the patellofemoral arthroplasty as 
discussed earlier. Typically, the physical exam 
should demonstrate no evidence of knee flexion 
contractures, with a minimum of 100° degree knee 
range of motion, as knee contractures are suggestive 
of knee pathology that extends past the 
patellofemoral compartment of the knee [12]. 
Medial and lateral joint line tenderness may be a 
sign of underlying tibiofemoral chondral damage 
or meniscal damage and may be a contraindication 
for isolated PFA unless the suspicion is that the 
pain is referred from the patellofemoral 
compartment (as confirmed with MRI). Patients 
should be counseled on expectations and outcomes; 
those with chronic narcotic use, chronic regional 
pain syndromes, or psychogenic pain are not 
suitable candidates.

�Surgical Technique Using the Mako 
Robotic System

The primary purpose of preoperative templating, 
in robotic-assisted patellofemoral arthroplasty 
with the Mako system, is for accurate implant 
sizing and alignment relative to the patient’s bony 
anatomy. It should be noted that with this system, 
a preoperative CT scan is needed for the robotic 
recognition of the patient’s anatomy, and any 
adjacent metallic artifact in the operative or non-
operative leg may reduce its accuracy. It is impor-
tant for the surgeon to remember that surgical 
outcomes are maximized by proper patellar and 
trochlear implant sizing and positioning, as well 
as meticulous surgical dissection. During tem-
plating of the trochlear component, it is impor-
tant to sufficiently externally rotate the trochlear 
component so that it is aligned perpendicular to 
the AP axis of the femur and parallel to the epi-
condylar axis (Fig. 12.5).

When selecting the trochlear implant size, it 
is important to choose a trochlear prosthesis that 

gives broad anterior coverage, but does not over-
hang medially/laterally and does not extend into 
the intercondylar notch, which would cause ACL 
impingement. The trochlear prosthesis should be 
templated to rest level with the adjacent condylar 
cartilage, or countersunk by 1 millimeter, and 
should have a smooth transition between the 
anterior femoral cortex and the trochlear implant.

In our technique, an anterior skin incision is 
made with the knee flexed at a 45° degree angle, 
and the arthrotomy is performed medial to the 
skin incision. While performing the arthrotomy, 
the surgeon must be mindful to avoid damaging 
the underlying articular cartilage of the tibio-
femoral compartments while also avoiding dam-
age to the intermeniscal ligament. A muscle 
sparing approach, such as the subvastus 
approach, is used while ensuring sufficient 
mobility of the patella to allow for trochlear 
prosthesis insertion (Fig. 12.6). Once the arthrot-
omy has been performed, it is important to take 
note of all the intraarticular structures in the 
knee including the ACL, PCL, and medial and 
lateral tibiofemoral compartments of the knee 
and ensure that no extensive chondromalacia is 
present. During intraoperative inspection, if 
there is more diffuse chondromalacia or ACL/
PCL deficiency is noted, we would advise con-
sidering performing a total knee arthroplasty 
instead of an isolated RA-PFA.

Fig. 12.5  Preoperative templating demonstrating the 
trochlear component perpendicular to the AP axis of the 
femur (Whiteside’s Line) and parallel to the epicondylar 
axis
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Next, “education” of the robotic system is 
performed to calibrate the robotic recognition 
software. This is performed by fixating three-
dimensional probes into the patient’s femur for 
spatial recognition as well as selecting several 
predetermined areas to the patient’s native 
anatomy for computer recognition and confir-
mation (Fig.  12.7). After this has been per-
formed, the robotic burring device will assist 
the surgeon with the templated resection of the 
trochlea (Fig. 12.8). It is important that inter-
condylar osteophytes be removed after calibra-

tion but prior to termination of the case to 
ensure no ACL impingement will occur. As 
stated earlier, preparation of the trochlear bed 
should be either flush or within 1 mm of sur-
rounding femoral articular cartilage. The 
patella is resurfaced using standard TKA prin-
ciples, including medialization of the patellar 
component, and a measured resection tech-
nique should be utilized to avoid overstuffing 
the patellofemoral joint. Resection of the lat-
eral patellar facet should be performed to 
improve patellar tracking and avoid lateral 
patellar impingement.

Once all bony preparation has been per-
formed, trial implants should be placed, and the 
patellar alignment and tracking should be 
assessed. Lateral retinacular balancing is per-
formed using an inside out “peeling” technique, 
recessing the retinaculum from the lateral patel-
lar facet without formally releasing the capsule. 
Patellar tilt, subluxation, and catching should be 
scrutinized at this point, and adjustments should 
be made if necessary. Once satisfied with place-
ment, size, and patellar tracking of the trial 
implants, the final implants should be inserted 
using standard cement techniques. Soft tissue 
balancing is performed by closing the capsule in 
20–30° of knee flexion [14] (Fig. 12.9).

Fig. 12.6  Muscle sparing subvastus approach demon-
strated. All components of the knee are evaluated (exten-
sive patella wear noted to the left of the surgeon’s finger), 
and care is taken not to damage the anterior horn of the 
meniscus or intermeniscal ligament

a b

Fig. 12.7  (a) The surgeon fixates a three-dimensional 
recognition probe to the patient’s femur for computer rec-
ognition. (b) The surgeon now uses a handheld probe to 

pinpoint several key features of the patient’s anatomy for 
further computer recognition and calibration
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Fig. 12.8  (a) Intraoperative photo demonstrating robotic-
assisted osteotomy of the trochlea. (b) Real-time robotic-
aided feedback giving the surgeon cues as to the depth of 
his resection (green color on screen signifies more resec-

tion is needed; white is the appropriate depth of resection, 
and red signifies too deep of a resection). (c) Final troch-
lear resection performed utilizing robotic assistance

a b

Fig. 12.9  (a) Trial implants are temporarily placed, and 
patellar tracking is assessed. (b) Final trochlear and patel-
lar component fixed in place using standard cement tech-

niques. (c) Intraoperative photo demonstrating both 
patellar and trochlear components
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�Results

There are currently no publications analyzing the 
results of RA-PFA, although reports of conven-
tionally performed PFA using sound techniques 
and designs may serve as surrogate measures of 
outcomes of PFA until further data is collected 
[14–17]. Hofmann et al. in 2009 [18] retrospec-
tively reviewed 40 conventional PFAs in 34 
patients, with a mean 30-month follow-up. 
Ninety-five percent of the patients were satisfied 
with their procedures and had significant improve-
ments in Tegner scores. There were two revisions 
for traumatic injuries; otherwise there were no 
failures. In our current unpublished study, we 
evaluated 37 robotic-assisted PFAs in 31 patients 
performed by 4 fellowship-trained arthroplasty 
surgeons. At a mean 4-year follow-up, this study 
demonstrated an average final KOOS score of 
96.43 points and a Tegner score of 93.95 points. 
Pain scores were markedly improved from an 
average preoperative VAS score of 7.8 to 1.01 
postoperatively. Five knees were converted to 
TKA at final follow-up due to tibiofemoral osteo-
arthritis progression. There were no cases of asep-
tic loosening in this patient population.

�Discussion

Robotic patellofemoral arthroplasty is a new 
and innovative way to treat isolated patellofem-
oral arthritis. Careful patient selection, selection 

of components of sound design, and meticulous 
surgical technique are important considerations 
to obtaining acceptable outcomes [19]. The sur-
geon should adhere to key surgical principles, 
including the use of proper muscle sparing 
exposures, avoidance of femoral notching, 
avoidance of internal rotation of the trochlear 
component, utilizing a measured patella resec-
tion technique to avoid over-tensioning the 
patellofemoral joint, and proper soft tissue bal-
ancing upon closure. Patients should be coun-
seled about the potential for patellar instability 
(particularly with internally rotated inlay-style 
designs) as a short-term complication and later 
progression of tibiofemoral osteoarthritis as the 
most common long-term complication. Further 
study will be necessary to determine whether 
there is a benefit to performing PFA with robotic 
assistance compared to conventional techniques 
in terms of patellar tracking, functional out-
comes, and durability.
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Bicompartmental Knee 
Arthroplasty Technique: NAVIO

Cécile Batailler, Nathan White, E. Servien, 
P. Neyret, and Sébastien Lustig

Treatment of limited osteoarthritis of the knee 
remains a challenging problem. Non-operative 
treatments often provide only limited pain relief 
and functional improvement. Joint preserv-
ing surgery, such as realignment osteotomy or 
tibial tubercle osteotomy, has an established yet 
limited role. Furthermore, patient selection and 
indications for joint preservation surgery have 
important points of difference from those for 
arthroplasty. For isolated but advanced osteoar-
thritis, unsuitable for joint preserving surgery, 
unicompartmental knee arthroplasty (UKA) 
can be a good treatment option, offering several 
potential advantages including better function 
and easier postoperative recovery.

Bicompartmental osteoarthritis is not rare, 
comprising almost 58% of the population which 
consult for knee osteoarthritis [1]. Many patients 
who undergo total knee arthroplasty (TKA) have 
bicompartmental arthritis, involving either the 
medial or lateral tibiofemoral compartment plus 
the patellofemoral compartment, and have no sig-
nificant deformity, excellent motion, and intact 
cruciate ligaments. For these patients, some sur-

geons perform a bicompartmental knee arthro-
plasty (BiKA) to bridge the gap between UKA 
and TKA. In the same manner, a high percentage 
of patients who undergo patellofemoral arthro-
plasty (PFA) or medial/lateral UKA later develop 
progressive osteoarthritis in another compartment 
and are often converted to TKA. These patients 
could potentially benefit from a modular approach 
to resurfacing the degenerating compartment.

Although generally considered a more com-
plicated procedure than TKA, BiKA provides the 
same theoretical advantages as UKA, when com-
pared to TKA. Preservation of the intercondylar 
eminence with both of the cruciate ligaments, res-
toration of normal kinematics and gait, preserva-
tion of bone stock, maintenance of the rotational 
axis, maintenance of normal leg morphology, 
normal patella level, and tracking and conserva-
tion of proprioception are the fundamental char-
acteristics supporting partial arthroplasties.

BiKA can refer to arthroplasty of the patello-
femoral compartment plus the medial or lateral 
compartment, or both medial and lateral femoro-
tibial compartments. This surgery is very demand-
ing and rarely performed. Recently developed 
robotic-assisted systems aim to improve the clin-
ical efficacy of knee arthroplasty, by providing 
optimized component positioning and dynamic 
ligament balancing. These robotic-assisted sys-
tems improve accuracy, thereby reducing the 
number of outliers, and would seem ideally 
suited to demanding surgery such as bicompart-
mental knee arthroplasty. Despite the assistance 
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provided by advanced robotics, many surgical 
steps must be undertaken unaided, and a large 
degree of technical skill is required on the part 
of the surgeon. This chapter describes the surgi-
cal technique, along with helpful tips, and reports 
some outcomes of robotic-assisted BiKA.

�Indications

The indications for BiKA should be based on both 
clinical and radiological criteria, and are in gen-
eral the same as for UKA, with the difference of 
bicompartmental arthritis. The primary indication 
for BiKA is thus painful osteoarthritis affecting 
two compartments (Figs. 13.1 and 13.2). The sec-
ond major indication is the patient with a medial/
lateral UKA or a PFA, who develops progressive 
osteoarthritis in another compartment, while sat-
isfying other criteria for deformity and stability.

The anterior cruciate ligament (ACL) should 
be healthy or reconstructed. Laxity is evaluated 
clinically as well as on lateral X-rays with ante-

rior stress. On stress views, an anterior translation 
greater than 10 mm or a posterior saucer-shaped 
indentation can reflect ACL deficiency.

Preoperative deformity in the frontal plane 
should be limited to a tibiofemoral angle of 194° 
for lateral UKA (i.e., overall valgus less than 14°) 
or 170° for medial UKA (i.e., overall varus less 
than 10°). Reducibility must also be judged on 
an anteroposterior X-ray with a varus or valgus 
stress. Full correction is not required, as the aim 
is to demonstrate correction of the part of the 
deformity caused by intra-articular wear rather 
than the entire deformity.

Finally, preoperative range of motion must 
be normal or nearly normal, with flexion greater 
than 100° and flexion contracture of no more than 
10°. No limitations of weight and age are recom-
mended, although BiKA is especially suitable for 
young and active patients with body mass index 
(BMI) <32 and high functional expectations.

We consider any form of inflammatory arthri-
tis an absolute contraindication to BiKA due to 
the potential for rapid degeneration in the remain-
ing compartment.

�Preoperative Exams

Radiographic analysis includes anteroposterior and 
lateral views of the knee, full length bilateral stand-
ing radiographs, varus and valgus stress radio-
graphs, and a skyline view at 30° of knee flexion.

On X-ray the surgeon should assess the pre-
operative valgus/varus deformity, its reducibility, 
signs of ACL insufficiency (anterior tibial trans-
lation greater than 10  mm, posterior tibial ero-
sion), and narrowing of the patellofemoral joint 
space. Tibiofemoral subluxation in the AP view 
also indicates ACL insufficiency and is therefore 
a contraindication for BiKA.

Robotic-assisted BiKA using the Navio sys-
tem doesn’t require supplementary imaging, such 
as CT scan or MRI. All planning is performed at 
the beginning of the surgery, after knee mapping.

Occasionally, MRI is undertaken when there 
is a clinical question regarding the competence 
of the ACL, or the integrity of the compartment 
which is considered to be unaffected. A CT scan 
can be performed to assess risk factors for patel-
lar instability before PFA.

Fig. 13.1  A 63-year-old lady, 2-year follow-up after 
bicompartmental UKA
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Fig. 13.2  (a–g) Young and active patient (53 yo) with 
symptomatic medial tibiofemoral osteoarthritis associated 
with patellofemoral osteoarthritis. The lateral compart-
ment and the cruciate ligaments are safe. The varus defor-

mity (HKA: 176°) is reducible on the X-ray with valgus 
stress. The patella is subluxed with an osteoarthritis stade 
IV of Iwano. A bicompartmental knee arthroplasty has 
been performed with a medial UKA and a PFP

13  Bicompartmental Knee Arthroplasty Technique: NAVIO



126

�Surgical Technique

�Which Implant Type?

Two types of BiKA can be used: a single, mono-
lithic implant and non-linked independent 
implants. We have a preference for the non-linked 
independent implants, and we described the tech-
nique with these. Performing both arthroplasties 
separately allows optimal positioning of each 
implant. In this way, the trochlea of the PFA can 
be placed in the correct rotation, with the opti-
mal depth to allow both good patella tracking 
and avoidance of overstuffing the patellofemoral 
joint. For medial and lateral UKA, coronal, sagit-
tal, and rotational alignment can be independently 
determined while avoiding edge loading and 
overcorrection. Non-linked implants also allow 
size interchangeability between compartments, 
to accommodate potential variability in femoral 
geometry and aspect ratios between patients and 
compartments of the knee. In modular bicompart-
mental resurfacing, the size of the gap between 
the transitional edge of the trochlear component 
and the proximal edge of the femoral component 
of the UKA may vary according to the patients.

Implanting a modular bicompartmental resur-
facing device, with or without robotics, is techni-
cally easier than implanting a monolithic device 

[2]. With a monolithic implant, both implant siz-
ing and alignment are significant challenges due 
to variability in alignment and morphology of the 
distal femur [3]. Morrison et  al. had a revision 
rate of 14% of their 21 Journey-Deuce BiKA to 
TKA for persistent pain after 1 year postopera-
tively, with a trend for increased revision rate at 
2 years of follow-up [4].

�Anesthesia and Positioning

The procedure can be performed either under gen-
eral or regional anesthesia. The patient is placed 
supine on a standard operating table, with a posi-
tioner allowing the knee to be flexed and held at 
90° and with or without tourniquet, according to 
surgeon preference.

�Surgical Approaches

�Medial/Lateral UKA and PFA
The skin incision measures 12–16  cm, with its 
upper limit 3–4 cm superior to the proximal pole 
of the patella, extending distally toward the medial 
or lateral side of the tibial tuberosity and ending 
2  cm under the joint line. First, the medial/lat-
eral UKA is undertaken using trans-quadricipital 
approach (via the quadriceps tendon) or subvastus 

e f g

Fig. 13.2  (continued)
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approach for medial UKA and PFA (Fig. 13.3). 
Then the PFA is performed, with the trial implants 
of the UKA in place. The definitive implants are 
positioned after all trials.

�Medial and Lateral UKA
The skin incision measures 10 to 14 cm, and its 
upper limit is 1–2 cm over the proximal pole of 
the patella, extending distally toward the medial 
or lateral side of the tibial tuberosity and end-
ing 2 cm under the joint line. The scar is on the 
side of the concavity of deformity. Each UKA 
is performed by a subvastus arthrotomy (medial 
and lateral). Firstly, the UKA of the side which 
is most worn (usually in the concavity) is per-
formed, prior to the other tibiofemoral UKA.

�Steps with the Robotic-Assisted 
System (Navio)

For each compartment, the anatomic landmarks, 
the acquisition phases, and the planning must be 
performed independently before each arthroplasty. 
However, the navigation pins are not changed.

After percutaneous insertion of bicortical pins 
into the proximal tibia and distal femur and attach-
ment of optical tracking arrays, mechanical and 
rotational axes of the limb are determined intraoper-
atively by establishing the hip and knee centers (and 
the center of ankle for UKA). Either the kinematic, 
anteroposterior (Whiteside), or transepicondylar 
axes of the knee are identified and selected to deter-
mine the rotational position of the femoral com-
ponent. The condylar anatomy and tibial plateau 
anatomy, or the trochlea anatomy, are mapped out 
by “painting” the surfaces with the optical probes 
(Fig. 13.4). A virtual model of the knee is created.

For medial or lateral UKA, a dynamic soft 
tissue balancing algorithm is initiated. With an 
applied valgus stress to tension the medial col-
lateral ligament (for medial UKA) or a varus 
stress to tension the lateral structures (for lat-
eral UKA), the three-dimensional positions of 
the femur and the tibia are captured throughout 
a passive range of knee motion. Implant sizes, 
position, and orientation are “virtually” estab-
lished. A graphic representation of gap spacing 
through an entire range of flexion is created, 
and determination is made regarding whether 

a b

Fig. 13.3  (a and b) A subvastus approach can be used for medial UKA associated with PFP and allows a good 
exposure
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a b

Fig. 13.4  (a and b) The condylar anatomy for UKA or the trochlea anatomy for PFP are mapped out by “painting” the 
surfaces with the optical probes to create a virtual model of the knee

the planned position of the femoral and tibial 
components is adequate or adjustments can be 
made to achieve the desired soft tissue balance 
(Fig. 13.5). By adjusting the implant positions, 
including tibial slope, depth of resection, and 
anteriorization or distalization of the femoral 
component, virtual dynamic soft tissue balance 
can be achieved.

For PFA, a virtual model of the knee is created 
after the trochlear mapping. There is no dynamic 
acquisition. The trochlear implant is planned 
with the three-dimensional representation in all 
spatial plans (Fig. 13.6).

When planning is complete, a handheld sculpt-
ing burr is used to prepare the bone on the condylar, 
tibial, or trochlear surfaces (Fig. 13.7). The Navio 
PFS system modulates the exposure of the burr tip 
beyond the protective sheath. These position data 
are continuously updated in real time. After bone 
preparation, the surfaces are assessed and trial 
components impacted into place for assessment of 
range of motion and stability. For medial or lateral 
UKA, limb alignment, range of motion, implant 
position, and gap balance can be quantified and 
compared with the preoperative plan.

�Features of Each Compartment

Knowledge of the surgical principles, and rel-
evant tips, unique to each compartment, is essen-

tial. These features remain the same with or 
without a robotic-assisted system.

Following BiKA, mechanical alignment must 
be close to 180° with 1–2° of persistent defor-
mity in the concavity.

�Medial UKA
The tibial cut should be performed perpendicu-
larly to the tibial axis. The tibial resection should 
be minimal (4–5 mm), just below medial osteo-
phytes. The slope of the tibial cut should repro-
duce the natural slope in the medial compartment, 
or a little less, to protect the ACL.

The size of the femoral component is the 
largest size that will not overhang the junction 
between the remaining articular cartilage and the 
cut end of the distal femur, to avoid patellar con-
flict. Usually the femoral component is as close 
as possible to the intercondylar notch, without 
conflict with tibial eminences. The rotation of the 
femoral component follows the native rotation 
of the medial condyle. The femoral alignment 
should be checked in flexion and extension.

During the trials, with the knee in extension 
or in flexion, a 2-mm spacer should be able to be 
inserted into the space between tibial and femoral 
components.

�Lateral UKA
The tibial cut should be at 90° to the tibial axis. 
It is very important to perform a minimal tibial 
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b

Fig. 13.5  (a and b) Implant position and orientation of 
UKA are “virtually” established to obtain a satisfying 
alignment and a good dynamic soft tissue balance.  

A graphic representation of gap spacing and the implants 
alignment through an entire range of flexion is created to 
appreciate this planning
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Fig. 13.7  (a and b) A handheld sculpting burr is used to 
prepare the bone on the condylar, with an automatic feed-
back system, to remove only the necessary bone accord-

ing to the plan. The Navio PFS system modulates the 
exposure of the burr tip beyond the protective sheath

Fig. 13.6  For patellofemoral arthroplasty, a virtual model of the knee is created after the trochlear mapping to plan the 
trochlear implant position in all spatial plans

C. Batailler et al.



131

resection (4 mm maximum) because it is the femo-
ral side that is most often affected by lateral com-
partment osteoarthritis. The slope of the tibial cut 
should reproduce the natural slope in the lateral 
compartment to avoid being tight in flexion (ante-
rior slope) and to protect the ACL (high posterior 
slope). Because the lateral tibial plateau undergoes 
an external rotation due to the “screw home” mech-
anism, the line of the sagittal cut will have some 
internal rotation, thus crossing the patellar tendon.

The distal femoral cut should be minimal to 
allow for a distalized femoral implant that com-
pensates for the wear of the femur. With condy-
lar hypoplasia, the femoral component should 
not reproduce the femoral anatomy, but should 
augment the dysplastic condyle both distally and 
posteriorly.

Positioning must take into account the “screw 
home” mechanism as the knee comes into extension. 
Thus the tibial implant should be as close as possi-
ble to the tibial eminences and should have 10–15° 
of internal rotation (Fig.  13.8). Furthermore, the 
femoral positioning in flexion should exagger-
ate the lateral rotation and be positioned laterally, 
sometimes on the lateral osteophytes.

�Patellofemoral Arthroplasty
The design of the patellofemoral prosthesis is 
essential to good patellar tracking and satisfying 

outcomes. The trochlear geometry of the Journey 
PFJ (anterior cut onlay-style implant) is asym-
metric, implanted in neutral rotation relative to 
the anteroposterior axis of the femur, with a lat-
eralized trochlear groove in extension to obtain 
good patellar tracking through a range of motion.

The femoral component must reproduce the 
trochlear size to avoid anterior “overstuffing” and 
persistent pain. The transition between the trochlea 
and condyles should be smooth. The orientation of 
the femoral component is essential and is affected 
by the presence of preoperative patellar maltrack-
ing. Sometimes, the femoral component should 
be translated laterally, with some external rotation 
relative to the plane of the patellar, to centralize the 
patella and optimize tracking (Fig. 13.9).

�Complications

Specific complications related to robot-assisted 
UKA/PFA include issues with pin placement, 
longer initial operative times, and case conver-
sion owing to mechanical or hardware issues. The 
pin tracts for the optical tracking arrays create a 
stress riser in the cortical bone, which poses a risk 
for fracture; therefore, it is highly advised that the 
tracking pins be inserted in the metaphyseal regions 
of the femur and tibia rather than the diaphyses, to 

Fig. 13.8  During 
robotically assisted 
UKA, the “screw home” 
mechanism is easily 
identified. This picture 
of the planning during 
robotically assisted 
UKA shows the position 
of both implants in 
extension, with the 
difference in rotation
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minimize fracture risk. Incorrect pin placement 
could also theoretically cause neurovascular injury. 
There is also a risk of inadvertent soft tissue trauma 
during bone preparation with the robotic tool [5].

�Medial and Lateral UKA

Typical complications observed after UKA with 
conventional techniques may also occur with 
robotic control, including prosthetic loosening, 
polyethylene wear, progressive osteoarthritis 
of the unresurfaced compartments of the knee, 
infection, stiffness, instability, and thromboem-
bolic complication.

During a BiKA combining medial and lateral 
UKA, the main risk is tibial spine fracture or avul-
sion. Parratte et al. described 4 cases in 100 BiKAs 
[6]. These cases were all immediately treated by 

internal fixation, with a combination of cancel-
lous screws and suture anchors. In the described 
cases, the outcomes after this complication were 
the same as for other patients. Misalignment 
after BiKA, particularly overcorrection, can 
cause excessive stress on the contralateral com-
partment, and either a wear or a loosening of the 
implants, or wear of an unresurfaced tibiofemo-
ral compartment.

�Patellofemoral Arthroplasty

Early postoperative complications of PFA include 
persistent anterior knee pain, patellar catching or 
snapping, patellar maltracking or instability, and 
extensor mechanism disruption. Increased peri-
patellar pain may be an early consequence of 
“overstuffing” of the patellofemoral joint through 
the placement of an implant that is thicker than 
the amount of bone and cartilage that is resected. 
These complications are essentially linked to the 
position of the PFA [7]. The robotic-assisted sys-
tem is helpful to try to reduce the malposition of 
the PFA [8]. There is no specific complication 
of PFA in BiKA with non-linked independent 
implants.

�Outcomes

In the literature, very few studies have described 
robotic-assisted BiKA.  Some authors describe 
outcomes after BiKA without robotic assistance, 
while others report outcomes after robotic-
assisted UKA.

One study reports outcomes of bicompart-
mental arthroplasty (PFA associated with medial 
or lateral UKA) with the Mako system [9]. 
This paper found that BiKA, without distinc-
tion whether lateral or medial, reliably allevi-
ated pain and improved the Oxford Knee Scores, 
from 18 ± 6 (range 10–28) to 36.43 ± 8.56 (range 
8–48) (𝑝 < 0.0001). There was one patient with 
poor functional outcome. Twenty-four out of 29 
patients (83%) had good to excellent outcome, at 
a mean follow-up of 27 months.

Fig. 13.9  The femoral component must reproduce the 
trochlear size to avoid anterior “overstuffing.” This femo-
ral component is a little translated laterally with some 
degrees of external rotation relative to the patellar plane to 
recenter the patella and optimize the patellar tracking
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A second paper, by Lonner et  al., exam-
ined a series of 12 consecutive modular BiKAs 
implanted with robotic arm assistance [2]. The 
mean knee ROM significantly improved from 
100° of flexion preoperatively to a mean of 126° 
of flexion. Improvements in WOMAC scores and 
KS scores were also statistically significant with 
a minimum follow-up of 6 months.

The outcomes of BiKA are related to a vari-
ety of factors, including patient-related factors, 
implant design, alignment, and fixation. Patient 
selection significantly influences outcomes fol-
lowing BiKA.

Parratte et al. found that after at greater than 
2 years, contemporary unlinked BiKA (bi-UKA 
and medial UKA with PFA) was associated 
with greater comfort during everyday activi-
ties (forgotten knee) and better functional out-
comes, compared to TKA [6]. On a series of 100 
bicompartmental arthroplasties (medial and lat-
eral UKA), Parratte et al. described 91% of satis-
fied or very satisfied patients at a mean follow-up 
of 11.7 years. The remaining 9% were non-sat-
isfied patients, who underwent revision before 
4 years for aseptic loosening [10]. The few stud-
ies describing range of movement after BiKA 
generally report satisfactory range of motion, 
with most achieving flexion greater than 120° 
without pain, and complete extension [11–13].

BiKA has demonstrated mixed results in 
regard to durability, with one study showing a 
17-year survival to revision, radiographic loosen-
ing, or disease progression of 78% in the bi-UKA 
group and 54% in the med-UKA/PFA group. 
The main cause of revision was aseptic loosen-
ing of the tibial implant (medial and/or lateral). 
Revision for symptomatic patellofemoral osteo-
arthritis is not frequent [6].

Revision, if required, is often carried out 
without difficulty, using a primary implant 
TKA. Occasionally the employment of augments 
and stems is required. The use of revision TKA 
implants is generally not necessary after com-
bined PFA and medial/lateral UKA. The use of 
revision type prostheses, including hinge prosthe-
ses, may be a little more common after a BiKA 
combining medial and lateral UKA [6, 13].

�Conclusion

Bicompartmental knee arthroplasty is a demand-
ing surgery, which provides good functional results 
and a high rate of satisfaction. In the available 
literature, excellent long-term clinical and radio-
logical outcomes have been achieved, with a sur-
vivorship similar to that of classic UKA. The ideal 
candidate for BiKA is a young patient affected 
by medial or lateral tibiofemoral osteoarthritis, 
with patellofemoral compartment involvement. 
Robotic assistance can be very helpful to position 
the implants and to allow a less invasive approach 
during this demanding surgery. However, very few 
studies report functional outcomes after robotic-
assisted BiKA.  Another scenario is the develop-
ment of patellofemoral osteoarthritis after UKA 
or medial/lateral tibiofemoral osteoarthritis after 
PFA.  For these cases, the suitability of robotic-
assisted systems is less certain, because intraop-
erative registration and mapping are affected by 
the presence of prior PFA and UKA. Perhaps this 
indication will be further assessed in the future 
with robotic-assisted systems.
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Bicompartmental Knee 
Arthroplasty Techniques: MAKO

Stefan W. Kreuzer, Stefany J. K. Malanka, 
and Marius Dettmer

Patients suffering from osteoarthritis (OA) of the 
knee who have failed conservative management 
have a number of surgical treatment options. For 
cases where OA has affected more than one com-
partment of the knee but has not yet progressed to 
all three, bicompartmental knee arthroplasty 
(BiKA) is an option. With the rise of navigated 
surgery and robotic assistance in arthroplasty, 
MAKOplasty, the technology set by Stryker 
MAKO, has become an established surgical 
option for individuals suffering from early to 
mid-stage osteoarthritis (OA). In this chapter, we 
describe the indications for MAKO bicompart-
mental knee arthroplasty, the potential benefits, 
and the general and specific techniques associ-
ated with each subtype of bicompartmental knee 
arthroplasty that can be performed using the 
MAKO system.

�MAKO Bicompartmental 
Configurations

There are three possible configurations for 
MAKO bicompartmental knee arthroplasty. The 
medial bicompartmental (medial BiKA) configu-
ration combines medial unicondylar arthroplasty 
(medial UKA) with patellofemoral joint arthro-
plasty (PFA) (Fig. 14.1). This is the most com-
mon multi-compartmental configuration, as due 
to anatomical and biomechanical characteristics 
of the knee, in most cases, osteoarthritis is usu-
ally more prominent in the medial compartment. 
The lateral bicompartmental (lateral BiKA) con-
figuration combines lateral unicondylar arthro-
plasty (lateral UKA) with patellofemoral joint 
arthroplasty (PFA) and is less common. The third 
configuration, which is more commonly referred 
to as bi-unicompartmental knee arthroplasty 
(Bi-UKA), involves both medial and lateral 
UKAs (Fig.  14.2). There is the possibility of 
replacing all three compartments separately 
(medial UKA, lateral UKA, and PFA), which has 
been performed by the author. However, in such 
cases it may be more prudent to opt for a conven-
tional TKA as the complexity of replacing three 
individual compartments is very high and the 
indications are very narrow; therefore, this proce-
dure will not be included in this chapter.

Officially, MAKO only recognizes the medial 
bicompartmental configuration as it is currently 
the only FDA-approved MAKO bicompartmental 
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Fig. 14.1  Lateral and AP views of medial and patellofemoral implants after MAKO medial bicompartmental knee 
arthroplasty

Fig. 14.2  Lateral and AP views of medial and lateral implants after MAKO bi-unicompartmental knee arthroplasty
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application. Furthermore, the manufacturer refers 
to this configuration as the MAKO MCK, or 
“multicompartmental knee,” in line with the 
Restoris MCK line of partial knee implants. The 
remaining bicompartmental configurations are 
considered off-label uses of the MAKO Restoris 
MCK implant system. While beyond the scope of 
this chapter, it is worth noting that as mentioned 
above it is possible to perform a tricompartmen-
tal knee arthroplasty using a combination of 
medial UKA, lateral UKA, and PFA; however, 
this too remains an off-label use of the Restoris 
MCK implants and is rarely performed.

�Indications for MAKO 
Bicompartmental 
and Bi-unicompartmental Knee 
Arthroplasty

The ideal candidate for MAKO BiKA and 
Bi-UKA is a young and relatively healthy patient 
with high activity levels (i.e., those presenting 
with high activity levels, as indicated by rating 
scales such as the UCLA Activity score [1]) and 
who participates in high-impact sports (including 
cycling, downhill skiing, hiking, tennis, etc.), 
with a BMI below 30. This contradicts early indi-
cations that suggested that only older patients 
with low activity levels are good candidates for 
partial knee arthroplasty; however, more recent 
studies have demonstrated that younger patients 
with higher functional demands can benefit 
greatly from bicompartmental knee arthroplasty 
and have comparable, if not better, outcomes [2–
4]. Further indications for this treatment type 
include severe pain and previous failure of con-
servative treatment.

On physical exam, candidates should demon-
strate a range of motion of a minimum of 110° in 
the affected knee, with any flexion contracture 
limited to less than 5°. Patients undergoing 
medial BiKA should have angular deformity no 
greater than 8° of varus, while patients undergo-
ing lateral BiKA should have angular deformity 
no greater than 4° of valgus. For patients under-
going Bi-UKA, the affected knee should be very 
close to neutral alignment, with angular defor-
mity no greater than 4° of varus or valgus.

Contraindications for MAKO BiKA and 
Bi-UKA include septic osteoarthritis (OA), rheu-
matoid arthritis, post-traumatic OA with severe 
deformity, or any other severe deformity exceed-
ing the aforementioned criteria. Although debat-
able, it is now our thought that patients ≥65 years 
of age should not be considered for BiKA or 
Bi-UKA unless they are extremely active, as 
described above.

�Rationale for Use and Potential 
Drawbacks

Bicompartmental knee arthroplasty offers greater 
bone and tissue preservation over conventional 
TKA, as both BiKA and Bi-UKA preserve the 
intercondylar eminence and therefore the ACL 
and PCL ligaments. This in turn preserves the 
natural kinematics of the knee, providing 
rotational stability, along with restraint against 
anterior and posterior translation of the tibia rela-
tive to the femur during extension and flexion, 
respectively. Furthermore, the bone and tissue 
preservation offered with MAKO BiKA and 
Bi-UKA facilitates any future revisions by allow-
ing relatively easier conversion to TKA, in the 
event that it becomes necessary in the future. The 
surgical approach is less invasive and thus leads 
to decreased blood loss and damage to surround-
ing healthy tissue. Consequently, this can mean 
decreased post-operative pain and a shorter 
recovery time for patients, and is thought to lead 
to better functional outcomes. This assumption 
was confirmed in a recent study aimed at investi-
gating the potential benefits of Bi-UKA in com-
parison to total knee replacements for younger 
patients. The authors found that there were sig-
nificant benefits regarding patient-reported out-
comes such as the perceived ability to perform 
activities of daily living and the subjective rating 
of symptoms after surgery [5]. Moreover, the use 
of a robotic system has been shown to decrease 
the learning curve usually associated with tradi-
tional instrumentation-based UKAs, whereas 
there is no evidence for additional risk to patients 
during the learning phase [6].

It should be noted that in modular BiKA and 
Bi-UKA, where multiple implants are involved, 
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a high level of accuracy is required for implant 
alignment to optimize implant longevity and 
functional outcomes. Indeed, studies have shown 
that robotic assistance in these surgeries offers a 
high level of precision that contributes to higher 
reproducibility and improved outcomes [5]. The 
MAKO BiKA and Bi-UKA also use a proprie-
tary implant system, the Restoris MCK system, 
which is designed specifically for use with the 
MAKO robotic arm and software system. This 
tight integration of hardware and software pro-
motes precision and accuracy, with the drawback 
that there are no other options available for 
implant design and composition available. The 
procedure can also possibly lead to reliance on 
robotic haptic feedback and computer templat-
ing if performed with high frequency in com-
parison to manual surgery. Another drawback to 
the use of robotic assistance with MAKO BiKA 
and Bi-UKA is that there is an increased cost, 
not only for the robot but also for the two sets of 
implants. Lastly, the high complexity of this pro-
cedure makes this more technically difficult and 
also increases operative time. Still, with these 
considerations, MAKO BiKA and Bi-UKA 
remain a highly beneficial option for certain 
patients.

�General Surgical Methods for MAKO 
Medial BiKA, Lateral BiKA, 
and Bi-UKA

All patients undergoing MAKO BiKA or 
Bi-UKA require CT scans of the operative limb 
to be obtained prior to surgery to allow for 3D 
visualization of the patient’s unique anatomy [5]. 
This is conducted under the same protocol as for 
MAKO UKA. CT scans are obtained through the 
hip and ankle in 5-mm-thick slices, in addition to 
1-mm-thick slices through the knee, and are then 
converted to DICOM format and uploaded to the 
MAKO Tactile Guidance System (TGS) [7, 8]. 
Software is then used to template the implant 
sizes, positioning, and alignment and to provide 
initial guidelines for bone resection [7]. All tem-
plated data is reviewed for feasibility preopera-

tively and is confirmed using intraoperative bony 
landmark registration to confirm optimal compo-
nent placement.

Following patient positioning, sterile draping, 
and tourniquet inflation, an anteromedial parapa-
tellar incision from the superior aspect of the 
patella to approximately 2  cm below the tibial 
plateau is performed. A medial parapatellar 
arthrotomy is then used to dissect through soft 
tissue layers through the medial capsule. Once 
the medial compartment is exposed, fat tissue 
and damaged or visible meniscus tissue can be 
trimmed, and the patella is retracted laterally off 
the femoral trochlea.

Tracker arrays are placed for kinematic track-
ing of soft tissue balancing; a tibial tracker array 
is fixed percutaneously in the proximal tibia, 
while the femoral tracker array is fixed in the dis-
tal femur through the arthrotomy. Patient land-
marks in the proximal femur and distal tibia are 
then verified by circumducting the hip, then 
registering points on the medial malleolus and 
then the lateral malleolus. Checkpoint screws are 
placed in cortical bone at the distal femur and the 
proximal tibia to detect any position changes of 
the tracker array. Bone registration points on the 
tibial and femoral surfaces are then collected and 
compared with the preoperative model prepared 
from the CT scans to confirm the actual three-
dimensional geometry of the structures [5, 8]. As 
such, osteophytes should not be removed prior to 
this registration. Kinematic tracking allows for 
assessment of mechanical alignment, ligament 
laxity, and flexion extension gaps in order to rec-
reate a balanced joint. For accurate balancing, it 
is critical that all osteophytes and adhesions are 
removed after the registration is completed. The 
methods used for bone registration and soft tissue 
balancing vary depending on the selected bicom-
partmental approach and the varus/valgus align-
ment of the knee, and as such these methods will 
be described in greater detail when discussing 
each specific bicompartmental approach.

Based on the measurements obtained during 
kinematic tracking, which are compared against 
the 3D model of the native joint, the MAKO TGS 
defines parameters for bone resection. The check-
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point screws must be re-registered prior to bone 
resection to confirm and accept these parameters. 
The RIO arm, which uses a burr for cutting, is 
moved into the surgical field. Haptic feedback 
guides the surgeon, as the operator can only move 
the burr within the defined parameters; if the sur-
geon attempts to move the burr outside this area, 
the arm will exert increased resistive force in 
combination with provision of tactile feedback, 
preventing bone resection beyond the spatial lim-
its determined by the TGS.

Once the predetermined portion of bone has 
been resected, the trial implants are placed in an 
order specific to the bicompartmental approach. 
Polyethylene insert thickness and additional 
bone resection needed are determined by the 
desired final varus/valgus alignment angle, the 
surgeon’s feel, and the data obtained through 
kinematic tracking. Any overhanging bone or 
cartilage will be removed using a rongeur. After 
soft tissue balancing has been performed to con-
firm proper balancing and fit between compo-
nents, the trial implants are removed. It is critical 
that the bone is irrigated extensively to remove 
any debris from the cancellous bone that could 
lead to post-operative irritation, and is dried 
using a CO2 Lavage System (such as CarboJet, 
Kinamed Inc., Camarillo, CA) to allow for opti-
mal cement fixation. Two cement batches are 
used to ensure uniform application, and the com-
ponents are seated in the cement mantle using 
special impactors, again in an order specific to 
the bicompartmental approach.

�Surgical Methods 
and Considerations for MAKO 
Medial BiKA

Registration for MAKO medial BiKA is based on 
the protocol for MAKO medial UKA, with some 
additional registration points on the anterior cor-
tex and the trochlear groove. A digitizer wand 
(Fig. 14.3) is used to trace over the articular and 
surrounding non-articular surfaces of the medial 
condyle, the femoral trochlea groove, and the 
anterior cortex, along with the medial tibial pla-

teau, medial tibial condyle, anterolateral (Gerdy’s) 
tubercle, anterior intercondylar area, and tibial 
tuberosity (Fig. 14.4a, b). Following bone regis-
tration, it is critical that all osteophytes are 
removed and the medial gutter is re-established 
for accurate balancing. Any adhesions in the pos-
terior capsule of the posterior medial condyle and 
contracted tissue along the medial tibial plateau 
must be released prior to soft tissue balancing.

Soft tissue balancing for a varus knee is per-
formed by applying a physiologic (gentle) val-
gus stress over a range of joint positions (a 
minimum of four poses, although the author usu-
ally captures around ten poses), including full 
extension (approx. 10°), mid-flexion (30°–60°), 

Fig. 14.3  A digitizer wand is used to register bony land-
marks for confirmation of the 3D model of the knee
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flexion (approx. 90°), and full flexion (110°–
120°), and captured via kinematic tracking [9]. 
The valgus stress tests open the arthritic medial 
compartment joint space to restore tibiofemoral 
alignment along the mechanical axis to a relative 
pre-arthritic state by creating moderate tension 
to the MCL [10]. Adequate tension on the MCL 
is necessary to maintain proper joint space 
throughout the full range of motion [7]. 
Additional cartilage points are obtained in the 
area of transition between the implant and 
remaining cartilage to further fine-tune implant 
position to avoid a step-off between the implant 
and the remaining cartilage.

Once soft tissue balancing has been completed 
and the implant sizes have been determined, the 
calculated area of bone is resected—starting with 
the medial femoral condyle and then the medial 
tibial plateau and finally the femoral trochlea. 
Trial implants are placed and the operative knee 
is passively flexed and extended over a full range 
of motion to further confirm soft tissue balancing 
via kinematic tracking. Further adjustments can 
be made to the surgical plan if necessary, as the 

MAKO TGS software will calculate new param-
eters for bone resection if needed. Finally, for the 
PFA, the patellar implant thickness is determined 
using calipers to measure the preoperative patel-
lar thickness with the leg in full extension. Saw 
and drill guides are used to allow for manual 
resection of the articulating surface. Once the 
desired joint alignment has been achieved, the 
bone is irrigated and prepared as described ear-
lier, and the final implants are cemented in the 
following order if only one batch of cement is 
utilized: the tibial implant followed by the femo-
ral implant and the patellofemoral implant. The 
patella button is placed and cementing is achieved 
using a clamp assembly. Alternatively, if two 
batches are utilized, the sequence is as follows: 
the patellofemoral and tibial implants with the 
first batch and the femoral implant and patella 
button with the second batch. After release of the 
tourniquet, patellar tracking is assessed and a lat-
eral release is performed if necessary. A final 
verification of soft tissue balance is performed 
following cementing of all implants before plac-
ing the final polyethylene insert (Fig. 14.5).

a b

Fig. 14.4  Registration points on the (a) medial femoral 
condyle, cortex, and trochlear groove and (b) medial tibial 
plateau, medial tibial condyle, anterolateral (Gerdy’s) 

tubercle, anterior intercondylar area, and tibial tuberosity 
in MAKO medial bicompartmental knee arthroplasty
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�Surgical Methods 
and Considerations for MAKO 
Lateral BIKA (Off-Label Use)

Many of the considerations and steps taken for 
the MAKO medial BiKA are carried over to the 
MAKO lateral BiKA, with some variation nec-
essary to accommodate any valgus alignment of 
the knee. However, as the MAKO lateral BiKA 
is an off-label application, the MAKO TGS soft-
ware is not configured for simultaneous bone 
registration of the lateral and patellofemoral 
compartments. Thus, bone registration, balanc-
ing, resection, and trial implant placement are 
completed in the lateral compartment before 
proceeding with the PFA.  The registration 
points are the same as required for a lateral 
UKA, as described elsewhere. Similarly, care 
must be taken to remove any osteophytes prior 
to soft tissue balancing, and in the case of a val-
gus knee, any adhesions along the posterior lat-
eral capture must be released. It should be noted 
that while the author is comfortable allowing 
some residual (physiologic) varus in MAKO 
medial BiKA, the author will do additional 
releases in a valgus knee to achieve neutral 

alignment (no residual valgus) when performing 
a MAKO lateral BiKA.

Soft tissue balancing is performed in a man-
ner similar to that described for medial BiKA; 
however, for a valgus knee, the surgeon will 
then perform a series of varus stress tests at the 
minimum of four poses described previously 
over the full range of motion of the knee joint. 
In this instance, the varus stress test opens the 
arthritic lateral compartment joint space to 
restore tibiofemoral alignment by applying ten-
sion on the LCL [8].

Bone resection is performed using the fol-
lowing sequence: first the lateral femoral con-
dyle, then the lateral tibial plateau, and lastly 
the femoral trochlea. Trial implants are placed 
and proper soft tissue balancing is confirmed, 
similar to the method described in the medial 
BiKA section. Further adjustments can be made 
as needed; once the desired alignment has been 
achieved, the final implants are cemented using 
two separate cement batches. The patellofemo-
ral component is cemented first followed by the 
tibial component. Once the cement has hard-
ened, the second batch is mixed to cement the 
femoral component and the patellar button. A 
final verification of soft tissue balance is per-
formed following cementing of all implants to 
assess the final polyethylene thickness, and the 
patella is assessed once the tourniquet is released 
to allow proper assessment of tracking. Lateral 
release is performed as needed.

�Surgical Methods 
and Considerations for MAKO 
Bi-UKA (Off-Label Use)

The MAKO Bi-UKA differs in some respects 
from the medial and lateral BiKA, as the proce-
dure is essentially two UKAs performed in 
series, without subsequent PFA. The main goal 
is to achieve a neutral mechanical axis; there-
fore, in a slight varus-biased knee the medial 
compartment is planned slightly tighter, while 
in a slight valgus-biased knee the lateral com-

Fig. 14.5  Kinematic tracking to verify alignment, soft 
tissue balancing, and final poly insert thickness following 
cementing of implants in MAKO medial bicompartmental 
knee arthroplasty
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partment is planned slightly tighter to allow for 
this correction. Similar to the reasoning above, 
the author will allow a varus knee to remain in 
physiologic varus but will make every attempt 
to correct a valgus knee to neutral mechanical 
axis alignment. This procedure will require two 
soft tissue balancing steps in sequence and the 
soft tissue poses must be recaptured once the 
medial compartment is completed, as we usu-
ally start first with the medial compartment. 
One study detailing Bi-UKA also describes 
starting with the medial compartment for all 
involved Bi-UKA cases, as this was the site of 
greatest deformity [9].

Registration for MAKO Bi-UKA is also 
based on the same protocol as that for MAKO 
MCK (medial BiKA) as described earlier, and 
regardless of varus or valgus alignment, the 
registration is based on the medial compart-
ment in order to collect as many registration 
points as possible. This is due to the fact that 
the software is not configured for simultaneous 
medial and lateral unicondylar Bi-UKA [5]. 
Thus, a careful and meticulous registration of 
these surfaces is imperative for accurate lateral 
measurements. While this initial step does not 
include any registration of the lateral compart-
ment, the verification of the registration points 
of the lateral compartment is completed prior to 
proceeding with balancing and preparation of 
the lateral side. However, if registration was 
done correctly during the preparation of the 
medial compartment, this re-registration should 
be redundant [5]. As for BiKA, osteophytes 
must be removed prior to soft tissue balancing. 
The medial gutter must be re-established, and 
any adhesions or contractures along the poste-
rior medial or lateral capsules should be 
released [5].

As previously discussed, the MAKO 
Bi-UKA is indicated for patients with either 
slight varus, valgus, or neutral alignment. The 
native knee alignment dictates the method to 
be employed for soft tissue balancing. In cases 
of varus or neutral knee alignment, a valgus 
stress is applied during the initial soft tissue 

capture, followed by a minimally necessary 
varus stress when capturing the poses for the 
subsequent lateral compartment reconstruction 
to assure that the medial trial components 
make contact throughout the range of motion. 
However, in cases of valgus knee alignment, a 
varus stress is applied during both soft tissue 
capturing events. To avoid a bias toward addi-
tional valgus when preparing the medial com-
partment, the planning of the components of 
the medial compartment is toward a slightly 
looser ligament balance. After recapturing the 
four poses, the lateral compartment is planned 
to achieve neutral alignment. However, if this 
cannot be attained the procedure should be 
converted to TKA.

Both bone resection and trial implant place-
ment are performed in the medial compartment 
prior to completing the bone resection and trial 
implant placement of the lateral compartment 
[5, 9]. New soft tissue balancing poses are 
obtained once the medial compartment is com-
pleted in order to fine-tune the soft tissue bal-
ance of the lateral compartment. These should 
be adjusted until optimal joint alignment and 
flexion-extension gap balancing is achieved [5]. 
Once the trial implants have been placed and the 
joint has been optimally balanced, the trial 
implants are removed, the bone is irrigated and 
dried as previously described, and the final 
implants are placed and cemented in the follow-
ing order: the lateral tibial plateau followed by 
the medial tibial plateau with a first batch of 
cement, followed by lateral femoral condyle and 
the medial femoral condyle with a second batch 
of cement [5]. The rationale for placement of 
the lateral component before the medial compo-
nent is that there is less room to maneuver 
instruments in the lateral compartment, and 
placement of medial components first limits this 
even further. Once all implants are cemented, a 
final verification of soft tissue balancing is com-
pleted by trialing different thicknesses of trial 
tibial inserts before determining the final poly-
ethylene thicknesses for the medial and lateral 
compartment (Fig. 14.6).
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�Clinical Outcomes

To date, there are few studies assessing the out-
comes of robot-assisted BiKA, and these have 
primarily reviewed medial UKA and 
PFA. Kamath et al. reported on a series of modu-
lar BiKAs performed with robotic assistance, 
with a mean follow-up of 31  months (range, 
24–46  months). Outcome measures included 
Knee Society Knee and Function Scores, KOOS, 
SF-12, and WOMAC, as well as radiographic 
assessments and implant survivorship. Mean 
range of motion (ROM) improved from 122° to 
133° (p < 0.001). There was a statistically signifi-
cant improvement across all functional scores. 
One patient underwent conversion to total knee 
arthroplasty at 3 years for knee instability. There 
were no cases of patellar instability, implant loos-
ening or wear, or progressive arthritis [11].

Tamam et al. also reported on outcomes of 30 
BiKA’s bicompartmental arthroplasty (PFA asso-
ciated with medial [83%] or lateral [17%] UKA) 
using the MAKO system [12]. At a mean follow-
up of 27 months (range 12 to 54), robotic-assisted 
BiKA alleviated pain and improved Oxford Knee 
Scores by 18  ±  6 (range 10–28) points 
(𝑝 < 0.0001). There was one patient with a poor 
functional outcome. Twenty four out of 29 
patients (83%) had good to excellent outcome, 
with no mechanical failures.

�Conclusion

MAKO bicompartmental knee arthroplasty is 
beneficial regarding the preservation of bone tis-
sue unaffected by OA and other tissues, such as 
ligaments, surrounding the knee joint. With a 

a b

Fig. 14.6  The knee is moved through a range of joint 
positions, including (a) 90° and (b) full extension, to ver-
ify alignment, soft tissue balancing, and final poly insert 

thickness in the medial and lateral compartments follow-
ing cementing of implants in MAKO bi-unicompartmental 
knee arthroplasty

14  Bicompartmental Knee Arthroplasty Techniques: MAKO
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focus on CT imaging and software-based accu-
rate planning/templating, and the feature of 
tactile-guided bone preparation, MAKOplasty 
BiKA represents a viable alternative to other tra-
ditional partial or total knee arthroplasty 
treatments.
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Total Knee Arthroplasty 
Technique: NAVIO

Ameer M. Elbuluk and Jonathan M. Vigdorchik

Although conventional total knee arthroplasty 
(TKA) remains a successful intervention for 
end-stage arthritis, some patients still experi-
ence reduced functionality and require revi-
sion procedures related to component 
malposition or soft tissue imbalance [1]. 
Robotic-assisted TKA has gained increasing 
popularity as orthopedic surgeons aim to 
increase accuracy and precision of implant 
positioning and quantified ligament balance 
[2]. Postoperative alignment of TKA compo-
nents may influence clinical outcomes, range 
of motion, and implant longevity [3]. The use 
of robotics in orthopedic surgery has helped to 
minimize human error, which may in turn 
reduce implant wear and theoretically lead to 
longer prosthesis survivorship [4, 5]. The fol-
lowing chapter is meant to provide a frame-

work of the surgical techniques for using the 
NAVIO robotic system to perform total knee 
arthroplasty (TKA).

Traditional surgical instrumentation has been 
challenged by robotic systems as a method to 
decrease mechanical alignment outliers, opti-
mize soft tissue balancing, and restore normal 
knee kinematics [6–9]. Robotic-assisted surgery 
has been available for nearly 15 years, with cur-
rent systems using various navigation platforms 
that typically provide a haptic window that 
allows the surgeon to conduct a total knee 
arthroplasty (TKA) based on preoperative plan-
ning [10]. NAVIO (Smith & Nephew, Inc., 
Memphis, TN, United States) is a semiautono-
mous handheld robotic tool that is held and 
moved by the surgeon, restricting the bone cut-
ting to within the confines of the planned resec-
tion area by providing robotic control of the 
speed or exposure of the tool. It is intended to 
assist the surgeon in providing spatial boundar-
ies for orientation and reference information to 
anatomical landmarks during TKA.  In the fol-
lowing chapter, we will provide an overview of 
our preferred surgical techniques for using the 
NAVIO surgical robotic system for TKA.  We 
will summarize the NAVIO technique for TKA 
as follows: (1) patient and system setup, (2) sur-
gical preferences, (3) bone tracking hardware, 
(4) registration, (5) implant planning, (6) bone 
cutting and soft tissue balance, and (7) trialing 
and implantation.
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�Patient and System Setup

Proper assembly of the NAVIO system is a criti-
cal first step to ensuring unimpeded workflow 
during surgery. The NAVIO computer should be 
placed to allow the surgeon to easily operate the 
graphical user interface during the planning 
stage and to provide visual feedback and guid-
ance during surgery. After the system is well-
positioned and the patient has been properly 
prepped and draped, sterile drapes should be 
applied to the monitor to allow the surgeon to 
manipulate the touchscreen intraoperatively. The 
NAVIO handpiece should also be assembled 
according to the surgeon’s preference, but the 
configuration we find most conducive to bone 
removal is typically 5  mm spherical burr and 
speed control guard. During patient setup, care 
should be taken to avoid wrapping the ankle with 
bulky drapes since this can make it difficult to 
locate malleolar reference points needed during 
patient registration. Next, with the help of a leg 
positioner, elevate the femur to approximately 
45°, and flex the knee to 90° (Figs.  15.1 and 
15.2). After incision, carefully inspect the joint 
to remove any prominent spurs or osteophytes. 
Remove all peripheral osteophytes that can inter-
fere with exposure as this can affect the sur-
geon’s ability to reliably assess joint stability 
during virtual mapping and gap balancing. 
Following resection and excision of osteophytes, 
ensure that the knee is able to achieve approxi-
mately 120° of flexion.

�Surgical Preferences

The NAVIO system allows the surgeon to decide 
on a femur-first or tibia-first workflow (Fig. 15.3). 
In order to define rotational preferences, the 

camera cart

computer cart monitor

Left Knee OR Setup

Fig. 15.1  Patient and system setup. (Courtesy of Smith & Nephew, Inc., Memphis, TN, USA)

Fig. 15.2  With the help of a leg positioner, the femur is 
elevated to approximately 45° and the knee is flexed to 90°
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application allows the surgeon to choose land-
mark preferences on the femur and tibia, which 
calculates the implant component placement and 
ligament balancing. For the femur, the rotational 
references can be defined as follows: transepi-
condylar, femoral anteroposterior (AP), or poste-
rior condylar axis. For the tibia, the reference 
options for computing its rotation are the tibial 
AP axis, mediolateral axis, axis rotationally 
aligned to the femoral mechanical axis, or axis 
aligned with the medial third of the tibia tubercle. 
After deciding preferences for rotational refer-
ences, the collection stage of registration points 
and surface mapping based on patient anatomy 
precedes.

�Bone Tracking Hardware

A successful NAVIO-assisted surgery is highly 
dependent on rigid independent fixation of the 
femoral and tibial tracking frames to the bones. 
NAVIO utilizes a two-pin bi-cortical fixation sys-
tem. To place the tibia tracker, percutaneously 
place the first bone screw approximately one 
handbreadth inferior to the tibial tubercle on the 
medial side of the tibial crest. Slowly drill the 
bone screw into the tibia, perpendicular to the 

bony surface, stopping once the opposing cortex 
has been engaged. Then, use the tissue protector 
to mark the position of the second bone screw 
inferior to the initial placement and engage the 
second screw with the bone. Slide the bone 
clamps over the two bone screws until the bottom 
of the clamp is within 1 cm of the patient’s skin. 
Clamp the tibia array, orienting the reflective 
markers toward the camera, and then slide the 
array away from the incision site. Next, percuta-
neously place the first bone screw one hand-
breadth superior to the patella in the center of the 
femoral shaft. This can be done after the arthrot-
omy to ensure the quadriceps tendon is not teth-
ered. If placing the array prior to arthrotomy, 
ensure the pins are placed laterally to the quadri-
ceps tendon and with the knee in deep flexion to 
minimize tethering of the quadriceps. Clamp the 
femoral tracker frame onto the bone clamp. 
Confirm that the position of the optical tracking 
arrays is fully in line of sight with the camera 
through a full range of motion to optimize the 
flow of the registration and cutting processes 
(Fig. 15.4). With the leg in deep flexion, then in 
full extension, advance the camera orientation 
adjustment screen to confirm the visibility of the 
femur and tibia tracker frames (Fig.  15.5). 
Checkpoint pins should also be placed in the 

Fig. 15.3  Surgical 
preferences are set with 
the NAVIO system. 
(Courtesy of Smith & 
Nephew, Inc., Memphis, 
TN, USA)
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femur/tibia so that these points can be used 
throughout the procedure to determine if bone 
tracking frames have moved. Be sure to place the 
checkpoint pins away from the bone surfaces that 
are to be prepared in order to avoid cutting or 
shifting them. On the tibial side, this pin must be 
placed far enough below the resection level; on 
the femoral side, this pin is placed on the medial 
condyle, posteriorly toward the epicondyle to 
avoid being disturbed by the femoral chamfer 
cuts (Fig. 15.6).

Fig. 15.4  The position of the optical tracking arrays are 
confirmed to be fully in line of sight with the camera 
through a full range of motion

Fig. 15.5  Bone 
tracking hardware. 
(Courtesy of Smith & 
Nephew, Inc., Memphis, 
TN, USA)

Fig. 15.6  On the tibial side, the pin must be placed far 
enough below the resection level; on the femoral side, this 
pin is placed on the medial condyle, posteriorly toward 
the epicondyle
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�Registration

NAVIO utilizes a CT-free registration process 
that relies on standard image-free principles to 
construct a virtual representation of the patient’s 
anatomy and kinematics. The first step in regis-
tration is to use the point probe to identify the 
most prominent points on the medial and lateral 
malleoli in order to register the ankle center. The 
next step, hip center calculation, follows the 
femoral tracker array through circular move-

ments of the hip. A key point at this stage is to 
avoid pelvic movement, which can serve as a 
source of error. The femur should start in approx-
imately 20° of flexion (avoid hip flexion greater 
than 45°), and then slowly rotate the hip until all 
sectors of the graphic on the screen have turned 
green (Fig.  15.7). Then place the leg in full 
extension, press and hold the right foot pedal, 
which will calculate the patient’s varus/valgus 
alignment. The Preoperative Knee Motion 
Collection screen then allows the user to record 

a

b

Fig. 15.7  (a and b) 
Registration through the 
NAVIO system. 
(Courtesy of Smith & 
Nephew, Inc., Memphis, 
TN, USA)
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normal flexion motion. Move the leg through a 
normal (unstressed) range of motion to maxi-
mum flexion, making sure to collect all possible 
sectors between 20° and 50° at minimum. Then, 
apply constant varus and valgus stress to the col-
lateral ligaments and collect data throughout 
flexion. The system turns orange for the medial 
compartment and purple for the lateral compart-
ment. This data will be used to identify how 
much laxity will be built into the respective 
medial and lateral gaps for proper joint 
balancing.

In order to register the femoral condylar sur-
faces, there are four landmark points that must be 
collected. Using the point probe, collect the knee 
center, most posterior medial point, most poste-
rior lateral point, and the anterior notch point 
(Fig.  15.8). Based on surgeon preference, there 
are three options for defining the femoral refer-
ence for rotational alignment: transepicondylar 
axis, femoral AP axis, or posterior condylar axis. 
At this stage, femoral condylar surface mapping 
is performed by “painting” the probe over the 
entire femoral surface while holding down the 
foot pedal (Fig. 15.7). After mapping the femoral 
surfaces, if the surgeon does not feel that the rota-
tional axis is properly established, then femoral 
axis redefinition can be performed to redefine the 
rotational axis of the femur.

Following successful femoral registration, 
there are three tibial landmarks to collect: knee 
center, medial plateau, and lateral plateau points 
(Fig. 15.9). Then, as defined during previous sur-
gical preference selection, there are four options 
to define the tibial rotational axis: tibia AP axis, 
mediolateral axis, transfer femoral mechanical 
axis, and medial third of the tibial tubercle col-
lection. The last registration step, tibial condyle 
surface mapping, offers visualization of the pre-
viously collected tibial mechanical and rota-
tional axes. The user should also digitize the 
tibial condylar surfaces by “painting” the point 
probe over the surface while holding down the 
foot pedal until the virtual model is formed. To 
ensure accuracy, it is encouraged to “paint” over 
the edges to help with sizing of the model. 
Similar to above, the rotational axis can be rede-
fined at this stage if the surgeon feels that the 
axis is not properly defined.

�Implant Planning

The implant planning stage provides a virtual 
reconstruction of the patient’s femoral and tibial 
anatomy, soft tissue ligament tension, and joint bal-

Fig. 15.8  Four landmark points are collected to register 
the femoral condylar surfaces. (Courtesy of Smith & 
Nephew, Inc., Memphis, TN, USA)

Fig. 15.9  Three tibial landmarks are collected: knee cen-
ter, medial plateau, and lateral plateau points
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ance. There are three stages: (1) initial sizing and 
placement, (2) gap planning/balancing, and (3) cut 
guide placement (if that is the preferred method of 
bone preparation). Landmark points collected dur-
ing registration are used to adjust the size and 
placement of the components. For the femoral 
component, using the cross-section mode, first 
confirm that the component size provides adequate 
coverage on the digitized femur bone surface. To 

avoid notching, be sure to assess the transition of 
the implant’s anterior/proximal tip with the bone 
surface (Fig. 15.10). Then, verify the transition of 
the implant component in the sagittal view screen 
and adjust the component in the AP position and 
flexion to achieve the desired anterior transition. 
Assess the posterior coverage of the component in 
both the sagittal and transverse views. The implant 
components for NAVIO are anteriorly referenced. 

a

b

Fig. 15.10  (a and b) 
Implant planning with 
NAVIO
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Therefore in order to have greater resection on the 
posterior bone and to increase the posterior gap, the 
component may be downsized, without any change 
to the anterior transition of the component on to the 
bone. In order to assess size coverage, implant 
anterior transition, and the bone resection plan, 
toggle on the virtual cut to visualize the implant 
component on the bone surface. The user should 
also confirm that the component is not overhanging 
medially or laterally.

For the tibial component, the NAVIO software 
provides a starting size and initial placement 
based on the tibia free point collection. Begin by 
confirming and adjusting the implant size using 
the transverse view. Next, confirm the posterior 
slope, which reflects the slope of the tibial com-
ponent with respect to the mechanical axis 
defined during registration. The rotation of the 
tibial component is initialized to 0° with respect 
to the tibial AP axis. Placement of the tibial 
component is not constrained by NAVIO cut 
guides since the final implant rotation and place-
ment is performed manually. Initially, the tibial 
component will default to the thinnest bearing, 
but thicker inserts can be selected by changing 
the polyethylene component. The user can also 
choose to move the component proximally, which 
will decrease the resection depth based on the 
two plateau points collected on the tibia during 
the Tibia Landmark Point Collection stage.

The second stage of implant planning allows 
the user the ability to dial in the virtual soft tissue 
laxity for the patient through a full range of flex-
ion based on the prior ligament balancing section. 
There are four interactive views for translating 
and rotating the components with respect to the 
patient’s virtualized joint. The goal of this stage is 
to have balanced extension and flexion gaps with 
no virtual overlap in either the medial or lateral 
compartments. The surgeon can choose to per-
form various cruciate or collateral/capsular soft 
tissue releases and then re-collect laxity informa-
tion by clicking on the Re-collect Joint Laxity 
button in order to depict what the joint space will 
actually look like once the initial balancing is per-
formed. The surgeon can also manipulate the vir-
tual coronal, sagittal, translational, or rotational 
positions of the implants to adjust gap balance, 
such that the resulting gap is approximately 
2–3 mm above the zero line through a range of 
motion (Fig. 15.11). Balancing of the flexion gap 
in the medial and lateral compartments can be 
performed by rotating the femur component inter-
nally or externally. Adjustments to femoral com-
ponent rotation should be carefully considered 
relative to prior parameters such as anterior notch-
ing and patellofemoral tracking. Adjustments to 
femoral flexion should also be considered against 
prior considerations regarding anterior fit and 
alignment to the intramedullary (IM) axis.

Fig. 15.11  Gap 
planning with NAVIO. 
(Courtesy of Smith & 
Nephew, Inc., Memphis, 
TN, USA)
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The joint laxity assessment consists of collect-
ing information on ligament stress or laxity 
throughout the full range of knee motion. First, 
while keeping the operative leg in full extension 
and maintaining knee flexion between −10° and 
+10°, apply constant and maximal stress to the 
contralateral ligaments to collect varus and valgus 
data. A graph is then generated that depicts the 
tightness or laxity in the medial or lateral knee 
compartments based on the stress collections. This 
graphic illustration allows the user to determine 
the degree of ligament release that is required to 
restore equal gaps in the medial and lateral com-
partments in full extension. Next, flex the opera-
tive knee to 90° and apply constant and maximal 
stress to the contralateral ligaments to collect 
varus/valgus data within 80°–100° of knee flexion. 
The surgeon may want to use a Z-retractor or lami-
nar spreader to open up the medial and lateral 
compartment spaces to capture the maximum joint 
laxity to varus and valgus stresses in flexion.

�Bone Cutting

While the entirety of the bone preparation can be 
performed with a 5 mm burr, for efficiency pur-
poses, most NAVIO users utilize a hybrid 

approach, with the use of burrs and saws, for 
complete bone preparation in TKA.  In accor-
dance with the implant placement plan, the 
robotic handpiece is used to create locking lug 
slots in the patient’s bones that securely position 
the cutting guides in place (Figs.  15.12 and 
15.13). The femoral distal cut guide is then 
mounted onto the anterior femur via the prepared 
anterior lug holes and locked into position using 
a stabilizer block and additional pins. A manually 
controlled saw is used to resect the distal femur 
through the robotically positioned cut guide. 
Based on the virtual preoperative implant sizing 
plan, the drill guide adapter is attached to the dis-
tal cut guide and drill holes made at the predeter-
mined size. The appropriately sized 5-in-1 cutting 
guide is then impacted and pinned into position. 
A plate probe can be used to ensure that the cut 
guide is placed in its intended position prior to 
resection, and it can also be used after saw cuts 
are made to confirm precision of the resections. 
The remaining femoral resections are made 
through the cutting block (Fig. 15.14).

For tibial resection, precise positioning and 
mounting of the tibial cutting guide is facilitated 
by using the robotic tool to make four recipient 
lug slots on the tibia, as directed based on the vir-
tually modeled plan. The tibia cut guide is 

aFig. 15.12  (a and b) 
Bone cutting with 
NAVIO. (Courtesy of 
Smith & Nephew, Inc., 
Memphis, TN, USA)
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Fig. 15.13  Bone cutting Fig. 15.14  The remaining femoral resections are made 
through the cutting block

b
Fig. 15.12  (continued)
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inserted into the prepared bone lug holes and fur-
ther secured with additional pins. The tibia is 
then resected with a saw, with care taken to use 
soft tissue protectors to prevent the saw (or burr) 
from causing inadvertent damage to the collateral 
ligaments and other soft tissues.

�Trialing

Leaving the femoral and tibial tracking arrays in 
place, after completing all bone cuts and adjust-
ments to the final surfaces, the trial components 
are provisionally implanted, and their positions, 

limb alignment, range of knee motion, and varus/
valgus balance are assessed throughout a full 
flexion arc both by clinical assessment and vir-
tual quantification (Fig.  15.15). The Postop 
Stressed Gap Assessment screen allows the user 
to quantifiably assess the post-op laxities 
throughout flexion in both the medial and lateral 
compartments. At this point, adjustments in bone 
resections or soft tissue releases can be made to 
further optimize position, motion, and soft tissue 
gap balancing. After the dynamic ROM testing is 
finalized, final surface preparation is completed 
for manual implantation of the final components 
(Fig. 15.16).

a

b

Fig. 15.15  (a and b) 
Trial reduction with 
NAVIO. (Courtesy of 
Smith & Nephew, Inc., 
Memphis, TN, USA)
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�Data/Outcomes

While there are presently no published data on 
the radiographic or functional outcomes of TKA 
performed with assistance of the NAVIO robotic 
system, the preliminary data of our initial 54 uni-
lateral primary TKA cases show promising 
results. Mean age was 68 ± 7 years, and gender 
breakdown was 75% female and 25% male. With 
regard to preoperative comorbidity risk, the 
majority of patients were ASA 2 (58%) and ASA 
3 (42%). The average hospital length of stay was 
3 ± 1.4 days. Intraoperatively, average estimated 
blood loss (EBL) was 292 ± 85 mL, and surgical 
time was 130 ± 43 min. Postoperative alignment 
was within ±3° for all cases. There were no intra- 
or postoperative complications and no reopera-
tion or revision surgeries.

�Conclusions

Robotic-assisted surgery for TKA continues to 
gain popularity as orthopedists seek to enhance 
their abilities to place implants more precisely 
and consistently. However, the benefits of robotic 
assistance must be weighed against factors such 

as increased surgical time, cost, and learning 
curve challenges. Furthermore, due to the paucity 
of data on many of these newer systems, clinical 
studies have yet to determine their long-term ben-
efits. Robotic-assisted navigation does provide 
distinct 3D data during preoperative planning that 
allow the surgeon to increase implant placement 
accuracy. The use of robotic technology is a valu-
able technological development that can help to 
improve surgical technique and potentially clini-
cal results in total knee arthroplasty.

References

	 1.	Kim YH, Kim JS, Kim DY. Clinical outcome and rate 
of complications after primary total knee replace-
ment performed with quadriceps-sparing or standard 
arthrotomy. J Bone Joint Surg Br. 2007;89:467–70.

	 2.	Park SE, Lee CT. Comparison of robotic-assisted and 
conventional manual implantation of a primary total 
knee arthroplasty. J Arthroplast. 2007;22:1054–9.

	 3.	Matsuda S, Kawahara S, Okazaki K, Tashiro Y, 
Iwamoto Y. Postoperative alignment and ROM affect 
patient satisfaction after TKA. Clin Orthop Relat Res. 
2013;471(1):127–33.

	 4.	Bellemans J, Vandenneucker H, Vanlauwe J. Robot-
assisted total knee arthroplasty. Clin Orthop Relat 
Res. 2007;464:111–6.

	 5.	Song EK, Seon JK, Yim JH, Netravali NA, Bargar 
WL.  Robotic-assisted TKA reduces postoperative 
alignment outliers and improves gap balance com-
pared to conventional TKA. Clin Orthop Relat Res. 
2013;471:118–26.

	 6.	Borner M, Wiesel U, Ditzen W. Clinical experiences 
with Robodoc and the Duracon Total knee. In: Stiehl 
JB, Konermann WH, Haaker RG, editors. Navigation 
and robotics in total joint and spine surgery. Berlin: 
Springer; 2004. p. 362–6.

	 7.	Mai S, Lorke C, Siebert W.  Clinical results with 
the robot-assisted Caspar system and the search-
evolution prosthesis. In: Stiehl JB, Konermann WH, 
Haaker RG, editors. Navigation and robotics in total 
joint and spine surgery. Berlin: Springer; 2004. 
p. 355–61.

	 8.	Decking J, Theis C, Achenbach T, et al. Robotic total 
knee arthroplasty: the accuracy of CT-based compo-
nent placement. Acta Orthop Scand. 2004;75:573–9.

	 9.	Kharwadkar N, Kent RE, Sharara KH, Naique S. 5 
degrees to 6 degrees of distal femoral cut for uncom-
plicated primary total knee arthroplasty: is it safe? 
Knee. 2006;13:57–60.

	10.	Paul HA, Bargar WL, Mittlestadt B, et al. Development 
of a surgical robot for cementless total hip arthro-
plasty. Clin Orthop Relat Res. 1992;(285):57–66.

Fig. 15.16  Implantation of the final components

A. M. Elbuluk and J. M. Vigdorchik



157© Springer Nature Switzerland AG 2019 
J. H. Lonner (ed.), Robotics in Knee and Hip Arthroplasty, 
https://doi.org/10.1007/978-3-030-16593-2_16

Total Knee Arthroplasty 
Technique: MAKO

Kenneth Gustke

The MAKO robotic arm-assisted total knee 
replacement is performed as a semi-active sys-
tem in which haptic guidance of a saw is used 
to precisely and safely position and align com-
ponents [1]. Component position and alignment 
is pre-planned after creating a 3-D virtual 
model from CT imaging and can be modified as 
needed throughout the procedure. Use of robot-
ics has the potential to obtain the exact align-
ment and component position target desired by 
the surgeon, as well as assist with soft tissue 
balance [2–6].

The knee can be planned to a neutral mechan-
ical alignment. Intraoperatively, the computer 
will demonstrate compartment gap measure-
ments to assist with soft tissue balancing. 
Alternatively, preoperative planned limb and 
component alignment can be modified and accu-
rately adjusted several degrees off the neutral 
axis to balance the knee and avoid or minimize 
soft tissue releases. This allows a constitutional 
alignment, within the alignment parameters 
accepted by the surgeon.

It is hoped that accurate component posi-
tioning, alignment, and soft tissue balance 
reproducibility will eliminate alignment outli-

ers and less balanced total knees that could con-
tribute to the 15–20% of patients who tend to be 
unsatisfied with surgical outcomes after total 
knee arthroplasty (TKA) [7, 8]. Revision for 
instability is a common reason for early revi-
sion, second only to infection [9]. A more sta-
ble total knee replacement may lessen 
manipulations for stiffness and lessen the pain 
and effusions associated with subtle instability. 
A total knee aligned within acceptable parame-
ters that the polyethylene, locking mechanism, 
and supporting bone can tolerate will lessen 
early and late revision for loosening. Our 
expectation is that improved surgical technique 
with robotic assistance should lessen instability 
and malalignment.

Component position, alignment, and soft 
tissue balance data can be collected during and 
at the end of the robotic arm-assisted proce-
dure from which one can potentially correlate 
to eventual total knee replacement outcomes.

�Features of the MAKO Robotic Arm

Tracker arrays are placed on the tibia and distal 
femur, so that the registered bones can be tracked 
by an infrared camera (Fig. 16.1). The MAKO 
rigid arm autonomously places the end effector 
saw blade at a precise location and within the 
correct resection plane. The end effect is semiau-
tonomous. Movement of the end effector tool 

K. Gustke (*) 
Florida Orthopaedic Institute, Tampa, FL, USA 

Department of Orthopaedic Surgery, University of 
South Florida College of Medicine, Tampa, FL, USA
e-mail: kgustke@floridaortho.com

16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16593-2_16&domain=pdf
mailto:kgustke@floridaortho.com


158

requires physician input for initiating oscillation 
of the saw and guidance of the tool location 
within the haptic boundaries (Fig.  16.1). The 
rigidity of the arm and fast computer refresh rate 
maintain the saw blade precisely in the correct 
plane even with vibration and minor movements 
of the limb. The haptic boundaries are deter-
mined from preoperative planning of implant 
locations and translated to the patient via bone 
registration. The haptic boundaries are designed 
along with typical soft tissue retraction to avoid 
potential soft tissue damage from the saw blade.

�MAKO Robotic TKA Preoperative 
Planning

A CT scan of the involved limb from the hip to 
ankle is obtained preoperatively. The MAKO 
protocol allows for reduced cuts to reduce radia-
tion risk. The default preoperative plan for align-
ment and bone resection follows classic bone 
cuts as would be created while using standard 
instrumentation. In a typical knee with a varus 
wear pattern, this would have a 0 degree tibia and 
femur coronal alignment, femoral rotation fol-
lowing the femoral transepicondylar line, 8-mm 
bone resection from the distal medial femoral 
condyle, 7-mm bone resection from the lateral 
tibial plateau, and 8-mm bone resection from 
posterior medial femoral condyle (Fig. 16.2).

The surgeon has the option to modify the 
preoperative plan in order to have an oblique 

joint line, such as 1 degree tibial coronal varus, 
1 degree femoral coronal valgus, and femoral 
rotation closer to following the posterior con-
dylar line. Preoperative plan will also optimize 
component size and position to avoid femoral 
notching, tibial or femoral bony overhang, and 
incomplete resection of bone surfaces.

�Room, Operating Room Table, 
and Patient Setup

The robot is placed on the operative knee side at 
the level of the hip. The computer monitor and 
camera are placed on the contralateral side at 
the level of the hip. The distal 1/3 of the operat-
ing table is dropped down. The non-operative 
limb is secured on a traditional lithotomy posi-
tion leg stirrup.

A Stryker leg holder is attached to the distal 
end side of the operating table on the operative 
side (Fig. 16.3). The bar should be at least 3 
inches lower than the top of the operating table 
pad. The patient should be distal enough on 
the table to allow full knee flexion when the 
foot is attached to the leg holder but not too 
distal to lessen knee extension while the foot 
is attached to the leg holder. In very tall 
patients, full knee extension may not be pos-
sible with the foot attached to the leg holder 
even with the extension. The surgeon stands 
on the lateral side of the operative knee and an 
the assistant medial to the operative knee in 
between the two legs.

�Surgical Exposure

The surgeon’s standard manual surgical dissec-
tion and arthrotomy technique is performed. 
Osteophytes are not removed until after bone 
registration.

�Tracker Array Placement

Secure the tibial array and clamp to two 3.2-mm 
bicortical threaded pins with a short stabilizer at 

Fig. 16.1  The saw end effector on the MAKO robotic 
arm is controlled by the surgeon. The straight saw is uti-
lized for the tibial bone resection
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the mid-tibial diaphysis. The pins are inserted 
perpendicular to the tibial crest. The femoral 
array and clamp is secured to two 3.2-mm bicor-
tical threaded pins with the long stabilizer in 
distal femoral diaphysis either inside or outside 
of the knee incision (Fig. 16.1).

Try to avoid tethering the quadriceps mus-
cle. The pins are inserted at a 30–40 degree 
angle to the anteroposterior axis of the knee, 
going anteromedial to posterolateral. This 
should place the pins within the proximal 
quadriceps incision and minimize tethering of 
motion by the muscle or tearing of the muscle 
while flexing the knee. Verify that the infrared 
camera visualizes both arrays throughout full 
knee range of knee motion.

Fig. 16.2  The default preoperative plan calls for a 0 degree of mechanical alignment, 0 degree of distal femoral and 
proximal tibial bone resections, and femoral rotation parallel to the femoral transepicondylar line

Fig. 16.3  The operative leg is on a leg holder. The con-
tralateral leg is secured to a stirrup and the distal end of 
the operating table is dropped down. An assistant can 
stand between the legs
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�Checkpoint Placement

A checkpoint is placed medial to the tibial tuber-
cle. Another checkpoint is placed slightly proxi-
mal and anterior to the medial femoral epicondyle. 
Make sure that the checkpoints are against bone 
so they will not move. The checkpoints are used 
to verify that the trackers have not moved prior to 
each group of bone cuts.

�Registration of the Distal Femur 
and Proximal Tibia to Link 
to CT-Determined 3-D Virtual Bone 
Model

The hip is rotated to register the hip center. The 
most prominent points on the medial and lateral 
malleoli are registered with the blunt tip probe. 
The blunt tip probe is also used to register the 
tibial and femoral checkpoints. Registration 
points are obtained with the sharp tip probe by 
piercing articular cartilage to reference to bone 
and along bony edges of medial femoral condyle, 
lateral intercondylar notch, and medial tibial con-
dyles. The registration points are designed to fol-
low an easily memorized pattern. An audible 
beep confirms that the registration points were 
recognized by the camera. Overall accuracy of 
registration is confirmed by touching the bone by 
the blue registration spheres.

�Pose Capture

All osteophytes are removed going as posterior 
as possible. Manual varus and valgus stress is 
applied in near full extension to passively correct 
the coronal deformity. This determines what the 
medial and lateral compartment gaps and align-
ment would be after making the bone cuts as 
determined from the preoperative virtual plan 
(Fig. 16.4a, b).

Applying manual varus and valgus stress is 
not as effective in flexion due to the inability to 
minimize femoral rotation. The surgeon should 
avoid the instinct to try to prevent limb rotation 
during ligament tensioning by holding the femo-

ral tracker array, since that could loosen the array 
pins in the bone. Use of spacer spoons is pre-
ferred to distract the medial and lateral compart-
ments at 90 degrees of flexion to determine the 
flexion gaps. The gap measurements will also 
demonstrate if the lateral side of a varus worn 
knee or the medial side of a valgus worn knee has 
been stretched out.

�Modify Preoperative Plan

If one is satisfied that the knee is balanced in 
extension and flexion as determined by the pose 
captures, the preoperative plan can be accepted. 
Also if large posterior tibial or femoral osteo-
phytes are present, the pose capture gap balance 
may not be reliable, so the preoperative plan 
should be accepted at this point. Alternatively, 
based on the gap measurements from the pose 
capture, the preoperative plan can be modified. 
The femoral and/or tibia component positions or 
alignments are changed to more equalize the 
medial and lateral gaps, both in flexion and 
extension. This will lessen the need for large 
soft tissue releases. A modification of the preop-
erative plan will demonstrate what the final 
effect will be on alignment with the accuracy 
that is achieved with the robotic arm-assisted 
bone cuts. One can keep the component and 
axial alignments within surgeon’s acceptable 
alignment parameters. In general, the lateral 
compartment gap can be slightly looser than the 
medial gap, especially in flexion. The extension 
and flexion gaps can be equalized by reposition-
ing the femoral component distally or antero-
posteriorly. If the medial or lateral gap is more 
than 2 mm tighter in both flexion and extension, 
the tibial varus/valgus alignment is changed (or 
soft tissue releases can be performed). If the 
medial or lateral gap is tighter only in extension, 
the femoral varus/valgus alignment is changed. 
If the medial or lateral gap is tighter only in flex-
ion, femoral rotation is changed. Full correction 
of gap measurements should be avoided if the 
less worn compartment gap measures more than 
20  mm. This indicates that soft tissues are 
stretched out. Trying to balance the knee only 
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with modified bone cuts could result in a 
significant malalignment. The presence of 
stretched out soft tissues will usually require an 
additional soft tissue release.

�Robot Base and Robotic Arm 
Positioning

The position of the robot base is important to 
facilitate all bone cuts. The robotic arm is 
locked in position. The knee is placed in the 
knee holder at 90 degrees of flexion. The robot 
is moved closer to the patient’s ipsilateral hip 
and oriented such that the base of the saw han-
dle on stabilized arm is located 10 cm above the 
knee. The robot base is locked in position. The 
base array position is verified that it is visible to 
the camera.

�Knee Preparation for Femoral Bone 
Resections

The operative extremity is stabilized in the leg 
holder with the knee at about 105 to 110 degrees 
of flexion. Z-shaped retractors are placed at 
medial and lateral joint lines and secured to leg 
holder antlers with elastic cords (Fig. 16.5). Use 
of the leg holder and fixed retractors eliminates 
the need for the assistant during bone cuts and 
improves accuracy of saw cuts by not requiring 
the saw to constantly adjust to moving haptic 
boundaries. The 90-degree angle saw is used to 
perform the distal femur and posterior chamfer 
bone cuts (Fig. 16.5). The straight saw is used for 
the posterior, anterior, and anterior chamfer fem-
oral bone cuts and for the tibial cut (Fig. 16.1).

The saw blade and femoral checkpoint are 
verified with the probe before making the cuts. 

a

b

Fig. 16.4  (a) Pose 
capture of the knee with 
valgus stress applied 
near full extension. (b) 
Pose capture of the knee 
with varus stress applied 
near full extension. The 
difference in the medial 
and lateral gaps is 6 mm
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The saw blade is manually located close to actual 
cutting plane. The haptic boundaries will become 
visible on the monitor screen. The saw blade is 
moved closer to the bone until it appears on the 
monitor screen within the haptic boundaries. The 
saw trigger is depressed and the saw blade will 
automatically rotate into the exact cut plane. 
Releasing the trigger and depressing it again will 
now activate the saw. The saw blade is gently 
moved through the bone. Progression of the saw 
cut is noted by disappearance of the green surface 
on the screen monitor (Fig. 16.6).

Since the haptic boundary is based on the implant 
dimension, occasionally some bone will remain 
outside the boundary. This extra bone can be 
removed by extending the haptic boundary tempo-
rarily. The alignment and depth accuracy of the saw 
cut can be verified with the planer probe (Fig. 16.7).

�Knee Preparation for the Tibial Bone 
Resection

The extremity is stabilized in the leg holder 
with the knee at about 115 degrees of flexion. 

A wide MAKO curved retractor is placed along 
the proximal medial tibial condyle. A MAKO 
pointed retractor is placed at anterolateral tibia 
to assist with lateral capsule and patellar ten-
don retraction. The MAKO retractors are 
secured to the leg holder antlers with elastic 
cords. The straight saw is used for the tibial 
bone cut. The saw blade and tibial checkpoint 
are verified with the probe before making the 
bone cuts. The tibial bone cut is robotically 
guided as noted with the femoral bone cuts 
(Fig.  16.1). If a posterior cruciate retained 
implant is planned, an island of bone is retained 
around the base of the posterior cruciate liga-
ment (Fig.  16.8). Alignment and depth accu-
racy of the saw cut can be verified with the 
planer probe.

�Soft Tissue Balancing with Trials

The femoral, tibial, and standard insert trials are 
inserted. Varus and valgus stress is applied near 
full extension and around 90 degrees of flexion to 
assess stability. Quantified compartmental gap 
measurement differences can be visualized on the 
monitor screen [10].

Assess if extension and flexion gaps are 
near equal. Also assess if the medial and lat-

Fig. 16.6  As the saw completes the bone resection, the 
green area disappears. The green line represents the haptic 
boundary. Note that the tip of the saw can’t migrate out-
side the haptic boundary

Fig. 16.5  Knee retractors are self-retained to the leg 
holder. The 90-degree saw is used for the distal femoral 
bone resection
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Fig. 16.7  The planner probe is used to check accuracy of bone resections

Fig. 16.8  The haptic boundary for the tibial bone resec-
tion has cut outs to protect the patellar tendon and main-
tain a bone island at the base of the posterior cruciate 
ligament

eral compartment gaps are near equal in 
extension and flexion. Soft tissue releases can 
be performed as necessary to balance the 
gaps.

Alternatively, one can modify the preopera-
tive plan to remove additional bone from the 
tight compartment by realigning the compo-
nents (Fig.  16.9). If the extension gap is too 
tight, change the plan to resect more distal 
femur, which is then done under robotic guid-
ance. If flexion gap is too tight at 90 degrees of 
flexion, downsize the femoral component and 
move the femoral component anteriorly. 
Alternatively, if the posterior cruciate ligament 
is also tight, one can modify the plan and 
increase the tibial slope. A tight posterior cruci-
ate ligament can be visualized as an excessive 
femoral rollback on the monitor screen. If the 
posterior cruciate remains too tight despite 
equal flexion and extension gaps (which can 
occur with an extensive medial or lateral soft 
tissue release), either perform a partial soft tis-
sue release or resect it and plan to use posterior 
stabilized device.
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�Soft Tissue Balancing 
with Tensioner

An alternative check to soft tissue balancing, 
which can complement the method above which 
incorporates the computer, is to use a conven-
tional tensioner. After making the bone resections, 
insert a tensioner device and distract medial and 
lateral compartments near full extension and 
around 90 degrees of flexion. Soft tissue releases 
are performed as necessary to balance the gaps. 
Alternatively, one can modify the preoperative 
plan by changing component position or align-
ment to remove additional bone from the tight 
compartment. Changes can be made to the preop-
erative plan as outlined above. A tensioner device 

can also be used before all bone resections are 
performed. The tibial resection can be performed 
first. The tensioner is then inserted with the knee 
in extension, and soft tissue releases are per-
formed to align the knee in the desired alignment. 
The distal femoral resection level and alignment 
can be modified if it is different from the preop-
erative plan. An alternative work flow is by per-
forming the distal femur and tibial resection first. 
The tensioner is inserted in extension. Soft tissue 
releases are performed to equalize the medial and 
lateral gaps or done in combination with an align-
ment adjustment to the tibia or femur. Once the 
extension gaps are equalized, the knee is placed in 
90 degrees of flexion. The medial and lateral gaps 
are distracted with the tensioner. The femoral 

Fig. 16.9  The preoperative plan has been modified, add-
ing an additional 1½ degree of tibial varus to decompress 
a tight medial compartment in extension and flexion. An 

overall final varus mechanical alignment of 1½ degree of 
varus is anticipated and accepted
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component rotation is then modified on the preop-
erative plan if it is not parallel to the tibial resec-
tion. One should be careful not to internally rotate 
the femoral component relative to the posterior 
condylar line.

�Soft Tissue Balancing  
with Sensor Trial

Another potential device to supplement the com-
puter navigation is a pressure sensor trial. The 
femoral and tibial trials are inserted along with a 
sensor spacer trial of appropriate thickness. The 
patella is reduced and the medial retinaculum 
approximated with towel clips. Compartment 
pressures are recorded while holding the knee 
near full extension and around 90 degrees of flex-
ion, taking care not to apply additional varus or 
valgus force (Fig. 16.10). Soft tissue releases are 
performed as necessary to equalize the compart-
ment pressures within 15 pounds [1], with the 
lateral compartment preferably having less com-
partment pressure than the medial compartment.

The extension and flexion compartments are 
assessed for the presence of similar pressures. 
The flexion space pressures may be a little less 
than the those of the extension compartment. 
Alternatively, one can modify the preoperative 
plan realigning the femoral and/or tibial compo-

nents to effectively remove additional bone from 
the tight compartment.

�Implantation

The patellar preparation and preparation of the 
femoral box for a posterior stabilized femoral 
component if needed are currently performed 
with standard instruments. Once a balanced knee 
and appropriate knee kinematics are confirmed, 
the femoral and tibial components are inserted via 
standard technique. After inserting the final com-
ponents, medial and lateral gap measurements in 
extension and flexion, varus/valgus balance, and 
component and axial alignments are recorded.

�Summary

There has been the concern that arthroplasty sur-
gery with robotic assistance will not be safe, 
allowing inadvertent damage to important liga-
ments and neurovascular structures. That has not 
been the case with this system due to the accu-
racy of the end effector tool and use of haptic 
boundaries, as well as judicious use of soft tissue 
retractors. The semi-active nature of this technol-
ogy also forces the surgeon to be actively involved 
in the actual cutting of bone. This also adds to the 

Fig. 16.10  A sensor 
trial is used to quantify 
ligament balance as 
shown by comparing 
intracompartmental 
pressures throughout 
knee range of motion. 
The location of 
maximum pressure, the 
dwell point, is also 
visualized indicating 
component rotation and 
knee kinetics
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“fun factor” of the surgery. It is similar to the 
computer action of video gaming or landing an 
airplane on a runway. Having the robot perform 
part of the surgery may also decrease surgeon 
fatigue and wear and tear on their joints.

Robotic assistance provides the surgeon the 
ability to accurately place the components and 
achieve their desired alignment. Having quantifi-
able data demonstrating actual knee balance and 
alignment has led to performing more soft tissue 
releases or bone cuts. Knowing exactly what 
effect a modification of component alignment 
will have on the final desired alignment target has 
led to performing more bone recuts to balance the 
soft tissues and minimize or eliminate the need 
for additional soft tissue releases.

A recent cadaver study demonstrated greater 
accuracy and precision to plan comparing 
robotic-assisted bone cut alignment to cuts with 
conventional instruments [11]. The mean robotic 
bone cuts were 0.3 to 1.1 degree of plan, and con-
ventional instrument bone cuts were 0.8 to 4.7 
degrees of plan. Another study showed that the 
intraoperative knee alignment data are highly 
accurate when compared to long leg radiographs 
obtained at 6 weeks [12]. Overall average change 
in the alignment was only 0.16° Recording accu-
rate data on final alignment and balance can be 
correlated to functional outcomes, so that we 
may eventually know what balance and align-
ment provides optimal patient satisfaction. 
Further study is needed to prove the expected role 
of this system in impacting implant position, soft 
tissue balance, and functional outcomes.

Conflict of Interest  The author certifies that there is a 
conflict of interest in connection with the submitted arti-
cle. He is a consultant and designer for Stryker/MAKO 
and does receive consulting fees and royalties for the 
device discussed in this article.

References

	 1.	Urish KL, Conditt M, Roche M, Rubash HE. Robotic 
total knee arthroplasty: surgical assistant for a cus-
tomized normal kinematic knee. Orthopedics. 
2016;39:e822–7.

	 2.	Sinha RK. Outcomes of robotic arm-assisted unicom-
partmental knee arthroplasty. Am J Orthop. 2009;38(2 
Suppl):20–2.

	 3.	Bell SW, Anthony I, Jones B, MacLean A, Rowe R, 
Blyth M.  Improved accuracy of component posi-
tioning with robotic-assisted unicompartmental 
knee arthroplasty: data from a prospective, ran-
domized controlled study. J Bone Joint Surg Am. 
2016;98(8):627–35.

	 4.	Citak M, Suero EM, Citak M, Dunbar NJ, 
Branch SH, Conditt MA, Banks SA, Pearle 
AD. Unicompartmental knee arthroplasty: is robotic 
technology more accurate than conventional tech-
nique? Knee. 2013;20(4):268–71.

	 5.	Lonner JH, John TK, Conditt M. Robotic arm-assisted 
UKA improves tibial component alignment: a pilot 
study. Clin Orthop Relat Res. 2010;468:141–6.

	 6.	Liow MH, Xia Z, Wong MK, Tay KJ, Yeo SJ, Chin 
PL. Robot-assisted total knee arthroplasty accurately 
restores the joint line and mechanical axis. A prospec-
tive randomized study. J Arthroplast. 2014;29:2373–7.

	 7.	Noble PC, Conditt MA, Cook KF, Mathis KB.  The 
John Insall Award: patient expectations affect satis-
faction with total knee arthroplasty. Clin Orthop Relat 
Res. 2006;452:35–43.

	 8.	Bourne RB, Chesworth BM, Davis AM, Mahomed 
NN, Kory DJ, Charron KDJ. Patient satisfaction after 
total knee arthroplasty: who is satisfied and who is 
not? Clin Orthop Relat Res. 2010;468:57–63.

	 9.	Sharkey PF, Hozack WJ, Rothman RH, Shastri S, 
Jacoby SM.  Insall Award paper. Why are total knee 
arthroplasties failing today? Clin Orthop Relat Res. 
2002;404:7–13.

	10.	Gustke KA, Golladay GJ, Roche MW, Elson LC, 
Anderson CR.  A new method for defining balance: 
promising short-term clinical outcomes of sensor-
guided TKR. J Arthroplast. 2014;29(5):955–60.

	11.	Hampp EL, Chughtai M, Scholl LY, Sodhi N, 
Bhowmik-Stoker M, Jacofsky DJ, Mont MA. Robotic-
arm assisted total knee arthroplasty demonstrated 
greater accuracy and precision to plan compared with 
manual techniques. J Knee Surg. 2018. https://doi.org
/10.1055/s-0038-1641729.

	12.	Roche M, Law T, Vakharia R, Wang K, Nevelos 
J.  Does Intraoperative robotic arm assisted total 
knee arthroplasty alignment correlate with standing 
long leg postoperative alignment? Unpublished data. 
Presented at the Florida Orthopaedic Society Annual 
Meeting, June 2018.

K. Gustke

https://doi.org/10.1055/s-0038-1641729
https://doi.org/10.1055/s-0038-1641729


167© Springer Nature Switzerland AG 2019 
J. H. Lonner (ed.), Robotics in Knee and Hip Arthroplasty, 
https://doi.org/10.1007/978-3-030-16593-2_17

Total Knee Arthroplasty 
Technique: OMNIBotics

Jan Albert Koenig and Christopher Plaskos

Healthcare providers are under enormous pressure 
to reduce costs while improving clinical outcome 
measures. In 2010, the US federal government 
introduced the Affordable Care Act (ACA), which 
aimed in part to introduce innovative medical care 
delivery methods designed to lower the overall 
costs of healthcare. This initiative led to the Center 
for Medicare and Medicaid Services Innovation 
Center, whose objective was to test innovative 
payment and service delivery models that have the 
potential to reduce public healthcare expenditures 
while preserving or enhancing the quality of care 
for beneficiaries [1]. As a result, the Innovation 
Center launched the Bundled Payments for Care 
Improvement (BPCI) initiative, a voluntary model 
designed to evaluate the efficacy of a single pay-
ment structure covering an entire episode of care 
[2]. Early reports from several centers participat-
ing in the BPCI model have demonstrated cost 
savings to Medicare through the implementation 
of standardized, evidence-based, coordinated clin-
ical care pathways across the various healthcare 
service settings [3, 4].

The role of robotic- and computer-assisted 
orthopedic (RCAOS) technologies in this new 

paradigm of episodic-based reimbursements 
and cost-efficiency has yet to be established. 
RCAOS technologies have the potential to 
improve outcomes through improved compo-
nent positioning and soft tissue balance in TKA 
while reducing blood loss and systemic emboli 
release [5, 6]. When integrated into a coordi-
nated, evidence-based clinical care pathway, 
intraoperative robotic assistance may demon-
strate increased value through the abovemen-
tioned benefits. Resulting improvements in 
clinical metrics may include further reductions 
in length of stay, complications, 90-day read-
mission rates, and higher discharge rates to 
home versus costly skilled nursing facilities, 
thus reducing overall episode costs. Additional 
benefits are expected to extend beyond the 
90-day period, including better functional out-
comes and higher patient satisfaction rates, 
improved pain relief, quality of life, and implant 
survivorship with fewer early failures [7, 8].

In this chapter, we review one commercially 
available robotic-assisted total knee arthroplasty 
system (OMNIBotics®) and the clinical and eco-
nomic results associated with its use in an aca-
demic teaching and a community hospital setting. 
The system was first introduced into a community 
hospital, and the authors evaluated implant place-
ment and limb alignment accuracy, surgical time 
and learning curve, and overall system utility in 
routine and complex cases with significant defor-
mities. The system was subsequently introduced 
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into a teaching hospital that thereafter began par-
ticipating in the model 2 BPCI initiative, where 
overall procedure costs over the 90-day episode of 
care period were evaluated relative to target his-
torical procedure costs at that institution. We eval-
uated differences in average length of stay, 
complications, readmissions, and overall cost sav-
ings between patients undergoing robotic-assisted 
surgery versus conventional intramedullary (IM)-
based TKA instrumentation.

�The OMNIBotics Knee System

The OMNIBotics Knee System is an image-free 
robotic-assisted TKA surgery (RAS-TKA) plat-
form founded on patented Bone morphing™ 
technology for 3D anatomical modeling and 
implant planning. The system includes a minia-

ture robotic cutting guide for guiding femoral 
bone resections (the OMNIBotTM) [9] and a 
recently introduced robotic ligament tensioning 
tool called the BalanceBotTM (formerly called the 
active spacer) [10] (Fig. 17.1). The active spacer 
is a computer-controlled ligament tensioning and 
gap spacing tool that allows the surgeon to accu-
rately and reproducibly tension the soft tissues 
surrounding the knee joint both prior to and after 
femoral bone cuts. This allows for characteriza-
tion of the soft tissue envelope throughout the 
range of knee motion and for femoral bone resec-
tion planning integrated with predictive ligament 
tensioning. The active spacer can also be used to 
measure tension and balance during the implant 
trialing phase to adjust for and document final 
ligament balance and tension.

Bone morphing is a process that uses mor-
phometric modeling to reconstruct the patient’s 

Fig. 17.1  The OMNIBotics® system  – an image-free 
robotic-assisted TKA system that integrates intraoperative 
3D anatomical modeling, real-time pre- and postoperative 

knee alignment and gap kinematics, and miniature robotic 
systems for bone cutting and ligament balancing. 
(Courtesy of OMNI, Raynham, MA, USA)
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unique anatomy in 3D, where statistical mod-
els are deformed to match point clouds acquired 
intraoperatively on the patients’ bone surface 
[11]. The reconstruction process requires no 

preoperative CT, MRI, or x-ray imaging 
modalities, thereby reducing radiation, cost, 
and time burdens, and is accurate to within 
1  mm in all mapped areas (Fig.  17.2a). The 

a b

c d

e f

Fig. 17.2  Intraoperative photos and screenshots illustrat-
ing the surgical technique steps: (a) bone morphing is per-
formed by mapping the cartilage and bone surface with a 
ball-end tip pointer that glides over the cartilage surface; 
(b) the morphed model is accurate to within 1 mm in all 
digitized areas and can be verified intraoperatively at any 
stage of the procedure; (c and d) in the tibial cut first tech-
nique, the active spacer is inserted after performing the 
tibial resection, prior to femoral resection, and the native 
gaps are dynamically acquired throughout the range of 
flexion under active robotically controlled ligament ten-

sion; (e) bone resections are executed to plan using a min-
iature bone-mounted robot; (f)
  femoral implant planning with virtual bone resection 
data (left) and predicted medial and lateral gap data 
(right); (g and h) tibial and femoral bone resection are 
validated using the cut controller; (i) final alignment and 
gap balance can be evaluated using the active spacer in 
place of a manual tibial insert; (j and k) screenshot of pre- 
and postoperative kinematics, illustrating initial limb 
deformity and overall correction throughout the range of 
flexion
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k

g h

i j

Fig. 17.2  (continued)

duration of the entire intraoperative registra-
tion process takes approximately 2–3 min for 
an experienced user. Flexible customizable 
workflows permit implant planning based on 
measured resection and/or gap referencing 
techniques [12, 13].

Femoral resections are precisely executed by 
the surgeon to the validated plan using the 
iBlock™ bone-mounted robotic-assisted cutting 
guide (Fig.  17.1). Benefits of using a single 
robotic guide for all femoral implant sizes and 

resections include a significant reduction in the 
manual instrumentation that is normally required 
to perform the procedure. This may help in 
reducing inefficiencies and potential infection 
risk associated with instrument tray reprocessing 
and OR back table clutter. Bone-mounted robotic 
systems also do not require camera-to-tracker 
line-of-sight during robotic positioning and 
resection guidance once the robot is mounted and 
calibrated to the bone, allowing for greater flexi-
bility for the physician’s assistant and soft tissue 
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retractor positioning around the patient and OR 
table while performing bone resections.

A unique feature of the OMNI robotic sys-
tem is the ability to adjust the interface fit of 
the prosthesis with the bone intraoperatively 
using the ART application software. The ante-
rior and posterior femoral bone resections can 
be varied in depth and angle in increments of 
0.25 mm to achieve progressively higher levels 
of interference “press” fit with the inner dimen-
sions of the prosthesis. This allows for greater 
flexibility to accommodate for the variability 
observed in patient bone quality intraopera-
tively, as well as for surgeon-specific prefer-
ences in prosthesis fixation type (cemented or 
bone ingrowth) and in trial or implant fit dur-
ing impaction [11, 14].

�Surgical Technique

The surgical technique typically starts with a 
standard exposure with a medial parapatellar or 
subvastus approach. Femoral and tibial track-
ing arrays (Fig.  17.2a) are attached with two 
bone pins per array. Tibial pins are placed per-
cutaneously from medial to lateral either proxi-
mally near the incision or distally so as not to 
interfere with the active spacer. Femoral pins 
are placed in the incision anterior to the inser-
tion of the medial collateral ligament (MCL). 
These two pins support the femoral tracking 
array as well as the robotic cutting guide such 
that no other bone pins are required. The regis-
tration process starts with a kinematic acquisi-
tion of the hip center followed by an anatomic 
acquisition of the ankle center. Bone morphing 
is then performed on the femur and tibia using 
the pointer (Fig. 17.2a, b). The bone and carti-
lage surface is dynamically “painted” or 
mapped using the probe tip, which has a spheri-
cal ball-shaped tip to facilitate sliding on the 
bone surface. The medial and lateral condyles 
and anterior aspect of the distal femur are 
mapped to produce a complete pre-segmented 

3D model of the distal femur that is accurate to 
within 1 mm in all morphed areas (Fig. 17.2b). 
The tibia is resected using an adjustable cutting 
guide that is navigated and pinned into an ini-
tial position and then fine-tuned using the 
adjustment screws to precisely align with the 
target plane [15, 16]. In the tibia cut first gap 
balancing protocol, the active spacer is inserted 
into the knee prior to resecting the femur 
(Fig. 17.2c). The applied load can be custom-
ized to the patient and independently set in 
extension and in flexion on the medial and lat-
eral sides using the on-screen buttons 
(Fig. 17.2d). Once the target load is set and the 
spacer is activated, the limb is taken through a 
range of flexion while the knee is supported 
posteriorly, and the software graphs the medial 
and lateral gaps and alignment with flexion in 
real-time. The surgeon should avoid introduc-
ing a varus or valgus stress or tibial rotation 
during the gap acquisition and allow the leg to 
follow its natural path. The amount of applied 
tension can be evaluated in each patient by 
switching the active spacer from force mode to 
gap mode, where the device locks its height at a 
specific tension and varus/valgus stress can be 
performed to assess the degree of opening in 
the knee. The process can be used to predict 
postoperative ligament tension and to verify 
that the currently applied tension is suitable for 
each individual patient. Femoral planning can 
then be performed using the predicted laxity 
curves on the right side of the screen (Fig. 17.2f). 
Femoral component varus or valgus and femo-
ral rotation can be adjusted to achieve balanced 
gaps mediolaterally in extension and flexion. 
The femoral component can also be flexed or 
shifted posteriorly, or the size can be increased, 
to decrease flexion gap laxity. Similarly, distal 
resection depth can be increased or decreased 
to adjust the extension gap, while the predictive 
laxity curves can be used to evaluate the effects 
of joint line elevation on mid-flexion laxity. 
Ligament releases may be performed either 
before or after femoral planning and bone 

17  Total Knee Arthroplasty Technique: OMNIBotics



172

resecting in cases where adjustments in implant 
position are not sufficient to achieve balance. 
However, in our experience the incidence of 
soft tissue releases appears much less common 
in the tibial first soft tissue and gap balancing 
technique which we believe is due to the inter-
active information the computer provides, 
allowing the surgeon to plan implant position 
for both alignment and optimal balance. Once 
the femoral implant plan is validated, the robot 
is attached to the femoral fixation base and 
locked into varus/valgus and internal/external 
rotation using two adjustment screws and the 
optical tracking system for position guidance. 
The robot then automatically aligns a single 
saw blade to the five femoral resections of the 
distal femur, and the resections are made by the 
surgeon in sequence using an oscillating saw 
and a 1.27 mm thick saw blade (Fig. 17.2e). An 
advantage of using a single saw guide for all 
cuts over a 4-in-1 block is the enhanced visibil-
ity during the resection process. Additionally, 
as the robot moves with the knee, line-of-sight 
with the camera is not required, and the surgeon 
and assistant can stand on either side of the 
knee. Distal femoral and proximal tibial resec-
tions are validated using the system cut control-
ler and stored in the operative report 
(Fig.  17.2g,   h). Implant trialing is performed 
with a standard femoral trial, and the active 
spacer acts as the tibial baseplate and insert 
trial (Fig. 17.2i), so there is no need for sepa-
rate trials. Postoperative gaps can be assessed 
under constant robotically controlled ligament 
tension throughout the range of motion 
(Fig. 17.2j). In the femur-first measured resec-
tion or in the tibia-first gap balancing protocols, 
soft tissue releases or recuts can be performed 
to correct any residual imbalance measured at 
this stage. However, this is not that common in 
the tibial cut first technique since soft tissue 
balance was planned into the bone resections. 
The active spacer can also be used in “insert” 
mode at this stage to replicate the height of the 
tibial insert and to measure the force balance 
acting on the medial and lateral sides through-
out the range of flexion. The height of the insert 
can be adjusted automatically with the touch of 

a button, and the medial and lateral pressures 
acting on the insert can be evaluated as a func-
tion of the insert thickness. Finally, the post-op 
kinematics can be evaluated and compared 
side-by-side with the pre-op kinematics 
(Fig. 17.2k). This graphic depiction of the pre- 
and postoperative kinematics can be a very use-
ful document for the surgeon in the future as it 
memorializes the pre-op deformity, motion, and 
instability as well as the post-op mechanical 
alignment, motion, stability, and soft tissue bal-
ance achieved during surgery (Fig. 17.3).

�Clinical Studies

�Initial Studies on Clinical Accuracy 
and Learning Curve

In our first clinical study, we retrospectively 
reviewed our first 100 consecutive cases starting 
with the first surgery performed with the 
OMNIBotics system in the USA in June 2010 
[11, 17]. At that time (and still today) RCAOS 
systems were often criticized for adding substan-
tial OR time and having a long learning curve, 
thereby reducing efficiency. We therefore evalu-
ated the learning curve for surgical time and accu-
racy and found that the learning phase required 
only an additional 7 minutes of tourniquet time on 
average over the first 25 cases as compared to the 
subsequent 75 cases (56 vs 49 minutes). Final leg 
alignment was within 3° of neutral to the mechan-
ical axis in 98.7% of cases as measured by the 
computer intraoperatively and 90.9% as measured 
radiographically postoperatively (Fig.  17.4, 
Table 17.1), and accuracy was not affected during 
the learning curve period. In a subsequent study in 
128 consecutive patients, the authors reported that 
severe varus and valgus deformities could be cor-
rected to within 3.5° of neutral in all cases, while 
these more difficult cases added only 3–5 minutes 
of surgery time [12].

We are currently studying our 5–7-year follow-
ups of our first 150 patients, including our learning 
curve patients, and have not performed any revi-
sions in this group for aseptic loosening, chronic 
pain, or instability. By reducing the number of 
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mechanical axis and soft tissue balance outliers, we 
believe we have lowered the early failure rate. 
Future long-term studies are needed to evaluate 
whether the longevity of TKR implantations is 
improved.

�Prospective Study on Patient-
Reported Outcomes and Implant 
Survivorship

One prospective study entitled Patient Reported 
Outcomes and Implant Survivorship Using the 
Apex Knee™ and the OMNIBotics System for 
Robotic-Assisted TKR of 105 patients undergo-
ing robotic- and computer-assisted TKRs 
(RCAS-TKRs) using the OMNIBotics system 

and a femur-first approach (these data were 
collected prior to clinical use of the active 
spacer) has been presented [18] (Table 17.2).

Changes in the five KOOS subscales (pain, 
symptoms, activities of daily living (ADL), 
sport and recreation function (Sport/Rec), 
and knee-related quality of life (QOL)) were 
compared to available literature data from 
FORCE-TJR [19, 20], a large, prospective, 
national cohort of TJR patients enrolled from 
diverse high-volume centers and community 
orthopedic practices in the USA, as well as 
to individual studies reporting on conven-
tional (CONV-TKA) and computer-assisted 
(CAS-TKA) at 3 M [21] and on conventional 
TKA at 6 M [22]. RCAS-TKA PROs signifi-
cantly improved at 3, 6, and 12 M from pre-

a

c

b

Fig. 17.3  (a) Final alignment page or “trial” page show-
ing 6° varus mechanical axis (MA) alignment and lack of 
full extension after 0° validation of both femoral and tibial 
osteotomies in a femur first case (without BalanceBot). 

(b) Trial poly removed and limited soft tissue release car-
ried out on posterior MCL. (c) Trial is reinserted and new 
final alignment page view showing correction to neutral 
MA and full extension
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operative baseline values (Tables 17.3 and 
17.4). When compared to the FORCE registry 
cohort data, the improvement in KOOS sub-
scales were generally higher for RCAS for 
pain at 6 M [19], and for pain, ADL, and QOL 
at 1Y when compared with FORCE 2Y data 
[20] (Table 17.3). Higher improvements were 
also seen at 3 M [21], except for Sports/Rec, 
and at 6 M for symptoms and QOL [14] when 
compared with the smaller cohort studies 
(Table 17.3).

Sustained improvement in the 2011 KSS 
patient satisfaction and functional scores were 

a b

Fig. 17.4  Example postoperative radiograph of a RAS-
TKR. Postoperative overall alignment (a) and individual 
femoral and tibial alignment (b) in the coronal plane were 
measured relative to the mechanical axis on standing 
long-leg radiographs

Table 17.1  Intraoperative computer data and radiographic data for component and leg alignment from our first 108 
OMNIBotic cases

% of cases within 3°
[Range] Intraoperative computer data Radiographic alignment data
Femoral component alignment 100% (103/103)

[2.0° valgus to 2.0° varus]
98.7% (76/77)
[2.0° valgus to 3.5° varus]

Tibial component alignment 99% (102/103)
[3.5° valgus to 1.5° varus]

98.7% (76/77)
[4.0° valgus to 2.5° varus]

Final limb alignment 97.2% (104/107)
[2.0° valgus to 3.5° varus]

90.9% (70/77)
[4.5° valgus to 4.5° varus]

Table 17.2  Patient demographic, operative time, and 
length of stay (n = 105)

Gender 72 Female
Mean Std Dev

Age (years) 69 ± 8.4
BMI (kg/m2) 29.8 ± 4.1
Tourniquet time (mm:ss) 42:52 ± 7:15
Skin-to-skin time (h;mm) 1:09 +0:10
Time in operating room (h:mm) 1:54 ± 0:14
LOS (days) 2.5 ± 1.0

also seen throughout the first post-op year 
(Table 17.4). A mean of 31 points for the patient 
satisfaction score at 6  months and 1  year indi-
cates that on average patients were “satisfied” 
with their knee function and pain level. A mean 
pre-op “patient expectation” score of 14 out of 15 
points indicates that patients had an extremely 
high level of expectation that the surgery would 
provide a great degree of pain relief and help with 
carrying out normal ADL and performing leisure, 
recreational, or sports activities. A mean of 10 
points for the expectation score at 6 months indi-
cates that on average patients felt their expecta-
tions for pain relief, ADL, and leisure, sports, and 
recreational activities were between “just right” 
or “too low.” The patients hence were reporting 
that they were doing better than they thought they 
would at that given point in time after their 
RCAS-TKR. Our femur-first, measured resection 
outcomes study indicates continued improve-
ment in both function and pain levels (Table 17.3) 
and patient satisfaction (Table  17.4) during the 
first postoperative year and that our 1.0% patient 
dissatisfaction rate at 1 year compares well to the 
rates reported in the literature, which range from 
7 to 20% dissatisfaction after total knee replace-
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ment (Table  17.5). We feel this is because the 
knee implants have been precisely fit and fixed to 
the bone in neutral alignment and with good bal-
ance with very few outliers, which has been sup-
ported by other studies [23–25].

�BPCI and RCAS-TKR at NYU Winthrop 
Hospital 2014–2015
In January 2013, NYU Winthrop began its 
participation in BPCI Model 2 initiative, 
which includes a retrospective bundled pay-
ment arrangement where actual expenditures 
for a defined episode of care are reconciled 
against a target price [32]. In this model, 
Medicare continues to make fee-for-service 
payments to providers for all costs incurred 
during the TJR episode, starting 72  hours 
prior to admission through to 90  days post 
discharge. The total cost for each episode is 
then reconciled against a target price that is 
determined by CMS.  Medicare then issues 
either a payment or a recoupment amount to 
the provider depending on whether the total 
costs for the episode are above or below the 
target price. Physician-specific target prices 

were established from institutional historical 
payment data over a prior 3-year period.

Prior to implementing bundled payments, NYU 
Winthrop developed and implemented a standard-
ized clinical pathway for each care episode to 
improve quality and reduce variance. Coordinated 
evidence-based clinical pathways were established 
by multidisciplinary teams to standardize treat-
ment across service departments and physicians, 
starting from patient education 6  weeks prior to 
surgery to post-discharge rehabilitation. 
Anesthesia, pain management, blood manage-
ment, and physical/occupational therapy through-
out the length of stay were standardized for all 
TKR patients. All surgeons used a medial parapa-
tellar approach and were assisted by the same OR 
and RN/CST teams, with the only differences in 
care being variations in surgical technique and 
instrumentation used (robotic or conventional).

In a retrospective review of NYU Winthrop’s 
first seven consecutive quarters of BPCI par-
ticipation beginning January 2014 through 
October 2015, we compared average LOS, 90 
readmission rates, discharge disposition, and 
gains per episode versus target prices for sur-

Table 17.4  2011 Knee Society Scores (KSS) for NYU Winthop’s OMNIBotics Study

RCAS-TKA
Pre-op 3 M 6 M 1Y Δ Pre-op and 3 M Δ Pre-op and 6 M

2011 KSS n = 105 n = 104 n = 101 n = 101 n = 104 n = 101
Expectation (15 points) 14.0 10.2 10.2 10.5 – –
Satisfaction (40 points) 12.1 29.4 31.2 32.3 17.3 19.2
Functional (100 points) 36.7 62.2 67.3 70.5 25.3 30.5
Objective 22.0 72.9 72.3 74.7 50.9 50.3

Table 17.5  Overall rates of dissatisfaction and satisfaction in robotic-assisted (RCAS) TKA and in the literature

RCAS-TKA with OMNIBotics n f/u time Dissatisfied or very 
dissatisfied

Neutral Satisfied or very 
satisfied

Current study (femur-first measured 
resection, without active spacer)

104 3 M 5.8% 18.3% 76.0%
101 6 M 3.0% 13.9% 83.2%
101 1Y 1.0% 10.9% 88.1%

Literature data n f/u time Dissatisfied or very 
dissatisfied

Neutral Satisfied or very 
satisfied

Turcot et al. [26] 78 3 M 9.0% 15.4% 75.6%
Bourne et al. [27] 1703 1 yr 11.6% 7.7% 80.6%
Heck et al. [28] 330 >2 yr 9.0% 3.0% 88.0%
Baker et al. [29] 8095 >1 yr 7.0% 11.2% 81.8%
Noble et al. [30] 253 >1 yr 14.0% 11.0% 75.0%
Robertsson et al. [31] 27,372 2-17 yr 8.0% 11.0% 81.0%
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geons performing RCAS with OMNIBotics to 
those performing TKR with conventional 
instruments. There were three surgeons in each 
of two the groups, the RCAS-TKR group (147 
cases in total) and the Conv-TKR group (85 
cases in total). The analysis included all 
Medicare TKR patients (DRG 470) from all 
TJR surgeons who had performed at least 7 
cases in the 7 quarter period. It was found that 
patients undergoing RCAS-TKR using the 
OMNIBotic system had almost a half day 
shorter LOS, less than half of the 90-day read-
mission rates, a 10% higher rate of discharge to 
home coupled with a lower rate of discharge to 
subacute rehabilitation facilities (SARs), as 
compared to the patients undergoing conven-
tional TKR (Table  17.6). The RCAS-TKR 
cases also exhibited a 36% increase in profit-
ability per case or a gain of over $2000 per 
case as compared with conventional TKR. The 
average total cost per episode was $2059 lower 
across the patients receiving robotic-assisted 
TKR compared to conventional instrumenta-
tion ($28,943 versus $31,002, Fig. 17.5), with 
the majority of the cost savings being a result 
of reduced readmissions and skilled nursing 
facility (SNF) usage [33].

Implementation of a standardized care path-
way across all service departments and physi-
cians at NYU Winthrop resulted in overall 
reductions in LOS, readmissions, discharge to 
inpatient rehab, and episode costs in general, 
with a reduced number of readmissions in the 
RCAS-TKA group. A higher percentage of 
patients were being discharged to homecare ver-

sus SARs (subacute) and inpatient rehab (acute), 
which contributed to overall cost savings 
(Fig.  17.6). Additionally, the LOS in subacute 
care has reduced from up to 30 days to approxi-
mately 5–7 days on average. Patient education 
plays a key role in preparing patients for dis-
charge to home. All patients and either a family 
member or a friend became an integral part of 
NYU Winthrop’s Joints in Motion program, 
which is a patient-centered and family-/friend-
focused approach to the continuum of joint 
replacement care. The group attends a preopera-
tive educational program where they meet and 
are taught by representatives of the Joints in 
Motion multidisciplinary team. This education 
encompasses the period from the 6 weeks pre-
op where patients are medically optimized and 

Table 17.6  NYU Winthrop BPCI 90-Day Bundle Data – RCAS-TKR vs conventional TKR (7 Quarters 2014–2015)

Gain/episode Total gain LOS (days)
90-Day 
readmit % Home % SAR

RCAS-TKR group (3 surgeons, 147 cases)
Surgeon A $ 7603 $ 927,616 3.4 5% 66% 31%
Surgeon D $ 8838 $ 159,084 3.3 11% 39% 61%
Surgeon F $ 4292 $ 30,046 4.7 0% 43% 57%
Group average $ 7600 $ 1,116,746 3.4 5.4% 62% 37%

CONV-TKR group (3 surgeons, 85 cases)
Surgeon B $ 6629 $ 245,263 3.5 14% 57% 38%
Surgeon C $ 6639 $ 212,444 4.1 9% 56% 41%
Surgeon E $ 1033 $ 16,523 3.6 12% 12% 88%
Group average $ 5579 $ 474,249 3.8 11.7% 48% 51%

Anchor inpatient stay

Readmissions Outpatient physical therapy

 SNF IRF Home health

ConventionalRobotic

90-day cost breakdown

$28,943 $31,002
35000

30000

25000

20000

15000
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Fig. 17.5  Robotic-assisted TKR demonstrated an aver-
age total cost savings per 90-day episode of $2059 when 
compared with conventional instrumentation
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prepared for their surgical intervention to the 
hospitalization and mutually agreed post-op 
care pathways and what to expect post-op after 
discharge including discharge planning, homec-
are physiotherapy arrangements, and contacts 
for support. All patients in this group underwent 
the same perioperative in-patient early mobili-
zation physical therapy protocols as individu-
ally tolerated. Both groups (RAS and Conv) 
used the same pre-op orthopedic clinical care 
coordinators throughout the continuum. Finally, 
all the patients were part of NYU Winthrop’s 
and CMS’s 90-Day Bundled Payment Initiative. 
The Joint in Motion team meets at least monthly 
as part of our own continuing quality review; 
new initiatives are presented such as patient 
shadowing or evidence-based advances in pain 
management. There was no NYU Winthrop 
“dashboard” for real-time review of patient data 
metrics at this time. All data was retrospectively 
collected and sent to NYU Winthrop from CMS 
via the BPCI initiative with at least 3 to 4 
quarter lag time from the time of the index inter-
vention to receiving the data from CMS.

�Discussion

The goal of successful TKR is having well-fixed 
and fitted components in a neutral mechanical 
axis with well-balanced soft tissues [34, 35]. We 
believe that RCAS-TKR with real-time valida-
tion is an excellent tool to help the surgeons attain 
these goals. Early failure rates may occur in TKR 

when the final alignment is outside of the 3° win-
dow of the neutral mechanical axis, particularly 
in the setting of postoperative instability [36–38]. 
Compared with traditional methods, RCAS-TKR 
helps reduce the incidence of TKR outliers that 
may lead to early aseptic loosening and failure 
[17]. Soft tissue balancing and malalignment 
complications currently account for most early 
revisions. Revisions for stiffness, instability, and 
chronic pain currently outnumber those per-
formed for infection. Recent studies have shown 
that these complications can significantly impact 
patient outcomes and satisfaction [39].

Our results have shown that introducing a 
RCAS-TKA system in a bundled payment model 
can help further reduce overall 90-day episode of 
care costs when integrated into an evidence-
based care pathway. We believe the reduction we 
observed in overall TKR episode costs with 
RCAS versus conventional TKA at NYU 
Winthrop is a result of the improved reproduc-
ibility in knee alignment and soft tissue balance 
and reduced blood loss and systemic embolic 
release which are associated with RCAS-
TKA.  Those patients discharged to SAR after 
RAS-TKR had a shorter LOS in the SAR than the 
Conv-TKR group. We are not aware of any other 
published studies that have demonstrated reduced 
care episode costs when introducing RCAS-TKA 
in a bundled payment model.

In our hands the use of RCAS-TKR with vir-
tual planning and robotic assistance has made it 
easier to consistently perform extremely accurate 
and efficient TKR’s in cases from the smallest to 

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
2012 2013

Discharge disposition

2014 2015 2016

Sub Acute Acute Homecare

45
85

61

123 128

126 108

2

132
133

10

155

29

109

110

Fig. 17.6   
Implementation of a 
stanwdardized care 
pathway resulted in 
more patients being 
discharged to homecare 
versus skilled nursing 
facilities (subacute) and 
inpatient rehab (acute)

J. A. Koenig and C. Plaskos



179

the largest deformities. It does so by acting as a 
constant global positioning unit (GPS) for the leg 
that gives continuous feedback and instant valida-
tion to the surgical team so that they can formu-
late an individualized intraoperative TKR plan 
and base their many intraoperative decisions on 
real-time dynamic data. Moreover the conse-
quences of very small 1–2  mm or 1–2° bone 
resections or soft tissue releases are instantly 
quantified, displayed, and validated to the surgical 
team in an easy-to-understand graphic fashion. 
We did find that knees with a preoperative valgus 
deformity of 10° or more were corrected signifi-
cantly closer to neutral postoperatively than pre-
op varus knees and even pre-op “neutral” knees. It 
is probable that bias toward mild varus is not 
because of the bone cuts which were validated to 
within the neutral mechanical axis range ± 3° but 
has more to do with the preoperative deformity 
and resulting state of a contracted stiff soft tissue 
envelope we often see in a varus knee. Also the 
author’s (JAK) goal was to correct to within a 3° 
window of a neutral mechanical axis and not a 
goal of 0° alignment so that limited soft tissue 
releases were performed with that goal in mind.

RCAS-TKR that features virtual planning and 
robotic assistance not only helps to assure accu-
racy but can also save time and stress in difficult 
deformity cases. Our study showed that in one 
surgeon’s hands, managing severe deformities in 
the coronal and sagittal planes only added 
3–5 minutes of time on average [12]. This was 
achieved by intraoperatively assessing the 
patient’s own pre-resection kinematics, formulat-
ing a virtual plan, and executing and validating in 
real time that plan’s execution. Important intra-
op corrections large or small are achieved easily 
and quickly, such as resecting more distal femur 
or proximal tibia, adding slope, or releasing soft 
tissues with real-time computer feedback and 
data not just “blind” visual confirmation and 
“feel” commonly used in traditional methods. 
The final alignment page (Fig. 17.2j) and graphi-
cal analysis quantify the final intra-op coronal 
and sagittal alignments as well as the soft tissue 
balance of the TKR, assuring the surgeon that he 
or she achieved what they originally planned: 
good correction of the pre-op deformity, restora-

tion of the proper mechanical alignment, and 
having a well-balanced knee with an improved 
arc of motion.

Many studies have documented improve-
ments in achieving mechanical alignment to 
within 3° of neutral, with reported success rates 
in the ranges of 89–99% [40–42]. RCAS-TKR 
not only offers this degree of extreme accuracy 
but also delivers this to a now quantifiable higher 
level of efficiency. In the author’s (JAK) current 
series now over 1000 successful implantations 
with OMNIBotics, the current average tourni-
quet time is 41 minutes with a >99.0% level of 
accuracy of achieving a neutral mechanical axis 
as we have improved our limited soft tissue bal-
ancing techniques. Ritter et  al. [36] have pub-
lished their retrospective results on over 5300 
consecutive traditional TKR surgeries. They 
found knees with a preoperative deformity ≥8° 
varus or 11° valgus had a 4.3X> risk of early 
failure (aseptic loosening) than knees within the 
neutral range. They also found that knees with 
large deformities corrected to the neutral range 
had the lowest risk of early failure as compared 
with those under or over corrected. Ritter also 
found that knees regardless of preoperative 
deformity that were corrected to the neutral 
range (2.5°–7.5° of anatomic valgus) had the 
lowest risk of failure. Finally this prolific sur-
geon, teacher, and researcher of TKR reported 
that only 70% of all their knees were corrected to 
within the neutral range. This means that 30% of 
his TKR population were outliers that were sub-
ject to higher risk and rates of early failures from 
aseptic loosening and probably malalignment 
and instability or stiffness. In our current series 
now out over 1000 consecutive surgeries with 
OMNIBotics RCAS-TKR, we only report an 
outlier rate of <1% and never out by more than 
1° varus or 1.5° valgus. We have no revisions in 
this group for aseptic loosening or instability; we 
have had 4 late infections ≥9  months post-op 
that did require one or two stage revision surgery. 
We have only seen 1 or 2 lateral releases in this 
1000 case series, and we feel that is because we 
are doing a better job of getting the proper femo-
ral rotation planned and executed. We conclude 
that using RCAS-TKR significantly lowers the 
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rate of TKR alignment outliers and thus the rate 
and percentage of early failures and complica-
tions associated with malalignment, early loosen-
ing, stiffness, and pain.

Klima and Josten [43] reported longer femoral 
guide positioning times in their navigation tech-
niques than we observed in our study: 11 minutes 
average for freehand navigation and 6  minutes 
for positioning of adjustable blocks (what JAK 
calls increased fiddle factor time). With our 
robotic cutting guide, we have demonstrated that 
femoral robotic guide positioning and prepara-
tion (boney cuts and validation) has been reduced 
to 5 minutes which is comparable if not more 
efficient than traditional TKR showing that the 
OMNIBotics system and RCAS-TKR are both 
more accurate and efficient as compared with tra-
ditional techniques and manual navigation with-
out automation. Our study has also shown that, 
after 20–25 cases, we were able to consistently 
perform accurate and efficient RCAS-TKR’s in 
about 49 minutes of tourniquet time, even when 
we were teaching other surgeons on the use of the 
system [17]. Moreover the small increases of 
minutes of surgical time we observed for severely 
deformed knees and for obese patients were not 
due to longer computer or robotic times as that 
stayed constant under ≤ 5 minutes. The slight 
increase in surgery times was rather related to 
more intensive soft tissue exposures, going back 
and performing limited soft tissue releases and 
validating them real time, or careful removal of 
posterior osteophytes to re-establish the posterior 
recess and extension, which are all inherent to the 
more complex cases. It is likely we have saved 
time via more accurate planning of increased 
bone resections and soft tissue and ligament 
releases, and not having to go back and recut and 
rebalance later. Most importantly the improved 
level of accuracy achieved as compared with tra-
ditional techniques was there from the first case 
to the last case in the series.

This is unlike previous studies published on 
patient-specific instruments (PSI) that report an 
accuracy level similar to traditional TKR [44, 45]. 
The combination of an individually programma-
ble streamlined workflow, easy-to-interpret intui-
tive GUIs, virtual planning with constant intra-op 

feedback, and robotic precision with fine surgical 
control has certainly led to this extreme level of 
accuracy, precision, and efficiency.

Traditional TKR and PSI cannot provide this 
highly accurate and valuable intraoperative feed-
back as they both leave the computer out of the 
OR where you need it most. It is important to not 
only consider surgery time when comparing PSI 
techniques against other surgical techniques as 
there is additional time associated with the sur-
geon logging on to a computer to do his or her 
surgical plan statically outside of the operating 
room or confirming pre-op planning from an off-
site software engineer. There is additional time 
and effort and cost associated with the office 
arranging and authorizing the scans as well as the 
patients’ time and effort going for them and the 
co-pays associated with these scans. Using these 
static technologies such as PSI appears to remove 
one of the biggest benefits that this technology 
affords us; without RCAS-TKR, one loses the 
dynamic feedback and the instantaneous intraop-
erative validation associated with the steps of 
planning, bone resecting, soft tissue balancing, 
and final implant placement. It is our observed 
belief that RCAS-TKR maximizes the techno-
logical benefits helping to make surgeons better 
by providing constant feedback on bone resec-
tions and soft tissue envelope balancing.

�Future Perspectives

We believe the next significant advancement in 
RCAS-TKA technologies will be directed 
toward intelligent active guidance systems for 
knee soft tissue balancing. We have recently 
introduced the active spacer, a novel active ten-
sioning system that can be used for predictive 
stability-based implant planning as well as for 
assessment of final soft tissue balance after 
bone resections have been performed 
(Figs.  17.1 and 17.2) [46, 47]. Preliminary 
results in cadavers have demonstrated that 
when using active computer-controlled liga-
ment tensioning, we are able to predict the 
effects of implant placement on the soft tissue 
envelope throughout the range of motion with 
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a root-mean-square accuracy of approximately 
1.6  mm [48]. Thus, the trade-off between 
boney alignment and soft tissue balance can be 
assessed before making cuts such that the knee 
is balanced throughout the ROM once the 
implants are in place, minimizing the amount 
of soft tissue releases required. Additionally, 
use of an active spacer that can precisely adjust 
its height to replicate the range of trial insert 
sizes and heights can significantly reduce the 
amount of trialing instrumentation required in 
the OR, thereby reducing costs and intraopera-
tive complexity. It can also provide quantita-
tive tension data to help the surgeon select the 
optimum tibial insert height and provide a 
record of the final tension the implant was left 
in which would allow us to correlate surgical 
techniques and balance to outcomes. Early 
clinical data has demonstrated that the system 
is accurate in predicting postoperative laxity 
in  vivo [49] and that the angle at which the 
knee is balanced at in extension (i.e., at 0° or at 
10° flexion) can significantly affect the shape 
of the knee laxity profile in early extension and 
in mid-flexion, suggesting that the implications 
of planning at 0° or at 10° flexion should be 
taken into consideration depending on the clin-
ical circumstances of the case [50].

�Conclusions

RCAS-TKA technologies have advanced signifi-
cantly since their first introduction in TJR over 
25  years ago [51]. More cost-effective, time-
efficient, extremely accurate, versatile systems 
are now available that do not require preoperative 
imaging and work in synergy with the surgeon to 
achieve an optimally balanced and aligned knee 
with high reproducibility and short learning 
curve. Clinical data on the OMNIBotics system 
has demonstrated accurate and reproducible 
implant placement and leg alignment, high 
patient satisfaction, and knee functional out-
comes, along with a shortened length of stay and 
reduced 90-day readmission rates when com-
pared with conventional manual instrumentation. 
By integrating RCAS-TKA into a standardized, 

coordinated evidence-based clinical care path-
way, we have demonstrated that coupled with 
excellent quality indicators and short-term 
results, a further reduction in the overall cost per 
episode of care is attainable in a bundled pay-
ment reimbursement model.
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Total Knee Arthroplasty 
Technique: ROSA® Knee

Gregg R. Klein, Dugal James, and Jess H. Lonner

Conventional wisdom from decades of scrutiny 
regarding the mechanisms of failure in total knee 
arthroplasty (TKA) has been that precise bone 
resections within 2 or 3 degrees of variability 
from a neutral mechanical axis are of paramount 
importance to ensure implant durability and limit 
mechanical failures. Twenty years ago, compo-
nent malalignment, malposition, and instability 
were common reasons for failure [1]. Despite a 
better understanding of the importance of achiev-
ing acceptable component alignment and soft tis-
sue balancing during TKA, as well as 
improvements in instrumentation, implant mate-
rials, and designs that make them more durable 

and accommodating of even subtle “errors,” the 
incidence of failures related to instability, 
malalignment, or malposition is between 2.9% 
and 20.7% [2–4]. Some now suggest that a nar-
row range of component or limb alignment is less 
important than soft tissue balancing for success 
and durability in TKA [5, 6]. Still others have 
argued that positioning the limb and components 
in alignment with the native anatomy may better 
restore kinematics and soft tissue balance [7]. To 
be clear, however, despite the newer tolerances of 
“imprecision” or “malalignment,” positioning the 
components or limb beyond some acceptable 
range, particularly when coupled with soft tissue 
imbalance, can lead to failure and thus must be 
mitigated [8].

Robotic tools were developed explicitly to 
optimize bone preparation and enhance limb and 
component alignment and position. Furthermore, 
semiautonomous robotic systems provide the 
additional and important vehicle for quantifying 
soft tissue balance in TKA, with the expectation 
that these elements, in concert, will improve 
kinematics, stability, functional outcomes, and 
durability [9]. At this time, the preponderance of 
data shows that compared to conventional man-
ual methods of bone preparation, robotics shows 
greater precision and less variability in compo-
nent alignment, with fewer outliers [10–14]. 
Additionally, robotic assistance can effectively 
quantify resection orientation in kinematic 
alignment methods for TKA, with commensurate 
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alterations in the need for, or extent of, soft tissue 
releases [15] while minimizing the misjudgments 
and the frequency of errors of tibial and femoral 
coronal plane resections and femoral rotational 
resections in the so-called “kinematic” approach 
to TKA [16]. Notwithstanding the above-
mentioned controversies on optimal alignment in 
TKA, robotic assistance should be able to deliver 
on a particular surgeon’s preferences regarding 
targeted alignment [8]. Ongoing study is para-
mount to track functional outcomes and durabil-
ity with newer robotic systems that combine 
precision of bone preparation and quantified soft 
tissue balancing. This chapter will review the 
early experience with the ROSA Knee robotic 
system (Zimmer Biomet, Warsaw, IN) for TKA.

�ROSA Knee Robot System 
Description

First used in Australia in 2018, ROSA Knee robot 
(Fig. 18.1) received 510K clearance for use for 
TKA by the US Food and Drug Administration in 
January 2019. While some orthopedic robotic 
systems require the integration of additional 
advanced preoperative imaging studies, such as 
CT scans, for planning and integration for bone 
preparation [9, 10], ROSA Knee does not. ROSA 
Knee is unique in that it has two options for case 

creation and plan development. One option is the 
morphing of a three-dimensional virtual model 
derived from the synthesis of data from preopera-
tive plain radiographs with discrete surface bone 
and cartilage landmarks registered by the surgeon 
intraoperatively, serving as a check and balances 
approach to minimize inaccuracies from use of 
erroneous data. Compared to CT scans, the use of 
plain radiographs is less costly, requires less radi-
ation exposure, and is less inconvenient to the 
patient, as no additional visits are required. The 
second option, which appears to be equally accu-
rate, does not require any preoperative imaging 
and uses exclusively intraoperative bony and car-
tilage landmark acquisition as the guiding data 
input for three-dimensional modeling, intraoper-
ative decision-making, and resection plans.

ROSA Knee is a robotically assisted semiau-
tonomous surgical system that provides a con-
tinuum of data analysis derived from integration 
of the 3D model, intraoperative bone surface 
mapping and landmark registration, and soft tis-
sue laxity measurements to augment the ability 
of surgeons to position surgical instruments, per-
form bone resections, and assess the balance of 
the soft tissue envelope in TKA surgery. It uses a 
captured resection model to precisely execute the 
preoperatively and intraoperatively determined 
patient specific plan. There is no constraint of the 
saw blade, in order to allow the surgeon to main-
tain the tactile “feel” of cutting the bone, although 
the resection guides are robotically constrained.

The ROSA Knee robot system has two main 
components which are positioned on opposite 
sides of the operating table. A robotic unit which 
consists of a robotic unit (robotic arm and touch 
screen) and an optical unit (the camera, position-
ing arm and touchscreen). The robotic arm con-
tains three unique robotic modes to facilitate ease 
of use and provide safety during the procedure. In 
the automatic mode (orange color screen frame), 
the robotic arm will move to a predetermined 
position as directed by the computer system. In 
the collaborative mode (green color screen 
frame), the robotic arm will move if the surgeon 
applies a gentle force to the arm so the surgeon 
can manually move the arm to a desired position. 
In the stationary mode (gray color screen frame), Fig. 18.1  The ROSA Knee Robot system
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the robotic arm will lock in place, other than 
allowing translation of the block tangential to the 
planned resections, as it is otherwise robotically 
constrained.

At the end of the robotic arm is the ROSA 
Knee TKA cut guide, which can be used with any 
of the Zimmer Biomet TKA implants (Persona®, 
NexGen®, and Vanguard ®). The robot unit, 
optical unit, instruments, and patient are linked 
by optical reference frames.

�ROSA Preoperative Planning

While preoperative modeling is unnecessary, 
some surgeons will prefer the option of using 
preoperative radiographs to begin planning the 
surgery. In those circumstances, preoperative 
X-rays using conventional radiographic equip-
ment are taken. X-ray technologists, trained on 
the technique, secure a re-usable calibrated X-ray 
marker to the patient’s thigh and calf via a Velcro 
strap. Standing long leg AP and lateral radio-
graphs are performed from the hip to the ankle. 
Most conventional radiographic systems can per-
form this procedure. The two-dimensional radio-
graphic data is then uploaded to as secure portal, 
and a three-dimensional virtual model of the 
patient’s bony structure and articular surfaces is 
created. If the surgeon prefers entirely image-free 
planning, without supplemental radiographs, 
then the surgeon can also effectively model, plan, 
and carry out surgery with ROSA Knee with 
precision.

�ROSA Knee Procedure

�OR Setup

The patient is placed supine on the operating 
table. The surgeon and the robot are positioned 
on the same side of the patient, and the optical 
system is positioned on the other (Fig. 18.2). The 
ROSA Knee system will allow the surgeon to 
stand on either side of the patient as per their 
standard surgical technique. The robot is posi-
tioned at the level of the patient’s hip and is 

angled approximately 45° relative to the table. A 
leg holder is not required to perform a ROSA 
Knee robotic procedure but can be helpful in sta-
bilizing the leg.

Draping and calibrating the robot are per-
formed by the surgical technologist and operat-
ing room staff either prior to or during the surgical 
exposure. This is guided on screen in a step-by-
step fashion.

�Tracker Placement

The trackers should be installed prior to, or after, 
arthrotomy and surgical exposure. The femoral 
tracker is placed approximately 4 fingerbreadths 
proximal to the skin incision parallel to the long 
axis of the bone. Pins can be inserted percutane-
ously or through a small incision. It may be help-
ful to flex the knee during tracker insertion to 
avoid tethering the quadriceps. Two self-drilling 
and self-tapping fixed fluted pins (3.2 × 150 mm) 
are inserted on power in the center of the femur 
achieving bicortical fixation. The femoral refer-
ence tracker is secured to the pins, as close to the 
bone as possible without impinging on the skin, 
roughly 1–2 cm from the skin.

The tibial tracker is placed roughly 4 cm dis-
tal to the skin incision. The tibial pins must be 
placed distal enough not to interfere with the 
keel preparation of the tibial component but at 
the same time trying to insert the pins in 

Fig. 18.2  View of the setup of robot within the operating 
room
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metaphyseal bone to minimize risk of pin site 
fracture. Two self-drilling and self-tapping 
fixed fluted pins (3.2  ×  150  mm) are inserted 
bicortically along the long axis of the tibia 
angled toward the optical camera. The tibial 
reference tracker is placed as close to the bone 
as possible without compressing the skin. The 
stability of the pins and reference trackers 
should be confirmed, as movement during the 
procedure could result in errors in cuts or posi-
tioning. These tracker positions will ensure 
visualization by the optical camera during the 
surgical procedure through a full range of knee 
motion without interfering with, or being inter-
fered by, the robotic arm (Fig. 18.3).

�Landmark Registration

Once the trackers are placed, it is necessary to 
map, register, and digitize a series of bony and 
surface cartilage landmarks of the knee and 
limb. Again, this information can be morphed 
with the preoperative radiographs at the sur-
geon’s discretion. The femoral head center is 
established by capturing 14 distinct positions of 
the hip during circumduction. The distal femo-
ral canal entry point is obtained next, and the 
mechanical axis of the femur is thus deter-
mined. Further landmark registration points of 
the distal femur includes the posterior condyles, 
anterior trochlear groove, posterior trochlear 
groove, medial and lateral distal condyles, the 
medial and lateral epicondyles, and the anterior 
cortex. The posterior condyles are used to 
determine the posterior condylar axis, and the 

anterior and posterior trochlear groove is used 
to determine the A/P axis. The anterior cortex is 
used for femoral sizing and A/P translational 
positioning and to determine if notching will 
occur. When landmarking articular surfaces, 
the ROSA Knee registration Pointer tip should 
not pierce the cartilage.

Landmarking of the tibia includes capturing 
the medial and lateral malleoli distally, the medial 
third of the tibial tubercle, the tibial canal entry 
point, the PCL insertion, and the medial and lat-
eral plateau resection references. The system 
then determines the mechanical and rotational 
axes of the tibia.

�Knee Evaluation

Once the landmarks are registered, the surgeon 
has the option to perform a Knee Evaluation. 
This is performed at three time periods during the 
procedure: initial, intraoperative, and postopera-
tive after the implants are inserted. The knee is 
moved through a range of motion and ROSA 
Knee will quantify and save the following char-
acteristics of the knee: range of motion, align-
ment, and medial, and lateral compartment gaps 
(Fig. 18.4). The values obtained can then be used 
to guide implant position, size, orientation, and 
soft tissue balancing.

The Laxity test is performed by either contin-
uously moving the knee through a range of 
motion while applying varus and valgus stresses 
or bringing the knee to a series of discrete angles 
while applying a varus or valgus stress. The sys-
tem defaults to recording values at 0° and 90°; 
however, an option exists to also record gap lax-
ities at 30, 45, 60, and 120°, based on the sur-
geon’s preferences.

The Initial state is the status of the knee prior 
to significant soft tissue releases and osteophyte 
removal. At this time, flexion contractures and 
coronal deformities can be quantified. The 
Intra-Op state is the same evaluation procedure 
after the knee has been balanced and prepared, 
including soft tissue balancing and osteophyte 
resection. This can be repeated multiple times to 
evaluate the effect soft tissue releases will have 

Fig. 18.3  Position of tracking arrays to avoid interfer-
ence with the robotic arm
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on the balance of the knee. The Final state is 
assessed after resections have been made and tri-
als or final implants are inserted. Based on stabil-
ity and positioning parameters at this point, 
further releases or adjustments in bone resections 
can be made to improve flexion or extension, 
coronal compartmental balance, sizing, etc. In 
addition, this test can be done at any time to see if 
specific surgical changes will influence the 
results.

�Planning Panel

The planning panel is used intraoperatively to set 
the femoral and tibial component sizes and posi-
tions and orientations of bone resections 
(Fig. 18.5a, b). All parameters of the bone cuts 
and implant sizing and positions can be manipu-
lated on screen to give a “virtual” understanding 
of the balance of the knee based on the planned 
implant positions. Manipulation of the implants 
will give “live” feedback on alignment and gaps 
(Fig.  18.6). Ultimately ROSA Knee will assist 
the surgeon in carrying out the cuts, precisely fol-
lowing the plan of resection.

�Resection Panel

The Resection panel is where ROSA Knee soft-
ware will guide the surgeon to perform the distal 
femoral resection, proximal tibial resection and 
femoral rotation resections by guiding the robotic 
arm with the cut guide to the appropriate position 
to perform the cuts and prepare the bone.

The sequence of bone cuts  – either tibia or 
femur first – can be individualized based on the 
surgeon’s preference. If the surgeon chooses to 
use the ROSA Knee femoral rotation soft tissue 
tensioning algorithm, it is necessary to perform 
the distal femoral and proximal tibial resection 
prior to making the anterior, posterior, and cham-
fer femoral cuts with application of the 4-in-1 
cutting block. If the surgeon chooses to use stan-
dard measured resection protocol, the femoral 
rotation can be determined by the posterior con-
dylar axis or the A/P axis.

�Proximal Tibial Resection

The proximal tibial resection tab is selected. The 
foot pedal is pressed to bring the robotic arm to the 

Fig. 18.4  The knee is brought through a range of motion without stressing the ligaments and then with varus and val-
gus stress to determine range of motion, as well as medial and lateral gap laxity or tightness
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tibial cut plane in automatic mode. This will bring 
the arm in the appropriate cut plane close to the 
bone. The ROSA Knee arm will then stop, enter 
collaborative mode, and the surgeon will need to 
apply a gentle force to the cut guide to move it to 
contact the anterior tibial cortex. In collaborative 
mode, the guide’s cut orientation, depth, and slope 

will be robotically constrained, although the guide 
remains free to move medially and laterally. With 
the foot pedal pressed, a pin is placed through the 
cut guide into bone. On screen, data will show live 
cut values. If values are acceptable, the second pin 
can be placed. A standard manual saw cut through 
the robotically constrained guide is performed, 

a

b

Fig. 18.5  After registering points on the knee surfaces and limb, planning of implant sizing, position, orientation of 
resections, and gap balancing are performed (in both extension (a) and flexion (b)
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without any constraint of the saw itself, in order to 
enhance ergonomics. The pins are removed, and 
the foot pedal is pressed to move the arm away 
from the bone. The validation tool is placed on the 
tibial resection to confirm the cut values corre-
spond with the plan.

�Distal Femoral Resection

Once the screen tab for distal femoral resection is 
selected, the foot pedal is pressed to bring the 
robotic arm to the femoral cut plane in automatic 
mode. This will bring the arm in the appropriate 
cut plane close to the bone. The arm will then stop 
and ROSA Knee will enter collaborative mode, 
after which the surgeon will apply a gentle force 
to the cut guide to move it to the bone. In collab-
orative mode, the cut plane, slope, volume, and 
orientation are robotically maintained, but medial 
and lateral movement will be possible until the 
guide is pinned. With the foot pedal pressed, a pin 
is placed through the cut guide into bone. On 
screen, data will show live cut values. If values are 
acceptable, the second pin can be placed. Again, a 

manual saw cut is then made through the roboti-
cally constrained guide (Figs. 18.7 and 18.8). The 
pins are removed, and the foot pedal is pressed to 
move the arm away from the bone. The validation 
tool is placed on the distal femur to confirm the 
cut values correspond with the plan.

�Femoral Rotation Using ROSA Knee 
Rotation Tool

An optional feature of ROSA Knee is the 
Femoral Rotation Tool, which guides the ante-
rior and posterior rotational cuts of the femur 

Fig. 18.6  Virtual assessment of gap balancing can inform the orientation of resections, implant positioning, and sizing, 
as well as soft tissue releases

Fig. 18.7  ROSA Knee robot stabilizing the tibial cutting 
guide on the anterior tibia for the proximal tibial resection
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based on a balanced flexion gap. If this option is 
selected, the ROSA Knee system will provide 
quantitative information about ligament laxity in 
flexion and extension after the surgeon performs 
a “pull” or distraction test. With the knee in 
approximately 90 degrees of flexion, a manual 
pull test is performed. Lamina spreaders or a 
Zimmer FuZion® instrument can be used to 
equally tension the medial and lateral compart-
ments in flexion. ROSA Knee will record the 
flexion gap values and assess femoral compo-
nent rotation. The 4-in-1 femoral resection can 
now be performed based on the data obtained by 
the ROSA Rotation tool.

�Femoral 4-in-1 Measured Resection 
Method

The 4-in-1 resection tab is selected, and the foot 
pedal is depressed to move the robotic arm to the 
distal femur. The robot enters the collaborative 
mode, and the guide is placed on bone, aligning it 
according to the predetermined parameters as 
described above (referenced from the AP axis of 
the femur, posterior femoral condyles, or based 
on ligament tension with the knee in 90 degrees 
of flexion). The distal femur is drilled through the 
robotic cut guide. The robotic arm is removed 
from the field, and the 4-in-1 cut is performed 
using the cutting block.

�Implantation

The trial implants are then manually provision-
ally implanted, and the postoperative knee state 
evaluation can be performed to assess the knee 
balance and range of motion. If the results are 
approved, proceed with final manual implanta-
tion. If alignment, range of motion, or balance is 
not satisfactory, the surgeon can return to the 
planning tool to adjust surface preparations or 
redo component position as desired.

�Results

The early data in 30 TKAs performed with the 
ROSA Knee robot shows a high level of precision 
of tibial and femoral bone resection orientations 
and alignment. Compared to historical controls 
using conventional manual techniques or com-
puter navigation in TKA, ROSA Knee has fewer 
outliers [17]. When using ROSA Knee robot for 
TKA, 99.9% of limb hip-knee-angles were within 
±3 degrees of the plan, as compared to 87.2% 
when using conventional computer navigation or 
69.9% with manual instrumentation [17]. 
Additionally, with ROSA Knee, 99% of coronal, 
sagittal, and rotational alignment parameters 
were within 3 degrees of the plan when using 
ROSA Knee, compared to the substantially 
greater percentage of outliers that have been 
reported with computer navigation and manual 
instrumentation (Table 18.1). Further analysis of 
quantified soft tissue balance and functional out-
comes with ROSA Knee is not yet available.

�Summary

Despite recent debate regarding tolerable levels of 
“imprecision” in TKA, malalignment beyond 
some acceptable range (particularly when coupled 
with soft tissue imbalance) can lead to failure and 
is thus undesirable. Early evidence with ROSA 
Knee robotic system suggests that not only is the 
technology effective at restoring or achieving the 
planned orientation of femoral and tibial bone 

Fig. 18.8  Resection through the distal femoral cutting 
guide
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resections, but also quantifying soft tissue balance, 
with a rapid learning curve and acceptable surgical 
efficiencies. Further clinical follow-up will be 
needed to corroborate our expectation that intraop-
erative, real-time mapping of a patient’s anatomy 
and motion, coupled with augmented precision of 
bone resection, implant position and soft tissue 
balance provided by ROSA Knee will facilitate 
personalization of TKA procedures and improve 
functional outcomes and durability.
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Total Knee Arthroplasty Technique: 
TSolution One (Robodoc)

Ming Han Lincoln Liow, Pak Lin Chin, 
and Seng Jin Yeo

�Background

The Robodoc system (Curexo Technology, 
Fremont, CA) was the first robotic system to be 
used in orthopedic surgery in 1992 [1]. Robodoc 
is an active-autonomous, image-based, robotic 
milling system that enables the surgeon to attain 
a consistently accurate implant component posi-
tioning [2]. It was developed originally to 
improve bony ingrowth and address the high 
intraoperative fracture rates associated with the 
use of cementless total hip arthroplasty (THA). 
Initial human trials were conducted in 1992, and 
Germany was an early adopter of this technology 
in 1994 [3]. The technology and accompanying 
software was relatively immature, resulting in 
high rates of complications in early trials. This 
was a significant setback to the advancement of 
robotic technology, and the United States Food 
and Drug Administration (FDA) only approved 
Robodoc 14 years later in 2008 [4]. However, the 
technology continued to evolve and improve to 
overcome the initial setbacks. In September 
2014, Curexo Technology Corporation changed 
its name to Think Surgical Inc.

Although initially designed solely for femoral 
canal preparation, Robodoc can be used today for 
total knee arthroplasty (TKA) surface prepara-
tion through active-autonomous milling. This has 
expanded the orthopedic surgeon’s armamentar-
ium for TKA, enabling the surgeon to reproduce 
technical excellence via accurate component 
placement and attain an ideal hip-knee-ankle 
(HKA) mechanical axis (MA) reliably [2]. The 
Robodoc system is capable of achieving these 
technical feats through an image-based preopera-
tive planning system which allows the surgeon to 
create, view and analyze the surgical outcome in 
3D. These 3D rendered images allow the surgeon 
to anticipate optimum resection depth, restore 
HKA MA through deformity correction and 
select predetermined component sizes. This 
capability is particular important in TKA as com-
ponent positioning is paramount to the success of 
the procedure. The ability to have a surgical end-
point prior to the surgery is a unique capability o 
Orthopedic robotic-assisted surgery [5].

Restoration of the mechanical axis (MA) 
within 3° has been reported to be associated with 
better clinical outcomes and implant survivorship 
[6–8]. Robodoc has been shown to achieve reduc-
tion of MA outliers through precise and accurate 
component implantation [9]. The accuracy and 
precision of component positioning have been 
attributed to the following factors. First, a cus-
tomized distal femoral resection angle is used as 
opposed to a fixed resection angle (5–6°) used in 
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conventional TKA.  A fixed resection angle has 
been associated with coronal plane mechanical 
axis deviation [10]. Second, accurate preopera-
tive determination of the rotational alignment of 
the femoral component can be achieved with 
robotic-assisted TKA.  In contrast, estimation 
using either the transepicondylar axis, Whiteside’s 
line or posterior condylar axis has only 65–80% 
accuracy [11]. Third, robotic-assisted milling of 
bone surfaces results in errors of 0.15–0.29 mm 
versus 0.16–0.42  mm in a conventional proce-
dure using an oscillating saw [9]. This is impor-
tant as a maximum distance of 0.3–0.5  mm 
between bone and the implant may impair osse-
ous integration in noncemented femoral implants 
[12]. The inaccuracies in hand-held bone sawing 
may also result in implant alignment variability 
by up to 1.1° of varus/valgus and 1.8° of flexion/
extension, even if the cutting guides are placed 
perfectly [13]. Lastly, temperature of bone is 
maintained within the threshold of 44–47 °C with 
constant irrigation and control of the robotic 
milling speed. Temperatures beyond this thresh-
old result in bony injury and compromised 
implant fixation and are frequently encountered 
during the use of an oscillating saw in conven-
tional surgery [14].

Despite all these advantages, there is still a 
paucity of long term, high-quality data that dem-
onstrates the efficacy of Robodoc TKA. Majority 
of existing literature has demonstrated improve-
ments in radiological outcomes with no signifi-
cant differences in functional scores [2, 15, 16], 
with only one study reporting subtle improve-
ments in health-related quality of life measures in 
Robodoc patients [17]. Questions regarding radi-
ation risks, prolonged surgical duration and cost-
effectiveness remain unanswered. The objectives 
of this chapter are to describe: (1) Robodoc surgi-
cal technique; (2) limitations and complications; 
and (3) clinical and radiological outcomes.

�Robodoc Surgical Technique

Indications for robotic-assisted TKA using the 
Robodoc system are similar to conventional 
TKA. Ideal patients should be older than 60 years 

old, have body mass index <25 kg/m2, end-stage 
osteoarthritis, mild to moderate coronal defor-
mity, a fixed flexion deformity less than 15° and 
intact neurovascular status of the affected limb. 
Relative contraindications include obese patients 
with severe coronal deformity >15°, fixed flexion 
deformity >15°, inflammatory arthropathy and 
ligamentous laxity.

Preoperative radiography (anteroposterior, 
lateral, skyline, long-leg films) and computed 
tomography (CT) of the affected lower limb are 
performed. A fine-cut (<3 mm) CT scan is essen-
tial for the preoperative “virtual surgery.” The 
CT images are imported into the ORTHODOC 
workstation (Curexo Technology Corp, Seoul, 
Korea) for image-based preoperative planning 
(Fig. 19.1). The data enables the creation of hip/
knee/ankle joints surface models, allowing the 
surgeon to identify anatomical landmarks and 
definition of the HKA MA. The desired mechan-
ical axes are determined for the femur and tibia 
separately. Robodoc is an “open” platform which 
allows the surgeon to select virtual femoral and 
tibial implants based on the type / size of 
implant required (posterior-stabilized or 
cruciate-retaining). The virtual implants are 
matched onto the surface models to attain a vir-
tual HKA axis of 180° with a sagittal, posterior 
tibial slope in accordance with prosthesis manu-
facturer’s instrumentation guide. Femoral com-
ponent rotation is parallel to the transepicondylar 
axis. Tibial component rotation in the axial plane 
is based off the posterior cruciate insertion point 
and a point marking the medial 1/3 width of the 
tibial tuberosity. Time taken for “virtual surgery” 
is approximately 15–20 minutes. The preopera-
tive image-based plan is finalized generated for 
each patient and saved onto a compact disc.

This preoperative image-based plan is 
uploaded to Robodoc prior to surgery. Robodoc is 
draped and prepared in a sterile manner. A thigh 
tourniquet is applied and the leg is fixed using a 
custom foot holder and thigh support (Fig. 19.2). 
A midline, conventional incision followed by a 
standard medial parapatellar approach, with 
patella eversion and patelloplasty, was performed. 
Stabilization pins, navigation markers and bone 
movement monitors were put in place and work-
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space checks conducted prior to the rigid mating 
of the patient to Robodoc. Upon completion of 
workspace checks, the patient is rigidly connected 
to Robodoc via two transverse stabilization pins 
in the distal femur and proximal tibia. These two 
pins are connected to a special fixation frame 
mounted on Robodoc (Fig.  19.3). The surgeon 
will identify anatomic landmarks on the femur 
(Fig. 19.4) and the tibia (Fig. 19.5) and digitize 
these points as part of the registration process. 
Upon completion, Robodoc will match the preop-
erative image-based plan with the intraoperative 
registration, thereby formulating a milling work-

space for the femur and tibia in three dimensional 
space.

The surgeon activates Robodoc which pro-
ceeds to complete all femoral and tibia bone cuts 
via the robotic miller (Fig.  19.6). The surgeon 
maintains control over the milling cutter via a 
manual override safety button. This process is 
aided by constant water irrigation for cooling and 
the removal of milling debris. Soft tissue balanc-
ing and a trial of the predetermined femur and 
tibia components are performed once the milling 
process is completed. Finalized components were 
cemented, and stability, patellar tracking and 
range of motion were assessed. Patella can be 
selectively resurfaced based on the degree of car-
tilage wear. An intrasynovial and intramuscular 
analgesic injection is given if there are no contra-
indications. Wound closure is performed in a rou-
tine fashion via layered closure with absorbable 
monocryl skin sutures. Postoperatively, all 
patients received standard mechanical and phar-
macologic thromboprophylaxis. Rehabilitation 
in accordance with the integrated care pathway 
was prescribed. Weight-bearing radiographies 
(anteroposterior, lateral, skyline, long- leg films) 
are performed at the specialist outpatient clinic at 
one-month follow-up.

Fig. 19.1  Virtual surgery conducted using ORTHOdoc workstation

Fig. 19.2  Customized foot and thigh holder
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Fig. 19.3  Rigid mating of the patient to Robodoc

Fig. 19.4  Digitization of femoral landmarks

Fig. 19.5  Digitization of tibial landmarks

Fig. 19.6  Robotic miller working on femur

�Limitations and Complications 
of Robotic-Assisted TKA

Robodoc TKA has not been proven to be cost-
effective due to the lack of long-term survivor-
ship and outcome data. In addition, Robodoc is 
an image-based system and a preoperative CT 

scan is required for all patients undergoing 
Robodoc TKA, exposing patients to avoidable 
radiation that is not required in conventional pro-
cedures [18, 19]. Of note, there are other robotic 
TKA systems such as which are imageless, how-
ever, these systems lack preoperative planning 
data and are unable to verify the registration 
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points with preidentified anatomic landmarks. In 
addition, they frequently rely on optical markers 
which suffer from line of sight issues. Both 
imaged-based and imageless systems still rely 
heavily on accurate identification of bony land-
marks to ensure that the preoperative strategy is 
carried out as planned. Regardless, incorrect reg-
istration will result in execution of the preopera-
tive plan in a wrong plane, which can be 
catastrophic.

Workspace related errors are common for 
Robodoc and occur when Robodoc perceives that 
the knee is outside the miller’s working range. 
The current system performs planned cuts within 
the predetermined 3D workspace and does not 
have fail-safes or the ability to differentiate 
between difference tissue types. This requires the 
surgeon to move soft tissues away from the path 
of the miller, or stop Robodoc to prevent damage 
to soft tissues during the procedure. New system 
updates need to address the possibility of soft tis-
sue detection to prevent iatrogenic injury, capa-
bility to perform soft tissue balancing and allow 
modification of the preoperative plan during sur-
gery if there is a need for augments or constraint 
[20]. Attention to proper positioning of the 
patient and Robodoc prior to rigid coupling and 
strict compliance with Robodoc-led workspace 
checks will reduce the risk of such errors.

Related to workspace errors, the lack of intra-
operative versatility while using Robodoc results 
in abandonment and conversion to a conventional 
procedure, resulting in time and monetary losses, 
as well as unnecessary radiation. Such cases have 
been reported to be as high as 22%, and it is 
essential to understand, anticipate and prevent 
such occurrences [21].

Procuring a Robodoc system (Fig. 19.7) does 
not guarantee better outcomes or a return of the 
investment. A high capital (USD 800,000) and 
recurring cost per patient (USD 1500) are 
required to operate a robotic surgical system in 
our institution. Cost and other regulatory hurdles 
including government and insurance companies 
continue to resist adoption of expensive, new 
technology which has not demonstrated definite 
cost-effectiveness [22]. In addition, initial unfa-
miliarity and the inevitable learning curve for 

surgeons who opt to use Robodoc will result in 
prolonged surgical duration, which will add to 
indirect costs.

However, it has been reported that arthroplasty 
centers with robotics may experience greater 
market growth when compared to centers without 
robotics [23]. A recent study has also used a 
Markov decision analysis model to demonstrate 
that robotic-assisted unicompartmental knee 
arthroplasty is more cost-effective than conven-
tional surgery when there is less than 1.2% fail-
ure rates at 2 years and more than 94 cases are 
performed annually [24]. Based on advances in 
robotics in other fields, cost-effectiveness and 
efficacy of robotic-assisted TKA will continue to 
improve over time and allow it to be adopted as a 
mainstream TKA procedure.

Fig. 19.7  Robodoc system. (Courtesy of Curexo, Seoul, 
Korea)
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Robodoc is an open platform which allows 
different manufacturer implants to be used in 
accordance to surgeon’s preference or patient’s 
individualized needs. Open platforms such as 
Robodoc provide surgeons with the convenience 
of inbuilt 3D implant data for multiple designs 
but may theoretically lack the depth of biome-
chanical kinematic data present in closed plat-
forms which use proprietary implants.

In our institution’s experience, rigid position-
ing of the lower extremity during Robodoc pro-
cedure may have resulted in two cases of soleal

vein thrombosis. This has prompted us to 
ensure sufficient wool padding when applying 
the Robodoc surgical leg holder. Though widely 
reported in Computer Assisted Surgery, we did 
not experience any pin-site related complications 
such as pin site infections or periprosthetic frac-
tures. In addition, we did not have any cases of 
periprosthetic infection which were attributed to 
prolonged surgical duration.

�Clinical Outcomes

Robotic-assisted TKA has demonstrated clinical 
success and excellent radiological outcomes. 
Multiple studies comparing Robodoc assisted 
TKA and conventional TKA have reported 0% 
outliers in the Robodoc assisted group [2, 9, 16]. 
Kim et al. recently demonstrated good radiologi-
cal and clinical outcomes of Robodoc TKA in 
end-stage hemophilic arthropathy with severe 
bony deformity and destruction [25]. However, 
there is a paucity of long-term clinical outcomes 
of Robodoc TKA, with short and mid-term stud-
ies demonstrating no significant difference in 
functional outcomes when compared to conven-
tional TKA. Park and Lee compared outcomes of 
robotic-assisted TKA with conventional knees 
and reported no differences in Knee Society 
Scores at a mean follow-up of 4  years [26]. 
Interestingly, Song et al. reported higher but non-
statistically significant HSS and Western Ontario 
and McMaster Universities (WOMAC) health-
related quality-of-life (HRQoL) scores in the 
Robodoc cohort in 2 studies [15, 16]. Similarly, 
our institution reported subtle improvements in 

HRQoL measures, noting significantly larger 
percentage of Robodoc patients attaining 
Minimal Clinically Importance Differences 
(MCID) in SF-36 HRQoL scores [17]. This may 
represent an early indication of improved func-
tional outcomes associated with accurate joint 
alignment restoration after robotic-assisted TKA.

�Conclusion

Current literature indicates that robot-assisted 
TKA consistently improves overall mechanical 
alignment and reduces variability with some 
emerging evidence supporting definite improve-
ments in clinical outcomes. Will the improved 
component positioning, enhanced mechanical 
alignment and correction of joint-line lead to bet-
ter long-term functional outcomes, higher satis-
faction rates and implant longevity? Should 
surgeon remain cautious and delay adoption of 
robotic-assisted TKA until the day it demon-
strates cost-effectiveness and provides better 
value for patients than conventional TKA?

We are at the ‘preindustrial’ phase of the 
robotic surgical evolution and it is difficult to pre-
dict the type of technological innovation that will 
continue to transform robotic-assisted 
TKA. Future innovations include improvements 
of robotic TKA workflow, advanced intraopera-
tive gap balancing sensors, new biomimetic 
implant designs which can replicate prearthritic 
knee kinematics and robotically controlled 
instrumentation and soft tissue balancing.

In conclusion, robotic TKA technology will 
continue to grow and revolutionize Orthopedic 
surgery. Robotic technology is advancing rapidly 
today and will gradually become an indispens-
able adjunct to the Orthopedic surgeon, allowing 
optimization of patient-specific arthroplasty.
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The era of the modern day hip replacement was 
heralded by the seminal work of Sir John 
Charnley and the Low Friction Arthroplasty. 
Charnley recognized the importance of load 
transfer across the joint and that for THA to 
remain durable, the need for implant fixation [1] 
and appropriate materials [2]. The early results of 
THA have been nothing less than spectacular. At 
20-year follow-up, the results of the original 
cemented total hip cohort demonstrated a 6% 
loosening rate of the acetabular component and a 
2% loosening rate on the femoral side [3]. 
Unfortunately, with longer term follow-up as 
younger cohorts entered the 3rd decade, loosen-
ing rates on both the femoral and acetabular side 
increased significantly [4]. In this concise report 
on cemented Charnley implants in patients under 
the age of 50, only 46% of patients were revision-
free, suggesting the limitations of cement fixa-
tion. What has evolved over the ensuing 2 decades 
has been the gravitation toward cementless fixa-
tion which has greatly improved survivorship 
even in the group of younger, more active 
patients. McLaughlin [5] reported his results of 
minimal 20 years of follow-up on patients under 
50  years of age demonstrating a 0% loosening 
rate on the femoral side. These data clearly 

suggest that fixation of hip arthroplasty is becom-
ing more predictable.

Unfortunately, failure remains an issue in 
THA.  Bozic and investigators [6] using aggre-
gated United States inpatient sample data found 
that the most common cause for revision was 
instability (22.5%) followed by mechanical loos-
ening (19.7%). While these data represent sam-
pling from 2005 through 2006, mechanical 
loosening includes both failure of cemented 
implants, failure of first generation uncemented 
implants, and osteolysis-driven loosening. What 
is clear from this study is that instability and 
bearing related failure poses a risk for the long-
term success of THA.

Instability has been suggested to be multifac-
torial including patient factors, implant factors, 
and surgical factors including implant position 
[7]. It has a long held orthopedic tenet that 
implant alignment has an effect upon the risk of 
instability after THA [8]. Lewinnek described 
what has long been an accepted concept of a 
“safe-zone” for acetabular position to mitigate 
the risk of instability. His concept of approxi-
mately 40° of abduction and 15° of anteversion 
appeared logical and has been the desired align-
ment goal. While recently some have questioned 
this “static” picture of optimized implant position 
[9], in general most surgeons agree that this tar-
get position appears reasonable to achieve a sta-
ble articulation.

In addition to reducing the risk of instability, 
reducing acetabular positioning outliers also has 
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an impact on bearing wear. Kligman [10] and 
coauthors were able to demonstrate that higher 
abduction angles were clearly associated with 
increased polyethylene wear in a cohort of pri-
mary THA. The mechanism of this added wear 
has been suggested to be the result of the vector 
of loading attributable to the joint reaction force. 
In addition, poor composite implant position can 
lead to prosthetic implant impingement. 
Impingement has been demonstrated in retrieved 
implants and may have a profound impact on 
both articular as well as backside wear [11, 12]. 
From these data, it is readily apparent that opti-
mized implant position is crucial to ensuring 
long-term survivorship as well as minimizing 
risk of instability and bearing wear. The question 
has been how best to ensure predictable implant 
positioning.

Reproducible implant positioning unfortu-
nately remains elusive using unaided instrumen-
tation. In a critical review of a series of over 2000 
THAs performed at a high-volume center by 
experienced arthroplasty surgeons, Callanan [13] 
found that only 50% of acetabular components 
were within the desired range of abduction and 
anterversion using a modification of the Lewinnek 
“safe-zone” as their target. Even with mechanical 
guides, the range of implant position is quite vari-
able. In a series of primary THA that I performed 
using one of these instruments, the range of 
implant abduction spanned from 22° to 57° with 
a target goal of 40 [14]. While variations in 
patient positioning on the operating table in the 
lateral decubitus position may have certainly 
played a role in this wide range, it is clear that 
these results are not acceptable. These observa-
tions have stimulated many surgeons to pursue 
alternative strategies to improve implant 
alignment.

There was and remains an interest in 
enabling technologies to accomplish this goal 
and began initially with computer navigation. 
Navigation  – whether using image-guided or 
imageless techniques – was greeted with some 
level of enthusiasm and adoption into routine 
practice. One of the limitations of navigation 
however has been the inconsistent reproduc-
ibility of acetabular component anterversion. 

In a study looking at minimally invasive THA 
using free-hand versus imageless navigation, 
Sendtner observed an improvement in implant 
positioning, however there was a fairly wide 
variability in acetabular anteversion and more 
consistency in achieving the desired abduction 
angle [15]. It has been these observations that 
have led to the interest in robotic assistance as 
a tool for enabling improvement in total hip 
positioning.

Robotic-assisted total hip arthroplasty (rTHA) 
was first introduced as an active robotic system 
over 25  years ago [16]. Active robotics can be 
thought of as self-driven. The basics of this 
robotic system was based upon the principles of 
computer-aided design and manufacturing. Once 
the preoperative plan is derived, computer-driven 
mechanical burrs and reamers are enabled to 
accurately prepare bone for prosthetic implanta-
tion. These investigators were able to validate the 
precision and accuracy of this process for bone 
preparation and implantation. While embraced 
by many centers, detractors of active robotics cite 
a lack of direct control during surgical proce-
dures. As a result of this, alternatives to active 
robotics has evolved.

In the late 1990s, researchers at Z-KAT Inc. 
began working on a novel robotic system for 
medical applications. The unique approach to 
computer-assisted surgery focused upon the use 
of haptics to guide the surgeon in performing 
medical tasks. The field of haptic guided robotics 
relates to the sense of touch and proprioception. 
The haptic guidance defines the boundaries 
within which the surgeon can “operate” thus 
retaining control during the procedure. Z-KAT’s 
original technology was based upon the “Whole 
Arm Manipulator” or WAM which was devel-
oped in conjunction with researchers from 
Massachusetts Institute of Technology (MIT), 
USA.  In 2004, Z-KAT became Mako Surgical 
and its team led by Rony Abovitz and Arthur 
Quaid demonstrated proof of concept in the use 
of haptically guided technology in the field of 
orthopedics. The first clinical application was uti-
lized in performing partial knee arthroplasty. Its 
use in total hip arthroplasty was a logical exten-
sion of the technology.
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�Technique

Haptically guided total hip arthroplasty using the 
Mako system (Stryker, Fort Lauderdale, FL) 
originates with preoperative computerized tomo-
graphic imaging of the patient’s pelvis and proxi-
mal femur, including select sectioning of the 
distal femur to determine condylar axis which 
allows calculation of version. From these images, 
pelvic and hip anatomy are precisely measured 
and a team of segmentation specialists confirm 
the patient’s bony architecture. Regions of inter-
est include hip length, offset, as well as femoral 
version (Fig.  20.1). Length and offset can be 
compared to the contralateral side if desired. 3-D 
planning for total hip arthroplasty is then 
undertaken.

Default acetabular component position is 
placement in the anatomic position, defined at the 
level of the inter-teardrop line, with cup abduc-
tion of 40° and anterversion of 20°. Anteversion 
is relative to the plane of the CT gantry. In deter-
mining sizing of the acetabular component, the 
planning boundaries are the medial extent of 
“Kohlers line,” inferior to the obturator foramen 

and the superolateral boundary of the subchon-
dral plate. The “planned” cup position can be 
modified in all three planes: medial-lateral / 
cephalad-caudad / and anterior-posterior. The 
“planned cup” position often results in a change 
in the location of the center of rotation and this 
should be accommodated for by appropriate 
adjustments on the femoral side (Fig. 20.2).

At this time, 3-D planning for the femoral 
component is performed. Using implants whose 
CAD models have been incorporated into the 
planning software, an accurate determination of 
the optimal stem can be determined. Factors to 
note include the impact of stem geometry upon 
length, offset and version. Femoral version must 
be taken into  account in determining the degree 
of desired acetabular version (Fig.  20.3a). The 
concept of combined version as described by 
Dorr [17] is useful in adjusting version accord-
ingly. Recognizing that there is often little lati-
tude in adjusting version on the femoral side, 
especially when utilizing uncemented fixation, 
socket version adjustments should be made in 
order to achieve the desired combined effect. At 
this point, preoperative planning is complete.  

Fig. 20.1  Haptically guided total hip arthroplasty using the Mako system (Courtesy of Stryker, Fort Lauderdale, FL) 
originates with preoperative computerized tomographic imaging of the patient’s pelvis, including hip length, offset, as 
well as femoral version
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A computer prediction of what the final recon-
struction should look like can be seen on the 
computer screen (Fig. 20.3b).

The principle of haptically guided hip arthro-
plasty requires that there is accurate information 
flow to and from the robot and the computer that 
drives its function. Precise knowledge of where 
the patient is in space as well as the working 
aspect of the robot, the end effector, is critical for 
the system to function. Before actual surgical 
incision occurs, robot registration is performed. 
To accomplish this, the end effector of the robotic 
arm is equipped with an array that has a series of 
reflective markers (Fig. 20.4a, b). In addition to 
the end effector, the robot position itself is cap-
tured by tracking an array attached to the front of 
the robotic housing (the base array). A light 
source placed typically at the head of the operat-
ing table and the arrays are tracked to establish 
the location of robotic system in space. Once the 
robot has been registered, surgical exposure may 
commence.

Haptically guided total hip arthroplasty may 
be accomplished using a variety of surgical 

approaches although it was initially described 
using the posterolateral approach. The only mod-
ification of surgical exposure is the need to place 
tracking arrays into the pelvis. Most surgeons 
place tracking pins into the iliac crest although it 
is possible to place pelvic array pins within the 
wound. Pelvic tracking pins can be placed at any 
time of the surgery prior to acetabular 
preparation.

Following surgical exposure, femoral registra-
tion is performed. An array is placed into the 
proximal femur as well as a smaller checkpoint 
screw to verify accuracy of registration. Multiple 
points along the proximal femur, as dictated by 
the computer software, are obtained using the 
registration probe (Fig.  20.5). These multiple 
points verify the anatomy as defined by the pre-
operatively obtained CT scan. An acceptable 
error for registration should be less than 0.5 mm. 
Once the femur has been registered, an exact 
level of femoral neck osteotomy is determined 
based upon the preoperative plan.

Based upon the previous concept of combined 
anteversion, femoral preparation is performed 

Fig. 20.2  The “planned cup” position often results in a change in the location of the center of rotation with adjustments 
on the femoral side
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first. “Ream and broach” or “broach only” tech-
niques may be used. Once the final broach is 
inserted, a measurement of center of rotation as 
well as version can be made (Fig. 20.6). Based 
upon these findings, adjustments in socket orien-
tation such as either increasing or decreasing 
anteversion may be made. In addition, changes to 
femoral implant choice which may affect leg 

length and offset can be considered at this time as 
well.

Socket preparation begins with pelvic regis-
tration. Pelvic tracking pins either in the iliac 
crest or “in-wound” should be in place. A pelvic 
check point which can be used at any time to 
ascertain the integrity of registration and array 
placement is then inserted. Similar to femoral 

a

b

Fig. 20.3  (a) Femoral version must be taken into account in determining the degree of desired acetabular version.  
(b) A computer prediction of what the final reconstruction should look like can be seen on the computer screen
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registration, pelvic registration is accomplished 
by using the probe to verify multiple bony land-
marks in proximity to the acetabular vault 
(Fig. 20.7). These points again should conform to 
the anatomic model obtained from the preopera-
tive CT scan. Once registration is complete, 

haptically guided acetabular preparation is ready 
to begin.

Acetabular reaming is performed within a 
haptic cone: meaning that while the tip of the 
reamer is constrained, the reamer is permitted to 
move within a conical area in order to remove 

a

b

Fig. 20.4  (a, b) Before a surgical incision occurs, robot registration is performed by the end effector of the robotic arm, 
which is equipped with an array that has a series of reflective markers
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predetermined amount of bone. This feature 
allows the surgeon to remain in control of the 
reaming function (Fig. 20.8a, b). Some surgeons 
prefer to use a single reamer of the size compat-
ible with the acetabular component to be 
inserted. My preference is to use sequential 
reaming (multiple reamers) to avoid the reaming 
basket getting overfilled with removed bone and 
monitor all planes of bone removal. Remember, 

if your registration is erroneous, then inadvertent 
depth and orientation of bone removal is 
possible.

Following acetabular bone removal, acetabu-
lar component insertion proceeds. The acetabular 
component is attached to the end effector and 
after final verification of registration error, cup 
impaction proceeds. Unlike acetabular reaming, 
cup insertion occurs with line haptics, meaning 
the system will not allow deviation from the 
plane and the component orientation is “held” in 
the predetermined orientation (Fig.  20.9). Once 
the acetabular component is in place, confirma-
tion of position is established by acquiring 5 
points around the periphery of the cup using a 
probe (Fig. 20.10) and final orientation is estab-
lished. This typically will conform to the preop-
erative plan but minor deviations may occur 
especially upon impaction in instances of 
extremely dense sclerotic bone. At this point, 
after placement of the acetabular line, the hip is 
reduced. With arrays on the femur as well as the 
pelvis, the reduction results are seen. Change in 
length as well as offset based upon the new center 
of rotation is observed. Based upon these 

Fig. 20.5  Femoral registration occurs at multiple points along the proximal femur, as dictated by the computer 
software

Fig. 20.6  Once the final broach is inserted, a measure-
ment of center of rotation as well as version can be made
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Fig. 20.7  Pelvic registration is accomplished by using the probe to verify multiple boney landmarks in proximity to 
the acetabular vault

a b

Fig. 20.8  (a, b) Acetabular reaming is performed within a haptic cone. (a courtesy of Stryker, Kalamazoo, MI, USA)
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observations, the surgeon will either replace the 
trial implant with the actual implant or an implant 
with differing length or offset as needed to reach 
the desired goals.

�Validation

�Preclinical

This type of enabling technology is the culmina-
tion of the efforts on the parts of engineers, com-
puter software experts, implant designers and 
surgeons. Prior to its clinical use, preclinical vali-
dation to ensure not only precision and accuracy 
but safety was essential. Given that the premise of 
this technology was the superiority to traditional 
“manually” inserted hip components, the goal of 
the initial work [18] was to compare and contrast 
manual versus robotically assisted hip arthro-
plasty in a series of cadaveric specimens. Six pel-
vis-to-foot cadaveric specimens (12 paired 
acetabula) underwent both standard AP radio-
graphs as well as CT scanning according to estab-
lished protocol as part of the preoperative planning 
for haptically guided total hip arthroplasty. 
Variable of socket placement as well as leg length 
and offset were also included. Each specimen was 
randomized to receive one manually inserted THR 
and the opposite would receive a robotically 

Fig. 20.9  Cup insertion occurs with line haptics, mean-
ing the system will not allow deviation from the plane and 
the component orientation is “held” in the predetermined 
orientation. (Courtesy of Stryker, Kalamazoo, MI, USA)

Fig. 20.10  Once the acetabular component is in place, confirmation of position is established by acquiring 5 points 
around the periphery of the cup using a probe
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guided THR.  All procedures were performed 
using a posterolateral approach by a single sur-
geon experienced with both techniques. The pri-
mary outcome of interest was acetabular 
component position with the target goal of 40° of 
abduction and 20° of anteversion. The manual 
procedures were aided by the use of a commercially 
available hand-held alignment guide. The robotic 
procedures were performed using the protocol as 
outlined above. Following implantation, all speci-
mens underwent postoperative CT scanning. The 
differences between planned and actual were cal-
culated by using a CT-based 3-D registration 
method (Fig. 20.11). The CT scans were aligned 
using the same pelvic coordinating plane and the 
differences between the preoperative plan and the 
postoperative cup orientation could be deter-
mined. Accuracy of cup position was determined 
by calculating the root mean square (RMS) errors.

The results of this initial validation work dem-
onstrated that errors in component position were 5 
times greater for cup inclination and 3.4 times 
greater for acetabular version using manual inser-
tion techniques than robotic assistance (Fig. 20.12). 
These results confirmed the improved precision 
and accuracy of this haptically guided system over 

manual insertion techniques and supported the 
enthusiasm for clinical adoption.

�Clinical

As with any new technology, while basic science 
work to establish proof of concept is critical, ulti-
mately translation of novel ideas to clinical prac-
tice will be required for widespread adoption. 
One of the first clinical validation studies per-
formed as a multi-institutional study from four 
US centers including members of the original 
surgeon design team [19]. Thirty patients from 
each site (120 hips) were recruited for this inves-
tigation. All patients underwent primary total hip 
arthroplasty using the RIO® (Robotic Arm 
Interactive Orthopaedic System, Mako). All 
patients had surgery performed in the lateral 
decubitus position using a cementless hemispher-
ical acetabular component. Preoperative CT 
scanning was performed per protocol. Intended 
preoperative abduction was 40°. Planned cup 
anteversion was based upon achieving a com-
bined cup-stem anteversion of 25–40° depending 
upon clinical parameters such as gender and 

Fig. 20.11  Following implantation, all specimens underwent postoperative CT scanning, with the differences between 
planned and actual procedure calculated using a CT-based 3-D registration method
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activity. Postoperative assessment of component 
position was determined by obtaining 
anteroposterior (AP) pelvis and cross table lateral 
radiographs and using the Martell Hip Analysis 
Suite™ for both abduction and version. The 95% 
predictive intervals using the preoperative plan 
and the intra-operative robotic arm measure-
ments were 3.5° for inclination and 3.6° for ver-
sion. The consistency for inclination and version 
from preoperative plan to intra-operative mea-
surements and finally to postoperative measure-
ments is seen in Table 20.1. The results of this 
study clearly demonstrated that vast improve-
ment in acetabular component placement preci-
sion contrasted with traditional techniques of 
insertion relying upon either manual instruments 
or anatomic landmarks.

�Clinical Studies

Since this report, there have several other clinical 
studies looking at the precision of this technique. 
Kanawade et  al. [20] reported the results of 38 

patients undergoing total hip replacements 
(THRs) using this robotic technique. Using post-
operative CT as a measure of implant position, 
these authors demonstrated that implants were 
within 5° of intended target 88% for inclination 
and 84% for version. Domb et al. [21] reported 
on their early experience using the robot com-
pared to a group of conventionally inserted 
THRs. These authors found that all (100%) of the 
robotic-assisted sockets were within the desired 
“safe zone” contrasted to 80% of the convention-
ally inserted implants.

The utility of this technology has also been 
demonstrated in cohorts that have been tradition-
ally associated as outliers for component posi-
tion. Historically, obesity has been shown to 
compromise accurate implant positioning, with a 
higher proportion of outliers, when using conven-
tional methods. Gupta [22] and investigators 
were able to establish that there was no impact of 
BMI on the precision and accuracy of socket 
placement using robotically assisted THR. Some 
have questioned whether robotic-assisted tech-
nology is necessary in light of recent advances in 
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of this initial validation 
work demonstrated that 
errors in component 
position were 5 times 
greater for cup 
inclination and 3.4 times 
greater for acetabular 
version using manual 
insertion techniques than 
robotic assistance

Table 20.1  The Average Inclination and Anteversion Values of the Acetabular components in the Study, Showing the 
Preoperative Plan, Measures Recorded Interoperatively, and Those Measured from Plan Radiographs Using the Martell 
Method

Preoperative Plan Intraoperative Robotic Arm Measurements Martell Radiographic Measurement
Inclination 40.0 ± 1.2° 39.9 ± 2.0° 40.4 ± 4.1°
Version 18.7 ± 3.1° 18.6 ± 3.9° 21.5 ± 6.1°
Count (n) 119 119 110

From Elson et al. [19], with permission
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using alternatives such as fluoroscopic guidance. 
Kamara [23] et al. studied a high volume center’s 
experience achieving component placement 
using manual, fluoroscopically aided and robotic-
assisted techniques for total hip arthroplasty. 
These authors concluded that in their experience, 
robotically assisted methods resulted in signifi-
cant and immediate improvement in component 
precision compared to the other techniques. 
These findings were mirrored by Illgen and coau-
thors [24] who compared socket positions among 
three cohorts: early career results manually, 
10 years later in practice with manual tools and 
finally his first 100 robotic-assisted THRs. In the 
robotic-assisted group, 77% of implants were in 
the “safe-zone” while his early manual results 
demonstrated only 30% within the desired target 
and 10 years later only improved to 45%.

While there is clear consensus that robotically 
assisted hip arthroplasty has improved precision 
in implant orientation, what is less clear is the 
impact of this technology upon improvement in 
clinical outcomes. Bukowski et al. [25] compared 
to cohorts: a series of 100 robotic aided THRs 
with a consecutive series of manually performed 
THAs. Outcome measures of interest included 
the SF-12, WOMAC, University of California, 
Los Angeles (UCLA) activity scores and the 
modified Harris Hip Score. At a mean follow-up 
of approximately 1 year, the robotic group dem-
onstrated significantly better Harris Hip scores 
and UCLA activity scores than the manual group. 
However, there was no difference observed in 
either the WOMAC or SF-12 outcomes.

In a critical analysis of robotic-assisted hip 
arthroplasty, Newman et al. [26] performed a sys-
tematic review of the literature assessing clinical 
outcomes. While component position and align-
ment was statistically improved using the robotic 
technology, it was difficult to demonstrate short 
term improvement in patient reported outcomes. 
Some of the previously mentioned studies [18, 
21] have demonstrated that the use of a roboti-
cally assisted system for THR results in a reduc-
tion in leg length discrepancy; however, 
improvements in clinical scores is currently not 
available with this system. Nonetheless, since the 
effects of improved implant positioning may only 

be best appreciated in the long term outcomes 
assessing wear and function, ongoing monitoring 
of patient performance is mandatory.

In summary, robotic-assisted total hip arthro-
plasty using the Mako Robot has without ques-
tion improved the precision and accuracy of 
acetabular component position and has been 
instrumental in improving metrics such as limb 
length and offset. The 3-D planning and execu-
tion using this platform is an exciting new step 
forward in improving hip arthroplasty. Coupling 
this technology with improved understanding of 
functional alignment of the hip as it relates to spi-
nopelvic disorders should be the next logical step 
in improving outcomes after hip replacement.
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Total Hip Arthroplasty  
Technique: TSolution One

William L. Bargar and Nathan A. Netravali

Total hip arthroplasty (THA) is widely performed 
to relieve pain and restore function in patients with 
end-stage osteoarthritis of the hip joint. It is typi-
cally a successful surgery with positive clinical 
outcomes and over 95% survivorship at 10-year 
follow-up and 80% survivorship at 25-year follow-
up [1, 2]. THA continues to grow within the USA 
with 284,000 primary THAs being performed in 
2009, and this number is expected to grow to over 
511,000 by 2020 [3]. The success of a hip replace-
ment depends on a number of factors including 
strong osteointegration to prevent femoral loosen-
ing [4, 5] and correct implant alignment which 
correlate with prolonged implant survivorship and 
reduced dislocation [6, 7]. Technological develop-
ments, including computer-assisted navigation 
and robotics, can increase the accuracy of implant 
placement and reduce outliers with the overall 
goal of improving long-term results. These tech-
nologies have shown significant improvements in 
implant positioning when compared to conven-
tional techniques [8].

The first active robotic system used in THA 
was ROBODOC (THINK Surgical Inc., Fremont, 
CA) and was based on a traditional computer-

aided design (CAD)-computer-aided manufac-
turing (CAM) system. The TSolution One system 
(Think Surgical Inc., Fremont, CA) is based on 
the legacy technology developed as ROBODOC 
and provides active preparation of the femoral 
canal as well as guidance and positioning assis-
tance during acetabular cup reaming and implant-
ing. The preoperative planning and surgical 
technique for TSolution One are described below 
in some detail based on the senior author’s 
(WLB) experience.

�Technique

The technique begins with preoperative planning 
based on a CT scan (Fig. 21.1). From this scan, a 
detailed 3-D reconstruction of the patient’s 
pathologic hip anatomy is created using the pre-
operative planning software, TPLAN. The user 
then creates a 3-D template of the surgical plan in 
TPLAN for both the femoral and acetabular por-
tions of the procedure. The user can select 
implants from an open library of 510(k) cleared 
implants, meaning that the user is not limited to a 
single implant design or manufacturer. The sur-
geon can control every aspect of implant posi-
tioning including rotation, version, fit and fill on 
the femoral side, and anteversion and inclination 
on the acetabular side (Fig.  21.2). Once the 
desired plan has been achieved, it is uploaded to 
TCAT.
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The TCAT robot is an active system based 
on CAD-CAM principles such that the robot 
follows a predetermined path. More specifi-
cally, it actively mills out the femoral cavity as 
planned within sub-millimeter accuracy. This is 
in contrast to a haptic system, where the user 
manually guides the robotic arm within a pre-
defined boundary. The acetabular portion of the 
procedure currently uses a standard reamer sys-
tem and power tools, but TCAT guides the sur-
geon to the planned cup orientation such that its 
position is maintained during reaming and 
impaction.

In the OR, the plan is uploaded into TCAT via 
a transfer media. The software requires the user 
to confirm the plan and patient as part of the sur-
gical “time out.” The system currently supports a 
posterolateral approach with a standard OR table, 
but the direct anterior approach is in develop-
ment. Once the hip joint is exposed and dislo-
cated, retractors are placed to protect the soft 
tissues and allow the robot its working space.

One procedural difference from the typical 
THA is that the femoral head is initially retained 
to fixate the femur relative to the robot (Fig. 21.3). 
A Schanz pin is placed in the femoral head and 

Fig. 21.1  Workflow with TSolution One. (Courtesy of Think Surgical Inc., Fremont, CA, USA)

Fig. 21.2  Implant 
positioning with 
TPLAN. The surgeon 
controls every aspect  
of implant positioning 
including rotation, 
version, fit and fill on 
the femoral side, and 
anteversion and 
inclination on the 
acetabular side
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then rigidly attached to the base of the robot 
(Fig. 21.3). A point-to-surface registration method 
is used to digitize the surface of the exposed bone 

using a probe attached to the robot called the digi-
tizer (Fig.  21.4). The TCAT monitor guides the 
surgeon through point collection by showing 
regions on the 3-D bone model based on the CT 
images. Once registration is complete, the milling 
begins with the cutter spinning at 80,000 rpm, and 
saline is used as irrigation to remove bone debris 
(Fig. 21.5). The actual milling process takes from 
5 to 15 minutes depending on the model and size 
of the implant.

As a safety feature, a bone motion monitor 
(BMM) is also attached to the femur along with 
two recovery markers (Fig.  21.5). The BMM 
immediately pauses the robot during any active 
bone milling if it senses femoral motion from the 
original position. The surgeon then digitizes the 
recovery markers to re-register the bone’s posi-
tion and resume the milling process.

For the acetabular portion of the procedure, 
the robot is again rigidly fixed to the patient’s pel-
vis along with the recovery markers. Once the 
surgeon has registered the acetabular position 
using the digitizer, the robotic arm moves into the 
preoperatively planned orientation (Fig. 21.6). A 
universal quick release allows the surgeon to 
attach a standard reamer to the robot arm and 
ream while the robot holds the reamer in place. 
Once the acetabular preparation is complete, the 
cup impactor is attached to the robotic arm, once 
again in the preoperatively planned orientation, 
and the implant is impacted into the patient 
(Fig. 21.7). Thereafter, the digitizer can be used 
to collect points on the surface of the cup and 
confirm the exact cup placement in comparison 
to the preoperative plan.

Fig. 21.3  Intraoperative fixation. Once the hip joint is 
exposed and disarticulated, retractors are placed to protect 
the soft tissues and allow the robot its working space. 
Schanz pins are placed in the femoral head and then rig-
idly attached to the base of the robot

Fig. 21.4  Intraoperative registration process. A point-to-
surface registration method is used to digitize the surface 
of the exposed bone using a probe attached to the robot 
called the digitizer. As safety feature, a bone motion mon-
itor (BMM) is also attached to the femur along with two 
recovery makers

a b

Fig. 21.5  Intraoperative cutting process. Once registration is complete, the milling begins with the cutter spinning at 
80,000 rpm (a), and saline is used as irrigation to remove bone debris (b)
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�Outcomes

Although the TSolution One system is new to the 
market, it shares fundamental principles of opera-
tion with the legacy system, ROBODOC, which 
has been used in thousands of clinical cases for 
both THA and TKA.  The data presented below 
represents a summary of the THA clinical studies 
(Table  21.1). The ROBODOC system only had 
the active preparation of the femoral canal and did 
not provide any guidance for the acetabular cup.

The first clinical cases in the USA with 
ROBODOC were described by Bargar et  al. [9] 
along with the first 900 THA procedures per-
formed in Germany. In the USA, these cases were 
part of a prospective, randomized control study 
with 65 robotic cases and 62 conventional control 

cases. The study demonstrated no differences 
between the groups when looking at functional 
outcomes at 3 months, 1 year, and 2 years, postop-
eratively. Radiographically, the robot group had 
improved fit and component positioning. The 
robot group also had significantly increased surgi-
cal time and blood loss but no femoral fractures, 
while there were three fractures in the control 
group. In Germany, they reported on 870 primary 
THA’s and 30 revision THA cases. The Harris hip 
scores rose from 43.7 preoperatively to 91.5 post-
operatively in the primary cases at 24  months. 
Complication rates were similar to conventional 
techniques, except there were no intraoperative 
femoral fractures in these robot cases.

There have been several prospective random-
ized clinical studies comparing the ROBODOC 
system with a conventional technique. Honl et al. 
[10] included 74 robotic cases and 80 conven-
tional cases and found statistically significant 
improvements in limb-length equality and varus-
valgus orientation of the stem in the robotic 
cases. Excluding the revision cases, they found 
that Harris hip scores, limb length differentials, 
and prosthetic alignment were improved in the 
robotic group at both 6 and 12 months. Nakamura 
et al. [11] compared at 75 robotic cases and 71 
conventional cases. They found that the robotic 
group had improved JOA scores at 2 and 3 years, 
postoperatively, but by 5  years, the differences 
were gone. The robotic group had a smaller range 
for leg length inequality (0–12 mm) compared to 
the conventional group (0–29  mm). They also 
found that at both 2 and 5 years, postoperatively, 
there was more significant stress shielding of the 
proximal femur suggesting greater bone loss in 

Fig. 21.6  Intraoperative acetabular registration. For the 
acetabular portion of the procedure, the robot is again 
fixed to the patient’s pelvis along with the recovery mark-
ers, and the surgeon registers the acetabular position using 
the digitizer

Fig. 21.7  Intraoperative cup placement. Once the acetab-
ular preparation is complete, the cup impactor is attached 
to the robotic arm, once again in the preoperatively 
planned orientation, and the implant is impacted into the 
patient

Table 21.1  Summary of clinical studies using 
ROBODOC for THA.  All values presented are for 
ROBODOC/conventional where available

Study Procedure No. cases
Bargar et al. US [9] THA 65/62
Bargar et al. Germany [9] THA 900/−
Honl et al.  [10] THA 61/80
Nishihara et al.  [14] THA 75/−
Nishihara et al.  [12] THA 78/78
Hananouchi et al.  [13] THA 31/27
Schulz et al.  [16] THA 143/−
Nakamura et al.  [11] THA 75/71
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the conventional group. Nishihara et  al. [12] 
compared two groups that each had 78 subjects 
and found significantly better Merle D’Aubigné 
hip scores at 2 years postoperatively in the robotic 
group. There were five intraoperative fractures in 
the conventional group compared with none in 
the robotic group. The conventional group also 
had greater estimated blood loss, higher than 
expected vertical seating, an increased use of 
undersized stems, and less accurate femoral ante-
version. However, the robotic cases did take 
19  minutes longer than the conventional cases. 
Hananouchi et  al. [13] looked at how precise 
robotic milling could lead to effective load trans-
fer from implant to bone. They compared peri-
prosthetic bone remodeling in 31 robotic hips 
and 27 and used dual energy X-ray absorptiome-
try (DEXA) to measure bone density. They found 
significantly less bone loss in the proximal peri-
prosthetic areas in the robotic group compared to 
the conventional group; however, there were no 
differences in the Merle d’Aubigné hip scores.

In 2004, Nishihara et  al. [14] evaluated the 
accuracy of femoral canal preparation with the 
original pin-based version of ROBODOC. Instead 
of the point-to-surface registration used in other 
studies, this version required fiducial markers to 
be placed in the bone prior to the CT scan. They 
found, in 75 cases of THA, that the differences 
between the preoperative plan and the postopera-
tive CT were less than 5% in terms of canal fill, 
less than 1 mm in gap, and less than 1° in medio-
lateral and anteroposterior alignment with no 
reported fractures or complications.

Lim et  al. [15] looked specifically at short-
term femoral stem implants to determine align-
ment accuracy and clinical outcomes. In a group 
of 24 robotic cases and 25 conventional cases, the 
robotic cases had significantly improved stem 
alignment and leg length inequality with no sta-
tistically significant differences in Harris Hip, 
WOMAC scores, or complications at 24 months.

Complications with the use of ROBODOC 
have been reported in some studies. Schulz et al. 
[16] reported on 97 of 143 consecutive cases per-
formed from 1997 to 2002 and stated that 9 tech-
nical complications that occurred. They classified 
five instances of the BMM pausing cutting and 

requiring the user to re-register as a complica-
tion, when this safety system worked as designed 
to prevent unwanted bone cuts and harm to the 
patient. The remaining complications included 
two femoral shaft fissures requiring wire cer-
clage, one case of damage to the acetabular rim 
from the milling device, and one defect of the 
greater trochanter that was milled. These four 
complications were in contrast to other studies 
with ROBODOC [9, 11, 12, 14] which did not 
report similar complications, and the rate found 
in this study was comparable to a conventional 
technique. Despite these reported complications, 
functional outcomes and radiographic outcomes 
were comparable to conventional techniques.

In the study by Honl et  al. [10] mentioned 
above, they found that dislocation was more fre-
quent in the group treated with robotic implanta-
tion since it occurred in 11 of the 61 patients 
compared with 3 of 80 in the control group. Also, 
recurrent dislocation and pronounced limping 
were indications for revision surgery in 8 of the 
61 patients treated with robotic implantation 
compared with none of the 78 treated with man-
ual insertion. Rupture of the gluteus medius ten-
don was observed during all of the revision 
operations.

The complications reported in both of these 
papers can be attributed to human error rather 
than robot error. The surgeon has certain respon-
sibilities when using the system, among them are 
selecting an appropriate implant for each case, 
constructing an appropriate plan, giving the robot 
its workspace by retracting and protecting the 
soft tissues, as well as continuously monitoring 
the cutting with the control pendant in hand with 
the ability to stop the system at any point. By 
executing these responsibilities, the reported 
complications in these studies are considered 
preventable.

�Conclusion

Since 1992, when the first robotic surgery was 
performed in the USA using the ROBODOC sys-
tem upon which the current TSolution One is 
based, thousands of robotic hip replacements 
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have been performed worldwide. The clinical 
results have demonstrated that robotics clearly 
offers clear benefits in terms of accuracy and 
reproducibility. These benefits will likely trans-
late into improved long-term outcomes for 
patients [17].

Although much debate still exists regarding 
the “ideal position” for hip implants for each 
individual patient, it is clear that active robotic 
technology can help surgeons hit their targets. 
This technology may be the tool that will help 
determine ideal implant position since its use can 
help eliminate surgeon variability and allow vari-
ous alignment techniques to be compared. In any 
case, surgical robots have demonstrated clear 
improvements in precision that will likely trans-
late into improved long-term outcomes.
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Robotics in Spine Surgery: Uses 
in Development

Anthony E. Bozzio, Xiaobang Hu, 
and Isador H. Lieberman

Since the emergence of surgical robotic technol-
ogy in the 1980s, an obvious application of its 
uses has been in spinal surgery, where complex 
anatomy and the need for accurate implant posi-
tion exist. The additional goals of less invasive 
surgery, decreased operating time and radiation 
exposure, as well as the aim to improve patient 
outcomes have fueled the development of both 
guidance and navigation systems in spinal 
surgery.

�Guidance Versus Navigation

There are several commercially available sys-
tems used for spinal surgery that are either robotic 
guidance systems or navigation systems, and 
there are several key differences between the two.

Navigation systems in use today, such as 
SteathStation® combined with the O-arm® 
(Medtronic, USA), are based on intraoperative CT 
scans of the patient with stereotactic markers 
attached to fixed points, such a spinous process or 
posterior superior iliac spine. After the intraopera-

tive scan is complete, the CT scanner is taken 
away from the operative field, the stereotactic 
markers are left attached to the patient, and tools 
with additional stereotactic markers are registered 
to the patient using the SteathStation® which then 
gives real-time feedback displaying position and 
distances relative to the CT scan images. The sur-
geon then positions pedicle awls or drills in space 
and adjusts trajectories. A stylus can also be regis-
tered to the system to find anatomic landmarks 
prior to performing decompressions, or using a 
burr at the level of a pseudoarthrosis. Navigation 
systems rely on intraoperative imaging and real-
time image feedback in a virtual environment with 
surgeon adjustment to findings. In terms of accu-
racy, these systems have been found to be accurate 
and safe, although there can be differences of up to 
5.92 mm in projected versus final screw tip posi-
tion as detected in a study of 158 screws placed 
with navigation [1].

In comparison to navigation, robotic guidance 
systems rely on a preoperative plan that is created 
by the surgeon to position a guide in space for 
placement of instrumentation. Similar to naviga-
tion software, a separate workstation running an 
interface software facilitates the preoperative 
planning, intraoperative image acquisition and 
registration, kinematic calculations, and real-
time motion control of the guidance system. 
Rather than adjustment by the surgeon with a 
pedicle awl in response to images, the guidance 
system aligns predetermined trajectories for the 
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implants based on advance planning. The robotic 
systems do allow for intraoperative planning by 
obtaining an intraoperative CT scan. Likewise, 
should the need arise, robotic systems allow for 
intraoperative changes of the preoperative plan to 
facilitate intraoperative unanticipated variables.

�Robotic Systems

There are several robotic systems being devel-
oped for spinal surgery. The first system that was 
approved by FDA and currently in use is the 
Renaissance® and its second-generation Mazor 
X™ (Mazor Robotics Ltd, Caesarea, Israel) sys-
tems (Fig. 22.1). These are robotic guidance sys-
tems that work by pairing a preoperative CT scan 
to intraoperative fluoroscopy. The techniques of 
robotic spine surgery have been described previ-
ously [2, 3]. The basic steps include a preopera-
tive CT scan for preoperative planning on a 3D 
computer model. The plan is created by the sur-
geon prior to surgery and includes screw trajecto-
ries, lengths, and widths (Fig. 22.2). This plan is 
then uploaded to the workstation. Next, the stabi-
lization platform is mounted to the patient, either 

to spinous processes or posterior superior iliac 
spine (Fig.  22.3). The robotic system is then 
attached to the platform, thus linking it to the 
patient. Imaging registration and referencing are 
then performed with fluoroscopy and a reference 
frame that serves to position each individual ver-
tebra in 3-dimentional space with respect to the 
mounting platform (Fig.  22.4). The referencing 
works by identifying vertebrae as individual seg-
ments. Trajectories are then placed by sending 
the robotic guidance arm to each position as 
determined by the preoperative plan (Fig. 22.5). 
It is possible to alter these trajectories based on 
intraoperative decision-making.

Recently, FDA approved the ROSA robotic 
system (Zimmer Biomet, Warsaw, IN) and the 
Excelsus system (Globus Medical, Audubon, PA) 
for use in spine surgery. Both systems include a 
robotic arm with six degrees of freedom attached 
to a mobile floor-fixed base. A navigation camera 
is mounted to a second mobile base. They use 
intraoperative fluoroscopy or CT scan for plan-
ning. The robotic arm moves in concordance with 
the patient based on the navigation camera and 
tracking pins placed on the patient’s bony anat-
omy in reference to tracking spheres affixed to 
the robot [4].

�Clinical Applications

Robotic guidance systems can in theory be 
applied to almost any area of spinal surgery, but 
are most useful in situations that demand accu-
rate trajectories. Some examples of clinical uses, 
either open or percutaneous, include the 
following:

	1.	 Pedicle screws
	2.	 Translaminar screws
	3.	 Facet screws
	4.	 S2 alar and S2 alar iliac screws
	5.	 Drill paths for sacroiliac joint fusion
	6.	 Biopsies
	7.	 Drilling pseudoarthroses
	8.	 Tumor surgery
	9.	 Osteotomy planningFig. 22.1  The Mazor X robot system
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a

b

Fig. 22.2  (a, b) The preoperative planning using the Mazor X system
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�State of the Art (Available Literature)

The most common of all uses of guidance is ped-
icle screw placement as pedicle screws are the 
foundation of spinal fixation, providing both 
multidimensional control and necessary rigidity 
to facilitate fusion. These advantages have led to 
the widespread use of pedicle screws in different 
spinal diseases, such as degenerative, traumatic, 
and developmental spinal conditions [5].

�Accuracy and Safety

Pedicle screw placement is especially challeng-
ing in patients with severe deformities and/or 

prior surgeries. The rate of malpositioned pedi-
cle screws has been reported to range from 4.2% 
to 15.7% [6, 7]. In a 2010 article by Devito 
et  al., 80 patients with adolescent scoliosis 
curves averaging 66.5 degrees (range 46–95) 
underwent posterior spinal fusion with robotic-
assisted pedicle screw placement. They found 
that of the 1163 screws placed, 95.9% were in 
their precise locations, while 99.9% were clini-
cally acceptable. There were no device compli-
cations or screw revisions [8]. In a CT to CT 
comparison study by van Dijk et al., 178 roboti-
cally placed screws were compared in a CT 
overlay to the preoperative template. They 
found that 97.9% were within 2 mm of the tem-
plated plan comparing start point and angle of 
insertion and no screws were revised [9].

In a 2013 study by Hu et al., the accuracy of 
robotic-assisted screw placement in a consecu-
tive series of 102 patients was studied. Robotic-
guided screw placement was successful in 95 
patients. Of the 960 screws that were implanted 
using the robot, 949 (98.9%) were successfully 
and accurately implanted, and 11 (1.1%) were 
malpositioned, despite the fact that the majority 
of patients had significant spinal deformities 

Fig. 22.3  Mounting the stabilization platform on patient

Fig. 22.4  Automatic image registration for the robotic 
system

Fig. 22.5  Placing the pedicle screw with robotic 
guidance
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and/or previous spine surgeries. One of the 
inciting issues thought to cause this was “tool 
skiving”. This occurs when the drill guide is 
placed onto a sloping part of the bone and the 
sharp teeth do not engage fully; rather, they 
slide or skive off target prior to drilling the ped-
icle. Intraoperative anteroposterior and oblique 
fluoroscopic imaging used for registration was 
the limiting issue in four of the seven aborted 
cases as adequate registration could not be 
obtained [10]. Recently, Cannestra et al. retro-
spectively analyzed the outcome of 705 adult 
degenerative spine patients who were operated 
either with robotic-guided MIS approach or 
with fluoroscopic-guided MIS or open 
approaches. They found that robotic-guided 
MIS procedures are associated with signifi-
cantly decreased rate of surgical complications 
and revision surgeries [11].

�Learning Curve and Pitfalls

In terms of learning curve for this relatively 
new and advancing technology, Hu and 
Lieberman looked at this in a 2014 paper which 
found that after 30 cases, the need to abandon 
robotic guidance and use manual techniques 
diminished sharply. They also noted that the 
overall rate of malpositioned screws was rela-
tively similar over time. They used 162 consec-
utive cases in which the robotic system was 
used and divided them into five comparison 
groups representing different time points. In the 
first group, they found a 17% switch to manual 
screw placement, but in subsequent groups, the 
rates were between 4% and 7% [12].

As mentioned previously, tool skiving can cause 
malpositioned screws. This can occur when there is 
too much tension on the robotic guidance sleeve 
from soft tissues or when placing on a sloped part 
of the bone and allowing the tools to slide off tar-
get. Additional issues can arise if vigorous retrac-
tion that moves the patient or robot occurs. It is 
essential to ensure that when doing open cases, the 
dissection is complete prior to the registration pro-
cess, and in percutaneous cases to ensure the soft 
tissues are not pulling the aiming arm off target.

�Emerging Technologies

With the two complimentary technologies of 
navigation and robotic guidance currently in 
use, a desirable technology would be one that 
utilizes both the preoperative planning and 
guidance benefits of the robotic systems while 
also allowing the freedom of motion and sur-
geon adjustment that navigation systems pro-
vide. Pairing components of systems that work 
well together is the next step in advancing this 
type of surgery.

The O-arm® has been used intraoperatively 
to obtain CT scans for robotic planning pur-
poses already. This type of surgery that allows 
real-time operative imaging and planning will 
be a future direction as these two technologies 
merge together. Combining this with more 
rigid and longer reaching robotic guidance 
arms, as well as the potential for patient spe-
cific implants has the potential to improve 
accuracy, ease of use, and efficiency of the 
navigation/guidance systems.

The current robotic applications in spine 
surgery are passive in the sense that they pro-
vide guidance as determined by the surgeon 
beforehand. As the technology advances, there 
will be more semi-active and active robotics 
integrated which could be useful for osteoto-
mies, decompressions, and other applications 
where the robot can perform predetermined 
and templated portions of the surgery.

�Summary

The use of robotic systems in spine surgery can 
facilitate the accurate placement of spinal instru-
mentation, potentially reduce surgical complica-
tions, and improve the patient’s outcome. The 
systems can also be useful for other procedures 
such as kyphoplasty, biopsies, osteotomy plan-
ning, or tumor resection due to the advanced 
planning of trajectories. These systems have 
shown some advantages in minimally invasive 
spine surgery by allowing precise placement of 
pedicle screws while limiting radiation exposure 
in the operation room. At the meantime, further 
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well-designed studies are needed to advance the 
full role of robotics in spine surgery.

Surgeons must appreciate that the robot is not 
designed to replace the surgeon, rather to enhance 
the surgeon’s ability to treat patients [13]. It is 
merely a tool and not actually performing the sur-
gery. It is the surgeon who must understand how 
to both plan and perform the surgery and use the 
robotic guidance to enhance accuracy.
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…automation can be the ally of our prosperity if 
we will just look ahead, if we will understand what 
is to come, and if we will set our course wisely 
after proper planning for the future. (President 
Lyndon Johnson, August 19, 1964 [1])

The era of collaborative robots is upon us, 
impacting industries from manufacturing to 
warehousing and other industries. While surgical 
robots are making a substantial impact on patient 
care, presently robots programmed for autono-
mous hospital logistical support or for augment-
ing physical therapy, nursing, perioperative 
services, pharmacy, and other areas of healthcare 
are lagging far behind. However, a number of 
emerging robotic innovations may increasingly 
play a role in various hospital-based operational 
processes [2]. Indeed, healthcare is on the verge 
of transformative innovations as a result of auto-
mation and robotics [3].

In healthcare, perhaps more than other indus-
tries, the greatest potential value of robots is not 
necessarily in whether or how they can autono-
mously perform a myriad of functions, but rather 
in how they can complement or augment human 
capabilities and tasks [4]. Initially slow to enter 
the healthcare space, the global medical and sur-
gical robotics market is expected to grow annu-
ally at 21% [5]. If realized, emerging and future 
nonsurgical applications of autonomous and col-
laborative robots may revolutionize comprehen-
sive healthcare delivery in the hospital setting by 
reducing errors, enhancing efficiencies and pro-
ductivity, increasing employee and patient satis-
faction, improving safety, and allowing personnel 
to focus on the most important elements of 
patient-centric care by “rehumanizing time” [4].

It is estimated that roughly 36% of healthcare 
activities and processes have the potential to 
become automated, even robotized in many 
cases. This will depend on the technical feasibil-
ity of automating the activity/process; the costs to 
automate; the scarcity, skills, and costs of work-
ers who otherwise perform the activity; the 
potential benefits of automation such as efficacy, 
efficiency, and safety; and acceptance consider-
ations by regulatory bodies, administrators, care 
providers, and patients [3]. While some worry 
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about job displacement with broad adoption and 
incorporation of robots for hospital logistics and 
process support, reports have shown that they 
have the potential to do just the opposite. The 
2016 Economic Report of the President noted 
that the increased prevalence of robotics and 
automation positively affects both worker wel-
fare and overall productivity [6]. Others have 
found wage increases in industries where robots 
were utilized to collaborate with, rather than sub-
stitute for, the work force [4, 7, 8].

Logistical support robots are being utilized with 
increasing prevalence across a spectrum of in-hos-
pital clinical settings in order to improve opera-
tional efficiencies and relieve the burden on medical 
and support personnel by preparing and delivering 
supplies and medications; by augmenting the role 
of nurses, clerks, and physical therapists; and by 
collaborating in perioperative processes such as 
instrument sterilization and scrub technician sup-
port. To be clear, however, the full potential of 
incorporation of robots into hospital processes is 
still far from being realized [5, 9–13].

Simplistically, there are three primary catego-
ries of robots that can be incorporated to support 
healthcare workers and care providers. These 
include robots to perform or augment direct 
patient care, indirect patient care, and home 
healthcare [14]. Examples of direct patient care 
robots are surgical robots, nursing care robots, 
exoskeletons, and prosthetics. Exoskeletons are at 
the forefront of robotic rehabilitative medicine 
helping patients obtain mobility and indepen-
dence after functional limb loss, due to stroke or 
other causes, but which may prove to have a role 
in joint replacement rehabilitation [14]. Indirect 
patient care robots are meant to accomplish the 
repetitive, sometimes menial, but necessary tasks 
required to support care of patients, logistics, or 
other processes in a hospital setting. For instance, 
pharmacy robots prepare and track medication 
administration to patients which help reduce 
errors, maintain sterility, protect pharmacists from 
accidental needle sticks, and prevent exposure to 
toxic substances during preparation. Delivery 
robots can transport medications, linens, medical 
supplies, meals, empty beds, or waste, effectively 
allowing providers to focus their time to patient 

needs [14]. And disinfection robots cruise halls 
and patient rooms to maintain a sterile environ-
ment within the hospital. Finally, home healthcare 
robots encompass telepresence equipment 
enabling physicians to monitor, examine, and 
treat patients in remote locations. For example, 
physical therapists can monitor home rehab ses-
sions performed by patients using robotic equip-
ment to ensure safe and proper progression of 
therapy. This application of telepresence also 
gives patients or other care providers access to 
specialists who may work far away [14].

This chapter will highlight some of the current 
and potential future direct and indirect robot 
applications that may synergistically support care 
and other crucial processes within the hospital. 
Some of these concepts are currently in use; oth-
ers are concepts in various stages of development 
and commercialization.

�Nursing

Economists at the Bureau of Labor and Statistics 
rank “registered nurse” as the occupation that 
will experience the greatest job growth between 
2016 and 2026 [15]. The concerning paradox, 
however, is that there is an ongoing shortage of 
nurses which some predict to increase by more 
than 1 million jobs by 2020 [16], suggesting a 
real need for process improvement to augment 
nurses’ work capacity and reduce workload bur-
den over the forthcoming decade. Nurses assume 
a pivotal role in healthcare delivery and are often 
the first to assess patient needs. However, their 
direct patient care responsibilities are often side-
tracked by the need to perform clerical, support, 
logistics, and transportation tasks. Some of these, 
such as scheduling, room allocation, and staffing 
assignments, may be effectively managed with 
robotic intervention [17]. In one study, a robot 
from the Computer Science and Artificial 
Intelligence Lab at the Massachusetts Institute of 
Technology was programmed to automatically 
generate assignments for nursing coverage. The 
robot generated coverage assignments that 
demonstrated 90% agreement with those made 
by its human counterparts. By automating such 
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decision-making processes, the nursing and cleri-
cal staff can be unburdened and freed up to per-
form other more necessary direct patient-related 
tasks. Automating certain nursing and clerical 
tasks, such as medication delivery and charting, 
may also ultimately prove to make workflow 
more efficient and reduce errors, much like pilot 
errors have been reduced by automating key 
components of flight [9, 17–19].

Nurses are commonly subjected to physical 
stresses and strain that can lead to musculoskel-
etal injuries at some point in their careers as a 
result of manually lifting or moving patients [20]. 
Efforts are being made to ease the physical work-
load and improve ergonomics necessary for com-
prehensive patient care with the application of 
robotic nursing assistance. One such mobile 
robotic device, the Robotic Nurse Assistant 
(HStar Technologies, Burlington, MA), is 
designed to provide nurses with physical assis-
tance for patient repositioning and transportation, 
thereby reducing the risk of work-related injuries 
and potentially increasing job satisfaction [21]. 	
Other examples of occupational hazards that can 
jeopardize the health of nurses include respira-
tory disease spread by droplet transmission or 
blood-borne disease due to needle stick injuries. 
Engineers have attempted to limit occupational 
hazards by using robots in crisis situations caused 
by infectious disease or toxic materials. Inspired 
by the Ebola outbreak in 2014, Duke Engineers 
began working on a Tele-Robotic Intelligent 
Nursing Assistant, meant to serve as a surrogate 
nurse – helping to deliver materials, supplies, or 
medicines or to adjust a patient’s position  – in 
areas that are deemed too dangerous for health-
care personnel [22]. The status of these sorts of 
robots in terms of commercialization or clinical 
use is unclear at this time, although their poten-
tial is immense.

�Transportation

Transportation and logistical support of supplies 
within the hospital require a complex interaction 
of planning, organization, scheduling, coordina-
tion, and physical flow of materials. Despite the 

critical nature of hospital logistics, in this regard 
hospitals are often woefully inefficient and disor-
ganized. Integration of autonomous information 
technologies for ordering of supplies, planning of 
resources, and coordination with robotic trans-
portation systems may have a profound effect on 
logistical process improvement [23].

With regard to transportation of materials and 
supplies in the hospital setting, expenditures are 
unnecessarily inflated from manpower hours and 
inefficiencies. In fact, hospital logistics account 
for nearly 30% of all hospital expenses [23, 24]. 
For nurses, time spent dealing with logistics 
issues may account for 12% of their time spent 
during the day [25]. By automating transporta-
tion of medications, supplies, food, instruments, 
linens, beds, waste, and clothing, operational 
costs per delivery may be reduced by as much as 
80% [25], and staff members can devote more 
time focused on high-quality direct patient care 
activities. One such system, the TUG robot 
(Aethon, Pittsburgh, PA), is an example of a 
robotic transportation system that has been 
recently implemented in multiple hospitals across 
the United States [25]. In one case study, the 
University of Maryland Medical Center set a goal 
of controlling medication inventory losses by 
implementing a network of three mobile TUG 
robots to deliver, track, and retrieve medications 
in a hospital trauma department [26]. After 1 year 
of use, medication delivery times decreased by 
40%, and delivery reliability improved by 23%. 
Based on these positive findings, the hospital sys-
tem subsequently added six additional robotic 
TUG systems, and with improved monitoring 
and delivery efficiencies, the incorporation of 
these robots have proved to optimize staff utiliza-
tion and availability for patient care, as well as 
contain costs [26]. Despite the up-front capital 
cost concerns, cost savings have been realized by 
a number of hospitals and health systems that 
have incorporated mobile robotic transport 
systems. For instance, in 2010, a hospital in 
Mountain View, CA, leased 19 delivery robots at 
an annual cost of roughly $350,000, which 
amounted to an annual savings of $650,000 com-
pared to paying the hospital employees to do 
those same tasks [27].

23  Emerging Robotic Technologies and Innovations for Hospital Process Improvement
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�Pharmacy

One of the earliest examples of automation in 
healthcare was the tablet counter used in pharma-
cies, the first of which was invented by John 
Kirby in England in 1970 [28]. Rapid evolution 
of these devices in the ensuing decades resulted 
in more widespread adoption of this technology 
in both clinical and industrial pharmacies [29]. 
The first truly robotic pharmacy devices came to 
market in 1997. In addition to tablet counting, 
these robots are now also able to pick, label, dis-
pense, and package a variety of medications [29]. 
The use of modern prescription-filling robots has 
been shown to increase safety, accuracy, and effi-
ciency of medication preparation and allocation 
compared to traditional systems [30, 31]. The 
early success of automation in the pharmacy 
realm proved the potential benefits of robotics in 
healthcare and served as a foundation for auto-
mation in other medical settings. Computer-
controlled dispensing units termed automated 
dispensing systems (ADS) have been shown to 
provide secure drug distribution, helping to 
reduce overall medication errors in unstable criti-
cal care patients. For instance, in 2010, a univer-
sity hospital implemented one such ADS 
(Omnicell, Mountain View, CA) in a medical 
ICU directly comparing it to the former distribu-
tion system over a 4-month period. Data showed 
that this system significantly reduced the inci-
dence of medical errors related to selecting, pre-
paring, and delivering drugs in an ICU, and the 
technology was also well received by the ICU 
staff, over 96% of which recommended its ongo-
ing use [32].

�Surgical Scrub Technicians/Nurses

Collaboration between surgeons, anesthesiolo-
gists, scrub nurses/technicians, and circulating 
nurses in the operating room is critical for the 
safe performance of surgery, as well as influenc-
ing workflow and team well-being. We have seen 
how robots can augment and improve the capa-
bilities of surgeons. Education, preparation, rep-
etition, engagement, and reinforcement can also 

improve the performance of the surgical team. 
Despite the fact that most surgical procedures 
other than highly complex and less common sur-
geries follow the same basic steps, with little 
variability between the same types of cases, there 
are naturally some demonstrable differences in 
experience, skill, and engagement of scrub nurses 
and technicians that can impact the surgical expe-
rience, pace, effort, and workflow and which may 
be an opportunity for robotic intervention.

Small errors in the interaction between scrub 
nurses/technicians and surgeons – from ambigu-
ity of instructions, to failure to provide necessary 
instruments, to inattentiveness and intraoperative 
or setup delays – can have a negative impact on 
the flow or outcome of the surgery [33]. Recent 
research assessing verbal and nonverbal exchanges 
in the operating room (OR) have shown that com-
munication failures between scrub team members 
are frequent and commands are often delayed, 
incomplete, or not received at all and frequently 
left unresolved. Thirty-six percent of failures 
resulted in visible effects on system processes 
including inefficiency, team tension, resource 
waste, work-around, delay, patient inconvenience, 
and procedural error [34]. One study found that 
31% of all communications in the OR represent 
failures [35], a third of which had a negative 
impact on the patient. Another study found that 
36% of communication errors were related to 
equipment use [36], sometimes caused by team 
inexperience, lack of resources (limited staffing), 
lack of staff engagement, and distractions [37]. 
Additionally, there is measurable variability in 
scrub nurse engagement, which impacts the need 
for verbal requests and effort by the surgeon, as 
well as OR time. In one observational study, scrub 
nurses spent an average of 74% of OR time watch-
ing surgery and 35% of OR time performing sur-
gery-related activities. Greater skilled or engaged 
nurses spent less time watching surgery, per-
formed more anticipatory movements per proce-
dure, and required fewer verbal cues and prompts 
from the surgeon. Additionally, depending on 
case complexity, duration of surgeries may vary 
by as much as 5–30 minutes in some specialties 
depending on experience and engagement of the 
scrub nurse/technician [38]. One intriguing field 
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of investigation is whether these errors, inefficien-
cies, and overall work effort could potentially be 
improved by introducing robots into the operating 
room to serve as automated scrub technicians.

Treat et al. described the first documented sur-
gical procedure in which a semiautonomous 
robotic “instrument server” (Penelope Surgical 
Instrument Server, Robotic Surgical Tech, 
New York, NY) delivered and retrieved surgical 
instruments during a lipoma excision in 2005, in 
response to voice commands [39]. The authors 
documented 100% successful instrument deliver-
ies among 16 requests, although 25 verbal 
requests were necessary, meaning that 36% of the 
time, 2 or 3 requests were needed to receive the 
instruments. Additionally, the mean instrument 
delivery time was 12.4 seconds, far slower than 
human scrub nurse or technician times [39]. This 
preliminary work was intriguing, although it is 
unclear where the technology stands in terms of 
further development, refinement, and commer-
cialization. Since then, additional robotic scrub 
technician systems have been developed to assist 
in surgical procedures, and preliminary preclini-
cal studies are encouraging.

The Quirubot Robotic Scrub Nurse (nBIO lab, 
Miguel Hernandez University, Alicante, Spain) 
has a speech recognition system sophisticated 
enough to recognize requests for 27 instruments 
and 82 different instructions [40]. The Quirubot’s 
objective is to locate the instrument on a tray 
among an array of other instruments using com-
puter vision and pattern recognition. The robot 
then delivers the instrument within reach of its 
human surgeon counterpart. In one study, the 
Quirubot was tested against human scrub nurses 
in a simulated operating room. Both were sub-
jected to the same 1200 commands, with the 
robot successfully selecting and passing the cor-
rect surgical instrument 94.2% of the time com-
pared to the human scrub nurses’ success rate of 
89.1%. The robot could also be trained to opti-
mize anticipatory movements during surgery as it 
became accustomed to the procedural order. That 
feature could potentially augment the abilities of 
a less experienced scrub nurse/technician if 
paired with the robot during surgery. This partic-
ular technology demonstrated increased overall 

surgical instrument delivery time, sometimes tak-
ing up to three times longer when compared to 
human scrub nurses during experimentation. 
Therefore, the authors speculated that the utility 
of the robotic scrub nurse might be greatest when 
an experienced scrub nurse was not available for 
an urgent procedure where the anticipatory 
movements of the machine could offset its 
decreased delivery speed [40].

An alternative robotic scrub nurse, Gestonurse 
(Purdue University, West Lafayette, IN), is pro-
grammed to respond to basic hand gestures from 
the surgeon to indicate the desired surgical instru-
ments to be passed. A series of experiments found 
that the robot reliably picked instruments from a 
Mayo stand when instruments were separated by 
at least 25 mm, with slight variability in accuracy 
based on instrument size. Ninety-five percent of 
the gestures were recognized correctly, with a 
mean of 4.06  seconds between requesting the 
instrument and receiving it, which on average 
was 0.83 seconds slower than human scrub nurses 
tested [33]. In another study, comparing the vari-
ance in position of a passed instrument relative to 
the surgeon requestor’s hand, the authors found 
89% less variance in position of the tool when the 
instrument was passed by the robotic scrub nurse 
compared to a human scrub nurse, suggesting the 
potential for improved economies of movement, 
energy expenditure, and risk of injury when using 
the robotic scrub nurse assistance [41]. Clearly 
the potential for improvements in workflow and 
ergonomics, as well as for augmenting the skill 
and performance of less experienced or engaged 
scrub nurses/technicians with robotic interven-
tion, is intriguing, but further work is still to be 
done on optimizing accuracy and decreasing 
instrument transaction times before commercial-
ization is likely to occur.

�Surgical Sterilization 
and Processing

Improper handling, processing, and sterilization 
of reusable surgical instruments have been attrib-
uted to approximately 44–52% of avoidable sur-
gical complications such as infection and 
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perioperative morbidity, as well as surgical delays 
[42, 43]. Much of the sterilization process requires 
a team of workers to perform hundreds of repeti-
tive quality control measures throughout the day. 
This leaves significant room for human error 
given the monotonous nature of the work [44]. 
The problem is compounded when considering 
the high rate of turnover among the typically 
poorly trained, overworked, underpaid personnel 
charged with the responsibility of sterile process-
ing of instruments [45]. A pilot program orches-
trated by the Centers for Medicare and Medicaid 
Services found that 28% of 1500 outpatient sur-
gery centers inspected across the country had 
multiple infection control deficiencies directly 
related to equipment tracking and sterilization 
[44]. Surgical instrument processing errors can 
occur in approximately 3% of surgical cases [46]. 
Although employing formalized Lean methodol-
ogies may reduce some of these errors, such as 
incorrect assembly, sterilization, and damage dur-
ing transportation, others, such as processing of 
incorrect instruments and retained debris, have 
been shown to persist [46]. Errors may result from 
poor training, inattention, poor visibility within 
elements of the instruments, time constraints/
pressures, and complicated instructions regarding 
complex instrument care [47].

Furthermore, even with appropriate protocols 
for manual instrument cleaning – several repeated 
cycles of manual brushing and scrubbing, soak-
ing in a commercial enzymatic solution accord-
ing to manufacturer’s specifications, placement 
in a sterilization reprocessor for at least two 
cycles – some instruments may still contain rem-
nants of blood, bone, tissue, and rust. Manual 
washing and brushing does not consistently clean 
the difficult to reach interior lumens of cannu-
lated instruments in particular. The extent of 
debris, brush size, brushing time, and human 
error all reduce the likelihood of consistent clean-
ing and increase the risk of leftover bioburden 
remaining in the instrument. One study found 
that despite strict adherence to protocols, fewer 
than 5% of 350 suction tips analyzed were free of 
residual debris [48]. These potentially non-sterile 
remnants might contaminate the surgical field 
and increase risk of postoperative infection.

In an attempt to reduce the incidence of 
retained debris, improve processing efficiencies, 
and decrease the rate of contamination, some 
have sought to implement robotic technology in 
instrument processing. Automated cleaning tech-
nology may more effectively clean debris from 
surgical tools, and particularly the lumens of 
challenging instruments such as laparoscopic, 
arthroscopic, and robotic cannulae, and suction 
tips than current manual instrument washing 
techniques [49, 50].	  One robotics com-
pany (Robotic Systems and Technologies, Bronx, 
NY) has applied lean manufacturing principles to 
automation techniques aiming to improve effi-
ciency and quality in hospitals. Their robot is 
designed to automate key functions in the hospi-
tal’s sterile supply department and is able to 
count, sort, and inspect already sterile instru-
ments, ensuring that each tray sent to the operat-
ing room contains correct, functioning 
instruments. The robot is also capable of updat-
ing the hospital’s inventory system to provide 
total accountability for instruments, optimize 
trays, and reduce workload for personnel [51].  	
Furthermore, by automating the loading and 
unloading of surgical tools into washers and dis-
infectors, perioperative efficiencies and ergo-
nomics in a central processing department might 
be improved, thereby enhancing safety, lowering 
the risk of physical strain or crush injuries, and 
accelerating the pace of work so employees could 
focus on other initiatives such as organization 
and scheduling [52]. 	 In addition to instru-
ment sterilization, robotic technology has also 
been applied to cleaning and sterilizing the oper-
ating rooms themselves. Studies have shown that 
some surfaces in the operating room may be con-
taminated even after standard disinfection, with 
approximately 50% of surfaces containing organ-
isms such as Pseudomonas, Acinetobacter, and 
Klebsiella [53, 54]. A robotic disinfection system 
that uses pulsed-xenon ultraviolet (UV) light to 
reduce the contamination that remains in operat-
ing rooms after they are manually cleaned 
(Xenex, San Antonio, TX) was found to reduce 
the rate of surgical site infections by 46% in clean 
procedures when used once a day. This was esti-
mated to have potentially saved the hospital 
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$478,055 in costs [55]. Inadequacies in surgical 
sterilization and processing lead to increased 
patient morbidity and mortality. By automating 
some of these steps of the perioperative process 
with robotic technologies, hospitals and surgery 
centers may further improve management and 
sterilization of instruments.

�Physical Therapy and Rehab 
Services

Physical therapy (PT) and rehabilitation practices 
are undoubtedly a critical component to optimiz-
ing a patient’s recovery from knee and hip arthro-
plasty procedures. In some instances, the 
rehabilitation component of care is equally impor-
tant for recovery as the medical or surgical inter-
vention itself. However, it is uncertain whether 
there will be adequate numbers of physical thera-
pists to provide these services adequately to 
patients in the near future. In 2017, the American 
Physical Therapy Association (APTA) projected 
the supply and demand of physical therapists 
from 2010 to 2025, estimating a potential short-
age of physical therapists by 2025 that could be as 
high as 26,000, due to an increase in the numbers 
of insured individuals, growing numbers of 
patients undergoing knee and hip arthroplasty 
(and other procedures requiring PT), and growing 
population with medical ailments requiring PT, 
without a matched increase in trained physical 
therapists in the United States [56]. The initial few 
days after surgery are particularly impactful for 
training patients to ambulate, maintain reasonable 
balance, and minimize the risk of falling. Most 
often, in the acute postoperative period while hos-
pitalized, two physical therapists (or a PT with 
one aid) will assist a patient while ambulating to 
ensure a reasonable level of safety after TKA, 
THA, and hip fracture surgery. Nonetheless, 
despite appropriate protocols and precautions 
after knee and hip arthroplasty, the risk of falling 
during the hospitalization is roughly 0.4–2.7% 
[57, 58], and those numbers are even greater in 
patients transferred to inpatient rehabilitation cen-
ters or skilled nursing facilities [59]. When ana-
lyzing patient falls, 74% of patients are using an 

ambulatory assistive device at the time of the fall 
[60], and 27% fall while ambulating with staff 
supervision/assistance [61]. The risk of falling 
after surgical repair of hip fractures in geriatric 
patients is even more concerning, occurring in as 
many as 31% of patients during the hospitaliza-
tion [62]. These statistics suggest the need for 
some sort of supplemental method to augment 
physical therapists, aids, and nursing personnel 
when mobilizing patients, particularly on the first 
2 or 3 days after knee and hip arthroplasty, when 
most falls occur [63, 64].

If we consider the need to reconcile the 
increased number of knee and hip arthroplasty 
surgeries performed annually with the impending 
shortage of physical therapists and the risk of 
falling in the postoperative period, the rationale 
behind some sort of robotic assistance for post-
operative rehabilitation gains clarity. Robotic 
assistance may serve a role in reducing the bur-
den on physical therapists, improving the safety 
and efficacy of the rehabilitation process for 
countless patients, and perhaps reducing the risk 
of falling [65].

Seemingly optimal for performing and quan-
tifying repetitive, reproducible, and guided limb 
movements with continuous sensorimotor feed-
back, and monitoring and quantifying perfor-
mance metrics, automated rehabilitation robots 
should be studied as a vehicle for augmenting 
conventional physical therapy, preventing falls 
[65], enhancing gait retraining, facilitating 
return of knee range of motion and strength, and 
enhancing the efficacy and efficiency of reha-
bilitation programs [66]. The penetration of 
robotics in rehabilitation is already being real-
ized. In fact, in 2015, 42% of the global revenue 
share of the healthcare assistive robot industry 
was in the rehabilitation space, with a predicted 
annual growth rate of more than 19% over the 
next 7 years [67]. While clearly the emphasis on 
robot-assisted rehabilitation has been for 
patients with neuromuscular diseases or injury, 
such as cerebral palsy, stroke, traumatic brain 
injury, and spinal cord injury [68, 69], there may 
be an additional untapped role for patients after 
knee and hip joint arthroplasty and hip fracture 
surgery [70–77].
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While the precise application of robotics in 
orthopedic rehabilitation is not yet clear, it is 
likely that it has the potential to change the para-
digm of rehabilitation in the next 5 years [78]. In 
1992, the hybrid assistive limb (HAL, Cyberdyne 
Corporation, Tsukuba, Japan), a lower extremity 
exoskeletal suit, was developed to aid users with 
physical support and gait assistance. Bioelectric 
signals generated by contracting muscles around 
the limb are detected by electrodes attached to 
the surface of the skin, which then prompt an 
assistive force to be initiated by the HAL power 
unit [79, 80]. Several early studies comparing 
robot-assisted rehabilitation using the HAL exo-
skeleton versus conventional methods after TKA 
found improved walking speed, stride length and 
quadriceps strength, as well as less knee pain, 
within the first few weeks after surgery when 
robot assistance was used for postoperative phys-
ical therapy [81, 82]. While exoskeletons are an 
option to consider as an adjunct to manual PT for 
TKA and THA, these are unlikely to become 
commonplace for this application. Other forms of 
collaborative robots, not yet common for lower 
extremity arthroplasty patients, may eventually 
play a role in safe ambulation training and help 
reduce the fall risk in hospitalized patients after 
surgery of the knee and hip [76, 77].

�Conclusion

Collaborative robots have the potential to revolu-
tionize healthcare delivery far beyond the current 
paradigm in which we think of robots simply as 
surgical aids. While the surgical robotics sector 
has enjoyed the greatest attention, relatively 
untapped nonsurgical healthcare-related robotic 
applications may prove to have immeasurable 
value as well. Nonetheless, while intellectually 
we can envision the next robotic frontier in 
healthcare to be the application of robots for pro-
cess improvement, logistical support, operations 
management, and perioperative services, there 
will undoubtedly be challenges that will inhibit 
rapid adoption. These will include biases against 
and skepticism toward automation and robotics, 

fear of job displacement, and appropriate desire 
for proof regarding metrics of need, safety and 
reliability, robot capability and function, and cost 
and clinical effectiveness [83]. Clearly a cost-
benefit analysis is necessary before embracing 
emerging and future robotic technologies, and 
barriers to adoption will need to be addressed. 
Robots may or may not ultimately prove to be 
effective means of augmenting some of the logis-
tical and operational processes within the hospi-
tal that we’ve addressed in this chapter.

Indeed, currently service and logistical robots 
are not commonly used in hospitals. However, 
their active development and commercialization 
continue and will likely become more prevalent 
in a greater number of hospitals for a spectrum of 
services within the next 5–10 years. Regardless 
of one’s averseness or proclivity toward the 
broadening possibilities for robots within the 
hospital setting, there is no reason to think that 
the greater societal impact of robots that is occur-
ring at the present time will not soon occur to 
some extent in healthcare, outside of the operat-
ing room. Given the success of robots in a num-
ber of industries, it is our expectation that as 
more hospitals integrate robotic technology, 
hospital-based services will become more 
streamlined, efficient, safe, and cost-effective, 
staff and patient satisfaction will be improved, 
and quality of care optimized. Time will tell.
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