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Abstract

Objective: To outline the main results of the 2021 International Conference on Robotics and Automation (ICRA 2021)
of the Institute of Electrical and Electronics Engineers (IEEE) and review the advances in artificially intelligent joint
surgery in China.

Methods: The keynote speeches of the 2021 ICRA were summarized in detail, and publications indexed by five core
electronic databases (PubMed, Cochrane, Medline, Embase and CNKI) were systematically surveyed (cutoff date: July
30, 2021) in terms of the main topics of the conference. Publications directly related to artificially intelligent joint sur-
gery in China were identified by using the search strategies of (robotic AND arthroplasty OR replacement), (navigation
AND arthroplasty OR replacement), (artificial intelligent AND arthroplasty OR replacement), and (mixed reality AND
arthroplasty OR replacement) and systemically reviewed.

Results: While robot-assisted arthroplasty in China is mainly performed using robots made in other countries (e.g.,
Mako from Stryker, USA), China's domestic R&D of robots and clinical studies of robotic joint surgery have made some
achievements. Although reports on the safety, effectiveness and clinical efficacy of China’s domestic robot-assisted
joint surgery were presented at conferences, they have rarely been published in journals. Existing data indicate that,
after the learning curve is overcome, robot-assisted hip and knee replacement surgery can fully achieve the estab-
lished goals of precision and individualization and can significantly improve the accuracy of prosthesis placement
angle and the recovery of the mechanical axis as compared with conventional surgery. The downside is that the low
level of intelligentization and individualization means that existing designs are not conducive to personalization dur-
ing surgery, resulting in low cost-effectiveness.

Conclusion: The safety and efficacy of domestic robot-assisted arthroplasty in China are well documented, and its
accuracy and short-term clinical efficacy have been reported. However, the long-term clinical efficacy and the cost-
effectiveness of large-scale clinical application of this technique warrants further study. The inadequacies of robot-

assisted surgery should be remedied through the deep integration of medicine, engineering and the network.
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Introduction
With the full support of Chinese governments, local and
central, artificial intelligence (Al)-assisted joint surgery
in China is prepared for a fast track of development.
*Correspondence: zhangyuan@tmmu.edu.cn Agai his back d th . 1 f
Joint Disease & Sport Medicine Center, Department of Orthopedics, gainst this background, the International Conference
Xingiao Hospital, Army Medical University, 183 Xingjiao Street, Shapingba on Robotics and Automation (ICRA 2021), sponsored
District, Chongging 400038, China by the Institute of Electrical and Electronics Engineers
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(IEEE), was held in Xi’an in 2021. IEEE is an internation-
ally renowned association of electronic and electrical
engineers and is committed to the research and develop-
ment of electrical and electronic engineering, computer
engineering, among others. Currently, IEEE represents
one of the most influential not-for-profit technical soci-
eties across the globe [1]. It has developed more than
1300 industry standards in the fields of space, computer,
telecommunication, biomedicine, power, and consumer
electronics, etc.

ICRA 2021 was an IEEE-sponsored conference spe-
cifically dedicated to the robotics and automation. After
the meeting held in China 10 years ago, its return to this
country is of special significance. The conference, which
featured the theme “AI and Robotics Applications in
Intelligent Orthopedics’, was chaired by Professor Kun-
zheng Wang of Xi'an Jiaotong University and Professors
Peifu Tang and Jiying Chen of the General Hospital of
People’s Liberation Army (PLA) and was attended by
more than 150 surgeons, mechanical engineers, software
engineers, network engineers and experts from other
disciplines who have been endeavoring to address the
hot spots and pain points in the clinical practice of joint
surgery by incorporating medicine, engineering and the
network.

The conference consisted of four sessions: intelligent
orthopedics, robotic arthroplasty, technology enjoyment
and debates on pros and cons. In this review, we collated
and outlined the keynote speeches and, on the basis of
the speeches, we retrieved clinical publications (review
papers excluded) published by Chinese investigators
over the past 3 years in five core databases (i.e., PubMed,
Cochrane, Medline, Embase and CNKI) to review the
advances in Al assistive technology in the field of joint
surgery in China.

Background of and opportunities for intelligent
orthopedics in China

Professor Kunzheng Wang delivered a keynote speech
titled “Al and the Development of Orthopedics in China”.
In fact, Al is also known as “the fourth industrial revo-
lution’, and China’s ability to take the lead in this fourth
industrial revolution will dictate the destiny of its ortho-
pedic development in the next several decades. With
the advent of precision medicine, computer navigation,
three-dimensional (3D) printing and patient-specific
instrumentation, the design of new types of joints and
the improvement of conventional tools, minimally inva-
sive techniques and robot-assisted surgery have emerged,
and they encourage joint surgeons to take new perspec-
tives and set higher goals [2]. Currently, applications of
Al in clinical medicine principally involve three main
aspects: auxiliary diagnosis, precise positioning and
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medical robotics. For instance, Al diagnostic models for
osteonecrosis of the femoral head, femoral neck fracture
and other diseases, established through deep learning
algorithms based on X-ray images, allow us to validate
the models and adjust parameters using clinical data. In
core decompression surgery for avascular necrosis of the
femoral head, computer-aided navigation can accurately
locate the necrotic area, thereby reducing damage caused
by intraoperative fluoroscopy and shortening the opera-
tive time. 3D printing enables computer-aided design
to move from a virtual space to reality, and its applica-
tion permits the preoperative simulation of implants in
the patient, which substantially improves the precision
and safety of joint surgery. What is more, artificial joint
design based on computed tomography (CT)/magnetic
resonance imaging (MRI) can be individualized with
respect to the material, size, shape and biological features
of artificial joints. According to Professor Wang, China’s
precision medicine program remains in its infancy, and
industry guidelines in line with precision medicine plans
and the characteristics of Chinese patients needs to be
developed to enable precision medicine and joint surgery
in China to take a lead in orthopedics by “overtaking on
corners”.

Professor Peifu Tang presented a keynote speech on
“Applications of the ‘Digital Twin’ Concept in Orthope-
dics” The digital twin concept is a reality-transcending
concept that enables mapping in the virtual space to
reflect the full life cycle of the corresponding physical
item through a simulation process involving a multidis-
ciplinary, multiphysical, multiscale and multiprobability
integration that makes full use of physical models, sen-
sor updates, operation history and other data. It can be
seen as a digital mapping system involving one or more
important and interdependent equipment system(s).
When applied to orthopedics, it assists in the construc-
tion of full-dimensional digital models of “live” human
body systems via full-range, cross-scale data perception
and digital modeling of the human body for precision
and smart medicine. By taking advantage of computer-
generated graph and image description techniques, finite
element analysis, equivalent mechanics and Al calibra-
tion, Dr. Tang’s team conducted a theoretical mechanics
analysis and mechanical validation of the three-element
stabilization system of the proximal femur. They pro-
posed, for the first time, a machine learning-based
fracture classification system upon examining intertro-
chanteric femoral fracture patterns using the Al cluster-
ing algorithm and generated views of anterior, posterior,
lateral and medial fractures. They analyzed 504 cases of
femoral intertrochanteric fractures and found that most
of the fracture lines (anterior view: 85.9%; posterior view:
52.0%; internal lateral view: 49.0%; external lateral view:
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62.7%) ran along the intertrochanteric line, which was
highly consistent with conventional fracture classification
results based on clinical experience, suggesting that the
established system is of great significance for describing
morphological characteristics and adjuvant therapy [3, 4]
(Table 1).

Smart solutions for orthopedic surgery are based
mainly on automatic preoperative planning with next-
generation Al technology to establish a knowledge- and
data-driven method and a systematic, hierarchical and
expandable knowledge description system that per-
forms knowledge-aided image processing and preopera-
tive planning and ultimately yields a clear and thorough
surgical plan [5]. In recent years, Al and deep learning
have flourished in various fields, and the clinical use of
robots in joint surgery is a milestone in the development
of orthopedics. At this conference, the robot design team
presented the process used to design and develop robots
for joint surgery. Professor Qinghu Meng from Southern
University of Science and Technology first reviewed the
development of robots, from industrial robots to con-
ventional medical robots to minimally invasive surgery
robots, focusing on wireless capsule endoscopy robots
and image-based automatic diagnosis systems, which
have a diagnostic accuracy up to 100% [6]. According
to Prof. Meng, intelligent medical care will be devel-
oped for frequent, real-time and home-based physical
examinations, unmanned intelligent care in infectious
disease wards and intensive care units (ICU), supermar-
ket- and home-based diagnosis and treatment of diges-
tive diseases, the specialization and miniaturization of
robot-assisted surgery, and the digitalization and intelli-
gentization of orthopedic robot-assisted surgery.

The speech given by Professor Fangwen Zhai from the
Intelligent Robot Research Center, Institute for Artificial
Intelligence, Tsinghua University, was about “The Future
of Orthopedic Robots” He pointed out that most ortho-
pedic surgical robots, such as spinal surgical robots,
joint surgical robots and trauma surgical robots, can
perform only relatively simple surgical procedures at
present. Therefore, multiple sets of surgical robots must
be purchased to operate on different body parts, which
increases cost, lengthens the learning curve (LC), and
consume more surgical resources. More importantly,
the lack of standards and sharing mechanisms among
industries and the lack of openness or compatibility of
software for various robot systems render it impossible
for preoperative planning and robot control software
to interact with each other and cause serious data seg-
mentation, which seriously prevents the industry from
moving forward. Therefore, it is imperative to develop
a unified infrastructure and a common software and
hardware platform and to work out various functional
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modules based on that platform to allow compatibility
among surgical modes for different surgeries. Surgery
4.0, launched by Johnson & Johnson, is just one of such
unified platforms [7].

Professor Zhai pointed out that intraoperative registra-
tion is a bottleneck for robotic surgery because of high
skill requirements on doctors, the radiation exposure
during long-time intraoperative imaging and point reg-
istration and surface scanning methods that affect the
surgical process. Therefore, it is necessary to develop a
highly efficient automatic registration mode that offers
clear and radiation-free real-time imaging support and
fast registration algorithms coupled with more flexible
scene perception methods and to establish a registration-
free surgical navigation mode that provides preoperative
qualitative planning, intraoperative multimodal real-time
perception and real-time surgical plan generation. In
addition, he emphasized that, at present, surgical robots
are still a high-degree-of-freedom locator, lacking real-
time environmental perception and complex decision-
making ability and having weak force control. In the
future, robot designs need to be customized and special-
ized to make robots more dexterous, gentler and more
adaptive to various types of surgery.

From the perspective of a surgeon, Professor Jiying
Chen comprehensively answered the question “What
kind of robot is needed for joint surgery?” He focused
on the shortcomings of existing robots for joint surgery,
such as the lack of data accumulation, a low level of intel-
ligentization and the need for manual assistance to com-
plete the operation. The high demand for wide-scope
preoperative radiography and the implantation of the
reference frame in robot-assisted hip and knee surgery
are likely to cause damage to the patient. The cumber-
some intraoperative registration procedure and high fail-
ure rate will prolong the operation time. The inability of
robots to perceive soft tissue tension makes them unable
to provide forecasting factors of the impact and disloca-
tion. In view of this, Professor Chen proposed a vision for
the future of joint surgery robots: a focus on improving
the function and effectiveness of robots, increasing their
3D accuracy and enhancing the individualization of force
lines, positions and angles; continuously incorporat-
ing the latest knowledge into preoperative planning and
enriching personalized design, e.g., by considering the
role of the hip-spine relationship in the hip joint and the
roles of developmental deformities and extra-articular
deformities in the knee joint.

The clinical benefits and ethical risks of robotic joint
surgery are an important research direction that can-
not be ignored. The speech made by professor Jin Lin
from Peking Union Medical College Hospital was titled
“Focus on Clinical Value: Reflections on the Innovation



Xu and Zhang Arthroplasty (2022)4:10

Page 4 of 11

Table 1 Summary of artificial intelligence assisted joint surgery in China in 2021

Studies

System

Origination

Main findings

Lietal 2019

Kong et al, 2020

Leietal, 2019

Wu etal, 2019

Guo etal, 2007

Zhangetal, 2011

Liu etal, 2020

Zhou etal, 2021

Lietal, 2021

Chaietal, 2020

Chaietal, 2020

Fuetal 2017

Zhuetal, 2019

Wang et al, 2021

Xiaetal, 2021

Digital twin

5G4+ Mako

MR+ 3D

5G+MR

V-Xp Stryker

BrainLab

StealthStation S7 (Medtronic)

Mako

Mako

Mako

Mako

Mako

Mako

HURWA

Skywalker

publication [3]

publication [8]

publication [10]

publication [12]

publication [13]

publication [14]

publication [17]

publication [18]

publication [19]

publication [20]

publication [21]

publication [25]

publication [27]

publication [28]

publication [29]

The Tang's classification divided fractures into anterior, posterior,
lateral, and medial types. The majority of fracture lines (85.9%,
433/504) on the anterior maps were along the intertrochanteric
line where the iliofemoral ligament was attached.

First report on the application of 5G communication technology
in the field of joint surgery. The increase of Harris scores of the two
patients after surgery were 71 and 62, respectively.

The first study to use MR combined with 3D printing technology
in THA. The distance between the preoperative design rotation
center and the postoperative rotation center was 5.5mm. The
postoperative anteversion angle was 30.67° and inclination was
43.16°, compared to preoperative design (anteversion angle 25°
and inclination 40°).

The first 5G4+ MR-assisted remote consultation and screw fixation
of a thoracic fracture in July 2019. The average depth for C1 and C2
pedicle screws were (29.82 +1.36) and (32.2441.21) mm on the
left side, and (30.38 £0.95) and (31.42 4 1.05) mm on the right side.

The acetabular abduction angle of computer navigation-assisted
THA was in the range of 30°-54°, with an average of (40.6+5.1) °,
and an acetabular abduction angle of > 50° was observed only in 1
case; in patients who underwent conventional THA, the acetabu-
lar abduction angle was in the range of 28°-70°, with an average
of (44.2+8.7) °, and an acetabular abduction angle of >50° was
observed in 10 cases.

Nine knee implants (28%) in the conventional group, compared
with no knee implants in the computer-navigation group, deviated
>3° from the mechanical axis on the coronal plane. The coefficient
variation of data in the conventional group was three times greater
than that in the computer-navigation group.

The hidden blood loss in the patients underwent computer naviga-
tion-assisted TKA was significantly lower than in those who under-
went conventional TKA (448.7 +300.7 mL vs. 688.6 405.8 mL

by GROSS method and 374.3 +360.8 mL vs. 667.2 £425.5mL by
HB-balance method).

The Mako robot-assisted THA accuracy rates for implanting the
acetabular cup into the Lewinnek and Callanan safety zones were
94.9 and 74.6%, compared to conventional THA (79.7 and 50.8%).

The postoperative LLD of Mako robot-assisted THA and conven-
tional THA were 2.3 mm and 6.7 mm (P<0.001).

The proportion of cases with the acetabular rotation center in
the safety zone in the Mako robot-assisted group was 94.29%
(P=0.042), which was higher than conventional THA group
(67.56%).

Robot-assisted surgery is suitable for complex THA, the postop-
erative Harris scores were 83/86 (left/right) for hip dysplasia, 87
for post-traumatic hip osteoarthritis and 62 (poor) for ankylosing
spondylitis after robot-assisted surgery.

The recommended learning curve (LC) of Mako robot-assisted UKA
was 8 cases.

The increase of Knee Society clinical and functional scores were
37.2 and 29, and the range of motion of the knee joint increased
37.2° in Robotic-assisted UKA patients.

No significant difference in the correction rate of HKA between
robot surgery group and traditional surgery group (63.6% vs. 69.2%,
P=0.651).

100% of the absolute error of the HKA angles were within 3°;
90.32% of the postoperative lower limb alignment angles in 31
patients were close to 180° after the operation.
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Studies System Origination

Main findings

Chaietal, 2020 YUANHUA publication [31]

Chaietal, 2020 YUANHUA publication [32]

Chai W, 2021 Mako

Zhang XG, 2021 Mako

Zhang, 2021 YUANHUA

Zhang, 2019 StealthStat-ion S7 (Medtronic)

Chinese Knee Society)

Zhou YX, 2021 Mako

Zhou ZK, 2021 YUANHUA

conference speech (2021 ICRA)

conference speech (2019

The deviation between the planned cutting thickness before
operation and the measured value after the operation was <1 mm
and that the error of the osteotomy angle was < 2° in the goat
models.

The postoperatively measured hip-knee-ankle angle was 177.1°-
179.7°, the coronal femoral component angle was 87.9°-91.4°, and
coronal tibial component angle was 87.3°-91.4°, with errors being
within £3° of the angles planned before operation in cadaver trials.

conference speech (2021 ICRA) A abnormal hip-spine relationship is possible in THA patients with

dislocation due to unclear causes. An improved safety zone calcula-
tion method was established to provide accurate guidance for
acetabular cup implantation.

conference speech (2021 ICRA)  Among 64 Mako robot-assisted THA cases, 2 experienced loosen-

ing of the iliac assembly that caused registration failure; 1 case
suffered iliac bone fracture; 3 cases had errors in acetabulum regis-
tration that caused the misalignment of the acetabular cup due to
anteversion; and 1 case showed acetabular cup loosening.

"

Four types of “Learning Curve (LC)"was redefined in robotic-
assisted TKA: LC in terms of operative measures was 6-8 cases; No
LC exist in terms of radiologic results; LC in terms of postoperative
function scores (KSS, HSS) was 14 cases; the terms of traumatic vari-
ables, such as blood loss, erythrocyte sedimentation rate, C-reactive
protein, were less than conventional group (P < 0.05).

In a clinical study of 14 knee OA with constitutional femoral varus,
7 patients underwent computer navigation-assisted TKA, none
had pie-crust releasing of MCL or peeling off its posteromedial tib-
ial attachment; compared to 4 cases of releasing of the superficial
MCL and 3 cases of peeling off the tibial attachment in 7 patients
of conventional TKA.

conference speech (2021 ICRA)  An improved registration method of robot-assisted surgery was

developed for acetabular revision. Among 45 cases of acetabular
revision, the acetabular cup was within the Lewinnek safety zone in
43 cases and within the Callanan safety zone in 38 cases.

conference speech (2021 ICRA) The postoperative lower limb axis deviation ranges were 0-2° for

the robot-assisted group and 0-5° for the conventional group; The
mean posterior slope of the tibial component was 2.8°in the test
group and 5.3%in the control group, with fewer outliers in the test
group.

of the TKA Robot, a Chinese Domestic Product” In
his keynote speech, he defined the clinical value from
six dimensions, i.e., patient benefits, clinical pain point
resolution, doctors’ self-realization, clinical application
costs, learning curve (LC), and the payer’s net expendi-
ture. Of these, patient benefits, clinical pain point
resolution, and doctors’ self-realization were used as
the numerator items, and clinical application costs,
doctors’ LC and the payer’s net expenditure as the
denominator items. He asserted that if a product can
achieve breakthroughs in two of the six dimensions,
the product can be called a “great breakthrough” Fur-
thermore, he stated that the “one-vote veto” should be
avoided due to the difficulty in moving forward along
certain dimensions. He further pointed out that robotic
surgery is a powerful tool for achieving technological
breakthroughs and that although it currently has some

shortcomings, surgeons should put more trust in the
robot-assisted surgery.

5G network and mixed reality in orthopedics

China has built up the largest 5G network base stations
in the world, and the widespread application of 5G net-
work offers great opportunities for telemedicine. By tak-
ing advantage of 5G communication technology, experts
at the General Hospital of PLA remotely guided its sur-
geons at Hainan Branch to complete a robot-assisted
total hip arthroplasty (THA) on two patients. During
these procedures, the human-robot communication was
smooth, the manipulators and software worked stably,
and the surgeries achieved satisfactory short-term effi-
cacy. These surgeries combined robotic operation and 5G
communication technology, two state-of-the-art tech-
nologies, and attained preliminary results that supported
the safety and potential value of 5G communication
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technology in telemedicine. 5G communication technol-
ogy-based telemedicine can provide technical support
for the hierarchical diagnosis and treatment policies, and
what the PLA General Hospital did represents a valuable
attempt to apply telemedicine into surgical operations
[8].

Mixed reality (MR) technology is a brand-new digital
holographic imaging technology and a new interdisci-
plinary frontier [9] that has stemmed from virtual real-
ity (VR) and augmented reality (AR) technologies in the
graphics field. The progress in MR in recent years has
broken through the limitations of preoperative plan-
ning, education and training and has been profoundly
integrated into the entire clinical decision-making and
implementation processes. Professor Yihe Hu from
Xiangya Hospital of Central South University gave a key-
note speech on “The Application of MR in Orthopedic
Surgery’, in which he proposed a new strategy for real-
time automatic registration that combined MR with 3D
printing. His team successfully completed the first MR-
assisted THA in China, offering valuable experience for
the further application of MR in clinical medicine [10].
Professor Hu further pointed out that MR is a technology
that combines the physical world and the digital world
and enables the user to interact with digital information
or holographic images without departing from the physi-
cal world. Thereby, it establishes an interactive feedback
information loop among the virtual world, the physi-
cal world, and the user to enhance the perceived reality
of the user experience. In this way, it serves as a key ele-
ment in real-time interaction among the physical world,
the virtual model and the user that can enable a more
intuitive 3D understanding of the lesion preoperatively
and can provide new intraoperative options for real-time
assessment of virtual 3D images of the bones, peripheral
nerves and vascular tissues in the diseased area, allowing
surgeons to understand the conditions of the operative
area in real time manner [10] (Table 1).

The integration of network communication with digi-
tal technologies, especially with MR, is another trend in
intelligent medicine. The processing, analysis and com-
putation of massive Al data on the MR cloud platform
can achieve seamless connections with large teaching
hospitals for remote communication, teaching and pre-
cise surgical guidance, which can effectively resolve the
problem of inadequate equipment and technology in
remote and poor regions. In his keynote speech titled
“Remote Consultation and Surgery through the 5G MR
Cloud Platform”, Professor Zhewei Ye from the Union
Hospital of Huazhong University of Science and Technol-
ogy demonstrated that 5G is capable of smoothly trans-
mitting high-definition audio and video signals without
stuttering or delay [11] and predicted that the emergence
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of “5G+MR” technology will have a revolutionary
impact on medical training, knowledge dissemination
and education, clinical decision-making and treatment.
His team completed the world’s first 5G 4+ MR-assisted
remote consultation and screw fixation of a thoracic
fracture in July 2019, by using a 5G network (China Tel-
ecom). Through the 5G network, remote preoperative
discussion, doctor-patient communication and on-site
surgical guidance were successfully implemented, and the
remote medical consultation was transformed from the
conventional two-dimensional presentation (e.g., video,
images) to the new 3D stereoscopic presentation, which
significantly improved surgical accuracy and safety [11,
12]. With this model, 5G + MR-assisted joint surgery will
also become feasible (Table 1).

Computer-navigation in orthopedics

Computer navigation is a representative application of
Al in precision medicine. Conventional arthroplasty
relies on the doctor’s experience and the visual obser-
vation of anatomical landmarks, which can lead to mis-
aligned prosthetic implantation. Computer navigation
can significantly improve the accuracy of prosthesis
implantation and has been widely used in hip and knee
replacement surgeries. Guo et al [13] used the data of 106
patients to compare the imaging differences for postop-
erative prostheses between computer navigation-assisted
THA (V-Xp, Stryker, USA) and conventional THA. Their
results showed that in patients who underwent com-
puter navigation-assisted THA, the acetabular abduc-
tion angle was in the range of 30°-54°, with an average of
(40.6 £5.1)°, and an acetabular abduction angle of >50°
was observed only in 1 case; in patients who received
conventional THA, the acetabular abduction angle was in
the range of 28°-70°, with an average of (44.24+8.7)°, and
an acetabular abduction angle of >50° was observed in 10
cases, indicating that computer navigation-assisted THA
can significantly reduce outliers in the prosthesis implan-
tation angle within the safe range (Table 1).

In a randomized clinical trial on computer navigation-
assisted surgery (Vector Vision CT-free Navigation,
BrainLab, Germany) and conventional total knee arthro-
plasty (TKA), Guogiang Zhang et al from the General
Hospital of PLA found that although patients who under-
went both types of surgeries did not differ significantly
in their preoperative Hospital for Special Surgery (HSS)
scores (47.6 vs. 45.4), they differed significantly in the
coronal and sagittal alignments of the prosthetic knee
joint: 28% of the patients who received a conventional
TKA had a prosthesis implantation deviation greater
than 3°, while none of the patients who received com-
puter navigation-assisted TKA had a prosthesis implanta-
tion deviation greater than 3°, and the outlier coefficient
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of the patients who underwent conventional TKA was
three times that of the patients who underwent computer
navigation-assisted TKA [14] (Table 1).

In this conference, Professor Zhang gave a special
ICRA presentation on his pioneering work using the
Brainlab KNEE3 navigation system (Smith & Nephew,
USA) to precisely guide TKA [15]. He reported that the
clear and precise preoperative planning of the system
allowed for 3D anatomical reconstruction, and the intra-
operative navigation system could monitor changes in
various angles during knee joint flexion and extension
and internal and external rotations, which is conducive to
intraoperative orientation adjustment, emphasizing the
operational techniques and key points of medial condylar
restoration. The method is important in that the restora-
tion of the anatomical structure and exercise physiology
of the medial femoral condyle during TKA is beneficial
to the recovery of the tension of the medial joint line and
the medial collateral ligament (MCL), thus ensuring sta-
bility throughout the surgery (Table 1).

In a clinical study involving 14 female patients with
femoral constitutional varus from the southwestern
region of China, Yuan Zhang et al from Xingiao Hos-
pital of Army Medicial University demonstrated that
computer navigation-assisted TKA (StealthStation S7,
Medtronic, USA) could help reduce the release range and
operative time during the handling of medial soft tissue
structures of the knee with osteoarthritis due to consti-
tutional varus. Of 7 patients who underwent computer
navigation-assisted TKA, none had pie-crust releasing of
MCL or peeling-off of its attachment on the posterome-
dial tibia; in 7 patients who received conventional TKA,
4 had releasing of the superficial MCL, and 3 had peel-
ing off of the tibial attachment. The patients who under-
went computer navigation-assisted TKA had a soft tissue
operative time that was 6.1 min shorter on average than
that of the patients who underwent conventional TKA
[16].

In another of his study, Zhang et al examined the
perioperative blood loss of 13 patients who underwent
unilateral posterior cruciate ligament retaining TKA
with the aforementioned navigation system and found
that the total blood loss was marginally but not signifi-
cantly higher (GROSS method: 61.6mL; HB-balance
method: 41.3mL) in patients receiving computer navi-
gation-assisted TKA than in their counterparts under-
going conventional TKA. However, the hidden blood
loss was significantly lower in patients undergoing com-
puter navigation-assisted TKA than in those receiving
conventional TKA [computer navigation-assisted TKA:
448.7 +300.7 mL (GROSS method) and 374.3 + 360.8 mL
(HB-balance  method) vs. conventional TKA:
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688.6 £405.8 mL (GROSS method) and 667.2+425.5mL
(HB-balance method)] [17]. These results further con-
firmed that computer navigation has the advantages of
precision and minimal invasiveness and can find a wide

range of applications in both regular or complex primary
TKA (Table 1).

Robotic surgery in hip arthroplasty
Currently, the clinical efficacy of surgical robots repre-
sents a hot topic among joint surgeons. At present, the
Mako robot (Stryker, USA) is undoubtedly the most suc-
cessful among all robots designed for THA. Some Chi-
nese investigators have conducted clinical research on
robot-assisted THA. In a clinical study including 118
cases of hip dysplasia, the accuracy rates for implant-
ing the acetabular cup into the Lewinnek and Calla-
nan safety zones were 94.9 and 74.6%, respectively, with
Mako robot-assisted THA and 79.7 and 50.8%, respec-
tively, with conventional THA. The bleeding volume and
operative time was not higher in patients undergoing
robot-assisted THA than in those receiving conventional
THA [18]. Li et al [19] reported that the postoperative
leg length discrepancies (LLD) of patients who received
Mako robot-assisted THA (54 hips) and those who
underwent conventional THA (54 hips) were 2.3mm
and 6.7 mm, respectively, and the patients with absolute
postoperative LLD exceeding 5 mm accounted for 2.6% in
Mako robot-assisted THA group and 47.3% in the con-
ventional THA group, indicating that the Mako robot can
provide a solution to the inability of conventional THA to
achieve equal leg length at the lateral position (Table 1).
In his ICRA keynote speech titled “Preliminary Imple-
mentation and Results of a Hip Joint Robot’, Professor
Xiaogang Zhang from Xinjiang Medical University noted
that robot-assisted artificial hip joint surgery consists of
three steps: preoperative virtual planning, the integra-
tion of virtual imaging and reality and performance of the
actual operation against the virtual plan. Robot-assisted
THA can significantly improve the precision of pros-
thesis placement and has obvious advantages over con-
ventional THA in the restoration of the full lengths and
rotation centers of both lower limbs. He focused on the
complications related to Make robot-assisted THA and
reported that, among 64 cases, 2 experienced loosen-
ing of the iliac assembly that made registration impossi-
ble and required switching back to conventional THA; 1
case developed iliac bone fracture; 3 cases had errors in
acetabulum registration that led to the misalignment of
the acetabular cup due to anteversion; and 1 case showed
acetabular cup loosening. These complications suggest
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that the full adoption of virtual preoperative planning still
carries some risks during the actual operation (Table 1).

The above study represents an effort made by orthope-
dists to integrate robots into conventional primary THA.
However, the value of robots in complex primary THA
has been hardly investigated. In a cohort study, Chai et
al [20] compared 35 cases of Mako robot-assisted hip
joint fusion with 37 cases of conventional primary THA
and found that the percentage of cases with the acetabu-
lar rotation center in the safety zone in the Mako robot-
assisted hip joint fusion group was 94.29%, which was
significantly higher than that of the conventional primary
THA group (67.56%). In addition, there were signifi-
cant differences in the left and right anteversion angles
of patients in the conventional THA group, which were
21.14° and 16.00°, respectively (P=0.042), while robot-
assisted THA could effectively eliminate the deviations in
anteversion angles caused by manual operation.

In another patient cohort that included 1 case of hip
dysplasia, 1 case of ankylosing spondylitis and hip fusion
and 1 case of post-traumatic hip osteoarthritis, Chai et
al followed-up the patients who received robot-assisted
complex THA. The operations went uneventfully, with
no complications taking place. The postoperative Har-
ris scores were 83/86 (left/right) for hip dysplasia, 87 for
post-traumatic hip osteoarthritis and 62 (poor) for anky-
losing spondylitis, suggesting that robot-assisted surgery
was suitable for complex THA, especially when the bony
landmarks were absent [21] (Table 1).

Professor Wei Chai also gave a special ICRA presenta-
tion on “Computer-assisted THA for Spine-pelvic Dys-
function” and noted that the post-THA risk of dislocation
and revision was higher in patients with spinal fusion than
in patients with normal spinal function (dislocation within
5years: HR=1.67; revision within 5years: HR=1.53) [22].
The normal hip-spine alignment allows for coordinated
motion through the interaction among the spine, pelvis
and hip, which jointly maintain the coronal and sagittal
balance of the human body [23]. The hip-spine alignment
might be disrupted or lost in some THA patients with
dislocation for unknown causes. To address this difficult
clinical problem, Dr. Chai’s team developed an improved
calculation technique for computing safety zone for the
Mako surgical robot system that draws the safety zone of
the acetabular cup as the patient performs three motions:
flexion and 45° inward rotation, straightening and outward
rotation and deep flexion. This algorithm also includes
some adjustment parameters, sets the acetabular angle
with the supine pelvis serving as the reference, uses the
acetabular angle corresponding to the erect pelvis to deter-
mine whether the straightening external rotation motion
is safe and employs the acetabular angle corresponding to
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the pelvis in the sitting position to determine whether hip
flexion is stable to provide accurate guidance for acetabu-
lar cup implantation. Since no effective treatment is avail-
able for spine-pelvis dysfunction in clinical practice, the
study by Chai et al is significant because it provides viable
options for addressing this problem.

Although primary arthroplasty is currently the main
field where surgical robots are being used, some Chinese
scholars have been aggressively exploring the application
of these robots in joint revision surgery. Professor Yixin
Zhou et al [24] of the Beijing Jishuitan Hospital presented
his ICRA report on “Applications of Robots in Complex
Hip Revision” They employed the Mako robot to perform
hip revision on 47 patients with failed THA hospital-
ized from October 2019 to December 2020. All patients
underwent whole-body imaging evaluation in the stand-
ing and sitting positions preoperatively. On the basis of
the evaluation, the Mako robot system calculated the
prosthetic safety zone of each patient. Intraoperatively,
all patients were successfully registered, and satisfactory
clinical outcomes were attained (average operative time:
176 min; average intraoperative blood loss: 885.8mlL;
average abduction angle of the acetabular cup: 41.94%
average anteversion angle: 13.94°). Among 45 cases of
acetabular revision, the acetabular cup was within the
Lewinnek safety zone in 43 cases and within the Calla-
nan safety zone in 38 cases. The results indicated that
intraoperative registration is the core element of robot-
assisted complex revision of the hip joint. Of the 45 ace-
tabular revision cases, registration was achieved through
the bone bed in 27 cases, through the lining in 10 cases,
through the acetabular cup in 7 cases and through the
cage in 1 case. The power of this study lies in the fact
that it has broken through the registration bottleneck of
robot-assisted surgery for acetabular revision (Table 1).

Robotic surgery in knee arthroplasty

Robots play an equally important role in knee arthro-
plasty. Robot-assisted knee arthroplasty has been
successfully extended to unicompartmental knee
arthroplasty (UKA) and TKA in China. Fu et al [25]
examined the learning cureve (LC) in 8 cases of Mako
robot-assisted UKA and showed that, during the LC,
Mako robot-assisted UKA took a longer operative time
than conventional Oxford UKA (131.3 min vs. 100.4 min)
but had fewer postoperative errors related to the implan-
tation orientation of the prosthesis. In his ICRA report
regarding Mako robot-assisted UKA, Professor Qi Wang
of the Shanghai Sixth People’s Hospital listed the prob-
lems of conventional UKA during bone cut, prosthesis
installation and problems with soft tissue balance, ezc.
A long-term follow-up study showed that the 15-year
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prosthesis revision rate of conventional Oxford UKA was
as high as 18.2% [26]. Professor Wang further empha-
sized that a good balance between soft tissue and trajec-
tory can be accomplished through precise preoperative
planning, determination of the intraoperative cutting
amount (by measuring the femoral and tibial cortical
bone thickness) and intraoperative fine-tuning of the
operation plan so that the I-to-2-mm laxity in medial and
lateral sides allows for good prosthesis alignment and
soft tissue balance during the flexion and extension of
knee joint. Furthermore, the Mako robot-assisted UKA
can achieve good knee function and excellent short-term
postoperative efficacy and offers a good subjective expe-
rience for the patient [27], (Table 1).

Professor Jin Lin from Peking Union Medical Col-
lege Hospital performed 24 TKA by using China’s first
domestically-developed surgical robot (HURWA, Bei-
jing Hehuaruibo Medical Technology) [28]. The clinical
study showed that, compared with the control method,
robot-assisted TKA took a significantly longer opera-
tive time (robot-assisted TKA: 114+ 20min; control
method: 81+11min; P=0.02) but had insignificantly
different postoperative HSS scores (robot-assisted TKA:
84.6; control method: 84.7 points) and WOMAC scores
(robot-assisted TKA: 59.6; control method: 63.6). Using
a postoperative hip-knee-ankle angle of less than 3° as
the eligibility standard for mechanical force line correc-
tion, the passing rates were 63.6% for robot-assisted TKA
and 69.2% for the control method (P=0.462). This find-
ing confirmed that the HURWA robot is safe, although
the robot did not show any advantage over the control
method in terms of the lower limb alignment (Table 1).

In his report titled “R&D and the Experience with a
Knee Replacement Surgical Robot’, Professor Huiwu Li
from the Ninth Hospital of Shanghai Jiaotong University
shared his experience with the independent develop-
ment of the Honghu surgical robot (Honghu, Microport,
China). Specifically, during preoperative planning, the
graph theory-based joint model automatic segmenta-
tion algorithm, physical feature points-based prosthesis
matching and planning positioning algorithm were inno-
vatively used to ensure that the CT segmentation quanti-
fication indexes of the femur and tibia reached 96.52 and
95.69%, respectively. In addition, the anatomical landmark
calculation constraint algorithm was introduced to reduce
the registration error to within a range of displacement
<Ilmm and a rotation angle <1°, which solved the tech-
nical problem of the low speed and poor accuracy of the
conventional point cloud registration algorithm. The grav-
ity compensation algorithm was introduced to address
the problem of osteotomy inaccuracy due to the large
swing of the robotic arm. The use of this algorithm, in
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combination with optical navigation techniques, achieved
real-time precision compensation that was able to con-
trol the osteotomy positioning error to within 1.5mm. An
integrated bone-cutting tool was designed that could be
applied to all parts of the femoral and tibial bones, thus
improving osteotomy efficiency [29, 30] (Table 1).

To best of our knowledge, the largest clinical study in
China was performed with Yuanhua (Yuanhua Technol-
ogy, Shenzhen), another domestic surgical robot. Chai
et al [31] systematically evaluated robotic arm-assisted
bone cut using this system in six goat models and found
that the deviation between the planned cutting thick-
ness before operation and the measured value after the
operation was < 1 mm and that the error of the osteotomy
angle was <2°, both of which were statistically insignifi-
cant (P>0.05). They [32] also investigated the osteotomy
angle of this system on six adult cadavers and found that
the postoperatively measured hip-knee-ankle angle was
177.1°-179.7°, the coronal femoral component angle
was 87.9°-91.4°, and coronal tibial component angle was
87.3°-91.4°, with errors being within +3° of the angles
planned before operation, indicating that this system can
assist in precision bone cut based on preoperative plan-
ning. After this clinical study, multiple randomized con-
trolled clinical trials involving 180 patients at six joints
centers in China and attained encouraging results.

Professor Zongke Zhou from the West China Hospi-
tal of Sichuan University presented the results of a clinical
trial on Yuanhua robot-assisted full TKA that prospec-
tively enrolled 60 patients with unilateral knee osteoar-
thritis from October 2020 to February 2021. The cohort
included 32 cases in the control group, which underwent
conventional surgery, and 28 cases in the test group, which
received robot-assisted surgery. Their preliminary results
showed that the postoperative lower limb axis deviation
ranges were 0-2° for the test group and 0-5° for the con-
trol group, with 89% of the patients in the test group hav-
ing a difference within £2mm between the medial and
lateral gaps in 90 degrees of flexion, and a difference within
+2mm between the medial and lateral sides in full exten-
sion. The posterior slopes of the tibial component were 2.8°
in the test group and 5.3° in the control group, with fewer
outliers in the test group. The two groups showed no signif-
icant differences in the coronal femoral and tibial compo-
nent angles or in the sagittal femoral and tibial component
angles. The postoperative patient satisfaction was higher
than 90% in both groups. The researchers concluded that
TKA assisted by China’s domestic robot system could sig-
nificantly improve the accuracy of prosthesis positioning,
angle and lower limb alignment and gap balance, and the
majority of patients were willing to undergo robot-assisted
contralateral knee surgery (Table 1).
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Professor Yuan Zhang from the Army Medical Uni-
versity gave a presentation on “Domestic Robot-Assisted
TKA: Clinical Performance and Learning Curve” He
defined the LC as the time and practice required for a sur-
geon to reach a certain technical goal and a reflection of
the correlation between the surgeon’s effort and the clini-
cal outcome. Currently, LC at home and abroad is defined
using the total operative time, anxiety level and the num-
ber of operations as criteria, and it does not yield an
accurate result [33]. Given that the LC is associated with
multiple perioperative factors, he classified it into four
categories: operative time-based LC, the imaging index-
based LC, the surgical trauma indicator-based LC and
the postoperative functional recovery-based LC. He pre-
sented the results of a clinical trial of TKA assisted by the
Yuanhua robot for examplification. The results showed
that 6-8 cases fell into the operative time-based LC cat-
egory. In terms of surgical trauma indicators, the average
total blood loss of the test group and the control group
were 650.1mL and 751.6mL, respectively; the hemo-
globin levels of the two groups dropped by 21.1g/L and
26.2g/L, respectively; the erythrocyte sedimentation rate
of the two groups increased by 2.02mm/h and 3.53 mm/h
1 month after surgery, respectively; and the C-reactive
protein of the two groups rose by 0.81 mg/L and 3.75mg/L
1 month after surgery, respectively. The postoperative
imaging evaluation showed that the lower limb joint line
angles of the two groups were 178.53° and 177.26°, respec-
tively (P<005), and the postoperative slope of the tibial
plateau were 3.59° and 4.44° in the two groups, respec-
tively (P<0.05), suggesting accuracy was higher in the test
group than in the control group for restoring mechani-
cal force lines and controlling the tibial slope. In terms of
surgical trauma and imaging indicators, there was no LC
for TKA. In terms of the postoperative function, the Knee
Society Scores of the two groups increased by 53.2 and
50.2, respectively, 3 months after surgery (P<0.05), and
the HSS scores in the two groups increased by 15.4 and
12.1, respectively, 3 months after surgery (P<0.05), sug-
gesting that 14 cases were in the functional score-based
(KSS, HSS) LC category. The two groups showed no sig-
nificant difference in postoperative complications. The
power of this study lies in the fact that it quantitatively
assesses and accurately defines the LC for robot-assisted
TKA, which can provide valuable support to help begin-
ners avoid intraoperative risks, reduce the occurrence of
complications and ensure surgical safety (Table 1).

Conclusion

Al-based precision, intelligentization and personalization
represent the general trend in joint surgery. The success
of multiple entities in independently developing domestic
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surgical robots in China showed that the deep integra-
tion of medicine, engineering and network has begun to
take shape and that China will play an important role in
Al-assisted medical care. However, robot-assisted surgery
involves only robotic arm assistance at present, and the
automation and intelligentization of this modality need
to be further improved. Robots should be designed to use
MRI data segmentation to achieve personalized algorithms
for calculating cartilage thickness and soft tissue tension to
match intraoperative fast scanning and registration capabil-
ities, thereby transforming mechanical physical parameters
to biomechanical characteristics and ultimately achieving
the goal of individualized anatomical reconstruction.

Although there are few reports on the application of Al
in shoulder, elbow and ankle surgeries in China, with the
advancement Al-related techniques, its value in these sur-
geries will be shown, in terms of significantly improved
accuracy and specificity of the operation, and further pro-
moted digitalization and intelligentization of the surgical
treatment.
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