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Robot-assisted laminectomy in spinal surgery: a systematic
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Abstract: This study aimed to summarize the current progress in the field of robot-assisted laminectomy
in spinal surgery. A systematic search of the Institute of Electrical and Electronics Engineers (IEEE) Xplore,
PubMed, Embase, Web of science, The Cochrane Library, Wanfang Data, China National Knowledge
Infrastructure (CNKI), and Chinese Biomedicine Literature Database (CBM-SinoMed) was performed for
papers related to robotic-assisted laminectomy. A total of 27 articles were selected for inclusion in our study.
Among the articles, 10 robotic system, 2 bone cutting strategies, 6 state recognition strategies were founded.
The most commonly adopted type of robot system was the Nathoo A type (6/10). Bone cutting strategies
were mainly formulated based on force information and medical image information, and state recognition
was based on a variety of factors, including force, sound, vibration, medical images, current or a combination
of parameters. Early research on robot-assisted laminectomy did not reflect good continuity, and the studies
mainly focused on the type of robotic system. In recent years, more researchers have chosen the Nathoo
A as the robot system type, and the focus of research has gradually shifted to laminectomy path planning
and safety control strategies, such as state recognition. Although these studies have been able to perform
laminectomy without penetrating the inner cortex of the lamina, most experiments have been performed in

vitro, and clinical application is still untested.

Keywords: Robot-assisted surgery; laminectomy; state recognition; bone cutting strategy

Submitted Jul 12, 2020. Accepted for publication Feb 04, 2021.
doi: 10.21037/atm-20-5270
View this article at: http://dx.doi.org/10.21037/atm-20-5270

Introduction for spine surgeons in the new era. One solution has been

More than 4.83 million people undergo spinal surgery offered in the form of robot-assisted spine surgery. In the

each year (1). With an aging population, it is expected that past few decades, surgical robots aimed at reducing human

the number of patients suffering from degenerative spinal error and improving the safety and efficiency of surgery

diseases will increase, and this will, to an extent, increase
the amount of spinal surgery in turn. Performing spinal
surgeries with high efficiency and quality is a challenge

have developed rapidly in fields like general surgery and
urology (2,3). However, the development of surgical robots
in the spine field has been relatively slow. So far, the United
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States Food and Drug Administration (FDA) has approved a
total of 7 robots from 4 companies (4), and the China Food
and Drug Administration (CFDA) has approved 1 robot for
spinal surgery. Those robots mainly address the accuracy
and safety problems of pedicle screw placement through
navigation and positioning. However, in the field of robot-
assisted laminectomy, there are no commercially available
robots, and most studies are in the experimental stage.
Laminectomy is a common operation in spinal surgery and
even neurosurgery. It has a wide range of indications in
diseases such as disc herniation, spinal stenosis, and spinal
tumor. Research in this field has favorable prospects in
clinical application. However, there is a lack of a review
in the field of robot-assisted laminectomy. Therefore, we
performed a systematic review of the current research
progress in this field. We present the following article in
accordance with the PRISMA reporting checklist (available
at http://dx.doi.org/10.21037/atm-20-5270).

Methods

We performed a systematic literature search for all
relevant articles in English or Chinese language from the
Institute of Electrical and Electronics Engineers (IEEE)
Xplore digital library, PubMed, Embase, Web of Science,
The Cochrane Library, Wanfang Data, China National
Knowledge Infrastructure (CNKI), and the Chinese
Biomedicine Literature Database (CBM-SinoMed), limiting
the publication date from inception to March, 2020. We
used boolean operators to link Medical Subject Heading
(MESH) terms, including “decompression”, “laminectomy”,
“laminotomy”, and “robot”. Specific strategies were made
to fit features of the different bibliographic databases
(see Table S1). In addition, reference lists were manually
examined for additional studies not retrieved from database
searches. The search was performed at the same time by
2 researchers, and disagreements were resolved through
discussion with a third researcher. Only articles which
studied “robotic-assisted laminectomy” in spine surgery
were included.

Results

After the literature and application of the inclusion criteria,
27 articles were selected for study inclusion (Figure I). All
articles included were published between 2001 and 2020.
There were 3 articles from 2000 to 2004, 2 from 2005 to
2009, 5 from 2010 to 2014, and 17 articles from 2015 to
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2020. The articles mainly originated from 4 countries:
China (n=20 articles), France (n=5), Germany (n=1), and the
United States (n=1 article). All articles published in the past
5 years were from China (Figure 2). The data regarding the
robot system, bone cutting strategy, and state recognition
strategies are summarized below.

Robotic system classification

In 2005, Nathoo et al. (5) proposed a 3-type classification
system for surgical robots. (I) The supervisory controlled
robotic system involves the surgeon completing a surgical
plan before the operation, with the robot automatically
executing the plan under the supervision of the surgeon
during the operation. (II) The robotic telesurgical system,
is considered to operate under a “master-slave” condition,
an example of which is the da Vinci surgical system. In this
system, there is a master side and a slave side, and, during
the operation, the slave-side mechanical arm imitates the
doctor’s operation on the master-side. Finally, (III) the
shared control system involves the surgeon and the robot
controlling the surgical instrumentation at the same time.
For the purposes of this study, the robotic systems were
summarized according to the Nathoo classification (7able I).

Nathoo type A: supervisory controlled robotic system

In 2010, Wang et al. (6) designed a compact spinal milling
robot (SMR). The robot consists of a 2 degrees-of-freedom
(DOF) feeding unit and a milling unit which contains a force
sensor. The former is used to complete the translational
feeding motion, while the latter can perform the rotational
cutting process and force monitoring function. The milling
terminal is a spherical milling cutter (Figure 3). In 2015,
Dai et al. (7) developed a robotic system consisting of a
3-DOF robot, a non-contact laser displacement sensor, a
water cooling tube, and a spherical milling cutter. The laser
displacement sensor is used to detect the vibration of the
spinous process during the laminectomy to achieve state
recognition. They also applied this robotic system several
times to study different methods of state recognition during
laminectomy (16-18). In 2010, Jin ez 4/. (19) introduced a
pedicle screw surgical robot system, which can be used to
drill and place screws in pedicles automatically; this then
gradually developed into the robotic spinal surgical system
(RSSS) (20,21). In 2013, Deng et al. (8) modified the RSSS
and applied it to the field of laminectomy. The modified
system includes a 7-DOF manipulator in which the
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Figure 1 Flowchart of selection of robot-assisted laminectomy studies.

terminal has a spherical milling cutter with a force sensor.
During the operation, the lateral interaction force of the
milling cutter is collected by the force sensor and analyzed
to ascertain the milling state. In 2016, Deng ez a/. (11) also
used a 3-axis robot system to perform laminectomy, which
combined with a force/torque sensor, with the milling
terminal being a spherical milling cutter. In 2017, Wang
et al. (22,23) introduced the design scheme for a
laminectomy robot composed of a 5-DOF robotic arm
and a feeding unit. In 2018, Sun ez /. (24) introduced
the surgical robotic auxiliary system (SRAS). The system

© Annals of Translational Medicine. All rights reserved.

consists of a universal robot UR5 mechanical arm (6-
DOF), a three-dimensional (3D) image interaction using
Visualization ToolKit/Insight ToolKit (VI'K/ITK) libraries,
and probe tracking through serial communication.

In 2016, Wang et al. and Fan et al. (9,25) introduced a
vertebral milling surgical robot system, with explanations of
the preoperative to intraoperative procedures. This system
comprises an image navigation system and a robot motion
control system. The former includes an infrared optical
locator and navigation software for surgical path planning
and intraoperative real-time tracking and positioning.
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The latter consists of a robot control interface and a
surgical robot (a 4-DOF robotic arm, a 6D force/torque
sensor, and a spherical grinding drill) for positioning and
grinding operations. In this system, computed tomography
(CT) images are acquired before surgery to reconstruct
a 3D model of the spine. After registration, the surgeon
formulates the operation plan according to the 3D model,
and finally the robot automatically performs the laminar
milling operation according to the plan. The author
conducted a total of 12 experiments on pig, sheep, and
bovine spines. The results showed that the remaining
thickness of the lamina was 1-2 mm, and the success rate of

the experiment was 100%.
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Figure 2 A breakdown of articles published per 5 years from 2001
to 2020.

Table 1 Summary of robotic systems for laminectomy

Li et al. Robot-assisted laminectomy in spinal surgery

Nathoo type B: robotic telesurgical system

In 2009, Ponnusamy et al. (12) reported use of the da
Vinci surgical system for posterior spinal surgery including
laminectomy. The da Vinci surgical system has been widely
used in urology and gynecology operations (26). However,
due to the lack of bone resection equipment, its application
in spinal surgery is limited (27). Ponnusamy et a/., installed
prototype burr and rongeur instruments to the da Vinci
robot component, and performed posterior spinal surgery
on pigs. In this operation, the da Vinci robot is placed
vertically in the operation area, and the robot is operated
remotely for laminotomy, laminectomy, and dural suture.
There was no unexpected instrument movement during
the bone resection, and the laminectomy was successful.
In 2016, Lei e al. (13) built a master-slave spine surgery
robot system. The master end of the system is composed
of omega.6 force-feedback equipment (Force Dimension,
Nyon, Switzerland), master console, host, and display. The
slave end includes the spine surgery robot arm, camera,
milling drill, and 6D force sensor. During the operation,
the surgeon operates the movement of the master hand,
and then the system maps the operation of the surgeon to
the slave arm, and controls the slave arm to perform the
operation. At the same time, the system collects the milling
force information from the force sensor to provide force
feedback to the master hand. The experimental results
showed that the motion error of the master and slave hands
varied within = 1 mm.

Name (or reference) Type* DOF State recognition Cutting strategy Reference
SMR A 2 Force Layer by layer 6)
Dai 2015 A 3 Vibration Layer by layer (7)
RSSS A 7 Force Layer by layer (8)
Wang 2016 A 4 Force Layer by layer 9)
SRAS A 6 Location Medical Image (10)
Deng 2016 A 3 Force Fuzzy force control (11)
da Vinci B 6 N/A Remote operation (12)
Lei 2016 B 6 Force Remote operation (13)
Hein 2001 C N/A N/A Collaboration (14)
Surgicobot C N/A N/A Collaboration (15)

*Nathoo type. DOF, degree of freedom; SMR, spinal milling robot; RSSS, robotic spinal surgical system; SRAS, surgical robotic auxiliary

system.

© Annals of Translational Medicine. All rights reserved.

Ann Transl Med 2021;9(8):715 | http://dx.doi.org/10.21037/atm-20-5270



Annals of Translational Medicine, Vol 9, No 8 April 2021

Figure 3 Spinal milling robot designed by Wang ez a/. (6)
consisting of a 2-DOF feeding unit and a milling unit. Permission
to reproduce this figure is obtained from copyright holder. DOE,

degree of freedom.

Nathoo type C: shared control system

In 2001, Hein ez /. (14) introduced a surgical robot that
can restrict the movement of the operating terminal during
operation. This robot calibrates the safety boundary in
advance, and the surgeon can only move the terminal
within a safe range, thereby ensuring the safe control of
laminectomy. Similarly, in 2004, the The French Atomic
Energy Commission designed a collaborative robotic
system, Surgicobot (15,28-30). This system is installed on
a bridge spanning the operating table, and consists of a
6-DOF tandem manipulator, a positioning camera, cutting
tools, probes, and a graphical interface for human-machine
interaction (31). Before surgery, the 3D model of the
vertebral body is extracted from the CT image to define the
"danger area”. Then, the surgeon’s operation is constrained
by the force generated by the robotic arm, and will not be
able to penetrate the danger area of the patient’s in surgery.

Bone cutting strategy

The bone cutting strategy is formulated to select the most
efficient way to perform laminectomy. For Nathoo B and
Nathoo C robots, the intraoperative bone cutting strategy
is the same as that in traditional surgery. For Nathoo A
robots, it is necessary to develop a bone cutting strategy, as
the cutting process is controlled by the robot.

Medical image-based strategies

In 2018, Sun er al. (24) formulated a cutting strategy
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based on the 3D reconstruction of medical images and the
iterative closest point (ICP) space registration algorithm.
In this strategy, the doctor plans the cutting path on the
interactive interface. The robot system generates the upper
and lower surface points of the area to be cut, and then uses
the binary space partitioning-tree (BSP tree) algorithm to
generate the middle part point set. Finally, the robot system
generates the cutting path which is converted into the robot
space. In order to generate the speed of the corresponding
point of the path, the mapping relationship between the
gray value of the medical image and the virtual force value is
found through calculation based on the medical image. The
virtual force of the next position is calculated before the
robot moves to adjust the cutting parameters and improve
the cutting effectiveness. An experiment on the scapula of
pigs showed that the remaining thickness after laminectomy
was about 1 mm, with the inside of the lamina being left
unpenetrated.

Force-based strategies

Zhang et al. (32) introduced a fuzzy logic-based control
method, which uses the force and the thickness of the
lamina as input to output the cutting depth and speed. The
fuzzy control rule is based on the doctor's experience and
experimental results. Matrix laboratory (MATLAB) was used
for simulation experiments and verified the feasibility of the
control system. Qi ef /. (33) and Ma (34) used a multilevel
fuzzy controller (MLFC) to adjust the transverse feed speed
in real time based on force feedback. In the experiment,
the feed rate was selected to be 1 mm/s for conventional
grinding, and was adjusted in real time for MLFC grinding.
The time consumption of MLFC grinding was reduced by
more than 45% compared with conventional grinding. The
coefficient of variation of longitudinal force was reduced
by 80% on average, which indicated that MLFC grinding
has higher cutting efficiency and is more stable. Fan
et al. (35) input the filtered force signal into the fuzzy logic
controller (FLC) to output the cutting depth, and adjust the
cutting depth in real time during the milling process. In an
experiment that tested how many layers there were before
it milling to the inner cortex, the normal milling had 10
layers, while the FLC had 7, indicating the latter had higher
efficiency. Deng et al. (11) used damping control (DC) to
adjust the feed speed according to the lateral force feedback,
stiffness control (SC) to adjust the cutting depth according
to the longitudinal force, and a fuzzy combiner (FC) to
adjust the cutting parameters in real time. They compared
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Table 2 Summary of state recognition strategies

Li et al. Robot-assisted laminectomy in spinal surgery

Signal Sensor Model Reference
Force Force sensor Cross-correlation coefficient (6)
Normalized mean feature (35)
Hilbert-Huang transform, support vector machine 8
Energy consumption (11)
Particle swarm optimization (36)
Sound Sound sensor Wavelet packet transform, self-organizing feature mapping (17)
Discrete wavelet transform (37)
Vibration Laser displacement sensor Wavelet packet transform, adaptive linear neuron (7)
Location CT, navigation system U-Net, gray redistribution (10)
Current Current sensor Wavelet transform (38)
Multi-information Sound sensor and acceleration Artificial neural network (18)
sensor
Acceleration sensor and laser Lifting wavelet package transform, support vector machine (16)

displacement sensor

CT, computed tomography.

3 milling methods: uncontrolled, force-controlled, and
fuzzy force-controlled milling. The experiment showed
that the longitudinal force of fuzzy force-controlled
milling changed by about 26% and the other 2 methods
exceeded 50%. The time for fuzzy force control was about
40 seconds, while that of free control and force control was
60 seconds and 45 seconds, respectively, indicating that the
fuzzy force control was more efficient.

State recognition strategy

State recognition means that the robot recognizes the
operation condition of the bone cutting terminal during
operation. It is critical to be able to identity the inner
cortical bone, so as to stop grinding when coming into
contact with this bone. The currently used state recognition
methods are summarized in Table 2.

Force-based state recognition

In 2010, Wang et al. (6) used the sudden decrease of the
lateral force when milling to the edge of the lamina as an
indicator for stopping grinding, and differentiated the
cortical from cancellous bone by calculating the cross-
correlation coefficient (CCC). The tests showed that the

© Annals of Translational Medicine. All rights reserved.

remaining bone thickness was 0.9-1.2 mm, with none of
test procedures having broken through the inner cortical
layer. In 2016, Fan ez al. (35) used longitudinal contact force
to assess the milling state. They used a normalized mean
feature (NMF) algorithm on longitudinal forces and found
that the normalized force in cancellous bone was 0.4-0.5,
while that of milling in cortical bone was higher than 0.9.
The difference was obvious, and the milling state could
be identified. The results of this experiment showed that
the remaining lamina thickness was between 1.0 mm and
1.9 mm. In 2013, Deng et al. (8) used the Hilbert—-Huang
transform (HHT) to extract force features by collecting
lateral forces during the grinding process, and used support
vector machine (SVM) to establish classifications for
identifying different milling stages. Experiments showed
that the correct recognition rates of the outer cortical
bone, cancellous bone, and inner cortical bone were 86.7%
(13/15), 86.7% (13/15), and 100% (15/15), respectively. In
2016, Deng et al. (11) calculated the energy consumption
(EC) of the milling process by obtaining the contact force,
feed speed, and cutting depth during the cutting process.
Compared with cancellous bone, cortical bone consumed
more energy, so the difference between cancellous and
cortical bone can be identified according to the EC
value. Using this method, the milling tool can stop when

Ann Transl Med 2021;9(8):715 | http://dx.doi.org/10.21037/atm-20-5270



Annals of Translational Medicine, Vol 9, No 8 April 2021

touching the inner cortical bone with a residual thickness of
1.9-2.2 mm. In 2020, Jiang et /. (36) built a milling
dynamics model based on the geometry theory of the
ball-end cutter, and used the particle swarm optimization
algorithm (PSO) to calculate the correlation coefficient of
the milling dynamics model to calibrate the model. The
experimental results show that the prediction accuracy was
+0.1 mm and within 0.8-1.2 mm, while the accuracy was
+0.2 mm and within 1.2-1.6 mm.

Sound-based state recognition

In 2015, Dai et al. (37) obtained the sound signal during
milling process through a microphone, analyzed the sound
pressure signal using discrete wavelet transform (DW'T) to
extract the harmonic component, and calculated the product
of wavelet energy to identify different milling states. In tests,
the doctor performed laminectomy by hand, and calculated
the product of wavelet energy of the 5 operating states:
idling, start, 2 seconds before breaking through, 1 second
before breaking through, and broken through. The result
showed that the difference in the wavelet energy produced
was obvious. In 2017, wavelet packet transform (WPT) was
performed on the sound pressure information collected
during the milling process, and a series of sub-band signals
was decomposed (17). Then, the average amplitude of
the sub-band wavelet coefficients was calculated, and the
result was input to the self-organizing feature mapping
network (SOFM) for classification and recognition. The
SOFM output 4 operation results: nothing, cortical bone,
cancellous bone, and annulus fibrosus. The experimental
results show that the successful recognition of the 4 states
was not less than 85%.

Vibration-based state recognition

Dai er al. (7) used vibration harmonic amplitudes to
identify different milling states. They acquired vibration
displacement signals through laser sensors and performed
median filtering, then performed WP, and finally used
adaptive linear neuron (ADALINE) to obtain the harmonic
amplitude. The different milling states were identified by
the harmonic amplitude. The experiment was consistent
with the dynamic analysis results, and harmonic amplitude
was found to be able to monitor the key state before break-
through. The remaining thickness of the lamina was
maintained at about 1 mm.

© Annals of Translational Medicine. All rights reserved.
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Medical image-based state recognition

Sun et al. (10) registered the medical image space and the
navigation space, and identified different operating states
based on the gray value of the medical image during the
operation. In order to improve the recognition of the
lamina edge, the medical image was preprocessed. First, the
U-Net network was used to perform binary segmentation
on the medical image, and then the grayscale redistribution
method was used to enhance the lamina edge information,
which allowed the robot to identify the inner cortex during
fenestration. Simulation experiments were carried out. The
results showed that the lamina was not broken through
under different speeds and different dynamic receiving field
conditions.

Current-based state recognition

Zhu et al. (38) collected the current signal during the
milling process, normalized it by wavelet transform, and
obtained the converted current signal. The milling state
was determined according to the difference between
this current value and the threshold. The experiment
showed that the remaining thickness of the lamina was
0.98-1.84 mm.

Multi-information-based state recognition

Researchers have also tried to use multi-information for
state recognition. Dai er 4/. (18) obtained 2 signals through
sound sensors and acceleration sensors, used a band-pass
filter to extract the harmonics of the 2 signals, calculated
the correlation coefficients between the 2 harmonics, and
finally input them into the artificial neural network (ANN).
The model output 4 cutting states: cancellous bone, cortical
bone, muscle, and idling. The recognition accuracy of the
experimental model was more than 90%. In 2016, Dai
et al. (16) used acceleration sensors and laser displacement
sensors to obtain vibration signals of tools and tissues. First,
they used a median filter for the initial signals, then input
the results into the lifting wavelet packet transform (LWPT)
model, and finally input the calculated wavelet factor into
the SVM classifier. As a result, the classifier output the state
recognition results, which were the lamina, adjacent bone
structure, muscle, and spinal cord. The success rate of the
identification of adjacent bone structure and muscle was
about 90%.
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Discussion

The robots in the field of spinal surgery can be divided
into pedicle screw fixation robots and laminectomy robots.
Many supporting studies and successfully commercialized
products exist for pedicle screw fixation. The FDA has
approved a total of 7 robot type from 4 companies, while
the CFDA has only approved 1 robot (TiRrobot system,
TINAVI Medical Technologies Co., Ltd, Beijing, China).
The Mazor SpineAssist® (Mazor Robotics Ltd.; Caesarea,
Israel) robotic system, the first of its kind to be approved
by the FDA, went on the market in 2004, while the first
generation TiRobot system was licensed by the CFDA
in 2010. Despite its relatively late start, the TiRobot is
in a leading position in the market to some extent, due
to it having obtained indications for the whole spine and
trauma (39), and its positioning accuracy has reached
the sub-millimeter level. These commercial robots are
not capable of autonomous operation. Another robot,
SPINEBOT, proposed by Hanyang University in South
Korea in 2005 (40), has auto-drilling functionality, and
simulation test results have shown an error range within
2 mm. On this basis, in 2009, a team from the Pohang
University of Science and Technology in South Korea
designed the cooperative robotic assistant (CoRA)
robot (41); this system had a rigid body to better withstand
the reaction force in the process of drilling and nailing,
but also had the disadvantage of being too large in size. In
2011, a Chinese team proposed the robot spinal surgical
system (RSSS) (20), which was later iterated to the RSSS-
II. The serial structure was adopted to effectively reduce
the volume, and the experiment supported its accuracy:
the average positioning error was 1 mm and the angle
error was 1.1 degrees. Evidently, compared with other
countries, China was late to engage in this field, with
fewer commercial products and fewer practical clinical
applications. In addition to pedicle screw fixation,
laminectomy is another critical step for spine surgery.
Robot-assisted laminectomy has gradually attracted the
attention of scholars in recent years, especially those from
China (of the 27 studies included in this paper, 20 are by
Chinese researchers). The focus of Chinese researchers
is different from that of other countries, where the early
research still focuses on 2 types of robots: remote operation
and collaborative robots. The content of Chinese research
is focused on methods to perform autonomous robotic
laminectomy, with the degree of automation of the robot
being obviously higher. Currently, there is no successful
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commercial product of a laminectomy-performing surgical
robot, and this vacancy represents an opportunity for China
gain an edge in the high-end medical equipment market.

In the field of robot-assisted laminectomy, 3 kinds of
robotic systems exist. Among them, the Nathoo A type
is the most commonly used, which also in line with the
public’s expectations for surgical robots; that is, a robot
capable of automatically performing surgical operations.
Robots of this type generally share same characteristics
in hardware construction. The operation port contains a
multi-DOF mechanical arm, which holds the bone cutting
tool, and integrates different sensors according to need.
The control port regulates operation of the robot arm by
analyzing the signals collected by the sensor. The robot’s
safety strategy is to use various signals to identify the inner
cortical bone during milling procedures, so that it can stop
before penetrating the inner cortical bone, avoiding damage
to the vital tissues. However, related research has only been
performed using in vitro bone specimens or bone models.
Future studies need to further examine the interfering
factors of the in vivo environment, such as the patient's
respiration, influence of surgical field bleeding, possible
elastic deformation of the lamina (42), or even displacement
of the vertebral body due to the excessive force between the
bone cutting tool and the lamina.

The Nathoo B robot requires the full participation of
the surgeon during the operation. The robot itself does not
determine the progress of the operation. The advantage
is that the slave port can be designed to be maximally
conducive to the purpose of the operation, can perform
surgery in a cramped surgical space (such as in minimally
invasive surgery), and offer a comfortable operating
environment for the surgeon. However, as far as the current
research is concerned, these advantages have not been well
demonstrated during the operation of laminectomy. This
may be because current research is still limited to open
surgery or in vitro experiments, which cannot showcase
the advantages of minimally invasive surgery. Additionally,
due to the large size of the robot's slave port, its placement
limits the use of intraoperative C-arms, so that it cannot
perform fluoroscopic positioning during surgery. This type
of robot does not integrate any navigation or positioning
systems to compensate for these drawbacks. The 2 B-type
robots that have been reported thus far do not have reliable
safety control strategies. Whether the lamina is about to
be cut through or not depends on the experience of the
operator. Therefore, we believe that the Nathoo B type
robot may be more suitable for the application of minimally
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invasive surgery.

The Nathoo C type robots reported thus far have the
same design concept as the surgeon-operated conventional
operation. The robot plays the role of an “insurance
policy”. The members of Surgicobot’s research and
development team have explained why they did not chose
automatic methods to achieve robot-assisted laminectomy:
“The surgeon does not see what is happening during the
course of the operation because the robot obstructs his
view, and there can be errors due to the model not quite
corresponding to the reality” (28). Therefore, the team
chose a solution that combines human flexibility and robot
safety. However, we subscribe to the premise that if the
safety strategy is sufficiently effective, it is feasible for the
robot to perform the laminectomy automatically. In the
future, we believe that the robot architecture in this field
should still move in the direction of the Nathoo A type.

Almost all robotic bone cutting tools in the literature
were milling drills, and only a single study examined
ultrasonic bone cutters (43). In fact, ultrasonic osteotome
has many advantages as a bone cutting device. It boasts high
accuracy and convenient operation, and enables easy-to-
perform bone resection operation in complex anatomical
locations. The principle involves using high-frequency
ultrasonic microvibration to cut mineralized tissue, so
the cutting efficiency for bone is high, while the cutting
efficiency for soft tissues, such as vascular nerves, is low.
Therefore, it has the effect of "cutting hard but not cutting
soft" to some extent (44). There are even reports in the
literature that ultrasonic bone cutters have a hemostatic
function during bone cutting (45). The above characteristics
give ultrasonic bone cutters a good performance in the
practice of spine surgery laminectomy (46,47). We believe
that it has promising application prospects in the field of
robot-assisted laminectomy.

For bone cutting strategies, the key point is to choose
reasonable cutting parameters including cutting depth, feed
rate, and cutting tool settings. At present, a large number
of researchers have performed milling layer by layer, which
presents a problem that in one layer of the lamina milling
process, 2 types of bones—cortical bone and cancellous
bone—may appear simultaneously. Moreover, in the
instance of approaching the inner wall of the lamina, this
milling method may cause some lamina to be penetrated
and some not, which is catastrophic for the surgery. The
relevant research has mainly focused on path control or
force control. In clinical practice, temperature control is also
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very important. Excessively high temperatures may cause
thermal damage to the tissue and even tool deformation,
affecting the positioning accuracy and potentially leading to
surgery failure.

The safety strategy of robotic-assisted laminectomy
revolves around ensuring that the robot does not penetrate
the lamina during the cutting process. In order to achieve
this, the robot needs to have the ability of state recognition,
so it can differentiate between the inner cortical bone
and cancellous bone the moment before penetration, and
stop or continue accordingly. However, the current state
recognition strategy mostly relies on a single parameter, and
may thus be susceptible to recognition error. In the future,
multi-parameter state recognition should be developed
to improve the accuracy of recognition. Also, merely
ensuring that the inner cortical layer is not penetrated is
not sufficient. The heat produced by the cutting tool during
operation can be transmitted through the lamina to the
nerve root or spinal cord before the lamina is cut through.
If the temperature is too high, the operation becomes
unsafe. Therefore, the safety strategy developed in future
studies needs to be more comprehensive. Furthermore,
few articles have reported on the issues of accuracy, e.g.,
whether or not the position, angle, and depth of the
laminectomy are consistent with planning. In the field
of robot-assisted pedicle screw fixation, many clinical
applications have been developed. The Gertzbein-Robbins
scale (48) was used in most studies to evaluate the accuracy
of pedicle screw placement. In addition, some studies also
compared the trajectory with preoperative planning (49).
However, in the field of laminectomy, there is no unified
quantitative standard for the accuracy of laminectomy,
and the most accepted standard is non-penetration of
the inner cortical bone; however, the definition of the
degree of non-penetration has not been specified, which
makes it impossible to make a direct comparison between
the results of different studies. In this regard, our view is
that subsequent research needs to propose an evaluation
method, which should include at least 3 dimensions: (I)
the general precision of the robotic system as a whole; (II)
whether or not the inner cortical bone is intact after robot-
assisted laminectomy, and classification according to the
remaining thickness; (III) a comparison between the actual
cutting track and the planned track, such as for the angle
of the cut or the volume of the cut lamina. In the future,
with the optimization of robot design and algorithms, the
accuracy of robots will gradually improve. In combination
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with the development of multi-parameter state recognition,
this will increase the safety of these surgeries.

The clinical application scenario for the present studies
is robot-assisted spinal open surgery. Robot-assisted
minimally invasive spinal surgery and spinal revision surgery
have a similar theoretical basis as open surgery. Therefore,
when robot-assisted spinal open surgery becomes a reality,
the application of these latter methods will ensue. At
present, the robot has already been digitized, and, after
the breakthrough of open surgery, it is to be expected that
minimally invasive robotic surgery will shortly follow. The
emphasis in the future will be on how to achieve intelligent
robotic surgery. According to the robot automation
classification standard proposed by Yang (levels 0-5) (50),
the degree of automation in the field of spinal robotics is
0-2 level at present. The most advanced automation level
2 robot can automatically execute the program set by the
operator. Robots need to be gradually developed to near-
full automation, which may include robots conducting
surgery planning, medical decision-making, and performing
operations completely automatically. Such advanced
automation is the embodiment of intelligence. In this
way, we will embrace an era of digital, minimally invasive,
precise, and intelligent spinal surgery.

As a systematic review, our study was limited by the
possibility of an incomplete literature search. Therefore, we
expanded the database to be as comprehensive as possible.

Conclusions

This article reviewed the progress in robot-assisted
laminectomy in spinal surgery, and summarized it from 3
perspectives: the robotic systems, bone cutting strategies,
and state recognition strategies. The current research has
focused more on the latter 2 perspectives. Although some
studies have been able to perform laminectomy without
penetrating the inner cortex of the lamina, most of these
are in vitro experiments. No robots for laminectomy have
been made commercially available thus far, and the body
of existing research is still some way off from clinical
application.
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Supplementary

Table S1 Search strategy in the 8 databases to identify studies associated to robotic-assisted laminectomy

PubMed

Search strategy

#1 ‘Decompression, Surgical’ [MeSH Terms] OR ‘Surgical Decompression’ [Title/Abstract] OR ‘Decompressions, Surgical’ [Title/Abstract]
OR ‘Surgical Decompressions’ [Title/Abstract]

#2 Laminectomy [MeSH Terms] OR Laminectomies [Title/Abstract] OR Laminotomy [Title/Abstract] OR Laminotomies [Title/Abstract]
#3 #1 OR #2
#4 ‘Robotic Surgical Procedures’ [MeSH Terms] OR Robot [Title/Abstract] OR robotic [Title/Abstract]
#5 #3 AND #4
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 01/01/2000 to 01/03/2020
EMBASE
Search strategy
#1 ’robotic spine surgical system’/exp
#2 ’robotics’/exp
#3 'robot’ OR ’robotic’ OR ’robot*’
#4 #1 OR #2 OR #3
#5 ’laminectomy’/exp
#6 ’spinal cord decompression’/exp
#7 'never decompression’/exp
#8 ’laminectomy’ OR ’decompression’
#9 #5 OR #6 OR #7 OR #8
#10 #4 AND #9
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 01/01/2000 to 01/03/2020
The Cochrane Library
Search strategy
#1 (Laminectom®):ti,ab,kw
#2 (Laminotom®):ti,ab,kw
#3 (Decompression):ti,ab,kw
#4 #1 or #2 or #3
#5 (robot*):ti,ab,kw
#6 #4 AND #5
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 01/01/2000 to 01/03/2020
Web of Science
Search strategy
#1 TOPIC: Laminectom* or Laminotom* or Decompression
#2 TOPIC: Robot*
#3 #1 AND #2
#4 #3 with the exception of patent
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 1900 to 2020
IEEE Xplore
Search strategy
#1 (Full Text & Metadata:Laminectomy or Laminectomies or Laminotomy or Laminotomies)
#2 ("Full Text & Metadata":"Surgical Decompression")
#3 ("Mesh_Terms":Decompression, Surgical)
#4 #1 OR #2 OR #3
#5 ("Full Text & Metadata":robot*)
#6 #4 AND #5
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 1872 to 2020
CNKI
Search strategy:
(SU=" HEMCEIBRA "+ MEBUBEA "+ HEMUKIEA *) AND (SU=" Hlas AFAR "+ HLgs A )
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 2000 to 2020
Wanfang
Search strategy
(BRI o MERRUTBRA )+ ER o MEBIRHEA )+ ER o HERUSIE A ) AND (2080 o( Bl AT )+ 80 o Blas A )
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 2000 to 2020
SinoMed
Search strategy
(HEBRDIERA OR HERRISEA OR HEHUHIE A ) AND (#Hlas A TR OR #l#F A )
Access Date: from 01/02/2020 to 01/03/2020
Published time: from 2000 to 2020
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