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Qingchuan Ma , Etsuko Kobayashi , Kazuaki Hara , Junchen Wang , Ken Masamune , Hideyuki Suenaga,
and Yubo Fan , Member, IEEE

Abstract—Oral and maxillofacial surgery (OMS) imposes an
increasing workload on even the most experienced surgeons due
to long operation time, high skill requirements, limited obser-
vation field, constrained workspace, and fast-growing patient
population. Robot-assisted OMS is particularly challenging,
requiring technological advancements to replicate complex sur-
gical workflows executed by human surgeons and novel working
concepts to properly address human-machine relationships. We
introduced a Surgeon Supervised Autonomous Surgical System
(SSASS) aiming to solve emerging bottlenecks in OMS. SSASS
custom develops a deep-learning-assisted virtual planning mod-
ule, a teeth-based monocular camera navigation module, and
a six-degree-of-freedom compact robot module to function as
surgeons’ auxiliary brain, eye, and hand, respectively. These three
modules are further seamlessly integrated to autonomously com-
plete most labor-intensive procedures, while prioritizing surgeons
to supervise and be responsible for the overall procedure. Le
Fort I experiments on five human head models demonstrated
that the surgical results of SSASS closely matched the preop-
erative plan, with high drilling accuracy and acceptable cutting
accuracy under a fundamentally new and significantly simplified
surgical workflow. Compared to its existing OMS counterparts,
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SSASS integrates the latest technologies such as deep learning,
medical 3D printing, markerless navigation, virtual reality, and
collaborative robotics, providing a comprehensive surgical solu-
tion for encompassing the entire OMS loop.

Note to Practitioners—This study was motivated by the increas-
ing needs of automating the surgical procedure of oral and
maxillofacial surgery (OMS) to reduce the mismatch between
the inadequate number of professional surgeons and the fast-
growing patient population. Although more and more surgical
hardware and software were introduced into the operating
room to assist the surgeon, their workloads are only partially
alleviated as surgeons still have to perform many vital pro-
cedures manually. This study proposed a Surgeon Supervised
Autonomous Surgical System (SSASS) with a significantly sim-
plified workflow for achieving predictable, controllable, and
repeatable OMS outcomes. SSASS could avoid many previ-
ously necessary analyzing procedures and surgical tools, freeing
surgeons from the need to conduct time-consuming manual
cephalometric analysis, prefabricate physical surgical models,
primary robot programming knowledge or repeatedly program
robot trajectory in every surgery, and use physical tracking
markers and frequently measure the separated skeleton parts.
SSASS introduced a systematical surgical solution aiming to
finish most high-workload, tedious, repetitive work while giving
the highest priority to surgeons for surveillance. We disclosed
key software and hardware information of this system in the
manuscript and supplementary materials so that the practitioners
could rebuild or improve our current prototype without major
difficulties. The experiment results show the high application
potential of this system in OMS.

Index Terms—Surgical robot, oral and maxillofacial surgery,
navigation, autonomous system, medical device.

I. INTRODUCTION

NEWLY proposed complex surgeries are challenging
surgeons’ mental and physical limits [1], [2] due to

high skill requirements [3], intricate surgical environment [4],
and heavy workload [5]. Simply gaining more knowledge
and practice may no longer significantly improve surgical
outcomes [6]. Accordingly, an increasing number of computer-
assisted and robot-assisted technologies are being introduced
into the operating room [7]. However, new challenges are
accompanied by the rapidly growing intelligence and involve-
ment of novel medical equipment [8], making the relationship
between human surgeons and surgical machines a key issue
[9]. The questions arising from this developing relationship
include the extent to which the machine should be allowed
to interfere in surgeries; whether it should be given full
decision-making priority during operations; and who should
be responsible for operative emergencies.
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The complexities of some new surgeries have exceeded the
physical limits of human surgeons [10], [11] who show natural
disadvantages compared to machines. For example, the human
brain requires additional reminding tools to recall complex
surgical procedures. Reference [12], the naked human eye
cannot see-through the skin to observe the internal organs [13],
and human hands become fatigued during overlong surgery
[14]. New planning, navigation, and robot technologies remain
highly desirable to compensate for human physical limitations
[15], [16]. However, it is difficult to realize all human-capable
functions due to the challenges in the current state-of-the-art
technologies [14], [17]. These two basic facts give rise to
the more practical idea of developing artificial substitutes that
demonstrate superiority over the human brain, eyes, and hands
in specific tasks for analyzation, observation, and execution,
rather than the versatility to perform general tasks to match
that of humans.

However, focusing on the improvement of individual
module’s performance will only achieve limited unilateral
enhancement. A systematic view must be taken to reconsider
the human-machine relationship for fundamental improvement
[18]. Many current surgical equipment work independently
and treat the surgeon as the connection interface between all
modules [19]. In such a surgeon-centered working concept,
surgeons are highly involved in every surgical step and their
expertise significantly impacts final surgical outcomes [20].
Consequently, the surgeon’s workload is partially relieved and
human-related factors still negatively affect the predictability,
controllability, and repeatability of surgical results [21]. A
possible solution is to enable surgeons’ independence from
the executive loop and improve the integration of the machine.
Thus, it will function as an artificial surgeon to perform most
of the work with minimal human involvement. However, these
increased integrations by reducing the intermedium would
come at the expense of exponentially increased technologi-
cal difficulties inherent to using more custom hardware and
software to compensate for human absence [22]. It is difficult
even for an experienced surgeon to conduct complex surgery,
and developing a surgical system to replace human work
introduces more technological challenges [23].

As one of the typical complex surgeries, oral and maxillofa-
cial surgery (OMS) is a discipline that treats patient anatomical
defects in the mouth, jaw, face, neck, skull, and surrounding
structures [24]. With an increasing group of people choosing
OMS for treating diseases and aesthetic purposes. Reference
[25], the OMS field is encountering two major challenges. The
first challenge relates to the individual surgeon. During OMS,
the surgeon completes a series of complex procedures in a
narrow working space. The operation was conducted through
the patient’s mouth or an incision while avoiding damage to
many important nerves and blood vessels. Surgeons cannot
fully observe the surgical field with the naked eye due to a
limited field of view, which is occluded by soft tissue and
blurred by blood. A typical OMS may last for eight hours
or longer, with additional hours spent to make the surgical
plan preoperatively and recall it during surgery [16]. The
second challenge is to OMS community. As a large number
of patients undertaking OMS each year with the fast-growing

population ratio, there is a shortage of qualified surgeons to
meet the expanding clinical demand. The career path of the
professional OMS surgeon is long and costly. Reference [26],
making it difficult to train enough surgeons in a short period.
In addition, the surgical outcomes significantly depend on the
surgeon’s experience, and human-related factors confine the
predictable, controllable, repeatable surgical results. Therefore,
an autonomous surgical system is highly desirable in OMS to
reduce the workload and shrink the surgeon-patient gap for
more standardized surgical outcomes.

Nevertheless, achieving a fully autonomous surgical system
for OMS is still an overly aggressive goal due to the high surgi-
cal risks and the limitations of the state-of-the-art technologies.
The autonomy level of robot-assisted surgery (RAS) in OMS is
experiencing a steady improvement. According to the level of
autonomy (LoA) proposed by Yang et al. [27], current medical
robots can be categorized into six different levels. The LoA
0 and 1 are no autonomy and robot assistance, respectively.
A typical example at these levels is the da Vinci surgical
system [28]. In the OMS field, some LoA 0-1 medical robots
have also been proposed based on joint-actuated robotic arm
platforms [29] and custom end effectors [19]. We previously
developed a custom OMS robot to conduct sagittal split ramus
osteotomy (SSRO) and intraoral vertical ramus osteotomy
(IVRO) [30]. Although this robot used program-based control
rather than a teleoperator, it still belonged to the LoA 1
robot in nature, because the motion trajectory was directly
determined by the surgeon. There are also other well-known
LoA 2 and 3 surgical systems, such as RoboDoc [31] and
Mako [32]. Accordingly, some researchers have also proposed
these levels of autonomous OMS systems [33], [34], including
our previous work that combined markerless navigation with a
compact robot [35], [36]. The system can dynamically change
its trajectory according to the patient’s head pose, and com-
plete the surgical procedure at the region where surgeons fail
to observe using naked eyes. However, the static trajectories
of the robot still have to be programmed by the surgeon, and it
cannot change the drilling direction according to the topology
of the head surface as a human surgeon did. Therefore, in this
study, we made major updates to our hardware and software by
seamlessly integrating custom planning, navigation, and robot
module into a functional system. The system could externalize
the surgeon from the main executive loop and autonomously
complete the majority of the labor-intensive surgical work. To
the best of our knowledge, SSASS is the first functional system
in the OMS field that could automate most procedures with a
fundamentally new surgical workflow.

The novelties of this study can be summarized into three
aspects. First, SSASS enables autonomous completion of
most high-workload OMS procedures while allowing surgeons
to supervise the overall operation in real-time through vir-
tual reality (VR) images, aiming to achieve a better work
distribution relationship between the surgical system and sur-
geons. Second, SSASS significantly simplified OMS workflow
by avoiding many necessary surgical tools and analyzing
methods, such as manual cephalometric analysis, prefabricat-
ing physical surgical models, mastering robot programming
knowledge, and optical tracking markers. Third, SSASS
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Fig. 1. General concept. a Relationships between three human organs and
corresponding artificial substitutes. b Relationships of workload arrangement
and working priority between human surgeon and surgical machine. Hereafter,
“machine” refer to all types of human-made surgical equipment, devices, and
methods used to assist a surgeon’s work.

introduced a comprehensive solution encompassing the entire
surgical loop, from preoperative planning to intraoperative
execution, by leveraging cutting-edge technologies such as
deep learning, 3D printing, markerless navigation, virtual
reality, and collaborative robotics.

II. MATERIALS AND METHODS

A. General Concept

Considering the characteristics of OMS and technological
difficulties, we propose a surgeon supervised human-machine
working concept as shown in Fig. 1. In this working concept,
the machine would become the main operator to finish the
most tedious and fatiguing work. Meanwhile, the surgeon
would work as a benign factor to the system, able to adjust,
interfere, and supervise every working step. The machine’s
workload is heavier than the surgeon’s, while the surgeon has
a higher priority than the machine. Based on this concept,
we developed SSASS by adopting a systematic relationship
framework to properly address the key challenges in OMS.

B. Specifications of Each Module

In contrast to the versatile capabilities of the human brain,
eye, and hand, the system’s planning, navigation, and robot
modules were all highly customized to realize the capability
of the three respective human organs for tasks specific to OMS.

1) Planning Module: The planning module aims to mimic
the surgeon’s brain capabilities and reduce the mental burden.
The current mainstream planning method in OMS still heavily
relies on the surgeon to conduct cephalometric analysis by
manually selecting a series of anatomic landmarks to reflect

Fig. 2. Landmark list and teeth group of the head in the coronal and
sagittal plane. The meanings of the abbreviations are listed in Table I.

TABLE I
ABBREVIATIONS AND LOCATIONS OF LANDMARK LIST

AND TEETH GROUP

the biomechanical features of the patient’s head [37]. The
surgeon has to repeat this lengthy process for every new
patient, which makes the conventional planning method time-
consuming and tedious [38]. To address the clinical demands,
we automated the preoperative procedure by exploiting the
valuable planning skills from both pre-and postoperative com-
puted tomography (CT) images conducted by skilled surgeons.

To quantitatively summarize the key features of the human
head, we divided the patient’s teeth into six groups and
selected eleven anatomical landmarks for locating operative
regions and skeletal changes during surgery (Fig. 2, Table I).
The six teeth groups represented the corresponding surgical
regions. The eleven anatomical landmarks labeled the pre and
postoperative movement of five head bones: skull, maxilla,
mandible, right ramus, and left ramus. To prepare the training
material, patient CT images undertaking the OMS at The
University of Tokyo Hospital were screened and labeled by a
professional OMS surgeon based on the inclusion criteria. 56
CT data were qualified and subsequently selected, we allocated
50 of them to the training group and 6 of them to the testing
group, with each of them equally having 330 slices.

A cascaded convolution neural network (CNN) was trained
using both pre and postoperative CT images, which could
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Fig. 3. Planning, navigation, and robot modules. a Network structure of landmark-based deep learning model for predicting postoperative skeleton changes
(left) and one example of model-predicted results (right). b Planned postoperative result for 3D printing fixing plate (left) and restored preoperative result for
designing robot trajectory (right) using the proposed custom virtual surgery approach. c Offline and online workflow of navigation module. d Coronal (left)
and sagittal (right) virtual reality image taken during online tracking. e 3D designing model and mechanical principle of the robot’s rotation and translation
mechanism. f Actual robot image and movement dimension.

automatically extract the aforementioned 11 landmarks from
CT images and predict the optimal postoperative landmark
changes to assist surgical planning (Fig. 3a). This model used
3-layer CNN blocks to extract the features from 2D patches of
CT images, and each block had a standard Conv-BatchNorm-
ReLU operation. The extracted feature maps were further
fed into two sub-networks with 3 fully connected layers for
classification and regression tasks. The data were then inputted
into a 3-layer multi-layer perceptron (MLP) to predict the
movement of the landmarks after surgery. The model closely
mimicked the human surgeon’s two-step planning workflow.
First, the backbone CNN part located the landmarks from
CT images like the surgeon manually drew landmarks, then
the MLP part predicted optimal landmark movement like the
surgeon moved the skeleton part to make landmarks closer to
esthetic standards. Once the model was trained, only preoper-
ative CT images were required and the surgeon could see the
postoperative results in 43 seconds. The model’s landmark-
based inferring results could represent 74.4% of 3D regions
at the volume level when compared with the ground truth of
human surgeons. With the assistance of this model, surgeons
could try as many times as they want and no longer need to
prefabricate physical surgical models and repeatedly conduct
cephalometric analysis.

Subsequently, the model-predicted result was interpreted
using a custom virtual surgery (VS) method with a specialized
workflow implemented in 3-Matics (Movie S5), which could
automatically generate the digital fixing plate based on the
topological features of the patient’s skull (Fig. 3b). The VS
approach could create the robot trajectory directly, without
requiring the surgeon’s knowledge of robot programming or
reprogramming during each surgery. It could also generate
VR models of drilling holes and cutting paths, allowing the
surgeon to supervise whether the system is performing the
procedure as planned. It also designed the digital fixing plates

for preoperative 3D printing according to the topological
features of the patient’s skull, which frees the surgeon from
having to manually bend the titanium plate during surgery, not
only reducing maxillary assembly errors and saving time, but
also alleviating potential recoil problems frequently happened
in conventional methods.

2) Navigation Module: The navigation module aims to
augment the surgeon’s eye capabilities and reduce visual
workload. Current navigation technology in OMS typically
uses fiducial markers to track the patient’s head pose dur-
ing surgery [39]. Due to the highly limited workspace and
the movable human temporomandibular joint [40], physical
markers may become obstacles for the surgeon and navi-
gation accuracy could be compromised because of marker
drift. Teeth are the only human bones fixed to the skull
and exposed to the environment during OMS. Therefore,
we used teeth as natural markers to develop a customized
markerless navigation module to reflect the position of the
head.

The markerless navigation module comprised two succes-
sive working phases (Fig. 3c). In the offline phase, the targeting
teeth were segmented from the patient’s CT images based
on Fig. 2 and generated a five-layer dataset of aspect graphs
with various projecting angles using a virtual camera method.
In the online phase, the real image from the monocular
camera was compared with the five-layer aspect graph of
the teeth to find the best match based on a similarity score
algorithm [36]. Thereafter, the 6-DOF pose of the head would
be obtained in real-time (<1 s) and sent to the robot control
algorithm to generate the dynamic trajectory. The hardware of
the navigation module included a camera (UI-3370 CP, IDS)
with its lens (F:12.5 mm, LM12HC, Kowa) and an adjustable
illuminator (Model 96T, AmScope). The camera could achieve
300×300 mm2 FOV in nearly 250 mm working distance with
2048 × 2048 pixels resolution.
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The aspect graphs of the drilling and cutting model were
also built offline using a similar method and shared the
matched pose matrixes of the teeth to be overlaid onto the
camera image as VR for the surgeon’s supervision during
surgery (Fig. 3d, Movie S2). Thus, the physical markers,
bulky optical tracking system, and marker interference and
drifting problems are avoided. Surgeons also no longer need
to use the glabellar reference screw, draw the physical cutting
lines, and keep manually measuring the pose of separated
skeletal parts to ensure osteotomy accuracy during surgery.
As a result, the efficiency and simplicity of OMS navigation
can be significantly improved.

3) Robot Module: The robot module aims to replicate the
surgeon’s hand capabilities and reduce the manual workload.
The human mandible and skull are surrounded by important
nerves and vessels, and OMS has to be implemented through
the patient’s mouth or incision to approach the target area,
which imposes a high requirement for the accuracy and safety
of the surgical procedure. Some joint-actuated robots have
been proposed to conduct OMS based on the reformation of
the general robot platform with the customized end effector
[41]. Those mechanical forms of robots are not customized for
the OMS clinical conditions and their workspaces are often too
large, which introduces a risk that the robot’s trajectory may
invade the unintended area and cause serious consequences.

Therefore, we custom-developed a lightweight and compact
robot to meet the harsh surgical requirements of OMS in a
limited workspace [30]. The robot used the remote center
of motion (RCM) mechanism to form a sphere coordinate
that could allow the endpoint of the end effector to retain in
the same position regardless of the changes of rotation angle
(Fig. 3e), which was particularly desirable in OMS because
the surgeon needs to keep the endpoint of the osteotomy
device unchanged while adjusting its pose. The robot’s novel
parallel mechanism used the differential movement between
two leading screws and one spur gear to realize the end
effector’s translational movement with high rigidity.

Compared with the joint-actuated robot whose rotational
and translational movements are coupled [42], this 6-DOF
robot could achieve precise movement in a highly limited
workspace and could make both movements independent
(Fig. 3f). Six BLDC motors (Faulhaber 1628 024 B) were
used to drive six movement axes, each controlled by the
local controller (Faulhaber MCBL 3002P RS) based on the
primary-secondary control. Its electromechanical design not
only achieved high movement precision and control simplifi-
cation, but also could effectively protect the subject from any
unintended injuries. With a 1.4 kg weight and compact shape,
the robot could be easily deployed by one medical staff and
save valuable workspace.

C. Integrated System

Although the three aforementioned modules could work
independently to assist the surgeon and showed specific advan-
tages compared with the current mainstream method, it was
more important and challenging to seamlessly integrate them
to function as an artificial surgeon, while still allowing the
human surgeon to actively interfere with every major step.

Many surgical devices and assisting software have been intro-
duced into OMS, nevertheless, there are clear disconnections
between different equipment, and discontinuities of workflow
between preoperative and intraoperative phases. The only
connection interface, memory, and information processing unit
between preoperative work and intraoperative work is the sur-
geon. In a robot-assisted OMS workflow, the surgeon may rely
on the navigation system to identify the patient’s head pose,
compare it to the preoperative plan, then manually control
the robot to finish the surgery. From the initial to the final
execution, there are observation errors from the eye, judgment
errors from the brain, and maneuver errors from the hands.
Consequently, the surgeons themselves become the main error
source, which makes surgical results unstandardizable because
different equipment depends on surgeons as linking mediums
rather than integrating directly.

Therefore, we made adaptations for each above-mentioned
modules and created a dynamic data-sharing interface to
connect them as a functional system for reducing the human-
related factor to a minimum. From the perspective of hardware,
the whole system could be divided into two subsystems. The
executive subsystem was responsible for the actual surgery,
which consisted of the surgical part and mouth retractor part
(Fig. 4a, Movie S1). The surgical part performed the surgery
as a human surgeon would, and the retractor part could
be manually adjusted to control the opening range of the
patient’s mouth as a human assistant would in a conventional
surgery. The supporting subsystem used a custom-developed
medical cart to provide power, communication, and calculation
support for the executive subsystem. The supporting subsystem
could improve the compactness of the executive subsystem
by packaging all heavy input-output hardware inside, and
enabling the surgeon to easily supervise and interfere with
the surgical procedures through two monitors and three layers
of control devices (Fig. 4b). Such design took into account
both the surgeon and the assistant, as well as the workspace
allocation that the system had to cooperate and share the
limited space with many types of equipment in the operating
room.

The surgical part of the executive subsystem com-
bined the changeable osteotomy devices, the high-resolution
monochrome camera, and the robot to conduct the surgery.
Different osteotomy devices could be mounted to the robot and
initialized with corresponding device markers by reusing the
camera navigation without the need for an absolute encoder.
The camera, lens, and adjustable illuminator were mounted
to a 90-degrees-rotatable aluminum frame to work either in
the sagittal or coronal plane according to different surgical
tasks. The initial pose of the robot could be freely adjusted
and further firmly fixed to the surgical bed by using the
locking mechanism of the supporting arm upon reaching the
intended surgical site. The mouth retractor setup could adjust
the opening range of the patient’s mouth through a circular
frame with three Langenbeck retractors (Fig. 4a). Three linear
adjustment stages were attached to the circular frame to
linearly change the position of the Langenbeck retractor and
self-locked once the patient’s mouth achieved the planned
opening range. Thus, the retracting location and opening range
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Fig. 4. Executive part and supporting part of integrated system. a Designing model and actual picture of the executive subsystem (right) and camera
setup, mouth retractor setup, and osteotomy device & its marker (left). b Supporting subsystem with screen and layer function allocations.

Fig. 5. Workflow and working environment of integrated system. a The whole system workflow and correlation between modules. Here the blue arrows
in the figure indicate the internal data flow, and the hollow arrows indicate external input and output. b Actual working picture of the proposed system in
operating room, where additional camera and monitor of the operating room are used for auxiliary supervision.

of the patient’s mouth could be freely adjusted as a human
assistant did (Movie S4).

In the supporting subsystem (Fig. 4b), two monitors were
mounted above the first layer, where the main monitor dis-
played the VR image for the surgeon’s surveillance; the
auxiliary monitor showed pre- and postoperative surgical
plans. The robot adaptor, medical device console (CORE
system, Stryker Corp.), and main controller (CPU: Intel Core
i7-4820 K, GPU: NVIDIA GeForce GTX TITAN Black) were
placed in the remaining layers. The robot adaptor is a custom-
made physical interface to connect the robot and the main
controller. The supporting subsystem could move freely to the
surgical bed and lock its wheels once start the operation.

From the perspective of the data transferring and the work-
flow, each system module has one external input and one
external output with the outside environment and shares the
data between modules, as shown by the hollow arrows and blue
arrows in Fig. 5a, respectively. The planning module accepted
medical images from the CT scanner and output the digital
fix plates to the 3D printer, segmented teeth and VR file to
the navigation module, and static trajectory to the robot mod-
ule. The navigation module obtained the video stream from
the camera, then output the dynamic trajectory to the robot
module, VR image to display. The robot module accepted the
3D-printed fixing plates from the 3D printer and completed the
cutting and drilling operation on the patient. In the operating
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Fig. 6. Software structures of the whole system. Different color indicated
the programing language used in planning, navigation, and robot module.

TABLE II
MAIN HARDWARE AND SOFTWARE OF THE SYSTEM

room (Fig. 5b), the executive subsystem was placed around
the patient’s head, while the supporting subsystem was located
near the surgeon’s side. Additional cameras and monitors of
the operating room could be used to show real-time images of
the surgical field to check both patient and robot status. After
initialization, the system functioned as an artificial surgeon to
finish most heavy-duty, tedious, and sophisticated procedures
while the human surgeon assisted and supervised the whole
process.

The software structures and hardware information are shown
in Fig. 6 and Table II and III, respectively. The deep learning
model in the surgical planning module was developed based on

TABLE III
ACCESSORY HARDWARE AND SOFTWARE ENVIRONMENT

TABLE IV

SUBJECTS PERSONAL INFORMATION OF FIVE SKELETAL
MODELS IN EXPERIMENT

Tensorflow using Python. The navigation module was written
using the Halcon platform, and its online part was converted
into C++ for dynamic tracking. The control algorithm of
the robot module was written in C++ based on the API of
Faulhaber. All the offline data was created in advance before
operations. The online core of the system was written in C++

and divided into the navigation and robot threads using a
custom data share interface. State switch mechanisms were
included to control input data and working modes for chang-
ing system status and surgical types. The system software
was developed in Visual Studio 2019 and implemented in
Windows 10.

III. EXPERIMENTS AND RESULTS

A. Experiment Setting

Le Fort I maxillary osteotomy is a challenging treatment
in OMS and could be the preferred option for skill testing,
because it involves three major procedures in a single treat-
ment (Movie S3). First, drill the screw holes in the maxilla,
then cut the bone to separate, and finally fix the maxilla to a
planned new potion using the fixing plates [25]. To evaluate the
actual performance of the system, Le Fort I was performed on
five different models created from the CT scans of real patients
(Table IV). Custom virtual surgery was performed on each CT
volume based on the predicted results from the deep-learning-
assisted planning model to generate four digital L-shaped
plates with four holes (d=2 mm). The 3D printing material of
the head model and fixing plates created for the experiment
was Formlabs White Resin V4. The drilling operation was
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Fig. 7. Experiments results. a Actual model after drilling and cutting operation (before separation) and designed drilling and cutting sequence with
corresponding tools. b 3D-scanned drilling results and corresponding analyzing methods of drilling holes. c 3D-scanned cutting results and corresponding
analyzing method of cutting planes. d Planned(top), actual (middle) surgical model and their 3D comparison (bottom). e Comparison results of whole model
(top) and fixing plates (bottom) in each case.

implemented using a 1.1-mm drill with the planned 6-DOF
pose in the sequence shown in Fig. 7a. The digital drilling
holes from the planning module were used to generate VR
drilling images and extract the 6-DOF pose to directly guide
the robot’s drilling movement without manual programming.
The cutting trajectory was planned to generate cutting VR
images and directly create the robot’s movement path. The
cutting procedure was finally conducted by the robot using
a 0.5-mm thick cutting saw. Subsequently, the maxilla was
separated and relocated to the planned new position by fixing
plates using 1.1-mm dental screws.

B. Data Acquisition and Processing

Patient CT images were obtained by using a Canon
(Toshiba) CT scanner (Aquilion ONE ViSION Edition, res-
olution: 0.351∗0.351∗0.5 mm), and were further processed
using MIMICS (V19) and 3-Matics (V13) for segmentation
and implemented the customized virtual planning method. The
patients’ head models and corresponding custom fixing plates
were made by using a Formlabs 3D printer (Form2, precision:
0.05 mm). Red vax was attached around the alveolar process
for functioning as the human gingiva. A 3D scanner from
Solutionix (Rexcan CS+, Precision: 20 um) was used to obtain
3D images of experimental head models, and the refining
scan was conducted on the teeth parts using a high-resolution
scanner from 3Shape (Trios3, precision: 4.5 um). The

open-source 3D image processing software Blender (V2.79)
was used to check and show the planned surgical result before
surgery, and was further used to obtain the barycenters of
the drilling holes and to extract the cutting plane from the
experimental models after surgery. The scanned experimental
head models and planned surgical results were compared using
the commercial 3D analyzing software Geomagic ControlX
(3D Systems Corp.) for calculating the overall surgical errors.
The study was approved by the Medical Ethics Committee of
the University of Tokyo (No. 2553-(3)).

C. Results Analysis

The drilling accuracy was analyzed by comparing the exper-
imental centers of weight with the planned hole locations
(Fig. 7b). Compared with our previous research and other
similar robot-assisted drilling approaches, the drill head in
the current study was able to adjust its direction according
to the patient’s skeleton topology and moved along the nor-
mal directions of the bone. Thus, the tangential component
of the drilling force could be reduced to a minimum and
alleviate the slide of the drill head to reduce the drilling error
(Fig. 8a). The X and Y translation accuracies of each case
are shown in Fig. 8d, with overall averages of 0.7 ± 0.1 mm
and 0.5 ± 0.1 mm, respectively. The relationships between
drilling errors and the robot’s actual translational and rota-
tional movement were also analyzed. The results indicated a
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Fig. 8. Analysis and comparison of experiments results. a Comparison the drilling operation between conventional approach of directly drilling and the
proposed approach of adjusting drilling head according to the bone topology. b Comparison of plate fixation operation between the conventional approach
of using standard titanium plate and the proposed approach of using 3D printed plated based on the bone topology. c Counteract effect of assembling error
where a 0.9 mm hole margin was designed to reduce inter-hole and inter-plate errors. d Drilling errors of each case. e Relationship between drilling errors
and translation (first two pictures) & rotation (last two pictures) of robot’s actual movement. f Translation (left) and rotation (right) errors of cutting plane.
g Comparison between planned and actual cutting planes in each case.

linear relationship (Fig. 8e) with the slope and R-Square for X
translation, Y translation, yaw, and roll are: (1.2E-2 mm/mm,
1.1E-2 mm/mm, 0.8E-2 mm/degree, and 1.4E-2 mm/degree)
and (2.8E-2, 5.2E-2, 3.7E-2, and 4.8E-2), respectively. Results
showed that improving the mechanical stiffness of the robot
and selecting relatively flat surfaces of the skull would have a
positive effect on the further improvement of drilling accuracy,
as it will reduce the movement range of the drill head to reduce
the operation errors.

The cutting accuracy was analyzed by comparing the center
of weight offset and endpoint offset between the planned
and the actual cutting plane, as well as their yaw and pitch
errors (Fig. 7c, Fig. 8 fg). The average offset of the center of
weight and endpoint were 0.2 ± 0.4 mm and 0.6 ± 0.7 mm,
respectively. The average yaw and pitch errors were 3.4±1.5◦

and 4.2 ± 1.6◦, respectively. Larger deviations in the total
and obvious inconsistencies between the left and right cutting
planes were observed. The possible reason for the performance
difference between the two directions could be the error-
accumulating effect in the cutting trajectory. Therefore, a
predictable improvement could be proposed by dividing the
planned cutting trajectory into two parts and setting the start
and endpoints to the outer side of each part and the vomer
region, respectively.

The accuracy of the whole model assembly was analyzed by
3D-scanning the experimental head model and comparing with
the planned surgical results (Fig. 7d). The average RMS error
of the whole models and the fixing plates were 0.9 ± 0.2 mm
and 1.0 ± 0.1 mm (Fig. 7e). The high assembly accuracy
could be attributed to the error-counteracting effect of the inter-
hole and inter-plate. In conventional clinical methods, surgeons

assemble separated bone parts using standard titanium plates
and manually bend them to an intended shape, which is time-
consuming and fails to match the surface curve of the patient’s
head bone. In contrast, the proposed study generated the digital
fixing plate to closely contact the bone in most connecting
areas rather than only around the plate’s holes (Fig. 8b),
achieving a better binding surface with the skull. The cus-
tom plates were 3D-printed before surgery, which accelerated
the surgical procedure by transferring intraoperative work to
preoperative work. In addition, there was a 0.9-mm margin
between the plate hole (2 mm) and the drill (1.1 mm), which
was specially designed to counteract mechanical drilling and
skull assembling errors. The 0.9-mm is close to the system’s
mechanical error (<1 mm). In our preliminary evaluation,
such a margin resulted in the inter-hole and inter-plate error
reduction (Fig. 8c). This feature benefited a firm assembly and
reduced the recoil problem common in conventional OMS.

IV. DISCUSSION

The experimental results are promising for the practical
clinical application of the proposed system. Compared with
conventional OMS, SSASS proposes a fundamentally new
and significantly simplified OMS workflow (Movie S3). The
total surgical time could be reduced to no more than two
hours even both the preoperative planning and intraopera-
tive operation combined. This is a significant time reduction
compared to conventional surgeon-performed OMS, where the
intraoperative operation alone can exceed eight hours. The
improved surgical efficiency benefited from the avoidance of
many surgical tools and analytical methods due to the high
integration level [24]. In the preoperative phase, the surgeon
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does not need to conduct time-consuming cephalometric anal-
ysis, prefabricate surgical models, and custom-made surgical
splints. In the intraoperative phase, surgeons do not need to
draw cutting lines and measure the planned drilling position
to reconfirm the correctness of surgical movement. They also
do not need to hold the osteotomy tools for a long time as
the surgical movement will be finished autonomously by the
robot, thereby reducing surgeon fatigue and ensuring that the
outcome is consistent with the surgical plan. Some surgical
steps can be avoided, such as using surgical splints and wires
to fix the maxilla to the mandible, bending the titanium plates
during surgery, and using the glabellar reference screw as the
fixed skeletal marker. Consequently, surgical time may also
be markedly reduced, relieving the surgeons’ workload and
reducing patients’ pain during surgery, thus minimizing the
risk of surgical failure due to overlong surgical time.

SSASS’s general concept was proposed based on two facts:
machines are not yet capable of replicating the versatility
of humans under the current state-of-the-art surgical tech-
nology; humans show inferior performance compared with
machines at specific surgical tasks. SSASS draws upon the
merits of both humans and machines to offset their respective
weaknesses and form a functional system. Compared with
surgeon-centered (robot-assisted) surgical systems such as da
Vinci [28], RoboDoc [31], and Mako [32], SSASS external-
izes the surgeon from the main executive loop by directly
connecting each module to reduce the influence of human-
related factors on the system. Nevertheless, SSASS is not
a fully autonomous surgical system, which not only unnec-
essarily increases the technological complexity and wastes
the existing human physical capabilities, but also makes the
surgical responsibility unclear [27]. SSASS still permits the
surgeon to interactively inspect each surgical step, which
confers additional reliability by fully exploiting the human’s
higher intelligence to dynamically interfere with the system,
and also retains the surgeon’s responsibility for addressing
ethical issues.

SSASS introduced a seamless surgical solution to cover
the entire surgical loop, rather than utilizing individual tools,
devices, and methods for planning [12], navigation [13], and
robotic surgery [14]. An advantage was that more integrations
meant fewer intermedia were needed to connect each part,
which could improve the whole workflow efficiency. However,
new working concepts and highly customized hardware and
software were required to replace human surgeons’ work,
which could significantly increase the difficulty of system
development. This not only necessitates technical break-
throughs for each module because the research goal can hardly
be achieved if we still use the existing technologies, but also
the adoption of a systematic view to integrate all modules
to target the full lifecycle of a surgery. Although the current
prototype shows many capabilities, there are still many aspects
that can be improved upon, such as creating a graphical user
interface to reduce the learning curve of surgeons, reducing the
software scale, and improving the robot’s mechanical maturity
(Movie S1). Nevertheless, SSASS already demonstrates the
possibility and advantage of this idea, and the potential sur-
gical improvements it can convey outweigh the technological

barriers it faces. Improved integration and externalizing the
surgeon from the main executive loop could represent a new
answer to emerging complex surgeries, worth being applied to
more surgical modalities.

V. CONCLUSION

This study proposed a surgeon supervised autonomous
surgical system by seamlessly integrating planning, naviga-
tion, and robot to complete the OMS procedure under the
supervision of a human surgeon. Compared with existing
surgeon-centered robotic systems, SSASS could autonomously
finish most high-workload surgical procedures with minimal
surgeon’s direct involvement. The main contribution of the
study is to provide a systematic solution to cover the overall
OMS workflow, rather than the individual planning, navi-
gation, and robotic equipment merely for limited unilateral
enhancement. SSASS achieved a balance between technolog-
ical advancement and human capability, mental and manual
burden, preoperative work and intraoperative work, surgical
workload and surgical responsibility, aiming to achieve a better
relationship between the surgeon, machine, and patient for
better surgical outcomes.
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