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Pedicle screw fixation is an essential surgical technique for addressing various spinal pathologies, including
degenerative diseases, trauma, tumors, neoplasms, and infections. Despite its efficacy, the procedure poses
significant challenges, notably the limited visibility of spinal anatomical landmarks and the consequent reliance
on surgeon’s hand-eye coordination. These challenges often result in inaccuracies and high radiation exposure
due to the frequent use of fluoroscopy X-ray guidance. Addressing these concerns, this study introduces a novel
approach to pedicle screw insertion by utilizing a robot-assisted system that incorporates sensorless based haptics
incorporated 5-DOF surgical manipulation. This innovative system aims to minimize radiation exposure and
reduce operating time while improving the surgeon’s hand posture capabilities. The developed prototype, ex-
pected to be implemented using bilateral control, was tested through preliminary cadaveric experiments focused
on the insertion of both percutaneous and open pedicle screws at the L4-L5 level of the lumbar spine. Validation
of the Sensorless Haptic Feedback feature was an integral part of this study, aiming to enhance precision and
safety. The results, confirmed by fluoroscopic x-ray images, demonstrated the successful placement of two
percutaneous and two open pedicle screws, with average position and torque errors of 0.011 radians and 0.054
Nm for percutaneous screws, and 0.0116 radians and 0.0057 Nm for open screws, respectively. These findings
underscore the potential of the sensorless haptic feedback in a robot-assisted pedicle screw insertion system to
significantly reduce radiation exposure and improve surgical outcomes, marking a significant advancement in
spinal surgery technology.

Moreover, the manual placement of pedicle screws carries inherent risks
of inaccuracies, which can lead to complications such as nerve damage,

1. Introduction

Pedicle screw fixation is a cornerstone technique in spinal surgery,
widely used to treat a variety of spinal pathologies, including degener-
ative disc disease, spinal trauma, tumors, and infections [1,2]. This
surgical method involves the placement of screws into the pedicle of the
vertebral arch to stabilize and support the spine [3]. While pedicle screw
fixation has proven to be effective, its success heavily depends on the
precise placement of the screws, which can be challenging due to the
complex anatomy of the spine and the limited visibility of key
anatomical landmarks during surgery [4]. The traditional approach to
pedicle screw insertion often requires the surgeon to rely extensively on
hand-eye coordination and fluoroscopic guidance to navigate these
challenges [5,6]. However, this reliance on fluoroscopy exposes both the
patient and the surgical team to potentially harmful radiation.
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screw misplacement, or suboptimal stabilization of the spine [7-11].
Such inaccuracies not only jeopardize patient outcomes but also increase
the likelihood of revision surgeries, which are burdensome for both
patients and healthcare systems [12-14]. Fig. 1 shows a skillful surgeon
performing percutaneous insertion of the pedicle screw at the Faculty of
Medicine Siriraj Hospital, Mahidol University.

Current practices often necessitate the use of multiple fluoroscopic
images to determine screw placement trajectories, which may increase
x-ray exposure for both surgeons and patients [15-17]. Radiation
exposure levels to the chief surgeon during a single procedure are
measured at 1.7 pSv for the entire body, 204.7 uSv for extremities, and
30.5 pSv for the lens, as documented in source [18]. According to safety
standards set by the International Commission on Radiological
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Protection (ICRP) [19,20] and the European Directive (2013/59/Eura-
tom) [21], the maximum allowable average exposure is limited to
20 mSv annually, effectively restricting a surgeon to a maximum of 655
procedures per year. The mention of 655 annual fusions in the study
indicates the theoretical maximum number of procedures a surgeon
could undertake under current radiation safety guidelines from the ICRP
and the European Directive. This figure does not suggest that surgeons
commonly perform this number of surgeries; rather, it specifies the
potential upper limit of procedures allowed under the current radiation
safety regulations, assuming continuous operation at the allowed annual
radiation exposure limit. This restriction leads to a shortage of available
surgeons, subsequently prolonging wait times for necessary surgeries.
Furthermore, inaccuracies in screw placement can compromise neuro-
vascular integrity and spinal stability. In response to these challenges,
several commercially available robotic systems are designed to aid in
pedicle screw insertion [22].

Spine Assist, developed by Mazor Robotics, represents an early foray
into robot-assisted spine surgery [23]. This system features a miniature
parallel robotic manipulator that attaches directly to the patient’s spine.
Surgical planning and navigation are facilitated through the use of CT
scans and fiducial markers. An upgraded version, known as Renaissance,
retains the core technology but introduces enhancements to the plan-
ning software and user interface [24-26]. The most recent iteration from
Mazor Robotics, MazorX, includes a 6-DOF manipulator equipped with
advanced planning and navigation software [27,28]. Additionally,
Medtech in Montpellier, France, has developed the ROSA Spine, which
comprises a 6-DOF articular robot manipulator on a workstation with a
compact touchscreen [29,30]. Another significant development, Excel-
sius GPS by Globus Medical based in Audubon, PA, features a robotic
manipulator positioned on a base station adjacent to the patient’s
operation bed, integrating a camera tracking system with preoperative
CT scans to guide the robot’s end-effector trajectory [31,32]. Despite
these innovations, commercial robotic systems present challenges,
including a complex and costly nature which necessitates a steep
learning curve for surgeons and requires specialized tools for operation
and maintenance [33]. While navigation-based methods like the use of
O-arm or 3D C-arm have become popular for their ability to limit radi-
ation exposure with just a single preoperative image, they still expose
patients to a significant initial radiation dose. In response to these
challenges, the development of robotic-assisted surgical systems has
emerged as a significant innovation, aiming to enhance the precision
and safety of pedicle screw fixation. These systems utilize advanced
robotics combined with real-time imaging to aid surgeons in the
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accurate placement of screws. Despite these advancements, current ro-
botic systems often still require some level of fluoroscopic guidance,
which continues to expose patients to radiation.

Addressing this critical issue, this study introduces an approach that
integrates sensorless haptic feedback within a robotic-assisted surgical
system. This system is designed to reduce dependence on fluoroscopic
imaging, thereby minimizing radiation exposure while aiming to
maintain, if not enhance, the accuracy and efficiency of the surgical
procedure. In contrast, the proposed sensorless-based haptic feedback in
robot-assisted pedicle screw insertion eliminates the need for intra-
operative fluoroscopy [34]. The design of this system provides real-time
feedback without additional imaging following the initial setup,
detecting physical boundaries and anatomical structures, which may
significantly reduce subsequent radiation exposure. The primary
advancement of this study, the integration of sensorless haptic feedback,
addresses issues of limited visibility and predictability of robotic actions
during surgery by providing tactile feedback through the master control.
This allows surgeons to feel’ the placement of screws, significantly
reducing the need for constant visual monitoring of the slave arm.
Additionally, the use of a bilateral control system ensures synchronized
and safe movement of both the master and slave arms, enhancing co-
ordination and reducing the cognitive load on the surgeon.

The robotic arm developed in this study integrates sensorless haptic
feedback and a 5-DOF surgical manipulator, designed to enhance the
precision of screw placement without the need for continuous fluoro-
scopic guidance, significantly reducing radiation exposure and aligning
with medical directives aimed at minimizing risks associated with
ionizing radiation [35]. This system automates some aspects of the
screw insertion process, improving placement accuracy and potentially
shortening surgery duration. Such reductions are beneficial not only
from a clinical efficiency standpoint but also in minimizing the patient’s
exposure to anesthesia and the risks of prolonged surgical procedures.
Moreover, the sensorless based master-slave setup further refines screw
placement precision, with cadaveric study feedback suggesting that the
system’s torque and positional accuracy are comparable to, if not better
than, traditional and other robotic-assisted techniques [36]. This high
level of precision is critical, particularly in complex cases, where even
minor deviations can result in significant complications. Preliminary
results from our study demonstrated successful placement of pedicle
screws with minimal position and torque errors, suggesting that despite
the complexities of using dual arms, the system’s performance in terms
of precision and safety is promising. Compared to traditional methods
that rely solely on image guidance, our robotic system significantly

Fig. 1. The percutaneous and open pedicle screw insertion procedure at the Faculty of Medicine Siriraj Hospital, Mahidol University.
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reduces radiation exposure and operational time, which are critical in
spinal surgery [37-39].

The preliminary cadaveric experiments of this study tested the pro-
totype’s effectiveness in controlled settings, focusing on the insertion of
both percutaneous and open pedicle screws. These experiments evalu-
ated the accuracy of screw placement based on minimal position and
torque errors. A key aspect of the study was validating the Sensorless
Haptic Feedback feature, which provides real-time feedback to the
surgeon, potentially reducing reliance on intraoperative fluoroscopy
and thereby minimizing radiation risks to both the surgical team and
patients. Additionally, the study suggests that the system could decrease
operating times by offering immediate feedback, thus speeding up
decision-making processes that typically rely on fluoroscopic or navi-
gational screen validation. As a preliminary research effort, this study
marks the beginning of a larger investigation needed to confirm these
findings through more extensive clinical trials, assessing advantages
such as outcomes, cost-effectiveness, learning curves, and integration
into existing surgical workflows.

2. Materials and methods

Cadaveric based experiments were conducted, and the study was
conducted in accordance with the Declaration of Helsinki and approved
by the Institutional Review Board of the Mahidol University, SIRB Pro-
tocol No: 568/2563 for studies involving humans. Informed consent was
obtained from the family members/ surrogate of all cadavers involved in
the study. Family members/ surrogate also provided written informed
consent for the publication of the data. In this study authors proposes
three specific hypotheses: 1) the system can reduce the need for intra-
operative fluoroscopy, thereby decreasing radiation exposure for both
cadaver and the surgical team; 2) it can improve the accuracy of pedicle
screw placement over traditional methods, as evidenced by lower po-
sition and torque errors; and 3) it can decrease operating time by
providing real-time feedback that aids surgeons in making quicker de-
cisions. These hypotheses were tested through preliminary cadaveric
experiments that involved the insertion of both percutaneous and open
pedicle screws at the L4-L5 level using a master slave based 5-DOF
surgical manipulator. The pedicle screw insertion for the lumbar spine
was carried out on a normal adult cadaver without spine abnormalities
or trauma. The cadaver source study was conducted at the Bangkok
Biomaterial Center, a part of Siriraj Hospital, Mahidol University. The
surgical procedure was performed on the L4-L5 lumbar spinal level of
the cadaver, with the percutaneous approach being done on the right
side of the vertebrae and the open procedure being performed on the left
side of the vertebrae.

2.1. Experimental protocol and methodology

The experimental procedure using this system includes several key
steps. Initially, preoperative planning and setup involve imaging the
cadaver’s spine with standard preoperative techniques to map out the
surgical site, which serves as the initial dataset for the system’s guidance
protocol. Prior to surgery, the system undergoes calibration and
initialization, setting up the robot’s arms and the sensorless haptic
feedback mechanism to align with the cadaver’s anatomical data from
the preoperative scans. During the surgery, a standard surgical approach
to the lumbar spine is performed, typically involving a midline incision
followed by the dissection of soft tissues to expose the bony landmarks of
the L4-L5 vertebrae. Once the surgeon begins the pedicle screw inser-
tion, the sensorless haptic feedback system is activated, providing real-
time tactile feedback on the positioning and force being applied, thereby
enhancing the surgeon’s perception of the surgical environment without
the need for direct visual or radiographic confirmation.

Pedicle screws are inserted using the robot-assisted system, either
percutaneously or through an open approach at the L4-L5 level, with the
robot guiding the placement based on preoperative planning and the
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sensorless haptic feedback assisting in adjusting the trajectory and depth
to avoid breaches. After placement, the positions of the screws are
confirmed with fluoroscopic x-ray images, and any necessary adjust-
ments are made, aiming to minimize their number and frequency by
relying on the accuracy of the haptic feedback. Following confirmation
that the screws are correctly positioned; the surgical site is closed in
layers according to standard procedures. Postoperative imaging is con-
ducted to validate the success of the surgical procedure and the accuracy
of the screw placement. This detailed description highlights the inte-
gration of sensorless haptic feedback technology into traditional surgical
workflows, addressing challenges such as limited visibility and high
reliance on fluoroscopy. As this is a preliminary study, the focus was on
demonstrating the feasibility and potential enhancements in precision
and safety offered by the haptic feedback in robot-assisted pedicle screw
insertion.

2.2. System overview

The overall system of this study involves a dual-station setup
comprising a surgeon workstation and a cadaveric station. The surgeon’s
workstation is equipped with a master robot manipulator that includes a
touchscreen display interface, a high-resolution video display, and an X-
ray fluoroscopy image display. Additionally, an X-ray radiation shield
screen is installed at this station to protect against X-ray exposure during
procedures. The cadaveric station features a slave robot manipulator
mounted on a mobile platform positioned adjacent to the operation bed.
This manipulator replicates the movements of the surgeon’s hand,
controlled from the master manipulator at the surgeon’s workstation.
The master manipulator is integral to the system, providing intuitive
control over the surgical instruments and translating the surgeon’s hand
movements into precise actions by the robotic arm. This setup utilizes a
bilateral control system that accurately reflects even the slightest ad-
justments made by the surgeon, enhancing the control over the pro-
cedure while minimizing the risk of errors and reducing the reliance on
fluoroscopic guidance. Furthermore, the ergonomic design of this sys-
tem supports a natural hand posture for the surgeon, reducing fatigue
and improving overall comfort during the delicate task of pedicle screw
insertion. This approach is illustrated in Fig. 2 of the study.

2.3. Robot manipulator design and prototype

To ensure effective pedicle screw placement, it is crucial to analyze
the workspace required for the procedure, ensuring that the robot
manipulator can access all necessary positions and orientations. This
analysis involves determining the concise operational workspace based
on the anatomical dimensions of the vertebrae. According to Alon Wolf
et al. [40], these dimensions were collected from 55 patients across
various age groups and encompass five levels of spinal columns (L1-L5),
measured using CT scans. This data helps establish the required volume
for the robot’s workspace specifically tailored for percutaneous pedicle
screw insertion. Notably, the average angle for pedicle entry is 13.7
degrees, reaching up to 22.5 degrees, with a comprehensive angle
covering both sides of the pedicle at 45 degrees. The average workspace
dimensions for the lumbar spine were found to be 93x28x77 mm, a
finding similarly observed by Busscher et al. [41] using the CT scan
method. In traditional pedicle screw insertion techniques, a surgeon
begins by placing a pedicle needle at the entry point, subsequently
adjusting its orientation to navigate into the pedicle body. This orien-
tation adjustment is managed by a remote center of motion (RCM)
mechanism [42], which precisely controls the needle’s lateral and
angular movements. The RCM serves as the pivotal point for screw
insertion, guiding the pedicle needle from the entry point through the
pedicle into the vertebral body. In this robotic system, the RCM’s
movements are tightly regulated by the software control system, which
utilizes a robot kinematics algorithm to ensure precise manipulation and
positioning.
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b3
M e Master

Fig. 2. The system overview of robot-assisted pedicle screw insertion.

The design of the robot manipulator is centered on an assistive
concept, where the robot works in cooperation with a surgeon to
simplify the system’s learning curve. Preliminary findings suggest the
robot-assisted system may enhance the surgeon’s steady hand ability,
dexterity, and precision. While designed to improve radiation safety,
definitive claims require further validation through comprehensive
clinical trials. The structure of the robot manipulator is X-ray trans-
parent, allowing it to function under fluoroscopy. The system employs a
bilateral control setup, featuring a master and a slave manipulator that
facilitate the teleoperation procedure. The dimensions of the joints and
links of the robot manipulator are tailored to the specific requirements
of the pedicle screw insertion workspace and the movements of the
surgical tool during operation. Consequently, the robot manipulator is
engineered as a 5 DOF serial manipulator, consisting of five actuators
and three links, as depicted in Fig. 3.

As illustrated in Fig. 2, the developed robotic system consists of two
identical 5 DOF serial manipulators, designed to function as master and

Developed robot manipulator with 5 DOFs serial manipulator

slave devices for teleoperation. Both the master and slave manipulators
share the same dimensions. While sterilization of the master manipu-
lator at the surgeon’s workstation presents minimal concerns, the slave
manipulator, which directly interacts with the cadaver, demands
rigorous sterilization. To address this, a detachable end-effector link,
made from polyacetals (POM), known for their X-ray transparency and
suitability for sterilization by dry heating, is attached to the last joint of
the slave manipulator. This end-effector holds a stainless-steel hollow
tube, serving as a pedicle guidance tool. The tool features an 8 mm
diameter, accommodating a smaller diameter guidance tube that adjusts
the size to fit different standard pedicle drill bits, as shown in Fig. 3. The
actuators of the robot manipulator provide real-time feedback on posi-
tion, velocity, and current, and are primarily controlled through PID
position and velocity control systems. This real-time feedback is integral
to the controlled algorithm, enabling effective bilateral operations [43].
Additionally, the software control system and user interface are
managed via a Robot Operation System (ROS) platform, enhancing the

Detachable Tools

|

Guidance sleeve

Fig. 3. The Developed robot manipulator with 5 DOF serial manipulator.
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functionality and user interaction with the robotic system.

The kinematic relationships and joint coordinate configurations of
the developed robot manipulator are detailed in Fig. 4. The setup in-
cludes seven joint coordinates which define the operational dynamics of
the manipulator concerning its fixed and movable axes. The kinematic
relationships of these joint coordinates are illustrated in Fig. 4. The
manipulator’s base is established as a fixed reference coordinate system.
The first frame coordinate operates as a revolute joint, rotating around
the Z-axis. Frames 2, 3, and 4 are structured as revolute joints that rotate
about the X-axis, and the fifth frame coordinate is a revolute joint
rotating around the Y-axis. The tip of the guidance tool, marked as the
end-effector coordinate (ee), is defined as a fixed coordinate at the end of
the effector. The system utilizes Euler angles to describe a sequence or
composition of rotations, providing a clear depiction of the spatial
orientation and movement. Typically, 3D rotation matrices are
employed to represent the motion across the three rotational axes roll,
pitch, and yaw. The matrix representations for these rotations are out-
lined in Egs. 1, 2, and 3, respectively, detailing how each rotation im-
pacts the manipulator’s positioning and alignment.

cos(p) —sin(p) O
Re(p) = | sin(p) cos(p) O (€8]

0 0 1

cos(@) —sin(@) O
R,(@) = | sin(@) cos(@) O 2)

0 0 1

cos(d) —sin(d) O
R,(0) = | sin(®) cos(d) O (€))

0 0 1

Using (4), the transformation matrix between two consecutive
frames is typically represented. The link twist, denoted as a(i — 1), is the
angle from z(i-1) to z(i), measured around x(i-1) according to the right-
hand rule. The link length, a(i-1), is defined as the distance between z(i-
1) and z(i) along the x(i-1) direction. The link offset, di, represents the
displacement between x(i-1) and x(i) along the z(i) axis.

ct9,~ —sGi 0 Qi1
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The kinematic relationship between each frame coordinate is

Robot Manipulator

v
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determined using homogeneous transformation matrices, as outlined in
(6), which modifies (4) and (5) [44-47].

Definitions include:

H: homogeneous transformation matrix.

R: 3 x 3 rotation matrices.

T: 3 x 1 position vector.

Thus, the transformation from a base frame coordinate to an end-
effector frame coordinate is computed using (4), through a series of
kinematic transformations as demonstrated in (6).
ee H 1

Base' 1 T Base

H % 2H % 3H + 34H * 45H * SeeH (6)

The series of kinematic transformations establishes the reachability
of the end effector guidance tooltip by analyzing the joint constraints,
thus defining the robot manipulator’s reachable workspace. Forward
kinematic analysis was conducted using the Robot Operating System
(ROS) [48]. The kinematic configuration of the robot manipulator is
described using the Unified Robot Description Format (URDF) within
ROS. The URDF includes kinematic and basic dynamic descriptions,
along with a 3D model of the manipulator, which is displayed on the
graphic user interface at the surgeon’s workstation. Fig. 5 illustrates the
manipulator’s reachable workspace as determined by forward kinematic
analysis, covering dimensions of 872.5 x 436.25 x 654.25 mm. The
areas reachable by the manipulator are marked in blue, while regions
beyond its capability are highlighted in red. An inverse kinematics
solver determines the joint angles required to achieve a specific guid-
ance tooltip position and orientation [49]. Inverse kinematics are
calculated using closed-form solutions coupled with a search-based
approach [45]. Initially, the chain of kinematic transformations iden-
tifies all possible joint variable constraints as defined by the trans-
formation in (6). The inverse kinematics solver then seeks the simplest
and most straightforward solution. This constraint is refined by
sequentially adjusting the kinematic chain frame-by-frame. To address
the 6 degrees of freedom (translation and rotation), the algorithm
separately resolves the 3 DOFs for translation and 3 DOFs for rotation to
produce a closed-form solution.To determine the last three joint angles
(04, 05, and 6g), the inverse orientation problem was solved. Individual
DH transformations were used to obtain the final transformations.
Consequently, the resulting rotation was determined as illustrated in (7).
According to (8), the product of the individual rotations between the
links equals the total roll, pitch, and yaw (RPY) rotation between the
base link and gripper link.

%R =%R + JR % 2R x 43R x 54R x 65R %)

Ree = gR (8)

>N

{Base}/ "y Robot Kinematics

X

Fig. 4. The kinematic relationship of the developed robot manipulator.
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reachable workspace

unreachable workspace

Fig. 5. The reachable workspace of a manipulator.

2.4. Robot control: bilateral control system

Fig. 6 illustrates the bilateral robotic manipulator system, which is
designed to convey force sensations through an action-reaction rela-
tionship, allowing for intuitive control and interaction. The system
comprises two stations: the surgeon station, equipped with the master
robotic manipulator, and the cadaver station, where the slave manipu-
lator is located [50]. Through the master manipulator, the surgeon can
control the slave, sending motion commands and receiving force feed-
back, thereby facilitating a dynamic exchange between the two [51-53].
Innovatively, the system employs a sensorless torque sensor rather than
traditional force sensors. This sensor leverages both a disturbance
observer (DOB) and a reaction torque observer (RTOB) to monitor and
adjust the torques within the system [52]. The DOB estimates and
compensates for external disturbances to enhance performance, while
the RTOB focuses on measuring reaction torques to maintain system
stability and control [54,55]. These observers work in tandem to esti-
mate the interaction forces between the master and slave manipulators
without direct force measurement, thus improving the system’s accu-
racy and responsiveness in force control [56,57]. The RTOB, essentially
a modified DOB, estimates real-time external torque reactions from the

Master

Surgeons Station ‘ I

RN NN - - - - -

slave manipulator, using the system’s internal disturbances to calculate
reaction torque [58]. This advanced approach allows for a precise
control environment in robotic operations.

3. Experiment and results

The experimental configuration employed in this study is a standard
setup for pedicle screw insertion procedures. The slave manipulator was
positioned near the operating bed at the lumbar location of the cadaver.
To establish the surgeon’s workstation, an X-ray shield screen was
mounted. The workstation included a display monitor and a master
manipulator. To perform a comparative analysis, two distinct types of
experiments were conducted: percutaneous and open pedicle screw
insertion. The surgical procedure was carried out on the L4-L5 lumbar
spinal level of the cadaver, with the percutaneous approach being per-
formed on the right side of the vertebrae and the open procedure being
performed on the left side of the vertebrae. The experimental setup is
illustrated in Fig. 7.

‘ Cadaveric Station ’

I_ —_— — —_— —_— J

Fig. 6. The robot control: bilateral control system.
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Master Manipulator (surgeon’s station) Slave Manipulator (Cadaveric station)

Fig. 7. The robot assisted percutaneous pedicle screw insertion: experiment setup.

Camera /0

(e) ®
Fig. 8. Robot-assisted pedicle screw Insertion (a) The slave manipulator placed to the entry point of pedicel (b) Surgeon controlled the master manipulator at

workstation (c) The real-time fluoroscopic x-ray and patient video image. (d) The small, guided sleeve inserted into end-effector of manipulator (e) The percutaneous
pin traversed a guided sleeve and penetrated the pedicle (f) The K-wire inserted into the pedicle.
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3.1. Cadaveric experiment: robot- assisted percutaneous pedicle screw
insertion

In this experiment depicted in Fig. 8, a surgeon performs conven-
tional percutaneous pedicle screw insertion using a robot-assisted sys-
tem to enhance precision and control. The procedure begins with the
surgeon manually positioning the robot’s slave manipulator, which is
equipped with a guidance tool. The tip of this tool must be accurately
placed at the intended entry point on the pedicle a critical step for
successful screw insertion. The surgeon does this passively without
activating the robotic movements. Following the initial setup, the sur-
geon transitions to a separate workstation to remotely control the slave
manipulator through teleoperation. This allows the surgeon to conduct
the procedure from a distance, reducing radiation exposure typically
associated with direct surgical operations. At the workstation, real-time
imaging tools such as fluoroscopic and video feeds are utilized, dis-
played on a monitor to verify the positioning of the tool tip and refine
the trajectory for screw insertion. This real-time imaging provides a
dynamic view of the operational field, enhancing the surgeon’s ability to
make necessary adjustments without compromising sterility or expo-
sure. The surgeon then manipulates the guidance tool tip to precisely
target the intended location and direction for the pedicle screw inser-
tion, adjusting the tool tip to align with specific anatomical features and
the planned trajectory. The final positioning of the guidance tool is
achieved by the system mirroring the surgeon’s hand movements at the
workstation, translating the surgeon’s manual dexterity into robotic
motion and combining human skill with robotic precision. The surgeon
controlled the slave manipulator until the guidance tool was accurately
positioned along the correct trajectory for pedicle screw insertion. A
percutaneous pin was then inserted into the guiding tube, and its posi-
tion was verified using a lateral plane fluoroscopic image to ensure it
remained lateral to the medial pedicle wall. After confirming the posi-
tion of the percutaneous pin, the pin was removed from the guidance
tube, and a K-wire guide was inserted through the pedicle of the vertebra
using the guidance tube. Following the insertion of the K-wire, the slave
manipulator was detached from the cadaver, leaving the K-wire in place.
To validate the results of the percutaneous pedicle screw insertion,
fluoroscopic images were taken. The pedicle screws were successfully
implanted into the cadaver’s L4 and L5 lumbar spines as illustrated in
Fig. 9.

Fig. 10 illustrates the efficacy of the sensorless based bilaterally
controlled robotic system used for percutaneous pedicle screw insertion,
providing a detailed visual representation of the position and torque
responses between the master and slave manipulators across five joints.
The results demonstrate the precision with which the slave manipula-
tor’s joint movements mirror those of the master manipulator, with
minimal average joint position errors of 0.008, 0.009, 0.012, 0.015, and
0.011 radians for joints 1 through 5, respectively, indicating a high
degree of accuracy essential for the delicate task of pedicle screw
insertion. Additionally, the torque interaction errors between the ma-
nipulators were also found to be small, with average torque response
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errors recorded at 0.008, 0.009, 0.012, 0.014, and 0.011 Nm for joints 1
to 5, respectively. This low error rate in torque response ensures that the
force applied by the surgeon is effectively translated by the robotic
system, maintaining the necessary precision for surgical tasks. Overall,
these results substantiate the effectiveness of the sensorless bilaterally
controlled system, showcasing its potential to enhance the accuracy and
safety of robotic-assisted spinal surgeries. The graphical data from
Fig. 10, broken down into subfigures (a-e) for position responses and (f-
j) for torque errors, provides a clear and quantitative demonstration of
the system’s performance across multiple operational parameters.

3.2. Open pedicle screw insertion: robot- assisted percutaneous pedicle
screw insertion

In this phase, the process of open pedicle screw insertion utilizing
robot-assisted technology was methodically explored and documented.
This procedure involves several critical steps, each carefully controlled
and monitored to ensure precision and safety. Initially, the surgeon
positions the slave manipulator at the entry point of the pedicle. This
specific location is strategically chosen based on anatomical landmarks:
it is where the axial plane, passing through the middle of the transverse
process, intersects with the sagittal plane that runs through the superior
facet. The accuracy of this positioning is crucial as it sets the foundation
for the entire procedure. These critical alignment details are visually
represented in Figs. 11(a) and 11(b). Operating remotely from a
workstation that is situated outside the direct X-ray radiation area en-
sures the surgeon’s safety from prolonged radiation exposure, which is a
significant concern in traditional surgical settings. From this station, the
surgeon proceeds with the next phase of the procedure, employing
fluoroscopic imaging to validate the placement and trajectory of the
pedicle screw. This imaging step is vital as it confirms that the manip-
ulator and subsequently the screw are correctly aligned with the
anatomical target.

Upon validating the trajectory using the captured fluoroscopic
image, the surgeon uses the master manipulator to adjust the slave
manipulator remotely. This adjustment is crucial to align the guidance
tool with the verified trajectory for screw insertion, detailed in Fig. 11
(c). Following trajectory alignment, a smaller guidance tube is intro-
duced into the guidance tool to narrow its diameter, matching that of the
drill bit needed for the pedicle screw insertion. This adaptation is
necessary for the precise and safe insertion of the drill into the pedicle
cortex. The final drilling is performed through the guidance tool using a
high-speed drill, where the surgeon meticulously drills the pedicle screw
into the pedicle cortex, a step depicted in Fig. 11(d). The entire pro-
cedure culminates with a complete open pedicle screw fixation, as
presented in Fig. 12 (a), demonstrating the successful stabilization of the
spine segment using the robot-assisted system. The completion and
success of the screw placement are subsequently verified through
additional fluoroscopic imaging, shown in Fig. 12 (b). This imaging
serves as a confirmatory step to ensure that the screw is correctly posi-
tioned within the pedicle, thereby securing the spinal segment. This

Fig. 9. The successful of percutaneous robot-assisted pedicle screw insertion on the L4 and L5.
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Fig. 10. Robot-assisted pedicle screw Insertion (a-e) The position response of master-slave manipulator. (f-j) The torque response error of the master-slave

manipulator.
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Fig. 11. The open pedicle screw insertion with robot-assisted experiment (a). The surgeon performs a midline skin incision (b). The slave manipulator is moved to
the entry point of pedicle (c). The surgeon remotely controls the slave manipulator via a master manipulator (d). The surgeon drills the pedicle through the

guided sleeve.

(2)

(®)

Fig. 12. The open pedicle screw insertion with robot-assisted experiment.

detailed documentation of the procedure not only illustrates the steps
involved but also highlights the precision and safety enhancements
afforded by the robotic assistance in spinal surgeries.

In the experimental analysis of the robot-assisted open pedicle screw
insertion, the performance of the master-slave manipulator system was
critically assessed through detailed measurements of position and tor-
que responses. The results of this analysis are presented in Fig. 13, which
is divided into parts (a-e) for position responses and parts (f-j) for torque
error responses across the five joints of the manipulator. The position
response of the master-slave manipulator, as detailed in Fig. 13(a-e),
shows a high degree of fidelity between the master and the slave ma-
nipulators during the procedure. The graphs demonstrate that the joint

429

movements of the slave manipulator are well-aligned with those of the
master manipulator, indicative of precise control and effective replica-
tion of intended movements. The mean position errors between the
master and slave manipulators for each of the five joints were minimal,
recorded as 0.01, 0.014, 0.018, 0.005, and 0.011 radians, respectively.
These values signify an exceptional level of accuracy in the robotic
system’s ability to mirror the surgeon’s movements, thus underscoring
the system’s reliability in surgical applications. Fig. 13(f-j) elaborates on
the torque response errors between the master and slave manipulators.
The error bars depicted in these segments of the figure indicate negli-
gible discrepancies in the reaction torques across the joints, which are
quantified as mean torque errors of 0.001, 0.0014, 0.0018, 0.0004, and
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0.0011 Nm for each joint, respectively. These low error values highlight
the system’s precision in force feedback, which is crucial for maintaining
the tactile feel necessary for sensitive surgical operations like pedicle
screw insertion.

The combined data from the position and torque response analyses
illustrate a robotic system that not only achieves a high degree of me-
chanical precision but also maintains a crucial tactile feedback loop
between the surgeon and the procedure site. Such characteristics are
vital for enhancing the safety, accuracy, and efficiency of spinal sur-
geries, enabling surgeons to perform complex maneuvers with increased
confidence and reduced risk of errors. The detailed results from this
study, captured in Fig. 13, validate the effectiveness of the master-slave
robotic manipulator in a controlled experimental setup, promising sig-
nificant implications for its future application in clinical settings. This
experiment thus marks a substantial advancement in the integration of
robotic assistance in surgical procedures, particularly in enhancing the
execution and outcomes of spine surgeries.

4. Discussion

The introduction of sensorless haptic feedback in robot-assisted
pedicle screw insertion represents a significant advancement in the
field of spinal surgery. This study, focused on the application of this
innovative technology in lumbar spine surgery, underscores its potential
to enhance surgical precision and safety while addressing some of the
inherent challenges associated with traditional pedicle screw fixation
methods. One of the primary concerns in conventional pedicle screw
fixation is the reliance on fluoroscopic guidance, which not only in-
creases the risk of radiation exposure to both the patient and the surgical
team but also demands high levels of surgeon skill and concentration.
The sensorless haptic feedback system developed in this study aims to
mitigate these issues by minimizing the need for continuous fluoroscopic
imaging once the initial setup is completed. The system’s ability to
provide real-time feedback and detect anatomical landmarks accurately
reduces the frequency of fluoroscopy use, thus potentially lowering ra-
diation exposure significantly. This feature not only enhances the safety
profile of the surgical procedure but also contributes to better outcomes
by reducing the likelihood of complications associated with excessive
radiation. This system enhances intuitive and efficient surgeries by
dynamically stabilizing and guiding tools based on the surgeon’s input
and tactile feedback, instead of merely maintaining tools in a pre-set
position. While the initial cadaveric study did not focus on reducing
radiation exposure but rather on validating the integration and precision
of the haptic mechanism, future iterations aim to decrease the need for
fluoroscopy. Additionally, the current system requires manual operation
by a scrubbed surgeon, but plans are underway to refine this, enabling
more seamless control and maintaining sterility throughout the
procedure.

The robotic system was meticulously compared with traditional
methods such as freehand, fluoroscopy-assisted, and navigated pedicle
screw insertion techniques. The findings revealed that the robotic sys-
tem might offer substantial improvements in terms of accuracy and ra-
diation safety. For instance, the average position and torque errors
recorded during the insertion of pedicle screws were remarkably low,
indicating a high level of precision provided by the robotic system.
These errors 0.011 radian and 0.054 Nm for percutaneous screws, and
0.0116 radian and 0.0057 Nm for open screws demonstrate the system’s
capability to execute delicate surgical tasks with minimal deviation from
the intended trajectory. The minimal radian and Newton meter dis-
crepancies observed during the experiments suggest that the robotic
system can achieve a precision that rivals or exceeds that of traditional
methods. This precision is critical in spinal surgery, where slight mis-
alignments can lead to severe postoperative complications such as
chronic pain or neurological deficits. Therefore, the clinical relevance of
these findings cannot be overstated, as they indicate a promising di-
rection for enhancing surgical accuracy and patient safety in spine
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surgery.

In this study, a limitation recognized was that the insertion of only
four pedicle screws in the preliminary study might not suffice to
convincingly demonstrate the efficacy and safety of the sensorless haptic
feedback system. The rationale behind this limited number of insertions
was to initially evaluate the feasibility and potential of the technology in
a controlled setting before expanding the scope of the experiment. While
the results of this preliminary cadaveric study are promising, further
research is needed to establish the broader clinical applicability of the
sensorless haptic feedback system. Future studies should involve larger
sample sizes and diverse anatomical sites to ensure the reliability and
generalizability of the findings. Additionally, clinical trials involving
human subjects are necessary to fully understand the impacts of this
technology in real-world surgical settings. Such studies would help to
refine the system further and potentially lead to widespread adoption in
clinical practice. The successful implementation of sensorless haptic
feedback in robot-assisted pedicle screw insertion for lumbar spine
surgery could significantly revolutionize the field. By improving surgical
precision and reducing radiation exposure, this technology has the po-
tential to enhance patient outcomes and redefine standard surgical
practices in spine surgery. As the technology matures and undergoes
further clinical evaluation, it may soon become a new standard of care,
offering a safer, more efficient alternative to traditional surgical
techniques.

5. Conclusion

The integration of sensorless haptic feedback into robot-assisted
pedicle screw insertion represents a significant advancement in spinal
surgery technology, addressing challenges such as limited visibility of
anatomical landmarks and high radiation exposure. By achieving ac-
curate pedicle screw placement with minimal errors, this proposed
system demonstrates potential in enhancing surgical precision while
reducing radiation exposure for patients and surgical teams. Moreover,
the ergonomic benefits offered contribute to improved surgical perfor-
mance. Further studies involving larger sample sizes and clinical trials
are necessary to establish the full clinical applicability and benefits of
sensorless haptic feedback in spinal surgeries. Nevertheless, this
research lays the groundwork for a safer, more precise, and less invasive
approach to spinal surgery, promising improved patient outcomes and
surgical practices in the future.
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