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Abstract— Spinal intervention can benefit from advancements in
robotic systems, particularly in the field of Human-Robot Interac-
tion (HRI). Despite the promising potential of these technologies,
their integration into spine surgeries remains relatively limited,
comprising mainly only selected procedures. Meanwhile, complex
and time-consuming procedures, such as osteotomy, continue to
be performed manually, significantly impacting surgeon workload
and stress. This paper introduces a robotic system to assist
surgeons during the drilling of the vertebral body. The system
aims to reduce surgeon workload, enhance surgical precision, and
ultimately contribute to improved patient outcomes in spinal surg-
eries. The system integrates a pre-planning tool for establishing
the desired angle of correction, a virtual fixture-based impedance
control algorithm enabling the robot to assist the user in following
pre-defined cutting trajectories while safeguarding surrounding
structures, and a navigation tool for enhanced guidance during
the procedure. The proposed system is composed by a 7 Degree-
of-Freedom robotic manipulator equipped with a drilling system
attached to its end-effector. System accuracy was validated on 5
vertebral phantoms, achieving a tracking error of 039 0 033 mm
and 074 007 mm, amarginerrorof084 017mmand019 05
mm, and an angular alignment error of 034 016 ° and 013
0 27° for the sagittal and coronal planes, respectively.Additionally,
the system’s performance was evaluated with real porcine bone,
with results demonstrating similar precision and robustness under
realistic mechanical properties. A user Study was conducted to
evaluate whether the proposed system effectively enhanced user
performance and alleviated the users’ workload compared to a
manual control strategy. The results demonstrated reduced devi-
ation from the desired path (Trajectory Error) and fewer instances
of the system exceeding predetermined restricted areas (Boundary
Violation) when using the proposed system. Additionally, partici-
pants rated the proposed system as less mentally and physically
demanding in comparison to the traditional control strategy.

Index Terms— Human-Robot Shared Control, Virtual Fix-
ture, Impedance Control, Robotic Spinal Surgery, Os-
teotomy

. INTRODUCTION

Vertebral osteotomy is a surgical procedure aimed at correcting
spinal deformities or removing tumors in the vertebral body [1]. It
consists of cutting part of the vertebra and removing it through the
use of specialized surgical instruments like bone saws, osteotomes,
or drills. There are six different types of osteotomy procedures
depending on the severity of the correction. One of these is Pedicle
Subtraction Osteotomy (PSO) which involves the removal of part of
the vertebral body with a correction angle that generally ranges from
30° to 40°. The procedure consists of three main steps: the removal
of the posterior element of the vertebra (Fig. I} B), the cutting of the
vertebral body (Fig. [I}C), and the closure of the vertebra upon itself
(Fig.[I}D) [2]. This procedure is usually performed manually and re-
quires a skilled and experienced surgical team to avoid complications
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due to the proximity of delicate structures such as the spinal cord and
nerves as shown in Fig. [I}A. According to a study conducted by [3]
on a population of 423 individuals, the incidence of intraoperative
complications, including cord deficit, large vessel injury, and nerve
root injury, was reported at 28 %. Additionally, surgeons commonly
employ intraoperative imaging modalities such as fluoroscopy or CT
scans to oversee drilling progress and ensure accuracy. However,
reliance on these techniques presents drawbacks, including radiation
exposure to both patients and surgical staff, prolonged procedure
durations, and the absence of real-time 3D visualization capabilities
[4]. This leads to an increased complexity and duration of the
procedure and can impact significantly the workload and stress of the
surgeon. For these reasons, the implementation of a robotic system
holds promise for providing greater accuracy, reducing the likelihood
of complications, and alleviating the cognitive load and stress endured
by the surgical team [5].

Robotic systems, in fact, offer a substantial improvement over
manual techniques thanks to their ability to provide real-time feed-
back and execute intricate movements. Moreover, the integration of
robotics has the potential to streamline the surgical process, leading
to increased efficiency and potentially reducing both the duration of
the procedure and associated risks. Human-Robot Interaction (HRI),
in particular, has emerged as a rapidly evolving field in the medical
domain, ranging from assisting in complex surgeries to facilitating
patient rehabilitation [6].
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Fig. 1. Vertebral structure (A); PSO procedure: the removal of the

posterior part of the vertebra (B), cutting of the vertebral body (C),
closure of the vertebra (D).

In the field of spinal surgery, the use of HRI remains relatively
restricted, primarily employed in selected procedures such as pedicle
screw placement [7]. A systematic review comparing traditional and
modern techniques conducted by [8] has underscored the efficacy of
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robot-assisted screw placement, revealing superior accuracy in screw
positioning and a reduced incidence of complications compared to
traditional methods. Several robotic systems are currently available
to facilitate pedicle screw insertion. These include the ExcelsiusGPS
by Globus Medical (Audubon, PA, USA), the Mazor X Stealth
Edition by Medtronic (Dublin, Ireland), and the ROSA ONE Spine
by Zimmer Biomet (Warsaw, IN, USA) [9]. However, these systems
predominantly offer static guidance, facilitating tasks like positioning
the robotic arm for screw placement but lack the capability for
dynamic operations.

II. RELATED WORK

Despite significant advancements in robotic-assisted osteotomy,
there are currently no commercially available systems for this appli-
cation. Existing research is largely experimental, and most approaches
are focused on bone layer recognition to adapt the robot’s transitions
accordingly. In spinal surgery, bone layer identification has been a
focal point for improving control strategies. [10] proposed a semi-
autonomous control system for robot-assisted pedicle tapping that
uses a hybrid position/force control loop. This system detects bone
layer transitions, adjusts tool velocity based on bone density, and
halts movement near critical boundaries. However, limitations in
generalization are present, especially when accounting for variable
bone density and pathological conditions such as osteoporosis. Bone
layers exhibit significant variability, making it challenging to maintain
consistency across a wide range of cases. Similarly, [11] developed
a system using acceleration and force sensors to classify the surgical
status (muscle, bone, or spinal cord) during milling. The reliance on
cutting force required depends heavily on the specific characteristics
of the bone being processed, making it difficult to generalize results.
This reduces the reliability of these methods, especially when at-
tempting to predict behavior in diseased or irregular bone structures.

Several studies have integrated robotic systems into osteotomy
procedures using Virtual Fixtures (VF) to enhance control and
accuracy. VVFs have emerged as a highly successful tool in HRI tasks
[12]. They are designed to introduce software-generated constraints
that either limit the motion of a robotic manipulator or guide it
within predefined regions. The primary goal of VF is to enhance
the accuracy of positional control during collaborative tasks between
humans and robots [13]. [14] introduced a robotic system for pre-
programmed osteotomies in free fibula flap mandible reconstruction.
The system used a robotic manipulator equipped with an electric
saw for precise cuts, addressing inaccuracies due to human error.
Similarly, [15] implemented VVF-based shared control for mandibular
osteotomy, allowing surgeons to apply guiding forces that were
used as inputs for an admittance controller. This system resulted
in slow and steady cuts, improving precision under the surgeon’s
supervision. [16] developed a robotic system for skull surgery that
incorporated an admittance loop for collaborative drilling tasks. The
method relied on force clustering and intention recognition to switch
between drilling and alignment tasks, enhancing control during the
procedure. [17] used principal component analysis (PCA) to generate
a task plane for mandibular osteotomy, establishing forbidden areas
to ensure safety. A variable admittance policy dynamically adjusted
the robotic system’s velocity based on the proximity to the inva-
sive area, improving adaptability during the procedure. However,
the application of VVF-based approaches to mandibular and cranial
procedures involves different challenges compared to spinal surgery.
In mandibular osteotomy, major arteries and veins are located about
5 mm away from the osteotomy path, whereas in spinal procedures,
the spinal cord lies directly adjacent to the surgical plane, demanding
even higher precision. Craniotomy procedures also involve distinct

trajectories and constraints, often requiring cylindrical burr hole
drilling, which is not directly comparable to the complex, depth-
sensitive cuts required in spinal surgeries. [18] introduced an image-
guided robotic system for milling parts of the vertebral lamina and
spinal process, relying on preoperative image-based path planning.
While this system reported great accuracy, it does not account for
human-induced variability, which remains a critical factor in complex
surgeries like PSO, where the surgeon’s judgment and adaptability
play a key role. [19] used a hybrid force/position control with VF
for milling in spinal surgeries. In this case, the surgeon retained
control over manipulation tasks, but subtasks like path-following
were automated. A dual-force sensor system separated human-robot
interactive forces from environmental ones, improving the precision
of milling tasks. However, this study targeted only the posterior
aspect of the vertebra, focusing on laminectomy procedures, which
involve less bone removal and lower complexity compared to PSO
that involve cutting into the vertebral body itself.

Moreover, none of the previous studies propose a complete surgical
workflow, integrating preoperative planning, intraoperative naviga-
tion, and execution.

A. Contribution

This paper introduces a robotic system within a HRI framework
designed to assist the surgeon in PSO procedures during the removal
of the vertebral body. The primary objective is to develop a robotic
system that enhances surgical precision during drilling procedures
while simultaneously reducing the cognitive and physical burden
on the surgeon. For this purpose, the system assists the surgeon
in following pre-planned cutting planes while constraining their
movement to preserve the delicate surrounding structures, such as
the spinal cord and the volume of bone tissue that does not need to
be removed. This is accomplished through the implementation of a
VF-based impedance control. The impedance control is specifically
tuned to maintain low stiffness parameters along the direction of
motion, ensuring that the robotic system remains compliant. This
compliance allows the surgeon to retain primary control over the
procedure while the robot assists by providing precise guidance.
Conversely, high stiffness is maintained in the direction where motion
is restricted by the VFs, preventing deviations from the predefined
path or accidental interaction with sensitive areas. The VF-based
control strategy modulates attractive or repulsive forces to align with
the cutting plane or avoid sensitive areas, respectively. These forces
are applied along the x,y, and z coordinates of the robot reference
frame, ensuring precision control when working on inclined planes,
which is a common requirement in PSO procedures. Additionally, an
operational margin of 3 mm (force saturation) has been established.
The system setup also includes a pre-planning phase to determine
the desired angle of correction based on pre-operative CT images of
the patient’s vertebra, according to the degree of correction required,
and an online navigation system to ensure continuous visualization
of the drilled areas during the procedure, further enhancing surgical
accuracy and safety. The contribution of this work can be summarized
as follows:

Tailored Solution for Vertebral Osteotomy: Our system
specifically addresses the challenges of vertebral osteotomy,
a procedure demanding high precision due to its proximity
to critical structures like the spinal cord. By employing VFs,
the system adapts to intraoperative deviations in real time,
navigating both soft and hard structures to ensure safety and
accuracy throughout the surgery.

Workflow Integration: We have developed an integrated work-
flow from preoperative planning to real-time control and execu-
tion:
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— Pre-planning Phase: Utilizing preoperative CT images, we
define the desired angle of correction and establish virtual
constraints.

— VF-Based Impedance Control: The system modulates at-
tractive and repulsive forces to ensure alignment with the
cutting plane and protect sensitive areas.

— Online Navigation System: Provides continuous visualiza-
tion of the surgical area, enhancing both accuracy and safety
during the procedure.

Usability Evaluation: We conducted a detailed usability eval-
uation comparing our system with traditional manual interven-
tion. This evaluation demonstrated significant improvements in
precision and reduction of surgeon workload, underscoring the
practical benefits of our approach.

The remainder of this paper is organized as follows. Section Il
describes the materials and methods utilized in the proposed system.
Section IV depicts the experimental setup for system validation and
usability. Experimental results are illustrated and discussed in Section
V. Finally, conclusions are reported in Section VI.

Ill. MATERIALS AND METHODS

The human-robot shared control system for vertebral bone cutting

comprises four primary modules:
Pre-operative planning to determine the desired angle of
correction.
Registration to align the pre-operative plan with the intra-
operative setup.
Control Strategy to modulate attractive or repulsive forces to
align the robot with the cutting plane or prevent it from entering
sensitive areas, respectively.
Navigation system to ensure continuous visualization of the
drilled areas during the procedure.

A. Pre-operative planning

The cutting angle of the vertebral body is determined based on
pre-operative imaging of the patient’s vertebrae. During this phase,
the surgical cutting planes are identified according to the severity of
the postural issue, which dictates the necessary degree of correction.

In the context of PSO, the cutting planes are usually established
in two views:

Sagittal View: angles ranging between 30 ° and 40 ° are
specified to address postural deformities (Fig. [ZtA).

Coronal View: angles intersecting those of the sagittal view are
identified to guide the removal of the targeted bone portion (Fig.
[2B).

In addition, to confine the surgeon’s movements within permissible
boundaries, specific no-fly zones are designated:

Spinal Cord: two planes are delineated across the inner part of
the pedicle, serving as boundaries for the sagittal cut to safeguard
the spinal cord (Fig. [2}C).

Preserved Vertebrae Area: the predetermined sagittal planes
serve as no-fly zones, restricting movement in the coronal view
to preserve the parts of the vertebrae that do not need to be
removed (Fig. 2} D).

In this study, the open-source software 3D Slicer [20] has been
used. A pre-operative DICOM file of the lumbar vertebra of a patient
was imported into the software, allowing for visualization in three
orthogonal views: Coronal, Sagittal, and Axial. Additionally, the
preplanned cutting planes were projected onto the 3D model of the
vertebra to provide visualization also in the 3D space. The sagittal
and coronal views were crucial for defining the angle of correction

Fig. 2. Definition of the cutting planes during the preplanning phase.
Top-left: The cutting planes in the Sagittal view are outlined in yellow;
top-right: preservation of spinal cord area indicated by red circle; bottom-
left: Coronal cutting planes delineated in yellow; bottom-right: Identifica-
tion of bone area to be preserved circled in red.

and the vertex based on the desired depth of the cut. Meanwhile,
the axial view was utilized to delineate the spinal canal, ensuring the
establishment of a no-fly zone to protect critical structures. The angles
of correction, the vertex point, and the limits of the no-fly zones were
then imported into the VF module. Within this module, the cutting
planes were generated using the vertex point as the reference for
plane placement, with the angle of correction determining the plane’s
inclination. The boundaries of the no-fly zone then dictated the width
of the resulting inclined 3D plane. The VF planes were then defined
using a mesh with a fixed vertical resolution of 0 001 mm, while
the resolution in the other two dimensions was adapted based on the
angle of the VVF. This resolution value was carefully chosen to balance
precision and computational efficiency. If the resolution was too high,
it would become challenging to associate the current position of the
end-effector (EE) with that of the relative VVF. Conversely, too low a
resolution would result in larger spacing between closely positioned
points on the mesh, leading to less accurate discretization of the EE’s
position and potentially introducing errors in positioning.

B. Registration

To translate the pre-operative planning defined in the CT image on
the 3D Slicer into the robot reference system, a registration process
was performed.

More in detail, the vertebra and relative cutting planes expressed
in the local reference system fVg, were transformed into the robot’s
base reference frame fBg:

z=%z1 #z7 1)

where #7 is the robot’s base position, fBg, with respect to the
tracking system, fNg, and ffZ is the transformation matrix describing
the vertebra position fVg in fNg, calculated as:

tz=%z §z ¥z )

here %’Z is the rigid transformation from f\Vg to the patient body,
fPg, obtained from the preoperative phase, *‘éZ is the transformation
from the stylus reference system fSg to fNg, and 0/(02 is the rigid
transformation from fPg to fSg obtained by placing the tip of the
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stylus on 4 fiducial points on fPg. For this study, the patient reference
system, fPg, was simulated with four hemispherical fiducial markers,
embedded in the phantom box (Fig. [B}B). The transformation matrix,
#7 . is determined using Tsai’s algorithm [21]. By moving the robot
to different configurations (80), a set of the following equations can
be derived:

4L 4l ®)
here, the subscripts 1 and 2 represent the consecutive transformations
recorded during different robot configurations. These consecutive
transformations are chosen to provide a range of robot poses, en-

abling Tsai’s algorithm to solve equation and compute #Z. The
transformation among reference frames is shown in Fig. 3]

Z z,! #z=%z

Fig. 3. System Coordinates Transformation. A. In blue, the transfor-
mations to derive B with respect to N. In red, the VF expressed in
B. In green, the transformations to obtain V in N. B. Detailed set of
transformations for obtaining \TZ. Fiducial markers are highlighted in
red circles.

C. Control Framework

In this study, a VF based impedance control was developed as
shown in Fig.[4} Impedance control aims at modulating the impedance
of the system in response to external force or motions. For a robotic

manipulator with = Degree of Freedom (DoFs) operating in an <-
dimensional task space, the desired impedance control interaction
model can be represented as a mass-spring-damper model between
the robot and the environment:

S¥,JR, Q%= Lac » Lo<3 (4)

where, X = X348 Xopaa 2 = is the displacement between the
desired and measured position, ® ¥ 2 < are the Cartesian velocity
and acceleration, S, J and Q 2 ~= < are the positive definite
inertia, damping and stiffness matrices, respectively. Lygc 2 = is the
external force, and Lp<3z 2 ~= is the force applied by the controller.
Additionally, in joint space, the system dynamics can be defined as:

S1q°¥, 19 ®F, 91° = Poic1q°Llace » B2<3  (5)

where q is the robot joint vector, 11q @ 2 X~ is the vector of Corio-
lis and centrifugal torques, and g1q® 2 X~ represent the gravitational
force torque. 3.ng IS the torque vector of motor command, while
P,_,alelqOLA,Gc comprises the external torques applied to the joints
from Lagc, mapped in the joint space through the pesudo-inverse of
the Jacobian matrix, P1q® 2 X< ~.

In this study, the desired position, Xqes, Was preoperatively defined
as a fixed geometric path representing the desired cutting planes and
discretized into a mesh of points within the VF module (Section
I11.A). To compute the error, X- = Xges - Xcurr -, the index of the
specific point on Xges Was determined based on the robot’s current
position, Xcyrr -, at the :-th instant. This ensured that the error was
always calculated relative to the closest point on the desired trajectory.

The Force vector, Ley -, Was generated as a function of the dis-
placement of EE relative to the predefined VVF. This approach ensured
that any deviations of the robotic system from the desired cutting
planes, as determined during the preoperative phase, resulted in the
generation of attractive forces being applied to guide the system back
to the planned trajectory. Conversely, movement through a designated
no-fly zone generated repulsive forces, effectively preventing motion
into sensitive areas. The generated force consisted of two main
components:

Lace : = La; - - Le: (6)

here, Lg: -
tively.

and Lg - represent the elastic and viscous forces, respec-

Fig. 4. Overview of the Control Scheme: the Cartesian displacement, X, is calculated as the difference between the current position imposed by
the human operator, Xcyrr , and the desired position, Xqes, Obtained from the generation of the VF in the preoperative phase. This displacement,
together with the current Cartesian velocity, %, serves as input for the generation of the external force, Lext . Moreover, X, is multiplied by a stiffness
matrix, Q, and the velocity, %, is used to compute the damping term J 1J " %°, where J , is the normalized damping matrix. The torque command,

3cmd » IS generated using the Jacobian pseudo-inverse, Ppi}“, ,
position, velocity, and acceleration, respectively.

and summing the internal term fq1q"@'¢°. q"q' ¢ are the vectors of robot joint
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The elastic force, Ly4: -, was proportional to the distance between
the EE and its projection on the closest point of the VF plane:
n
knk
where n is the unit normal vector to the VF plane at the closest point
providing either attraction toward or repulsion from the desired plane
based on the deviation’s direction, ¥ is the stiffness coefficient, and
d. is the displacement at the :-th instant, expressed as:
(
d. = d- if d-
- Smax%j—k otherwise.

Le - = Tpd- (M

3max

®)

here, d- = X.2>B,U” denotes the projection of the discretized EE
position, X-, onto the VF plane (Fig. 4] - VF Generation). 3<g¢ =
i;% defines the maximum displacement allowed, defined by the
choice of the maximum force, ¢ max, and the stiffness coefficient,
To. In this case, the parameters €y, ¢ max, and 3max were chosen
to balance precision and safety, with values set to 7 5N/mm, 25N,
and 3 3mm, respectively.
The second contribution involved the inclusion of a viscous force
term to facilitate smoother transitions, described as:
n
Le.= = knk )
here, ®. represents the EE linear velocity and is the viscosity
coefficient. Moreover, to ensure that the force . did not exceed
a predefined maximum threshold, g, set to 5 N, a saturation
function, sat, ®. g, was employed. Additionally, to facilitate a
smoother crossing of the midpoint line (zero distance from the VF),
an additional factor was introduced to scale the viscosity coefficient
when the deviation, d-, was below a specified distance < from the

active constraint, set to 0 5 mm [22]:

R
= < (10)
;B otherwise

The overall external force, Lag; -, was then multiplied by the
pseudo-inverse of the Jacobian matrix, P?31:E1q°, to generate the
desired external torque, 34q¢.

D. Navigation

Navigation systems play a crucial role in surgical procedures by
providing surgeons with information about their location within the
body and the positioning of surgical instruments relative to anatom-
ical structures or targets [23]. This becomes particularly important
when operating within internal tissues or cavities that are not directly
visible to the surgeon. To ensure the effectiveness and reliability
of such systems, it is essential that the virtual representation of
anatomical structures accurately reflects the real ones. Similarly,
the surgical instruments must be accurately modeled to appear on-
screen with the correct orientation and position relative to the surgical
environment.

In this work, 3D Slicer together with an optical tracking system
was used as a navigation tool. To achieve accurate and consistent
navigation, we performed a pivot calibration to determine the position
of the driller relative to the stylus reference system, which simulated
the frame attached to the patient. Furthermore, the virtual models
of the vertebra and the driller were rigidly registered with the
real ones, ensuring precise alignment between the virtual and real
structures. This was achieved by performing fiducial registration
using anatomical landmarks on the vertebra, specifically the edges
of the pedicles.

IV. EXPERIMENTAL SETUP

To validate the proposed framework, a 7-DoFs redundant robotic
manipulator (LWR 4+ lightweight robot, KUKA, Germany) was used.
The robot was equipped with a commercial drilling system attached
to its EE. The driller offered 5 levels of velocity, ranging from
8 000 to 30 000 rpm, and featured a spherical burr of 3 mm. For
the navigation, the Polaris Vicra tracking system (Northern Digital
Inc., NDI) was used to monitor both the vertebra and the robotic
manipulator. The system was controlled using the Robotic Operating
System (ROS) on Ubuntu 16.04. Communication with the robot was
established through the Fast Research Interface (FRI). The proposed
impedance controller was implemented in C++ and communicated
with the FRI at a rate of 200 Hz.

The first step was to validate the accuracy and effectiveness of
the proposed system for the registration process (Sec. 111.B) and
control framework (Sec. I11.C). Then, a user study was carried out to
evaluate whether the developed system improved user performance
and reduced user workload during drilling tasks when compared to
traditional manual control.

A. Registration Accuracy

The accuracy of the registration process was evaluated by com-
paring the positions of eight points on a calibration board as shown
in Fig. Bl These positions were computed using the transformation
matrix derived from the registration process and compared with the
position of the same points obtained from the robot’s kinematic chain:

=iy, Z 4 Zil (11)

where ,,  Z is the position of the points obtained from the kinematic

chain by placing the EE on the calibration board. U Z represents
the position of the points obtained from the registration process.

Fig. 5. Acquisition of points on a calibration board. Left: points are
obtained using the NDI stylus, Y, and their spatial coordinates relative to
the robot’s base, H, are determined through the transformation derived
from the registration process. Right: the position of the 8 points is
registered using the kinematic chain of the manipulator.

B. System Validation Procedure

A technical validation was conducted to assess the accuracy of
the proposed control strategy by comparing the post-operative drilled
path with the pre-planned trajectory. A total of five drilling procedures
were performed on vertebral phantoms, with specific angles of 30°
for the sagittal plane and 40° for the coronal plane. The phantoms
were made using PLA material with an infill percentage set to 40
%, resulting in an estimated density of approximately 0 5g/cm3,
which is reasonably close to the cortical bone density of the lumbar
vertebrae [24]. In addition to the phantom validation, experiments
were conducted on porcine knee bones, more specifically on tibial
plateau, to further assess the control strategy’s accuracy. Although
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not vertebral bones, porcine knee bones have density and hardness
comparable to lumbar vertebrae, making them a suitable alternative
for preliminary validation. Moreover, these experiments allowed us
to evaluate the system’s performance in conditions where bone
density transitions between cortical and trabecular layers. The drilling
tests were performed under the same conditions as the phantom
experiments, maintaining identical angles and trajectory constraints
to ensure consistency in the validation process. It is important to
notice that, due to the lack of CT imaging for the porcine bones, the
desired cutting trajectory was manually defined rather than derived
from imaging data.

The performance metrics evaluated for these tests were the follow-
ing:
, calculated as the difference between the
V, and its distance from the VF

Trajectory Error, )
robot’s current position,
cutting plane, , V:

) =i VvoL
Margin Error, ** , is defined as the maximum deviation between
the actual trajectory and the ideal trajectory, representing the
thickness of the real trajectory around the ideal one. The
deviation is calculated as the maximum difference between the

data points and the interpolation line on both the left and right
sides of the line:

Vijr<<. (12)

"= <00,i3n] 3rign »<<- (13)

where 3jere and 3yignt represent the maximum deviation of the
data points from the interpolation line on the left and right sides,
respectively.

Angular Alignment Error, , calculated as the angular differ-
ence between the pre-operative and post-operative trajectories.

C. User Study

A user study was conducted to evaluate the effectiveness of the
proposed strategy in enhancing user performance and reducing user
workload during drilling tasks, in comparison to traditional manual
control methods. The primary objective was to demonstrate that the
proposed strategy enables tasks to be executed with greater preci-
sion, effectively avoiding restricted areas, and alleviating physical
and mental fatigue, potentially resulting in shorter procedure times
compared to manual approaches. The study included 10 non-medical
users, all of whom provided their informed consent before participat-
ing. The experimental protocol was approved by the ethics committee
from Politecnico di Milano, Italy (N0.2023-5069). Users were tasked
with performing a drilling procedure on vertebral phantoms using the
robotic drilling system with two different modalities:

Manual Control (Mode 1): Users manually manipulated the
robot to execute the drilling of the vertebral plane. In this mode,
the robot provided no guidance, leaving users fully responsible
for directing and executing the drilling process.

VF-based Control (Mode 2): Users manually moved the robot
to execute the drilling of the vertebral plane, with the robot
guiding them through the predefined plane and constraining
certain motions.

In both modalities, the task started with the robot autonomously
orienting itself to the predefined angle. The order in which the
modalities were presented to the users was randomly selected. Before
the experiment, participants underwent a training session to famil-
iarize themselves with the different control modalities, the drilling
system, and the task itself. The task consisted of two phases: a
pre-planning phase followed by the drilling operation itself. During

Fig. 6. Left: overall user study setup including the robotic drilling
system, the patient’s body aperture model, and the NDI tracking system
for online navigation displayed on the external monitor. Rigth: conceptual
representation of the task. Above, sagittal plane cutting trajectories (blue
arrow) and the spinal cord no-fly zone (red). Below, coronal cutting
trajectories in blue and the no-fly zone in red, on a PLA vertebra
phantom.

the pre-planning phase, users were tasked with selecting the desired
angle of correction and defining cutting planes in both sagittal and
coronal views. Additionally, users delineated the area of the spinal
cord in the axial view using the inner wall of the pedicles. The
same angles defined in the pre-planning phase were used for both
control modalities to ensure a fair comparison. Following the pre-
planning phase, users proceeded to drill the vertebra in both sagittal
and coronal planes, adhering to the preplanned angles. For the sagittal
axis, users aimed to cut the vertebra until reaching the apex of the
angle, while avoiding exceeding the defined boundary of the spinal
cord (Fig. [6] - right). Similarly, in the coronal plane, users had to
cut while avoiding invading the no-flight zone established by the
sagittal plane (Fig. [f] - right). The experiment was performed on
PLA vertebra samples. Throughout the task, users had access to the
navigation system which displayed the position of the driller as well
as both coronal and sagittal views on an external monitor. Each user
performed the drilling task in both sagittal and coronal planes using
both control modalities, resulting in a total of 4 repetitions per user.
The overall system setup is shown in Fig. [g]

To validate the research hypothesis, several performance metrics
were analyzed:

Trajectory Error, ) (See IV.B).

Boundary Violation, +, defined as the number of times the
robot’s position exceeded restricted areas during the task execu-
tion.

Boundary Error, , calculated as the maximum distance be-
tween the robot’s position, V, and the predefined no-fly zone,

1>p=3 v, for both coronal and sagittal plane:

=jj Vv Vijj »<<. (14)

1>D=3

Time to complete the task, ), calculated as the sum of the time
required for cutting the sagittal and coronal planes.

NASA Task Load Index survey [25], where users were asked to
rate six different categories (Mental Demand, Physical Demand,
Temporal Demand, Performance, Effort, and Frustration) on a
scale from 0 to 100 for each control strategy.

Post-experiment questionnaire to investigate the usability of the
system, focusing on the pre-planning and navigation tools, as
well as users’ experiences and preferences regarding the control
system. Users were asked to rate their preferences on a scale
from 0 to 5.
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V. RESULTS AND DISCUSSION
A. Registration Accuracy

The experimental results of the registration process showed an
average registration error, 4AAy, of 1 78 0 5 mm. This contribution is
in line with the stringent requirements of spinal surgeries, however,
it could be further improved by employing a tracking device with
a larger working volume. The comparison of the recorded points is
shown in Fig. [7}

Fig. 7. Comparison of points recorded on the calibration board using
the kinematic chain (blue) and the transformation obtained from the
registration process (red)

B. System Validation Procedure

The system achieved a median Tracking Error (TE) of 039 0 42
mm in the sagittal plane and 074 011 mm in the coronal plane
for the phantom model. For the real bone, a TE of 032 057 mm
and 034 052 mm in the sagittal and coronal plane, respectively,
was recorded. These results were obtained by compensating for
registration errors, isolating the performance of the control scheme
itself. This demonstrates that the system maintained a high degree
of precision during the drilling process, closely following the pre-
planned trajectories. The real bone results show comparable accuracy
to the phantom, with the real bone exhibiting slightly lower TE
in both planes, especially in the sagittal plane, where the TE of
the real bone is lower by approximately 0.07 mm compared to
the phantom. This consistency across both models highlights the
system’s robustness in maintaining accuracy even with the variability
introduced by real tissue properties. In comparison, conventional
control methods have reported errors up to 2 mm, and freehand
methods show errors as large as 5 mm [26]. This reduction in
error highlights the superior performance of the control system in
maintaining consistent and accurate trajectory paths.

For the Margin Error, ME, the mean and standard deviation
recorded on the phantoms were 0 84 0 17 mm in the sagittal plane
and 019 05 mm in the coronal plane. For the real bone, the average
ME was 12 058 mm in the sagittal plane and 13 0 12 mm in the
coronal plane. While the ME for the real bone is higher than for the
phantom, these values are well within the 1-2 mm margin considered
sufficient for safety in surgical procedures [27]. The higher ME in the
real bone is likely due to natural tissue irregularities and anatomical
variability, which can slightly affect the precision of the system.
Nonetheless, the system performs well within clinically acceptable
limits, effectively preserving the target bone margin and reducing the
risk of damaging surrounding tissue during surgery.

The average Angular Alignement, AE, across the five trials on the
phantom models was 0 34 0 16° in the sagittal plane and 0 13 0 27°
in the coronal plane. The results of the AE for the real bone evaluated
for all trials in both planes are reported in Table[l] These angular

Sagittal Plane Coronal Plane
Trials |Preop [°]| Postop [°] AE [°] |Preop [°]| Postop [°] AE []
1 30 30 54 054 40 40 32 032
2 30 3023 023 40 4012 012
3 30 3038 038 40 3948 048
4 30 30 58 058 40 40 49 049
5 30 30 46 046 40 40 29 029
Average 30 3044 017|044 014 40 4014 019]/034 014

TABLE |
ANGULAR ALIGNMENT VALUES AND THE CORRESPONDING ERROR FOR
EACH TRIAL IN THE SAGITTAL AND CORONAL PLANE FOR REAL BONES

deviations indicate that the system maintained excellent alignment
throughout the procedures, ensuring that the drilling path adhered
closely to the intended angular orientation.

Our system demonstrated performance comparable to several stud-
ies in the field of robotic-assisted osteotomy. [19] introduced a shared
milling-path control method utilizing a virtual-fixture-based hybrid
force/position approach, providing hands-on haptic transparency to
the surgeon. They reported a maximum shared control error of 0.58
mm during milling and a lateral positional error of 0.55 mm, which
is within the range of our results. [16] developed a collaborative
framework where VF are generated between drilling and aligning,
leveraging intention recognition learned from human-guided force
during collaborative drilling. Their approach achieved a positioning
accuracy of 078 050 mm . However, their task primarily involved
burr hole drilling, where the trajectories were modeled as spatial
cylindrical axes, and no margin accuracy was considered. [15] pro-
posed a shared control method with an optimized osteotomy curve
for mandibular osteotomy. In their system, maximum path-following
errors were 0.38 mm, -1.69 mm, and -1.62 mm across three different
slopes. However, their cutting tasks were constrained to superficial
incisions along a plane, resembling mandibular bone removal, with
no evaluation of deeper cuts or margin control. [18] presented an
automated image-guided system for osteotomy, automating the entire
process from milling path planning to execution. They reported
an overall milling error of 024 015 mm and a margin error
of 042 026 mm. While highly accurate, their system is fully
autonomous, and therefore does not account for errors introduced
by human interaction or external disturbances.

C. User Study

10 users (255 29, all right-handed) took part in the experiment.
The majority of participants had no prior experience with collabo-
rative robots, navigation software, or pre-planning tools. However,
most of them were familiar with using a drilling system.

Data were compared using the Wilcoxon ranksum test with a sta-
tistical significance assessed at 0 05. For each user, the displacement
error from the desired trajectory, TE, was computed, across both
sagittal and coronal planes and for both modalities. In the sagittal
plane, the median TE was significantly different with the VVF-based
control strategy (Mode 2), exhibiting a median error of 0 54 0 34 mm
compared to 2 27 1 46 mm with manual control (Mode 1), as shown
in Fig. [g] - left. Similarly, in the coronal plane, Mode 2 demonstrated
significantly lower median error (10 069 mm) compared to Mode
1 (453 429 mm) (Fig. 8- right).

These findings highlight the superior performance of the VF-based
control strategy in accurately guiding the user in the predefined
plane minimizing displacement errors and enhancing precision during
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Fig. 8. Tracking Error distribution for both modalities and both
planes.(**, p « 0"01)

the drilling task in both sagittal and coronal planes. This precision
is crucial for surgeons to accurately target intended anatomical
structures, thereby reducing the risk of damage to surrounding tissues
and ultimately improving surgical outcomes.

Additionally, by reducing errors and improving precision, the VF-
based control strategy may enable surgeons to perform procedures
with greater confidence and efficiency, ultimately enhancing patient
safety and reducing surgeons’ workload. An example of drilling
trajectory for the sagittal plane using manual and VVF-based control
strategy is reported in Fig. [9]

Fig. 9. Example of a drilling trajectory executed by one user in manual
mode (Mode 1) and VF-based mode (Mode 2). The desired trajectory is
depicted with the dotted red line, while the actual trajectories executed
in each mode are shown with solid blue lines.

The BV data were compared using the Fisher test with a statistical
significance assessed at 0 05. Analyzing the results of the sagittal
plane, it was observed that 3 out of 10 users exceeded the predefined
no-fly zone limit in Mode 1 with a mean BE of 63 001 mm,
whereas in Mode 2, 2 out of 10 users crossed the limit, with a
lower mean BE of 17 003 mm. The results of the BV are
summarized in Table [[T} Despite the BE being lower in Mode 2,
the frequency of users surpassing the restricted areas was similar
in both modalities. However, it is important to note that users had
direct visualization of the spinal cord area, which could be accessed
either through direct visualization or by utilizing the navigation
tool. This enhanced the user’s spatial awareness in making informed
decisions during the procedure. Conversely, for the coronal view, the
Boundary Violation was more prevalent in Mode 1, with 8 out of 10
users exceeding the limit, resulting in a mean BE of 2 001 mm.
In contrast, no users breached the limit with the proposed control
strategy (Mode 2). This accomplishment holds significant value as it

effectively prevents users from unintentionally moving into restricted
areas, thus avoiding potential contact with delicate structures. Overall,
the proposed control modality demonstrated superior performance
in terms of targeting accuracy and avoidance of delicate structures.
The decrease in performance observed with the manual mode can
be attributed to the elevated mental and physical demands placed on
users. Indeed, the high cognitive load directly impacts performance
negatively [28].

Exceeded Limit Not Exceeded Limit | p-value
Mode 1 | Mode 2 | Mode 1 Mode 2
Sagittal Plane 3 2 7 8 =B
Coronal Plane 8 0 2 10
TABLE Il

COUNTS OF USERS WHO EXCEEDED OR DID NOT EXCEED THE LIMIT
FOR BOTH MODES AND EACH PLANE.(***, p » 0001)

No significant difference in the total completion time of the task, ),
was observed when comparing Mode 1 and Mode 2 for either plane.
Users achieved a total mean value of 109 67 66 28 s, while 88 75
67 38 s was recorded for Mode 2. Nevertheless, it is noteworthy that
there was a consistent decreasing trend observed among nearly all
users in Mode 2, as shown in Fig.[I0] This decreasing trend holds
significance as prolonged operation time is often associated with a
high workload. Therefore, the ability to shorten task duration has the
potential to alleviate mental workload [29].

The qualitative analysis employed the NASA-TLX survey, where
users assessed perceived workload across six subscales (Distraction,
Mental Demand, Physical Demand, Situational Stress) for all modal-
ities, as depicted in Fig.[IT] The proposed control modality exhibited
reduced levels of frustration and required lower mental and physical
effort compared to manual control (Mode 1). Lower scores in the
VF-based control modes suggest potential for enhanced performance
compared to manual control. High workload and stress can adversely
affect decision-making, potentially causing errors in surgery. By alle-
viating the surgeon’s workload and stress, the proposed system may
enhance surgical outcomes, enabling more accurate task execution.

Furthermore, the post-experiment questionnaire revealed that users
rated the manual control experience lower compared to the proposed
modality and felt they had greater control when using Mode 2
(Q1 and Q2). Additionally, participants expressed more confidence
in following the trajectory with the proposed control, rating their

Fig. 10. Total execution time for the Manual (left) and VF-based (right)
Mode for all users.
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Fig. 11. Results of the NASA - TLX survey across the six subscales for
both modalities. (**, p » 0“01,***, p « 0“001)

experience higher than with Mode 1 (Q3). Finally, participants
reported relying less on the navigation tool when using the proposed
method compared to Mode 1, indicating that the proposed strategy
allowed users to focus more directly on the task without necessarily
relying on the navigation tool (Q4). Questions are summarized in
Table [T

Questions Total Score | Mode
Q1 Experience rating during the task 1213 ;
Q2 Perceived control over the robot ig ;
Q3 Perceived accuracy in following the trajectory 4212 ;
Q4 Utility of navigation in completing the task gi %

TABLE IlI
POST-EXPERIMENT QUESTIONNAIRE RESULTS. THE TOTAL SCORE,
REPRESENTING THE CUMULATIVE RATINGS FROM ALL USERS, IS
PRESENTED ON A MAXIMUM SCALE OF 50.

VI. CONCLUSION

In this work, a VF-based impedance control has been developed
to achieve a shared control between robot and human during Pedicle
Subtraction Osteotomy. The system was designed to guide users
through cutting planes while constraining movements in predefined
no-fly zones, to enhance procedure accuracy and minimize operator
stress and workload. Additionally, the system was equipped with a
pre-planning and navigation tool to further support users during the
operation. The experimental results of the validation demonstrated
the accuracy and effectiveness of the proposed control strategy in
performing precise drilling along pre-planned trajectories on both
sagittal and coronal planes and for both phantom model and real
bone tissue. By reducing both trajectory and alignment errors, the
system could help surgeons achieve better outcomes, minimize the
risk of complications, and enhance overall surgical precision. The
main objective of the user study was to assess the efficacy of the
proposed system in enhancing user performance relative to conven-
tional manual control methods. Results indicated that the proposed
strategy allowed users to follow cutting trajectories with significantly

lower error rates compared to manual procedures. Additionally, oc-
currences of entering restricted areas during the operation were either
minimized or eliminated. It is crucial to highlight that a uniform force
feedback was employed in this study. Future development should
consider a user-specific for allowing boundary preservation. Users
also reported experiencing lower levels of physical and mental stress
when using the proposed system. Finally, a questionnaire highlighted
that the VF-based mode provided greater user confidence during the
drilling of the vertebra.

While the proposed system represents a promising proof of con-
cept, several limitations persist. Firstly, efforts should focus on
minimizing registration and trajectory errors, particularly given the
procedure’s demand for extreme precision. Explicit measurements
or estimation of contact forces that occur between the drill and the
vertebra should be taken into account to improve system performance.
In addition, factors such as the movement of vertebrae due to
breathing or decompression during drilling pose additional challenges
that deserve attention. Furthermore, conducting experiments with a
surgical drill and real bone tissue vertebrae, involving surgeons in the
task would offer valuable mechanical validation, thereby advancing
the system toward clinical application.
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