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Abstract

Background Efficient registration and high-precision K-wire guidance are critical for the effective performance of spinal
surgical robots. We therefore evaluate a new robotic system featuring optical tracker registration and a high-precision lateral
force sensing system during K-wire placement. In this study, retrospectively collected clinical data were used to evaluate the
technical efficacy and clinical utility of the system in spinal surgery.

Methods This was a retrospective study. Between December 2022 and April 2024, a total of 127 patients were enrolled
and subjected to X-ray, CT, and MRI examinations. Among these patients, 67 were enrolled in the robot-assisted group, in
which K-wires were implanted using a new spinal surgical robot. The remaining 60 patients were enrolled in the freechand
group, where K-wires were implanted manually. The data collected included sex, age, body mass index, number of punc-
tures (NOP), mean time required to insert a K-wire (MTRI K-wire), average blood loss per K-wire insertion (ABL K-wire),
fluoroscopy count per K-wire (FC K-wire), puncture abduction angle (PAA), and K-wire in the pedicle (K-wire IP). Distance
deviations and angle deviations were used as the primary parameters to evaluate the accuracy of the new spinal surgical
robot.

Results Compared with free-hand K-wire insertion, robot-assisted K-wire implantation results in fewer NOP, fewer MTRI
K-wires, fewer ABL K-wires, fewer intraoperative FC K-wires, and a larger PAA. Compared with the free-hand group, the
robot-assisted group demonstrated significantly smaller entry point deviation (0.98+0.13 vs. 5.08+1.17 mm, p<0.001) and
endpoint deviation (1.38+£0.20 vs. 5.52+0.87 mm, p<0.001). These results demonstrate superior targeting accuracy with
robotic assistance relative to conventional freehand techniques.

Conclusions Our spinal surgical robot system demonstrates clinically reliable accuracy in K-wire placement while offering
significant intraoperative advantages, including a streamlined procedural workflow, a reduced operation time, and minimal
tissue trauma. These results demonstrate significant potential for both clinical implementation and further technological
optimization.

Trial registration This trial was approved by the Ethics Committee of the Second Affiliated Hospital of Nanjing Medical
University on February 21, 2023(2023XJ00401 retrospectively registered).
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Abbreviations

K-wire Kirschner wire

X-ray X-radiation

CT Computed tomography

MRI Magnetic Resonance Imaging

NOP Number of punctures

MTRI K-wire  Mean time required to insert a K-wire
ABL K-wire  Average blood loss per K-wire insertion
FC K-wire Fluoroscopy count per K-wire

PAA Puncture abduction angle

K-wire IP K-wire in the pedicle

3D Three-dimensional

SVD Singular value decomposition

ICP Iterative closest point

mm Millimeter

N/A Not Available

Background

In spinal surgery, robotic systems enhance surgical preci-
sion by providing advanced intraoperative imaging and
accurate instrument guidance [1]. Following the acquisition
of three-dimensional (3D) imaging data, the robotic system
reconstructs a patient-specific spinal model, facilitating the
preoperative planning of optimal pedicle screw trajectories.
The platform subsequently offers real-time intraoperative
navigation, ensuring precise execution of the planned surgi-
cal procedure with submillimeter accuracy. Extensive clini-
cal evidence confirms that robot-assisted lumbar pedicle
screw fixation demonstrates significantly greater placement
accuracy compared to conventional free-hand techniques
[2—4]. Emerging evidence supports the efficacy of robotic-
assisted spinal systems in complex procedures, including
interbody fusion, spinal tumor resection, vertebroplasty, and
deformity correction osteotomies [5, 6].

The initial development of robotic spinal surgery systems
commenced in the 1990s; however, technical limitations—
including software instability, suboptimal image-to-robot
registration accuracy, restricted robotic arm maneuverabil-
ity, and nonintuitive user interfaces—have impeded their
clinical integration and widespread adoption [7, 8]. The
Mazor SpineAssist system emerged as the first clinically
validated robotic system for spinal surgery, maintaining
exclusive FDA approval for robotic-assisted spinal proce-
dures from 2004 to 2011. The system employed a patient-
mounted tracking platform and integrated preoperative
computed tomography (CT) data with intraoperative fluoro-
scopic imaging to facilitate the precise planning of pedicle
screw trajectories [9]. In addition, technological evolu-
tion has driven the rapid development of various robotic-
assisted spinal surgery systems, such as Renaissance, Mazor
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X (Medtronic), ROSA (Medtech®), ExcelsiusGPS (Globus
Medical), MAXIO (Globus Medical), TianJi, Cirq (Brain-
lab), Curexo (CUREXO, Inc.), Kinguide (Point Robotics),
and Remi (Accelus) [10]. Most spinal surgical robotic sys-
tems are classified as semiactive, collaborative platforms
that enhance operative precision, procedural efficiency, and
intraoperative stability through real-time navigational guid-
ance while preserving the surgeon’s autonomous control
over critical technical execution and clinical decision-mak-
ing throughout the operative process [11].

Despite advancements, contemporary surgical robots still
face significant limitations. Most systems rely on marker-
based registration, which necessitates the placement of
fiducial markers near the patient. This requirement com-
plicates the registration process and prolongs the operative
time. Second, real-time monitoring of K-wire insertion is
currently unfeasible. This limitation poses a particular chal-
lenge during thoracic vertebral procedures, where respira-
tion-induced motion can lead to significant deviations in
K-wire placement.

To address these challenges, our team previously devel-
oped a new spinal surgical robot. This system incorporates
an optical tracker integrated with a 3D C-arm and fea-
tures a high-precision lateral force sensing system within
the robotic end effector. The new surgical robot employed
in this study incorporates two primary innovations. Dur-
ing the registration process, an intraoperative integrated
adaptive registration technique based on C-arm trajectory
recognition and calibration was employed. This approach
requires only the acquisition of the C-arm spatial motion
trajectory, through which the entire registration procedure is
completed by leveraging trajectory recognition algorithms
combined with singular value decomposition (SVD) and
iterative closest point (ICP) algorithms. This methodology
optimizes the registration workflow while enhancing both
registration accuracy and real-time efficiency. In addition,
the K-wire insertion process is equipped with a unique real-
time tip force sensing capability, which effectively mitigates
intraoperative skidding on bone surfaces and minimizes soft
tissue injury.

The new robotic system has been deployed in 127 con-
secutive percutaneous vertebroplasties and robot-assisted
pedicle screw fixations at our institution since December
2022. This retrospective study aims to analyze collected
clinical and radiological data, with the primary objectives of
quantifying K-wire placement accuracy based on distance
and angle deviations and evaluating clinical outcomes.
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Methods
Robotic surgical system
Core components

The new spinal surgical robot system consists of a three-
dimensional imaging C-arm X-ray machine, an optical
tracking system cart, and a surgical navigation and posi-
tioning robot (Fig. 1). It integrates intraoperative three-
dimensional imaging, navigation positioning, and surgical
planning functionalities. The spinal surgical robot system
employed in this study, named the Perlove Spinal Surgical
Robot, was collaboratively developed by our research team
and Perlove Medical.

Optical tracker registration method

Figure 2 shows the optical tracker for the 3D C-arm. This
study employed a new automatic registration method inte-
grated into the spinal surgical robot system. The method
relies on an optical tracker rigidly mounted on the detec-
tor of the 3D C-arm. During intraoperative 3D imaging, the
navigation system tracks the C-arm’s position and orienta-
tion in real-time. Immediately following image acquisition,
the reconstructed 3D dataset and its spatial coordinates are
automatically transmitted to the robot, thereby achieving

Fig. 1 The components of the new
spinal surgical robot system com-
prise a three-dimensional imaging
C-arm X-ray machine, an optical
tracking system cart, and a surgical
navigation and positioning robot

C-arm X-ray machine

three-dimensional imaging

instantaneous registration between the image space and the
robotic surgical space.

High-precision lateral force sensing system method

Figure 3 shows the high-precision lateral force sensing
system integrated into the robotic end effector. During
the surgeon’s K-wire implantation procedure, the optical
tracking system cart screen displays real-time deviations
between the actual K-wire insertion path and the preopera-
tively planned path. The “skiving” phenomenon, where a
K-wire slides along a non-perpendicular or irregular cortical
surface, is a primary cause of trajectory deviation during
surgical insertion. This issue is magnified in percutaneous
spine procedures due to lateral forces from soft tissue ten-
sion and the often-inclined surfaces of pedicle entry points.
Conventional methods and standard robotic systems lack
the ability to perceive these subtle mechanical disturbances,
leading to repeated attempts, prolonged procedures, and an
increased risk of iatrogenic injury to critical structures like
nerve roots. To address this, our system incorporates a high-
precision 3D lateral force sensor within the end-effector.
This module monitors real-time shear forces and moments
on the K-wire, synchronizing this data with the navigation
software. When anomalous lateral forces indicative of skiv-
ing is detected, the system generates color-coded visual
alerts and displays quantitative deviations (entry, tip, and
angular errors) on the navigation screen. This actionable

optical tracking system cart

surgical operating table

surgical navigation and positioning robot
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Fig. 2 Integration of the optical
tracker with the 3D C-arm. (A) An
optical tracker is rigidly mounted
on the detector of the 3D C-arm,
shown here in its pre-planned
initial scanning position. (B-D)
During 3D image acquisition, the
C-arm rotates continuously along
a predefined arcuate trajectory
(indicated by the red arrow). This
motion trajectory is captured in
real-time by the optical navigation
system and serves as the foun-
dational input for the subsequent
trajectory-based, markerless spatial
registration algorithm
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Fig. 3 High-precision lateral force sensing system and its navigation and planned trajectories. (C) Display key accuracy metrics: entry point
interface feedback. (A) The robotic end-effector is equipped with a deviation (0.25 mm), tip-to-trajectory distance (0.24 mm), end point
six-axis force/torque sensor for real-time detection of forces on the deviation (0.25 mm), and end point deviation along the instrument axis
K-wire during insertion. (B) The navigation software integrates force (0.57 mm)

data with spatial tracking to visualize deviations between the actual
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feedback enables the surgeon to make immediate corrective
adjustments, thus preventing trajectory deviation and ensur-
ing accurate K-wire placement.

Surgical workflow of the new robotic surgical system

The key procedural workflow for robot-assisted K-wire
placement in the new spinal surgical system comprises the
following stages: (1) Image Acquisition Phase, (2) Image
Processing and Registration Phase, (3) Surgical Planning
Phase, (4) Robotic Positioning Phase, (5) Surgical Execu-
tion, and (6) Verification Phase (Fig. 4).

Preoperative planning

Prior to the surgical procedure, the navigation system
was initialized by activating the device power supply and
launching the operational software. Patient demographic
data were registered, followed by the selection of three-
dimensional image orientation parameters aligned with the
patient’s decubitus position and C-arm configuration. Upon
completion of 3D C-arm registration, patient data were
synchronized to the optical tracking system cart. The navi-
gation interface was subsequently initialized using optical
tracking software. Three-dimensional image acquisition
was then performed, with volumetric datasets automatically
transferred from the C-arm workstation to the tracking cart
for intraoperative navigation access.

Intra-operative robot registration

Following preoperative planning, the optical tracking sys-
tem was deployed for trajectory planning of the K-wire.
The optimal entry points and insertion depths were com-
putationally determined using integrated planning software.
The robotic manipulator cart was then positioned adjacent
to the operative table. Spatial registration was achieved by
acquiring the manipulator’s base tracer coordinates. Subse-
quent fiducial registration incorporated the robotic coordi-
nates into the navigation space. Upon validation of targeting
accuracy, the robotic arm executed autonomous positioning
to preplanned coordinates, with final trajectory confirmation
against intraoperative CT benchmarks.

Surgery implementation

Following robotic positioning, a percutaneous stab incision
was created along the planned trajectory using a trocar-
tipped lancet. Through this access, a cannulated sleeve was
deployed to the lamina surface. The K-wire was advanced
into the vertebral body via a powered drill through the guid-
ing sleeve. This procedure was iteratively performed for all
predetermined trajectories. Upon completion, the robotic
platform was retracted from the surgical field. Postimplan-
tation verification was conducted using intraoperative 3D
imaging with multiplanar reconstruction to assess the accu-
racy of K-wire placement.

Fig.4 The key procedural work- 1. Image Acquisition Phase

flow for robot-assisted K-wire

2., Image Processing and Registration
Phase

3. Surgical Planning Phase

Surgeons perform preoperative planning for

. . Medical imaging is acquired by ing the
placement using the new spinal

surgical system C-arm X-ray machine

surgical site of the patient using an intraoperative

The acquired images are transmitted to the
optically tracked cart for recognition and

implant or surgical instrument trajectory, entry
point, and depth based on the patient's medical
imaging

ing Phase

5. Surgical Execution

6. Verification Phase

The navigation and positioning system achieves
precise identification, accurate localization, and
stable manipulation in accordance with the
surgeon's preoperative plan

Guided by the robotic positioning system,
the surgeon accurately performs the surgical
procedure on the target anatomy.

Followed by postoperative verification of the
surgical outcome
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Clinical data acquisition

Age, sex, BMI, Bone mineral density, average number of
k-wires, and number of surgical segments were recorded.
The number of punctures (NOP) is defined as the total num-
ber of percutaneous insertion attempts required to achieve
successful implantation of a K-wire. The mean time required
to insert a K-wire (MTRI K-wire) is defined as the average
duration required for successful percutancous implantation
of a K-wire, measured from initial skin penetration to final
radiographic confirmation of position. The average blood
loss per K-wire insertion (ABL K-wire) is defined as the
average volume of hemorrhage occurring during success-
ful percutaneous implantation of a K-wire, quantified from
initial skin penetration until final fixation. The fluoroscopy
count per K-wire (FC K-wire) is defined as the number of
radiographic exposures required to achieve successful per-
cutaneous implantation of a K-wire. The puncture abduction
angle (PAA) is defined as the angle between the K-wire tra-
jectory and the midline of the vertebral body. The K-wire in
the pedicle (K-wire IP) is defined as complete intraosseous
positioning of the K-wire within both the pedicle and ver-
tebral body boundaries, verified on postoperative CT recon-
structions with no cortical breach observed in any plane.

K-wire accuracy assessment

A clear methodology for determining the entry and end
point deviations

The overall flowchart of the deviation calculation method
is shown in Fig. 5. First, the deviation calculation method
uses a preprocessing method, including image threshold

Fig. 5 Overall flowchart of the

deviation calculation method
C-arm CT image

for planning

Image

Preprocessing &
Segmentation

Postoperative C-
arm CT image

@ Springer
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segmentation and morphology, to segment the lumbar verte-
brae in the three-dimensional C-arm CT planning image and
postoperative C-arm CT image. The segmented lumbar ver-
tebrae are then converted into point cloud form. Afterward,
the iterative closest point registration method is used to
achieve three-dimensional registration of the point cloud of
the lumbar vertebra from the planning image and the post-
operative image, resulting in the calculation of the registra-
tion deformation matrix. Then, this registration deformation
matrix is then applied to the planned paths for pedicle
screws to map it from the planning image space to the post-
operative image space. The K-wires in postoperative C-arm
CT images are segmented using the above preprocessing
method. Finally, deviations in the entry points, end points,
and angles of insertion between the mapped planned path
and the actual implanted K-wires can be calculated in the
same postoperative image space.

Detailed calculations or formulas used to quantify these
deviations

The i-th implanted K-wire and the corresponding planned
path are shown in Fig. 6, where the planned path has been
mapped from the planning image space to the postoperative
image space. The entry and end points of the i-th implanted
K-wire are p;; and p; ,, respectively, whereas the entry and
end points of the corresponding planned path are p; and
P} 9, respectively. These formulas calculate a simple Euclid-
ean distance between the two points.

The distance deviation d, for the entry point between the
i-th implanted K-wire and the corresponding planned path
can be calculated using Formula (1) [12] as follows:

Planned paths for
Registered pedicle screw
lumbar
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o
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Fig. 6 Illustration of the i-th
implanted K-wire and the cor-
responding planned path in the
postoperative image space. The red
line denotes the implanted K-wire,
and the green line denotes the cor-
responding planned path

=== The corresponding planned path
=i-th implanted K-wire
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Similarly, the distance deviation d, for the endpoint between
the i-th implanted K-wire and the corresponding planned
path can be calculated using Formula (2) [13] as follows:

dy =\ (w2 — 240)" + (W2 —¥0)* + (12— #0)° @)

The angle deviation o between the i-th implanted K-wire
and the corresponding planned path can be calculated using
Formula (3) [14] as follows:

/ /
PiaPig2

_1 PiaDPig2 -
o = coS

T, (3)
P 1P 2

pzfplz‘ :

Research design

This study is a retrospective study and was approved by the
Ethics Committee. From December 2022 to April 2024, 127
patients who met the inclusion and exclusion criteria were
implanted with K-wires using freehand fluoroscopy assis-
tance or new spinal surgical robot assistance. All patients
were fully aware of the possible risks of the operation and
signed informed consent before the operation. All opera-
tions were performed by a senior deputy chief physician of

L e S
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spinal surgery at the Second Affiliated Hospital of Nanjing
Medical University from December 2022 to April 2024.
For the robot-assisted surgery group, a three-dimensional
C-arm machine was used in conjunction with a new spi-
nal surgical robot to obtain the patient’s anterior and lateral
views and 3D images of the spine. The inclusion criteria
were as follows: (1) Suitable for general anesthesia, with
an American Society of Anesthesiologists (ASA) physical
status classification of I, II, or III; (2) Diagnosed with verte-
bral compression fracture, spinal canal stenosis, or lumbar
scoliosis requiring surgical intervention, as confirmed by
radiological findings; (3) Provided written informed con-
sent from the patient and/or their legal guardian to undergo
robot-assisted percutaneous vertebroplasty (PVP) or percu-
taneous pedicle screw fixation (PPSF). The exclusion cri-
teria were: (1) Severe or complex spinal deformities (e.g.,
Cobb angle>40° or deformities requiring osteotomy); (2)
Presence of spinal tumors, infections, or active tubercu-
losis; (3) History of previous surgery at the target spinal
segments; (4) Spondylolisthesis of Meyerding grade II or
higher; (5) Uncorrected coagulopathy or ongoing anticoag-
ulation therapy; (6) Pregnancy or lactation; (7) Presence of
severe, uncontrolled systemic diseases (e.g., severe cardiac,
pulmonary, hepatic, or renal insufficiency). The participants
retained the right to withdraw from the trial at any point
without penalty. The study will be immediately discontin-
ued per protocol-specified stopping rules upon the occur-
rence of serious adverse events.

@ Springer
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Table 1 Baseline characteristics of patients

Free-hand group Robot-assisted P

group value
Age 60.06+7.52 59.79+6.39 0.825
Female ratio 55.0% 67.2% 0.160
BMI 25.80+£1.98 26.46+2.05 0.070
BMD -1.56+£0.80 -1.69+0.83 0.337
Average number of 2.80+1.34 2.84+1.36 0.881
k-wire
Surgical segments
T11 4 5
T12 21 29
L1 29 36
L2 14 13
L3 9 8
L4 5 3
L5 2 1

BMI body mass index, BMD Bone Mineral Density

Table 2 Radiological measurements and clinical results of K-wire
placement

Free-hand group  Robot-assisted group P value
NOP 9.85+3.18 1.11£0.35 <0.001
MTRI K-wire  18.42+6.03 11.84+2.31 <0.001
ABL K-wire ~ 15.72+2.67 7.11+£1.49 <0.001
FC K-wire 7.46+1.64 2.48+1.13 <0.001
PAA 10.05+3.58° 23.66+£2.45° <0.001
K-wire IP 142/168 (84.5%) 183/190 (96.3%) <0.001

Statistical analysis

Independent samples t tests and chi-square tests were
employed to compare the baseline characteristics, imaging
parameters, and clinical outcomes between the two cohorts.
All of the statistical analyses and graph plotting were per-
formed using SPSS 27.0 and Origin 2024. Statistical signifi-
cance was defined as P<0.05.

Results

Baseline characteristics and distribution of surgical
segments

A total of 127 patients were recruited and enrolled in the
study between December 2022 and April 2024. The freehand
group comprised 60 patients, with a total of 168 K-wires
implanted. In contrast, the robot-assisted group comprised
67 patients, with a total of 190 K-wires implanted. No sta-
tistically significant differences were observed between the
baseline characteristics of the patients (Table 1).

@ Springer

The mean time required to insert a K-wire

Number of punctures

o4

1.0
K-wire in the pedicle

0 o .
The average blood loss per K-wire insertion

[] Free-hand Group [__] Robot-assisted Group

Fig.7 Radar chart comparing the radiological measurements and clini-
cal results of K-wire placement in the freehand group and robot-assisted
group. All comparisons were statistically significant (P<0.001)

Clinical and radiographic assessment of K-wire
placement

The data and analyses of the number of punctures (NOP),
the mean time required to insert a K-wire (MTRI k-wire),
the average blood loss per K-wire insertion (ABL K-wire),
the fluoroscopy count per K-wire (FC K-wire), the puncture
abduction angle (PAA), and the K-wire in the pedicle (K-wire
IP) are included in Tables 2 and Fig. 7. The robot-assisted
group demonstrated statistically superior outcomes across
all parameters (P<0.001), including significantly fewer
punctures (1.11+£0.35 vs. 9.85+3.18), shorter K-wire inser-
tion times (11.84+2.31 vs. 18.42+6.03 minutes), decreased
blood loss per insertion (7.11+1.49 vs. 15.724+2.67 ml),
and lower fluoroscopy counts per K-wire (2.48+1.13 vs.
7.46+1.64), while achieving greater trajectory abduction
angles (23.66+2.45° vs. 10.05+3.58°). Crucially, robotic
assistance demonstrated significantly superior interpe-
dicular accuracy (183/190 [96.3%] vs. 142/168 [84.5%]),
a K-wire placement was defined as ‘interpedicular’ if its
entire trajectory was contained within the pedicle, showing
no evidence of cortical violation.

Radiographic measurement of K-wire insertion
deviations

The insertion deviation of the K-wire was evaluated based
on three key metrics: entry point deviation (Formula 1),
endpoint deviation (Formula 2), and angular deviation (For-
mula 3). The results, which are consistent with the data pre-
sented in Table 3, are visually illustrated in Fig. 8. Robotic
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Table 3 Comparison of preoperative and postoperative results between
the freehand group and the robot-assisted group

Free-hand Robot-assisted P
group group value
3D Entry point (5.08+1.17) (0.98+0.13) <0.001
distance deviation mm mm
End point  (5.52+0.87) (1.38+0.20) <0.001
deviation mm mm
Angle ZOY plane 8.01+1.11°  0.98+0.21° <0.001
deviation  7ZOX plane 10.49+1.35° 1.43+0.25° <0.001
XOY plane  10.98+1.75° 0.96+0.10° <0.001

assistance significantly reduced 3D deviations compared
with the freehand technique, with entry point deviations
(0.98+£0.13 mm vs. 5.08+1.17 mm; P<0.001) and end
point deviations (1.38+0.20 mm vs. 5.524+0.87 mm;
P<0.001) demonstrating superior spatial targeting accu-
racy. Robotic assistance significantly reduced K-wire angu-
lar deviations compared with frechand assistance across
all cardinal planes (all P<0.001), achieving subdegree
precision in the ZOY plane (0.98+0.21° vs. 8.01+1.11°),
Z0OX plane (1.43+0.25° vs. 10.49+1.35°), and XOY plane
(0.96+0.10° vs. 10.98+1.75°) (Table 3; Fig. 8).

[ Free-hand Group
[ Robot-assisted Group

_ 104 P sk

E | |

£ ¥
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g 61
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Comparison of deviations with previous studies

A comparison of these deviations with previous studies
highlights the improvements offered by this new spinal sur-
gical robot (Table 4).

Discussion

The accuracy of pedicle screw placement remains a critical
determinant of clinical outcomes in spinal surgery. While
robotic systems have been developed to mitigate the chal-
lenges of freehand techniques, their reported accuracy varies
in the literature. Our study contributes to this field by dem-
onstrating an overall accuracy of 96.3% for robot-assisted
K-wire insertion, with all misplacements considered clini-
cally acceptable. This level of precision is consistent with
several prior investigations, which have documented accu-
racy rates between 85% and 100% for robot-guided screws
[15-19]. For example, Keric et al. [ 18] and Kantelhardt et al.
[15] reported similar high success rates of 96.9% and 94.5%,
respectively. While our results reinforce the reliability of

[ Free-hand Group
[ Robot-assisted Group
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Fig. 8 Violin plot showing that the free-hand group has significantly greater distance deviation and angle deviation compared with the robot-

assisted group

Table 4 A comparison with previous studies

Tuoshou [12] TiRobot [12] ROSA[13]  Excelsius  Prelove
GPS [14]
Average deviation (mm) 1.66 1.89 N/A N/A N/A
(1.14-2.31) (1.18-2.62)
Entry point deviation (mm) 1.55 1.88 2.05+1.2 2.1 0.98
(0.93-2.09) (1.20-3.12) (0.8-5.2)  (0.78-1.30)
End point deviation (mm) 1.77 1.70 1.57+1.01 32 1.38
(1.22-2.60) (1.07-2.40) (0.9-5.4)  (1.02-1.75)
Average angle deviation (°)  Axial: 0.72 (0.26-1.35) Axial: 0.69 (0.16-1.67) N/A 24 Z0OY: 0.98 (0.59-1.39)
Sagittal: 0.99 (0.51-1.84)  Sagittal: 1.18 (0.54-2.02) (0.7-3.8)  ZOX: 1.43 (1.00-1.79)

Spatial: 1.55 (0.91-2.43)

Spatial: 1.57 (0.93-2.70)

XOY: 0.96 (0.70-1.21)

Note: Data are reported in their original format from the source literature: Tuoshou and TiRobot as median (IQR); ROSA as mean=+SD; and

ExcelsiusGPS and Prelove as mean (range, min—max)

@ Springer
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this technology, it is important to note the conflicting report
from Ringel et al. [19], who found manual techniques to be
superior. Such variability across studies, alongside our own
findings, underscores that performance is likely influenced
by the specific robotic system used, the surgical learning
curve, and the patient population [20, 21]. Therefore, our
findings provide further validation for the Prelove platform
in achieving safe and accurate K-wire placement.

Although studies have demonstrated that robotic assis-
tance can improve the accuracy of screw placement in
spinal surgery, intraoperative complications may persist,
and novel complications may arise. As this technology is
relatively new, we currently lack a comprehensive under-
standing of the potential sources of K-wire insertion errors
and associated complications. It is imperative to minimize
these errors by refining both the robotic technology and the
surgical workflow on the basis of a thorough understand-
ing of their underlying causes. As noted above, Gautam et
al. [22] classified errors into three categories: registration
errors, skiving errors, and interference errors. Registration
errors occur when the imaging software fails to detect osse-
ous surface anatomical landmarks accurately due to poor
bone quality, the presence of prior implants, severe defor-
mity, or suboptimal imaging quality. These errors are also
associated with the precision of the matching algorithm dur-
ing spatial registration and the accuracy of the positioning
camera. Furthermore, loose mounting of the tracker within
the skeletal anatomy in robotic systems may lead to unin-
tended intraoperative movement, resulting in registration
drift. Consequently, successful registration in robotic appli-
cations is critically dependent on achieving tight, rigid, and
secure tracker attachment to the spine. In the present study,
the tracker was affixed to the spinous process of the infe-
rior vertebra using a thick K-wire, with additional stabiliza-
tion provided by a sterile drape to prevent registration drift.
Skiving errors, a frequent complication during spinal instru-
mentation procedures, refer to the phenomenon of tool slip-
page on the cortical surface at the planned entry point [23].
These inaccuracies arise when the preoperatively planned
entry point is situated on an irregular, sclerotic, or steeply
inclined vertebral surface, causing the K-wire to skive. Fur-
thermore, during percutaneous approaches, inadequate soft
tissue dissection can lead to fascial and muscular tension
exerting force on the K-wire, resulting in errors. Addition-
ally, the use of low-speed drills may cause the K-wire to bind
against the cannula axis, altering its trajectory and inducing
skiving upon contact with the osseous surface. The accurate
engagement of a guide wire or screw at the predetermined
entry point is fundamental to successful pedicle screw fixa-
tion. A significant impediment to this initial step is the phe-
nomenon of tool skiving, where the instrument slips on the
cortical surface, leading to trajectory deviation and eventual
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screw malposition. The prevalence and clinical significance
of skiving are well-documented in the literature. Hu et al.
[24] reported that tool skiving was responsible for all 1.1%
of the screw placement errors observed in their cohort. Fur-
thermore, a systematic review by Gautam et al. [22] found
that skiving contributed to 26.8% of all reported inaccura-
cies. It is noteworthy that this problem persists even with the
adoption of advanced robotic systems, as one study docu-
mented that skiving was the cause of 69% (22/32) of screw
misplacements [25]. The sequelae of skiving can be severe.
Beyond the immediate risk of iatrogenic injury to neural or
vascular structures, which can result in catastrophic compli-
cations, the resultant suboptimal screw placement may also
compromise the mechanical integrity of the fixation, pre-
disposing the construct to failure. Therefore, the mitigation
of skiving errors is not only pivotal for improving surgical
precision and patient safety but also remains a key chal-
lenge for the development of next-generation surgical navi-
gation systems and instrumentation. To mitigate these risks
in percutaneous procedures, we recommend the following:
(1) utilizing cannulas with serrated tips at the distal end to
enhance osseous anchorage; (2) creating a small pilot hole
at the intended entry site when employing steeply angled
trajectories to prevent skiving; (3) avoiding steep bony sur-
faces prone to deflection during K-wire entry point selec-
tion in surgical planning; and (4) preferentially employing
high-speed drills for K-wire insertion. Interference errors
arise from unintended interactions among surgical instru-
ments, the robotic system, patient anatomy, and the surgical
field. One notable example of such interference in robotic
spinal surgery involves pressure exerted by soft tissues on
the guidance robotic arm.

Conventionally, spinal surgical robots have widely uti-
lized marker-based registration. This technique demands
preoperative rigid fixation of fiducial markers—typically
radiopaque spheres or ellipsoids coated with reflective mate-
rial for optical tracking—near the patient, usually affixed
via robotic clamping mechanisms. The spatial relationship
between these reflective spheres and radiopaque points is
predefined. While imaging, the navigation system auto-
matically detects radiopaque markers in the scan, computes
their coordinates, and establishes spatial correspondence.
The surgeon confirmed successful marker identification to
complete registration. Conventional marker-based registra-
tion has several critical limitations: (1) The preoperative
workflow is cumbersome, requiring robotic arms to clamp
and position fiducial arrays in proximity to the patient, with
additional intraprocedural intervention necessitating the
attachment of calibration targets during imaging acquisi-
tion. (2) Crowded operative fields increase positioning com-
plexity and registration failure risk, frequently necessitating
repeated registration attempts that prolong the operative
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duration. (3) Mandatory rigid fixation of fiducial markers
is critical, as any intraoperative displacement introduces
registration inaccuracies. (4) Metallic marker components
are prone to generating imaging artifacts that compromise
diagnostic image quality. (5) Fiducial markers must reside
entirely within the imaging volume. In patients with ele-
vated BMI, markers frequently extend beyond this volume,
thus precluding successful registration.

In this study, image tracker-based registration is used in
this new spinal surgical robot. An optical tracker is attached
to the 3D C-arm, typically near the detector panel. This
configuration enables the establishment of spatial corre-
spondence between different coordinate systems. Follow-
ing intraoperative scanning of the surgical site with the 3D
C-arm, the acquired volumetric images are automatically
transmitted to the robotic system. This facilitates subse-
quent surgical planning and execution. This registration
approach significantly streamlines the workflow and mark-
edly reduces the registration time. This new robotic system
employs image tracker-based registration to establish a
transformation matrix preoperatively between the C-arm’s
imaging coordinate system and the spatial coordinates of
fiducial markers on a calibration phantom. During intraop-
erative 3D image acquisition, the spatial coordinates of the
fiducial markers on the calibration phantom are calculated in
real time by combining the tracked C-arm motion trajectory
with the preoperatively established transformation matrix.
This enables immediate spatial mapping between the fidu-
cial markers’ physical coordinates and their corresponding
locations within the acquired volumetric image. This 3D
acquisition approach eliminates the need for fiducial marker
placement on the patient, requires minimal preoperative
preparation, and avoids instrument changes at the robotic
arm’s end-effector, thereby significantly streamlining the
intraoperative workflow. Simultaneous 3D acquisition elim-
inates the need for robotic arm movement or end-effector
fiducial marker deployment. This streamlines equipment
positioning and optimizes temporal efficiency during the
surgical workflow. A core innovation of this study is the
optical tracking registration method, which utilizes C-arm
trajectory recognition and a calibration algorithm for rapid,
accurate spatial registration. This approach yielded a signifi-
cant improvement in accuracy for the robot-assisted group
over the free-hand group, as shown by the reduced entry
point (0.98+0.13 mm vs. 5.08+1.17 mm, p<0.001) and
endpoint deviations (1.38+0.20 mm vs. 5.52+0.87 mm,
p<0.001). Consequently, this high-precision registration
contributed to a 96.3% K-wire placement accuracy rate and
streamlined the pre-procedural workflow.

This new robotic system incorporates integrated lateral
force sensing technology. A high-precision force sensor is
mounted on the end-effector flange to continuously monitor

the magnitude and direction of the lateral forces exerted
on the surgical instrument. This sensor provides real-time
feedback of force vectors to the integrated navigation and
positioning system, enabling dynamic intraoperative force
control. The software system processes incoming force
signals and provides real-time visual feedback of force
deviations on the needle navigation interface. This enables
continuous intraoperative monitoring of instrument load-
ing, facilitating immediate corrective adjustments during
needle placement. The system mitigates the risks of tissue
displacement and iatrogenic injury, enhancing procedural
safety while ensuring targeting accuracy in robotic-assisted
spinal surgery. Another central innovation, high-precision
lateral force sensing, was introduced to monitor forces dur-
ing K-wire insertion, thereby preventing skiving and soft
tissue injury. This technology’s efficacy is evidenced by the
significantly lower NOP in the robot-assisted group versus
the freehand group (1.11£0.35 vs. 9.85+3.18, p<0.001),
reflecting enhanced operational efficiency and safety.
Moreover, the system facilitated the achievement of a sig-
nificantly larger PAA (23.66° £ 2.45° vs. 10.05° + 3.58°,
p<0.001), a factor critical for optimizing the biomechanical
stability of the pedicle screw. A larger puncture abduction
angle is critical for enhancing outcomes in both percutane-
ous vertebroplasty and pedicle screw placement. Biome-
chanically, it permits a longer screw path along the pedicle
axis, which improves fixation strength, and facilitates opti-
mal, centralized cement diffusion in vertebroplasty, reduc-
ing leakage risk. In terms of safety, a more lateral approach
inherently widens the margin of safety for the spinal cord
and nerve roots by distancing instruments from the medial
pedicle wall. This trajectory also preserves the integrity of
the superior articular facet joint, thereby minimizing the
potential for iatrogenic back pain post-surgery.

As the first clinical evaluation of this new spinal surgical
robot, this study provides initial evidence of its targeting
accuracy. Our results demonstrate targeting precision com-
parable to or exceeding values reported in peer-reviewed lit-
erature for established robotic spinal systems. This study has
several limitations. First, the retrospective study and mod-
est cohort size may limit the generalizability of our find-
ings. Future prospective multicenter trials with expanded
samples are warranted to increase the statistical power of
these findings. Second, the absence of direct comparative
assessment against alternative robotic platforms represents
a methodological constraint; future work should incorpo-
rate comparative effectiveness analyses. Third, validation in
patients with complex spinal deformities remains outstand-
ing. Addressing these gaps constitutes key priorities for sub-
sequent investigations.

In this study, the new spinal surgical robot has reli-
able K-wire placement accuracy, simplifies intraoperative
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procedures, shortens surgical time, reduces trauma, and has
great potential and further development value.
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