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Abstract

Purpose: Minimally invasive surgery (MIS) has emerged in clinical practice
to minimize surgical trauma, providing patients with faster recovery, reduced
pain and complications and enhanced aesthetic results compared to traditional
surgery. However, this approach increase the risk of iatrogenic damage, i.e. the
accidental injury to sensitive anatomical structures (eg. nerves and vascular str-
cuteres) not directly visible during a percutaneous access. Augmented reality
(AR) can effectively mitigate these drawbacks by overlaying graphical informa-
tion onto the surgical field and providing real-time feedback, offering support in
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training settings and clinical practice. Implementation challenges have limited
the number of case studies in the scientific literature. This study presents a novel
simulation paradigm for orthopedic surgery training, filling a gap in surgical skill
development resources for trainees, and demonstrating the effectiveness of this
approach.

Methods: The proposed methodology provides a framework for building a cost-
effective and easily reproducible surgical training simulation environment. To
address the challenge of mental spatial navigation during MIS procedures, the
framework’s rationale is to address the challenge of mental spatial navigation dur-
ing MIS procedures. A surgical gesture tracking system using a commercial depth
camera for comfortable simulation was developed. The principles of the acquisi-
tion system, image processing, and spatial computation mechanics are detailed
to illustrate the framework’s applicability. Digital environments customization
with game engines to simulate expensive medical instrumentation, such as the C-
arm, is also demonstrated. The simulation platform comprises a Computer Vision
(CV) module, an X-ray machine simulation module, and an AR module.
Results: System validation involved analysis at different framework levels. From
texture analysis of acquired images to application accuracy evaluation, the
influence of various parameters on system performance is demonstrated. The sim-
ulation system is a valuable tool for learning minimally invasive procedures and
for developers building AR systems for medical applications. The implementa-
tion is focused on the insertion surgical devices, including screws and K-wires.
This is results in real application in minimizing the risk of iatrogenic injury to
neural and vascular structures. To demonstrate the effectiveness of highly repro-
ducible accuracy between real and virtual environment an analysis of errors and
accuracies is illustrated at level of different subsystems. Measurement between
comparative measurement between vernier caliper and simulation system meth-
ods shows a R > 0.9 with a p < 0.01. Application accuracy was evaluated
using the following parameters. The relative point-to-point accuracy averaged
1.02mm with a standard deviation of 2.82mm. Future development includes
clinical implementation and integration of advanced AI technologies.

1 Introduction

Minimally invasive surgery (MIS) is associated with reduced postoperative pain and
swelling, faster recovery times, a lower risk of complications, and the possibility of
outpatient treatment [1]. Despite these benefits, MIS presents significant challenges.
During surgery, hidden blood vessels and nerves are easily injured with potential long-
term complications[2, 3]. Sharma et al. reported a 32.3% overall complication rate
in pediatric upper limbs fractures treated with k-Wires, with wound complications
and neurological impairments [4]. Besides, MIS relies on traditional X-rays that are
associated with a risk of significant exposure morbidity [5]. In order to significantly
reduce negative outcomes of percutanous procedures leading to iatrogenic damage,
deep knowledge of surgical anatomy coupled with surgical training is of the outmost
importance. Within the last 15 years, Augmented Reality (AR) coupled to head
mounted displays (HMDs) has emerged as a promising technology to enhance the
accuracy and safety of surgical procedures[6, 7]. AR offers real-time visual insights



into anatomical structures, potentially reducing the risk of inadvertent injury(8, 9.
While AR may enhance minimally invasive orthopedic surgery (MIOS), its clinical
adoption remains limited.

In MIOS the visualization of the patient’s internal anatomy is essential[10]. Dis-
covered by Rontgen, X-rays enabled the development of the fluoroscope machines,
the medical imaging gold standard for orthopedic surgical guidance [11]. In operat-
ing room, C-arms provide real-time dynamic radiographs, but expose patients and
staff to radiation [12]. In the last 20 years, Surgical Navigation Systems (SNS) have
become widespread in MIOS, guiding procedures on the hip [13], foot [14], tibia,
spine [15, 16], and hand [17], as well as for the pelvis and sacral region [18]. The setup
features a Dynamic Reference Frame (DRF) rigidly fixed to the patient for implicit
volume registration. The imaging device is calibrated relative to the DRF using the
known pose of the reconstructed volume[19]. These systems are highly effective for
implanting screws and k-Wires in fracture reduction, arthrodesis, and osteotomies,
enhancing surgical accuracy and safety. Specializing surgeons are trained in medical
school for the use of intraoperatory C-arm, as well as the interpretaion of the 2D
images. However, they still lack comprehensive 3D visualization for optimal guidance,
for this reason the implementation of AR technology is a promising solution.

AR-Image Guide Systems offers improved visual guidance by providing real-time,
3D visualizations of anatomical structures [20]. These are particularly successful
in neurosurgery, otolaryngology, maxillofacial surgery, and orthopedic surgery [21].
Clinically approved solutions, such as Medacta’s NextAR, are available for knee,
shoulder, and spinal procedures, demonstrating significant potential in improving
accuracy and outcomes in these areas [22, 23]. Despite these advancements, surgical
trainees frequently lack convenient training environments and are exposed to X-rays
during operating room practice [12]. Additionally, the existing systems are costly and
specialized, hindering widespread distribution [24]. In this context, surgical simula-
tion becomes essential for addressing these challenges, providing a safer and more
accessible training alternative [25-28].

The introduction of head-mounted displays (HMDs), like the Microsoft HoloLens,
has significantly advanced AR research in the clinical field [29]. In orthopedic surgery,
studies using Microsoft HoloLens 2 have shown that AR systems can enhance sur-
gical precision and outcomes, but its frameworks are not yet compatible with real
surgical gestures [30]. Hajek et al. (2018) introduced an inside-out tracking paradigm
with optical see-through head-mounted displays (OST HMDs), improving hand-eye
coordination and accuracy in procedures such as C-arm-guided punctures [31]. Wang
et al. (2019) developed an AR navigation system for minimally invasive total knee
arthroplasty, significantly reducing radiation exposure by eliminating the need for
intraoperative X-ray imaging [32]. Gsaxner et al. (2021) presented an inside-out
instrument tracking system using the HoloLens 2’s built-in stereo cameras, achieving
clinically relevant localization accuracy for surgical instruments [30]. Cutolo et al.
(2020) designed a highly configurable software framework for AR applications in



surgery, demonstrating sub-millimeter precision in guiding surgical incisions [33]. Hu
et al. (2022) developed a markerless orthopedic navigation platform with reliable AR
overlay accuracy, showcasing its potential to enhance the ergonomics and efficiency of
computer-assisted orthopedic surgery (CAOS) [34].

We introduce a novel augmented reality simulation framework for the accurate
implantation of k-Wires in a 3D-printed elbow phantom. This integration allows to
visualize and accurately place k-Wires in strategic positions, ensuring a high degree
of precision and reducing the risk of complications. This article will provide a detailed
description of the developed AR system and the methods used to evaluate its effec-
tiveness, compared to the traditional approach using the C-Arm. We propose our
simulator as an effective, low-cost training tool for specializing surgeons. Finally, the
conclusions and implications of this study for clinical practice will be presented.
Table 2 presents relevant works for comparison with ours. These studies primarily
focus on orthopedic surgery, as they involve rigid bodies and avoid the challenges of
soft tissue deformation. For comprehensive reviews of the current state of augmented
reality in surgical applications, see Ma et al. [35] and Ulrich et al. [36]. Addressing soft
tissue deformation would require a more complex model, which is often unsuitable for
current computational platforms. There is also a lack of uniformity in the methods
used to determine system accuracy among these studies. Currently, there is no stan-
dardized methodology to assess how errors and uncertainties affect the various steps
of the process. Furthermore, accuracy is defined at different levels by researchers and
instrument manufacturers.

Article Accuracy/Error AR technology
Development of a surgical navigation Erms = 0.809mm HDM
system based on augmented reality (Hololens 2)

using an optical see-through head-
mounted display (2015) [37]

Inside-Out Instrument Tracking for Eryms = 1.70mm HDM

Surgical Navigation in Augmented (Hololens 2)
Reality (2021) [38]

Augmented reality navigation for pre- Ervms = 1lmm HDM - exter-
cise implantation of LC2 pelvic tunnel nal tracking
screws in minimally invasive surgery system

(2024) [39]

STTAR: Surgical Tool Tracking Using lateral translation — | HDM
Off-the-Shelf ~ Augmented  Reality || 0.09 + 0.06mm longi- | (Hololens 2)
Head-Mounted Displays (2024) [40] tudinal translation —
0.42 + 0.32mm

Table 1: Similar Works



2 Material and Methods

The framework, designed for accessibility and adaptability, facilitates training and
research within MIOS. The developed platform simulates a realistic surgical environ-
ment for AR-assisted procedures replicating essential components. This framework
through Microsoft’s HoloLens 2 provide a real-time surgical guidance, supporting the
simulated C-arm ones. The integration purpose is to enhance accuracy and efficiency
of the procedure.

2.1 Framework Rationale

Augmented reality has the potential to efficiently inform surgeons and physicians for
intervention planning and real-time support, speeding up intervention time and reduc-
ing healthcare system costs. The rationale behind this framework is to "provide the
right information in the most suitable form”. Using digital anatomical atlases makes
it possible to achieve the highest coherency between real-world and digital informa-
tion. Practitioners can study the anatomy of a digital model before a procedure and
then verify their understanding with 3D visual information and haptics during the
intervention. Although physiological anatomy contains many variables that require
continuous monitoring for procedure execution, in the training phase, using simplified
systems can help practitioners better understand the relationship between anatomy
(real-world information) and the task at hand, thus speeding up the learning process.
In fact, the introduction of computer-based interventional medicine has enabled the
combination of information from many sources. However, this has sometimes caused
a lack of real correspondence to the operator’s view of the body they are working on.

Digtial Simulation

Patient Scenario Data Components (tracking

(virtual patient

X et system module,
an dt_:rsnev.azgllf ogy wisualization
[ iks) modules)
AR-assisted procedure Seenaric Model / Performance

Base Rules Task Physical Simulation
(surgical steps, Components
instrument behavior, {phantem, tracking

biomechanics) tools, device and
materials layout

Fig. 1: Framework components.

Figure 1 illustrates the core components of the framework for AR-assisted surgi-
cal simulation. The process begins with the question: Which AR-assisted procedures
should be simulated? This question establishes the simulation’s context, encompass-
ing surgical task rules and patient case study contextualization. The virtual patient
is defined by anatomy, pathology, and other relevant details. Digital atlases, such as
z-Anatomy (CC BY-SA 4.0), provide patient data. The Scenario Model requires both
patient data and task rules (e.g., surgical steps, instrument behavior, biomechanics).
Surgical steps define instrument and personnel interaction within the model. Scenario



Tools ‘ Function

Blender Modelling (non parametric). Organic shapes with sculpting tools
Fusion 360 Modelling (parametric). Dimension-driven 3D models
Sketch Fab 3D Model Store
z-Anatomy Anatomy Navigable Atlas

Unity Game Engine. Create environments and simulate realistic physics interaction

MRTK for Unity | Mixed Reality Development. Framework for Mixed Reality experience in Unity
Table 2: Framework development Tools

construction utilizes digital and physical simulations. The digital component neces-
sitates a computer-integrated intervention medicine architecture. Game engines, such
as Unity, facilitate medical informatics platform simulation. These platforms enable
data integration and realistic surgical simulations. Table 1 report a useful tools for
workflow development.

2.2 System Overview

X-Ray Simulator
Augmented Reality Platform
% (Hololens 2) i
S
N\

Phantom AW

with Reference Frame N0 A
0 \_/
Ac.qwsmon Platform Drill
(Kinect Azure DK) with Tracking Tool

@

Fig. 2: Experimental setup for simulating and evaluating an AR-guided surgical pro-
cedure. (a) The schematic shows the system components: X-ray simulator, Kinect
Azure DK for motion tracking, a phantom with a reference frame, and a Hololens
2 headset for AR guidance. Two operational modalities. (b) X-ray-guided procedure
without AR. (c) AR-guided procedure using the Hololens 2.

The modular architecture of the system integrates multiple hardware and soft-
ware platforms (Figure 2). A Kinect Azure DK depth camera captures real-time
depth map data, enabling tracking and visualization of IR-marked surgical tools for
pose estimation. The workstation, equipped with Windows 10 OS, a 64-bit Intel(R)
Core(TM) i7-9750H CPU, and an Nvidia RTX 2080 GPU with Max-Q Design, runs
both the Unity!-based c-Arm simulation software and the AR navigation system. A

Lhttps://unity.com/
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Hololens 2 serves as HMD platform for AR visualization.

P _/W_) v

z-Anatomy model Fusion 360 refinement 3D Printed Model

Fig. 3: Development pipeline for the 3D printed phantom. A z-Anatomy digital model
was used as the initial template. This template was refined for printability and feature
integration using Fusion 360 CAD software. The resulting design was then 3D printed
to produce the physical phantom.

The elbow’s anatomical model, derived from the z-Anatomy atlas, was integrated
with tracking tool designs within Autodesk Fusion 360, utilizing .fbx files exported
from Blender (Figure 3). This integration enabled the study of vascular and nerve
damage relative to target points positioned on the physical dummy. A complemen-
tary mold facilitated the accurate positioning of 3D-printed PLA radius, ulna, and
humerus sections, replicating the digital elbow model physically. Figure 4 illustrates
the digital and real models of the tracking tools.

\/\N B e ) "’ B %

Medtronic Stealt Station S8 Tools. Digital Model Setup Tools Tracking e M [ s
calculation from Markers

Fig. 4: Development of custom tools inspired by Medtronic Stealth Station S8 tools.
The process includes: adapting Medtronic S8 tools for our setup, creating correspond-
ing digital models, 3D printing the adapted models, and establishing a reference system
using marker calculations.

Figure 5 illustrates the data workflow feeding the simulation platforms. The Kinect
Azure DK captures raw IR camera data and depth map. These data is inputs of
the Tracking System and processed to extract the coordinates of spherical markers.
The X-Ray Simulator and AR Guidance System elaborate these for the simulation
and augmented reality guidance. The system workflow, inspired by surgical navigation



systems [32], comprises three main steps (calibration, alignment, and visualization). It
is designed to facilitate k-Wire placement through the integration of optical tracking
and AR. In the calibration step the holographic space is calibrated within the AR
environment. Multiple marker sphere position are collected to solve the transformation
matriz, aligning the holographic space with the physical space. This alignment is
crucial for ensuring accurate AR guidance during the simulation. In the alignment
step virtual models are aligned with the physical space of phantom models. The final
step involves the real-time wvisualization of digital content through the AR system
(HoloLens 2) onto the real-world surgical field.

2.3 Tracking System Module

Near Infrared Optical Tracking Systems (NIOTS) are widely used in clinical settings.
They excel at accurately estimate the pose of anatomical structures or instruments.
Operating in the near-infrared spectrum, the interference from ambient light is min-
imized [30, 41]. NIOTS can be active or passive. Active systems use IR LEDs on the
tracked object, while passive systems employ IR LEDs on the camera to illuminate
retroreflective markers. Spherical markers are often preferred in passive systems as
they efficiently reflect light back to the source. Optical tracking necessitates at least
three non-collinear markers on the object, to determine an object’s 3D pose. Tracking
system module is based on these principles and illustrated in the following section.

2.3.1 Acquisition Platform

The proposed framework is based on an marker based outside-in approach. As depicted
in Figure 6 this involves the use of external sensors that surround objects, enabling
to track movements from the outside. Affordable commercial and open-source alter-
natives to clinically approved systems exist for signal sources and sensor platforms.
Hololens 2 and Azure Kinect DK are equipped with the same depth camera module
[42]. Gsaxner et al.[30] demonstrated the feasibility of an Inside-Out approach based
system using the HoloLens 2 integrated sensors. However, as illustrated in Figure 6
this approach was deemed unsuitable for our framework due to the device limited and
head position dependent field of view in the surgical setting. Moreover, the insufficient
temporal stability observed in the infrared (IR) marker coordinates provided by the
sensors resulted in a lack of smooth virtual tool motion, which is essential for realistic
surgical simulation. To address this issue, an approach involving external cameras has
been investigated.

Kinect Azure DK and Intel RealSense /351 cameras have been considered viable
options as external acquisition sources. Figure 7 illustrates their differing IR frame and
depth map acquisition, while Table 3 resume main technical characteristics. The Kinect
Azure DK was selected for its Continuous Wave Time of Flight (CW-ToF) depth
camera and wider field of view. This to achieve high performance on marker tracking
for surgical procedures. In contrast, Intel RealSense cannot selectively acquire light
from markers since structured light based hardware. In [45] is reported a systematic
comparison of these devices. The Azure Kinect offers superior accuracy at long range
and a wider field of view.
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Fig. 6: At the center Hololens 2. The Depth Camera Module is marked in red. Two
operating modes are compared. QR code-based tracking uses the RGB camera. IR
marker-based tracking uses the Depth Camera. QR code processing is computation-
ally expensive. IR markers are susceptible to occlusion. Kinect Azure DK tracking is
compatible with surgical gestures.

IR Frame Depth Map Field of View

Kinect Azure DK

Intel RealSense 435i

Fig. 7: Kinect Azure DK and Intel RealSense 4351 depth-sensing cameras performance
comparison. The figure illustrates the infrared (IR) frame, depth map, and field of
view (FOV) for each camera. The Kinect Azure DK has a wider FOV (120°) compared
to the Intel RealSense 4351 (87° horizontally, 58° vertically).

Table 3: Kinect Azure DK and Intel RealSense D435i comparison

Category Kinect Azure DK [43] Intel RS D435i [44]
Depth Technology Time of Flight Stereoscopic
Depth Field of View 75° x 65° (NFOV), 120°x120° (WFOV) 87°x87°
Depth Frame Rate Up to 30 fps Up to 90 fps
Resolution 512x512 1280 x 720
Depth Range 0.5 - 5.46m (depending on mode) 0.3m-3m
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Camera Setting

Continuous Wave ToF cameras measure distance by cross-correlating emitted
and reflected amplitude-modulated light. The Azure Kinect DK incorporates a
1-Megapixel Time-of-Flight (ToF) depth camera (Figure 8). This camera’s sensor
features high modulation contrast at high frequencies (87% at 200MHz, 78% at
320MHz), small pixel size (3.5um x 3.5um), and a efficient clock driver system
enabling up to 320MHz modulation [46]. Its has four Field of View depth acquisition
mode: binned and unbinned narrow field-of-view (NFOV) and wide field-of-view
(WFOV). Binning increases depth range combining adjacent sensor pixels into a bin.
The NFOV depth camera’s illuminator has no tilt, while WFOV illuminator is tilted
down of 1.3 degrees [47].

Target

Fig. 8: The Kinect sensor’s operating principle is shown on the left. Its 1Mpixel 65nm
BSI 320MHz Demodulated TOF Image Sensor uses 3.5um global shutter pixels and
analog binning in a 1024x1024 array. The photodetector has a polysilicon gate PGA
and PGB. On the right, four acquisition mode ROIs are compared. NFOV images
have higher gray values, while binned images reduce resolution for better depth mea-
surement.

Camera Performance

The Influence of Camera Distance on performance can be assessed using systematic
and random errors. Systematic error is the difference between the average measured
depth (after noise reduction) and the ground truth depth. It’s calculated as:

N
> d
Esystematic - t;Vl t - dgt (1)

where d; denotes the measured depth at time ¢, IV is the number of frames used in the
averaging, and dg; is the ground truth depth. Random error, caused by variations in
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photon counts (shot noise), is defined as the standard deviation of depth measurements
over time in a static scene. It’s calculated as:

NN 7)2
Erandom = W (2)

where N denotes the number of depth measurements, d; represents the depth
measurement at time ¢, and d denotes the mean value computed over all depth

measurements d; [48].

Random Error

Systematic Error

Fig. 9: Systematic and Random Error Setup Measurement

To evaluate the depth sensor measurement accuracy, an experiment was designed
using Kinect Azure mounted on a camera tripod and a sheet of graph paper on a
parallel support. Distances between these components were set at 0.5 m and 1 m, rep-
resenting typical and maximum operational distances. A laser rangefinder was used to
measure the distance between the two components. Depth measurements were limited
to these distances. The captured depth image was cropped, using only the region of
interest for measurements at the point indicated by the laser rangefinder.

Depth Engine Performance

Depth engine converts raw sensor data into a normalized depth map. The depth engine
code is proprietary to the Azure Kinect DK hardware [49]. To evaluate its performance
in information conversion first order texture parameters are involved. Texture is a
function of spatial variation in pixel values. First-order statistics are calculated from
the probability of a pixel having a specific value at a random location according the
definition of histogram [50]. Evaluating these features in a large amount of frame it is
possible understand the statistic device stability.

H(g)=-2;9=0,1,...,G -1 (3)

12
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Mean (P,), Standard Deviation (P,), Skew (P3) and Entropy (P,) are defied as follow:

G-1 G-1
Pi=Y gH(9) Pa=,|Y (9—P1)?H(g) (4)
g=0 g=0

G:l _ 131 3H
2 g=0 (9 B )" H(9) ZH )log,(H(g)) (5)

Signal metrics assess sensor performance. The mean shows average signal level.
Shifts over time suggest drift, illumination changes, or systematic issues. Standard
deviation measures signal variability. High values may indicate noise, unstable light-
ing, or vibration. Low values may suggest lost detail or limited dynamic range. Skew
reflects signal distribution asymmetry. Changes can reveal shifts, potentially indicat-
ing non-linear response or biases. Entropy measures signal information. Decreases may
suggest information loss or reduced complexity. Increases might indicate higher noise
or unpredictable elements.

Py =

2.3.2 Image Processing

The Kinect Azure DK sensor, configured in wide field of view (WFOV) mode, captured
infrared (IR) and depth images. Reflective markers were segmented from the IR images
using an intensity threshold and Circle Hough Transform (CHT), with centroids cal-
culated from 3D cloud points. Correspondences were established via Procrustean
analysis, comparing the target frame pattern with coordinate set permutations. The
3D coordinates of tracked tool markers were sent to X-Ray Simulation Software and
AR guide systems via UDP. As can be seen in Figure 11 , the Graphical User Inter-
face (GUI), HoloElbow-ComputerVisionModule, centrally displays the infrared image,
depth map, processed IR image, and RGB image, with controls for resetting coordi-
nates, stopping tracking, saving data, and selecting the tracked tool. The open-source
HoloElbow-ComputerVisionModule framework, is accessible on GitHub?.

Zhttps://github.com/Antocg99/01- HoloElbow- ComputerVisionModule
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Fig. 11: Computer Vision Module

2.3.3 Space Computation

In Kinect Azure DK each camera (depth and color) has a 2D coordinate system. Pixel
coordinates range from [0,0] (top-left) to [width-1, height-1], determined by the cam-
era’s mode. The 3D origin [0,0,0] is the camera’s focal point. X-axis is positive right,
Y-axis positive down, Z-axis positive [51]. Establishing reference coordinate systems
in both physical and virtual environments is essential for accurate data alignment and
effective task execution. In our system the following local reference coordinate systems
are defined within the World Coordinate System (WCS): Patient Reference Coordinate
System, Tracking Tool Coordinate System and Virtual Models Coordinate System.
This section describes the computational methods used to determine element pose
within the scene. These include the Pinhole Camera Model, lens distortion correction,
and fiducial point-based registration. A model for calculating error within the spatial
transformation matrix is also provided.

Pinhole Camera Model

The WCS is camera-dependent. Kinect origin is the focal point, with the z-axis point-
ing right, the y-azis down, and the z-azxis forward (to review the notation). Pine-Hole

14
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Fig. 12: Kinect has a right-handed coordinate system. Unity has a left-handed coor-
dinate system

camera model describe the spatial relationship between real world and camera space.
Equation 6 describe the relationship between image plane and 3D coordinate system.

u o 0 ce| [r11 112 113 11 Tu T Tu
d v = 0 fy Cy 21 T922 T23 tg Zw = K[R|t} Yuw = M Zw (6)
1 0 0 1 31 T'3s2 733 t3 {U {U f]

intrinsic matrix  extrinsic matrix

Since no rotation neither translation is applied, this results in a identity extrinsic
matrix M. The homogeneous 3D point P results in the same 3D point:

1 1 u—cy g
Te u fa Cq u fe
ye| =K o] = [0 £ —| [v]d=|F2d (7)
Ze 1 00 1][1 d

Unity uses a left-handed coordinate system [52], while Kinect Azure DK 3D system
is right-handed [51]. To convert coordinate points is applied a transformation matrix
with for z-coordinate reflection.

10 00
Kn K
R 7t 01 0 O
pu = Tpx {UO U1:|pK: 00 —10|PK
00 0 1

Spatial Transformation Matrix

In Image Guided Therapy the accuracy of the treatment depends on 3D spatial
error. Transformations between associated coordinate systems depends on function
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gT describing the relationship between two coordinates of the same point [53].
VB =5T(VA) =R Va + 5D (8)

Equation 8 relate coordinate Vo = [£4,ya4,24] to VB = [z5, yB, 25] through a rotation
QR and a translation éf). gR is representable by a rotational motion with an angle
0 around an axis n.

0 —n, ny

AR(M,0) = e where ni=|n, 0 —n,|. (9)
—ny Ny 0

The ideal transformation (4T) is related to real ones (4T) by a perturbation (A4T):
AT =AT - ALT (10)

The rotational component of A4T is described by a first-order Taylor series
approximation, so small rotations have negligible effects.

Af4Rgot ~ I+ 0N, (11)
"\
Tracking Tool {T}
1 r “Tr .
Z Kinect Azure DK {K}
Tr

° Reference Frame {R}
Hololens 2 {H}

Fig. 13: Transformation relationship between components. Global reference system
is associated with Unity Space.
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Lens Distorsion Correction

Lens system introduce optical distortion in depth maps. This is formulated with
Brown—Conrady model with radial and tangential distortion terms. Undistorted pixel
coordinates are obtained through reverse mapping from the observed (distorted) pixel

values. R
1+ k1r® 4 kor® + ksr ) )

- 2 2 12

d 1+ kyr? +k57"4+k67“6m+ pray +pa(r” + 227) (12)

1+ k‘17”2 + ]4;27“4 + k‘37”6

14 kgr? + ksrt + k6r6y

Ya = + 2pozy + p1(r® + 2y7) (13)

Fiducial-Based Registration

Local reference systems are calculated using the non-collinear positions of
Kinect-tracked spherical markers. Considering Pq(p1g, p1y,P12): P2(D2s, D2y, D22),
P3(pse, psy, p3z) the coordinate position of fiducials, the normal vector i to the plane
defined by the points is defined as in Equation 14.

n= <p3x — P2z, P3y — P2y, P32z —p2x> X <p3x — Pi1z,P3y — Ply,P3z _p1x> (14)

The z-axis is the normalized direction from x3 to xs. The z-axis is the normalized
cross product of & and #s,p. The z-axis is defined as the cross product of the x-axis
and the plane normal derived from the three markers.

<p3ac — P2z, P3y — P2y, P32z —p2x> g = r X
| |2

||<p3x - p2x;p3y _p2yup32 - p2m>

%= B=%x§ (15)

"
i
T x|

Z, 9, and Z form an orthonormal basis for the local reference frame centered at
P;. The corresponding 4x4 homogeneous transformation matrix (relative to the global
frame) is:

-/i':v gz éw Piz

_|%y Yy Zypy| _ |RDP
T= -i'z :gz éz Pi1z B |:O 1:| (16)
0 0 0 1
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2.4 Visualization Modules

Developed system is composed by two visualization platform. User is provided by a X-
Ray simulator and an AR Guide System. The first ones simulate the C-Arm machine,
while the second ones is the implementation of Augmented Reality in the simulation
environment. As can be seen in Figure 14 both submodules can be used at the same
time. Stereoscoping rendering porvides one depth cues, while X-Ray simulator give a
2D rendering. The first AR guided system can be explorable through head movement,
while X-Ray Simulator thorugh a pedalboard permit to change point of view as in
operating room.

X-Ray Simulator

Fig. 14: A comparison between real C-Arm scenario[54] and simulated ones

The X-ray emulator simulates fluoroscopic imaging of a patient’s elbow. The elbow
model, extracted from the z- Anatomy atlas [55], was adapted and refined using Fusion
3602. This model, positioned within a simulated c-Arm environment, replicates X-Ray
attenuation characteristics. The simulated c-Arm’s interface replicates the key fea-
tures and functionalities of a real operating room Fluoroscope Machine. It provides

3www.autodesk.com /products/fusion-360
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additional information including X-ray exposure count, tool tracking status and angu-
lation. Additionally, a graphical representations of guiding elements and phantom aids
in assessing relative positioning.

AR Guide System

Fig. 15: AR Interface with Holographic Elbow. Images are recorded with Mixed reality
Capture with a first-point of view. Original resolution is of 1920x1080 px, while frame
rate is halved to 30Hz.

The AR Guide System is developed using the Mixed Reality Toolkit (MRTK) for
Unity. Runtime code is written in C++, with development scripting in C#. MRTK
automatically configures Unity for Mixed Reality development. Spatial coordinate sys-
tems are real-world coordinate systems used to define geometry. The headset’s position
is the center of the holographic world and is managed automatically by the Unity
Camera for stereoscopic rendering. Holographic rendering in HoloLens 2 is achieved
through a see-through display. White pixels are translucent, allowing light from the
display to combine with light from the real world. Black pixels are fully transparent.
Brighter pixels are increasingly opaque. HoloLens 2 defaults to a maximum render
target resolution of 1440x936, but this can be scaled down to reduce GPU memory
usage. A well-defined environment and optimized application development contribute
to high-quality holograms. These holograms are synchronized with their corresponding
real-world coordinates when the application runs constantly at 60 frames per second.
This synchronization is maintained in environments where HoloLens can track its sur-
roundings. Stationary holograms remain fixed in the environment, which is crucial for
a positive user experience, especially in tasks requiring accuracy and precision.

In this scenario, through a HoloLens 2 virtual the anatomical models is projected
onto the simulated surgical field. To ensure accurate real-world visualization, these
models are not overlaid directly onto the physical model. The HMD’s 3D visualization
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enhances spatial awareness and provides an intuitive understanding of the surgical
anatomy. Furthermore, critical nerve and vessel locations are displayed in the field of
view, aiding navigation and decision-making to reduce complication risk. The HMD
allows manipulation of virtual models, enabling to explore the anatomy, simulate sur-
gical approaches and plan procedures. This AR application, developed with the Mixed
Reality Toolkit (MRTK)[56], provides cross-platform input and spatial interaction. It
runs locally in Unity Play Mode on a PC and is streamed to the HoloLens 2 via Wi-Fi.

The interface, depicted in Figure 15, is designed to facilitate the use of the AR
application. Its touchless interaction is advantageous in both surgical settings, where
it maintains sterility, and training environments, where it familiarizes users with
hand-interface interaction. Virtual model registration is initiated with the Positioning
button. Following registration within the 3D X-ray simulator space, the anatomical
model can be further manipulated in the AR space. The Position Lock icon enables
this functionality. The Target X buttons toggle the visualization of implant target
trajectories on the virtual model, determined during planning simulations.

2.5 System Performance

Several components have been described in the previous paragraph. Assessing system
performance requires a deep analysis at each level. However, due to the complexity
of articulated systems, there is no standardized method for assessing IGS systems.
To address this, we evaluate performance at two levels: superimposition error for the
tracking system, and an ASTM-based evaluation for the system’s use for its intended
purpose.

2.5.1 Application Accuracy

Fig. 16: Application Accuracy. In figure is illustrated how the same distance is
acquired from the simulated navigation system and with a vernier caliper.

Application accuracy is defined, briefly, as the difference between the real position
of given point in a 3D space, and the same position evaluated by the tracking system.
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It was evaluated through a set of Kirschner wire (k-wire) implantation trials in three
predefined positions within a simulation phantom containing ten markers distributed
on the surface of the soft component (skin). The positions of these markers are known
in the digital model of the phantom. For each implanted k-wire, four distances were
measured from a reference point located at the proximal end of the wire. Manual
measurements were obtained using digital vernier calipers. The same set of distances
was also automatically recorded by the simulation system. Figure 16 illustrates the
distance measurement acquisition using both the system and the digital vernier caliper.
These measurements are crucial as they reflect the matching characteristics between
the digital and physical models. Each measurement method has inherent limitations.
Manual caliper measurements are susceptible to human reading error but can detect
deviations in phantom reproduction, including within the soft tissue. The simulation
system, however, relies on marker-based tracking rigidly coupled to the phantom’s
hard components. Specifically, the implanted k-wire’s alignment with the phantom’s
internal hard components provides insight into how well the digital model aligns with
the physical phantom, even for non-visible components. This alignment assessment
is crucial for understanding the relationship between the digital surgical plan and
the actual k-wire position, especially for anatomical structures obscured during the
procedure.

Dummy markers

,'

Fig. 17: In figure: (a) fiducial points and tool poses for performance evaluation; (b)
accuracy tool interface

ASTM F2554-10 standardizes how to assess the positional accuracy of computer-
assisted surgical systems. Based on the indication prescribed by the Standard in the
framework is indicated the evaluation of the location of a point relative to a coordinate
system, relative point to point accuracy (linear), and repeatability of coordinates of a
single point and for optically based system, the range of visible orientations of the ref-
erence frame or tools [57]. To overcome the lacking of the phantom proposed by the
Standard the system’s static performance, including accuracy and precision, was quan-
tified through 3D-printed fiducial markers mapped to spatial coordinates. To evaluate
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the dependence of the tracking tool orientation (angular position) on perfomance it is
manipulated along a point, associated with a dummy marker. To evaluate the distance
dependence of camera to phantom in the working volume, acquisition was repeated
in the range 0.3m-0.6m. Distance was determined by averaging z-coordinates of stand
markers. Integration of Standard’s principle are guided thorough a Unity-based inter-
face. This guide the tracking tool positioning, automate data collection and recording
(Figure 17).

3 Results

The described system represent a Computer Integrated System (CIS). The multiplat-
form integration make crucial the evaluation of the errors and accuracies at different
levels [58]. Haidegger et al. [59] distinguish three different types of accuracies in terms
of spatial errors. Accuracy and repeatability define the precision of CIS. This pre-
cision is influenced by encoder resolution, hardware compliance (e.g., servos), and
structural rigidity. Intrinsic accuracy (0.1-0.6 mm) is the average operational error of
a component (eg. random errors, imaging device resolution, noise etc.). Registration
errors (0.2-3 mm) arise from residual errors in computational methods. Application
accuracy (0.6-10 mm) measures the integrated system’s overall targeting error in
clinical procedures or mock setups. This metric validates the system’s task-specific
effectiveness.

3.1 Intrinsic Accuracy

Systematic error was measured at 500mm and 1000mm, distances determined relative
to a point of interest within a defined frame area. A laser meter (2mm accuracy) pro-
vided ground truth measurements. Systematic error is affected by distance, changing
by 1.763 mm, whereas random error remains relatively stable, changing by only 0.159
mm. In Figure 18 the distribution of these measurement errors is plotted in a plane
aligned with the point of interest. It is evident how, in case of systematic error (left),
for both 500 and 1000mm, the error increases linearly as a function of the distance
from the point of interest (blue to red in the 3D plot). On the other hand, the random
error (left) remains stable, without an evident visual pattern in the 3D plot.

distance Camera - POI | Systematic Error (mm) Random Error (mm)
500 mm 0.486 0.522
1000 mm -1.277 0.681

Table 4: Kinect Azure DK Random and Systematic Errors

3.2 Application Accuracy

The Point’s Relative Location in a Coordinate System measures the system’s ability
to determine the position of a specific point in 3D space, such as the tip of a K-wire
or an anatomical landmark. This is crucial for ensuring correct k-Wire placement rel-
ative to the patient’s anatomy, reducing the risk of errors. It is assessed by analyzing
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Systematic Error Random Error

Fig. 18: Dépfh Camera Systemafié and Random Errors.

the relative positions acquired in relation to fiducial markers. Each fiducial marker
location is the origin of the reference system. The mean acquisition error, defined
as the Euclidean distance between acquired point coordinates and the ideal fiducial
marker location, demonstrated minimal fluctuation across varying camera distances
(Figure 19a). Mean error values ranged from 5.29 mm at 0.6m to 6.15 mm at 0.4m,
suggesting negligible distance-related impact on the tracking system’s accuracy. Stan-
dard deviation, indicative of the system’s consistency, varied from 2.13 mm (highest
consistency) at 0.3m to 3.43 mm (most variability) at 0.5m, implying potential dis-
tance influence on tracking system consistency. Figure 19b illustrates the variability
and precision of measurements across tracking tool poses. It shows that tool posi-
tioning not influences substantially the measurement precision. Table 5 presents the
mean deviations along the x, y, and z axes for varying camera distances (0.3m-0.6m).

For each axis, the differences in error across camera distances were not statistically
significant. Notably, the mean deviation was largest along the x-axis (approximately

3 mm) and smallest along the z-axis.

The Repeatability of Single-Point Coordinates assesses the system’s ability to con-
sistently detect the position of a specific point in repeated measurements. This ensures
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Fig. 19: Euclidean distance error - Tool Pose

Cam Dist (m) AZpmean £ SE(mm)  Aynean £ SE(mm)  Azpnjean £ SE(mm)

0.3 3.199 £ 0.438 2.550 £ 0.537 2.149 £ 0.499
0.4 3.754 £ 0.397 2.628 £ 0.420 2.920 £0.701
0.5 3.732 £ 0.000 2.452 £ 0.000 1.679 £ 0.000
0.6 3.284 £ 0.575 2.594 £ 0.504 1.962 + 0.250

Table 5: Coordinates error in x,y,z at different camera distances: 0.3m (N=16); 0.4m
(N=24); 0.5m (N=24); 0.6m (N=24)

the stability and reliability of the AR’s visual information during surgery, allowing
the surgeon to perform the procedure with greater precision It is examined at each
acquisition distance, with system recalibration via fiducial marker coordinate updates
after distance changes. Table 6 reports the standard deviation of deviations for each
coordinate. Results highlight higher repeatability along the z-axis compared to the x
and y axes.

Table 6: Standard deviation of measurements at different distances (mm): 0.3m
(N=16); 0.4m (N=24); 0.5m (N=24); 0.6m (N=24)

Dist.

X

P1
Yy

Z

X

P2
y

Zz

X

P3
y

VA

X

P4
y

Z

30cm

5.048

4.023

3.113

5.033

1.017

1.079

1.853

1.090

0.377

1.059

0.575

1.364

40cm

3.565

3.823

2.975

3.065

1.211

1.809

0.682

2.479

1.726

1.434

3.341

6.107

50cm

2.843

2.485

0.693

2.526

3.062

1.631

2.760

2.411

1.475

6.254

2.810

2.091

60cm

1.499

3.320

1.409

1.621

2.034

1.031

1.298

4.608

1.346

3.828

4.661

2.832

The Relative Point-to-Point Accuracy measures the AR system’s ability to accu-
rately determine the distance between two points in space. This is crucial for assessing
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Fig. 20: Comparison between caliper and Automatic Distance Acquisition.

Difference P1A P1B P1C P1D All
Mean(mm) 0.9381 1.4030 0.8783 0.8709 1.0226
SD (mm) 2.3243 3.6618 2.7053 2.4700 2.8217

Table 7: Mean and Standard Deviation Difference Val-
ues (N=42 for each distance)

the precision of K-wire insertion and its relationship to surrounding anatomical struc-
tures. It was evaluated by comparing measured distances to known distances for both
fiducial point-derived distances and caliper/automated system measurements on the
inserted k-wire. The simulation phantom, containing ten circumferential markers, was
used for the insertion of 45 k-wires. For each k-Wire, four distances were measured
from the posterior extremity to four selected markers using both a manual gauge and
the developed automated system. Figure 20 and Table 7 present a comparison of mea-
surement discrepancies across four distances using manual and automatic methods.
The box plots in Figure 20a shows a symmetrical distribution of measurement differ-
ences around the zero line, with varying degrees of spread indicated by the range and
outliers. Overall, the mean discrepancy is slightly over 1 mm with a variability of about
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2.8 mm. Increasing the distance between measured points negatively impacts rela-
tive point-to-point accuracy, while increasing the acquisition setup distance improves
accuracy. This is attributed to the use of wide field-of-view mode, where optical dis-
tortion is more pronounced at shorter distances. Comparison of automatic and manual
measurements reveals mean differences ranging from 0.87 mm to 1.40 mm, and stan-
dard deviations from 2.32 mm to 3.66 mm. The overall mean difference is 1.02 mm
with a standard deviation of 2.82 mm. Notably, the standard deviation across tar-
gets between the two methods is nearly identical, indicating the automatic system’s
ability for consistent measurement reproduction. The comparison also shows similar
deviations, with offsets at individual points minimally affecting distance calculations.

3.3 Qualitative assesment of system usability

To assess the subjective performance of the system, we conducted a qualitative
evaluation of the setup. N=14 expert orthopedic surgeons ({5 years of experience)
were challenged to place a k-wire from the medial to the lateral epicondyle of the
humerus. Both the target position and the surgical drill were tracked using our setup,
as illustrated in figure 2. Experts then evaluated the three key features of the setup:
the X-ray simulation system, the augmented reality (AR) system and the phantom
model. The participants were then asked to answer to a SUS (system usability scale)
questionnaire (Table 8).

SUS Question Rating (0 to 5) SE

How realistic is the X-Ray Simulation? 4.07 0.78
X-Ray Simulator Quality [HTML|FFFFFF3.92 | 0.91
How comfortable is the use of the X-Ray simulator? 4.21 0.89
How realistic the AR simulator feels like? 4 0.74
Which is the overall quality of the AR simulation? [HTML]|FFFFFF4.14 | 1.01
How comfortable is the use of the AR Goggles? [HTML|FFFFFF3.78 | 1.02
How realistic if the physical phantom? 3.78 0.89
[HTML]FFFFFFWhich is the overall quality of the physical phantom? | [HTML|FFFFFF4.21 | 0.89

Table 8: SUS Questionnaire

For each component, three parameters were evaluated: realism, simulation quality,
and comfort. Realism: participants rated how closely each system resembled its real-
world counterpart, on a scale from 0 (completely unrealistic) to 5 (indistinguishable
from reality). Simulation Quality: this parameter evaluated the utility of the system
for training purposes, rated from 0 (completely dissimilar to real procedures) to 5
(indistinguishable from actual procedures). Comfort: participants rated their ease of
interaction with the system, where 0 indicated extreme discomfort (e.g., unusable for
more than a minute) and 5 indicated high comfort (e.g., usable for extended peri-
ods). Comfort ratings for the phantom model were not applicable and thus excluded.
Results for each parameter were averaged across participants (Table 8).
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4 Discussion

Efficient workflow and patient safety are fundamental principles in traditional oper-
ating room design [60]. The arrangement of operating room components is essential
for maintaining sterility, ensuring efficient communication, and providing immediate
access to necessary tools during surgery [61, 62]. In simulated environment, a surgical
field comprising only the essential elements is practical and effective [25]. In line with
Aumann this reduction maintains the core functionalities essential for the procedure
allowing for focused assessment of AR in surgical training, avoiding the complexities
and costs of a full-scale operating room [63]. This approach ensures effective training
while maintaining a controlled and repeatable simulation environment[26, 27].

Object pose estimation, the determination of an object’s position and orienta-
tion in 3D space, can be achieved through various methods. These methods rely on
mechanical, acoustic, inertial, magnetic, or radio frequency principles [64, 65]. Among
these, optical tracking systems (OTS) are prevalent in fields like computer-assisted
surgery, neurosurgery, industrial applications, and virtual reality [66]. OTSs funda-
mentally consist of signal sources, sensors, and a data acquisition/processing system.
They operate in two main configurations: inside-looking-out and outside-looking-in.
Inside-looking-out systems track a camera’s movement relative to fixed references,
while outside-looking-in systems utilize external cameras to track a marked target.
The latter is generally favored for tracking multiple objects, each uniquely identified
by an optical pattern. Commercially available OTSs include the Polaris and Optotrak
series (Northern Digital Inc.) for motion capture and biomechanical analysis, the
MicronTracker series (ClaroNav) for clinical use, and the FusionTrack systems (Atrac-
sys) [66]. However, these systems typically exhibit tracking errors in the millimeter
to centimeter range [30, 67-69]. Furthermore, they have limited tracking capacity
and high costs due to the complexity of pose estimation calculations, which rely on
triangulation using marker geometry, activation sequence, and sensor distances [66].
For mobile AR experiences, marker-based inside-out tracking is commonly employed,
facilitated by libraries like ARToolKit, ArUco, and PTC Vuforia. These systems
estimate object pose by attaching fiducial markers to it [19]. However, a previously
described tracking method [70] proved unsuitable for our framework due to occlusion
problems and incompatibility with surgical workflows.

System development and evaluation revealed that the augmented reality plat-
form’s hardware requirements are incompatible with the goal of integrating the
framework into a single device. The current two-phase system, reliant on a reference
frame and navigation tool tracking, is prone to user error. Additionally, the use of
spheres for recognition and visualization may be suboptimal. System complexity
increases cognitive load during pre-testing, necessitating simplified interactions and
an improved user interface with intuitive gestures to facilitate learning and use.

Figure 21 illustrates how error generation is a multifactorial process. Starting

from the CAD model, the tracking tool is generated for manufacturing. The markers,
being variably assembled and subject to greater wear than other rigid components,
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Fig. 21: Tracking Errors Components Errors

and significantly affecting the coherence between real and digital data, constitute the
primary source of error generation and propagation. Added to this is the image gen-
eration and its conversion into a depth map. It is therefore crucial to study how the
data texture varies according to environmental conditions and camera settings. Depth
data must be converted into a point cloud using a calibration matrix. The calibration
parameters vary depending on environmental conditions. For greater accuracy, the
system should be recalibrated with each use, but this would compromise the usability
of the platform. A further error is the generation and 3D transformation into point
clusters. The algorithm for calculating centroids represents an additional component
of analysis. Finally, the use of dynamic filters, such as the Kalman filter, introduces
variability in the acquired data, altering the correspondence with reality, although it
improves visual perception.

Integration of neural networks for image processing is expected to improve system
accuracy and adaptability through new computer vision techniques and modeling
methods. Using neural networks in the tracking and visualization system can improve
its performance. Studying Al-based marker and markerless tracking techniques is
crucial. Marker occlusion is a common issue with current viewers. These techniques
reduce both computational cost (important for integrating visualization, tracking,
and computation onto a single platform) and the occlusion problem, expanding the
system’s field of view. Feed-forward integration enhances the user experience. Fur-
thermore, neural networks allow rendering of 2D objects from 3D models, benefiting
from real-time data for greater coherence between reality and digital information.

The system described was developed to simulate a specific scenario of a K-wire
percutaneous implant. Overall, the systems showed consistent performance, with a
good level of appreciation from expert users, evaluated qualitatively using an SUS
quesitonnarie (Table 8). Average scores for realism, simulation quality, and comfort
were generally positive, averaging approximately 80% of the maximum possible score.
This indicates good, though not optimal, levels of realism and simulation quality. In
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particular, the results highlighted that:

e X-ray simulation comfort achieved the highest average score (green, 4.21, 84.3%);

® AR simulation quality showed the strongest performance among AR parameters
(4.14, 82.9%);

® Phantom realism and simulation quality were lower than those of the X-ray and AR
systems, with realism averaging 3.78 (red, 75.7%).

These findings suggest that while the systems are effective for training purposes,
further refinements could enhance their realism and user experience.

Although the described system accurately simulates the variable of augmented
reality and the X-ray use in the operating room (OR), it eliminates several variables
associated with the real environment. Each block presented in Table 1 introduces
a question with an answer including a caveat, compared to the real world. ”For
example, it is necessary to answer questions such as ” What are the main steps to
perform during the simulation?” or ”Which model should be used to simulate the
patient scenario?”. In these terms, the environmental stressors of the OR that might
impact the performance and the outcome of the surgery, are not present in an artifact
situation. Also, no matter how realistic the anatomical dummy is, one expert surgeon
would still perceive subtle differences with a real patient, both because of its physical
characteristics, and because, psychologically, a real patient is not present. Some,
however, could be implemented in future developments. The introduction of spatial
sounds that reduce attention to the procedure being performed or visual stimuli in
the wide range of vision can be implemented to overcome some of the limitations of
the current version.

The current interface presents limitations in user interaction. Users unfamiliar
with augmented reality platforms may find interacting with spatial elements challeng-
ing. This is particularly true for buttons and scrolling menus. Potential improvements
include: Integrating voice commands to supplement or replace physical interaction;
Enabling on-site scene customization to address limitations in element display due
to environmental factors that reduce holographic display effectiveness; For critical
components, incorporating interaction elements with materials and object shaders
within the scene.

The presented system is in line with the main works that are on the same line of
development and presented in the Table 2. According to the acquired experimental
data, there is an application accuracy, i.e., associated with use, of 1.02 mm. Accuracy
should be studied at various levels to limit sources of error as much as possible. That
date, however, represents the end point of error propagation, so it is well representa-
tive of system performance.
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5 Conclusion

Here, we developed, and described in detail, a cost-effective system to simulate mini-
mally invasive orthopedic surgery. The use of the Kinect Azure DK as an IR camera
enabled the development of a system based on spherical markers. Augmented reality
integration was achieved using Hololens 2. The use of an external PC as the pro-
cessing unit allowed for the creation of a fluid and user-friendly virtual simulation
environment. This system allows surgeon trainees and students to gain hands-on prac-
tice. Thanks to the affordability of the system, we can envision a diffused use of this
technology for larger classrooms, and for non experts as well. Widespread use of this
technology can improve the overall surgical skills. Integrating these emerging tech-
nologies into training will enhance healthcare performance, making procedures safer
and more cost-effective. Extensive testing with surgical trainees will be conducted as
our next research phase to validate the system’s effectiveness in clinical training.
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