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Abstract
Introduction: Accurate positioning of custom-made prostheses is critical 
for ensuring stability, functionality, and longevity. Conventional manual 
placement has limitations in precision and intraoperative flexibility. This 
study explores a novel augmented reality (AR)- based method that provides 
real-time feedback to enhance acetabular implant placement accuracy.

Materials and Methods: Custom-made prostheses were designed for 
ten cadaveric hemipelvis using 3D printing technologies. An AR-based 
navigation system, developed for the HoloLens 2, provided real-time 
visual feedback, integrating holographic target position projections 
and color-coded alignment feedback. Accuracy in prosthesis placement 
(angular and distance errors), AR marker-associated errors, and procedural 
time were evaluated.

Results: The mean angular error for prosthesis placement was 1.70° (95% 
CI: 0.99°–2.41°), ranging from 0.24° to 3.60°. The mean distance error 
was 1.75 mm (95% CI: 1.18–2.32 mm). AR marker-associated errors 
included a mean translational error of 1.07 mm and a rotational error of 
0.86°. The AR-guided placement process had an average execution time 
of 56 seconds.

Conclusions: This study presents a novel AR-assisted guidance method 
that enables high-precision prosthesis placement. The results highlight 
its potential to enhance accuracy and efficiency in complex surgical 
workflows, supporting its integration into future orthopaedic procedures.

Keywords: Augmented reality (AR); Custom-made implant; 3D HoloLens; 
Real-time; Computer assisted surgery (CAS); Orthopaedic surgery; 
Positioning; Patient-specific guidance

Introduction

Materials and Methods
The process began with acquiring a CT scan of 10 cadaveric specimens 

and the hemipelvis bone was manually segmented using 3D Slicer [1]. 
Personalized prostheses were subsequently designed to fit previously planned 
periacetabular resections by expert clinicians (Figure 1).

The design of the PSIs was carried out using 3-matic software (Materialise, 
Belgium). For the prostheses design, an acetabular implant was created, 
maintaining the same centre of rotation as the patient’s acetabulum and 
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incorporating three anchors for screw fixation to the ilium, 
ischium, and pubis (Figure 2). A removable socket was 
added to the prosthesis for the placement of an AR marker.

The application incorporates a hand menu with features 
such as on/off buttons for visualizing the prosthesis relative to 
the marker located in the supraacetabular region and sliders 
to adjust object transparency. The prosthesis visualization 
can be activated to display the model in semi-transparent 
white, enabling the user to see the prosthesis's target position 
and use it as a guide (Figure 3). 

 

Figure 1: Hemipelvis bone was manually segmented, and 
personalized prostheses were subsequently designed to fit previously 
planned periacetabular resections

 

Figure 2: (A) Materials used in the study: Cadaveric hemipelvis 
biomodel fabricated from acrylonitrile styrene acrylate (ASA); 
patient-specific cutting guides (PSIs) and custom-made prosthesis, 
both 3D printed in rigid radiopaque 10k resin; AR markers printed 
in black and white polylactic acid (PLA) filament; and a removable 
AR marker socket designed for intraoperative prosthesis tracking 
and alignment. (B) Planned periacetabular resection. (C) Prosthesis 
positioned and secured.

The resection planes were used as a reference to design 
three patient-specific cutting guides: supraacetabular, ischial, 
and symphysial. A socket was also incorporated into the 
supraacetabular PSI to enable the placement of another AR 
marker, which served as the reference. 

All components were 3D-printed using various materials 
and printers. The healthy portion of the bone was fabricated 
in acrylonitrile styrene acrylate (ASA) material, while the AR 
markers were printed using black and white polylactic acid 
(PLA) filament. The PSIs and the personalized prosthesis 
were manufactured in rigid radiopaque 10k resin. The choice 
of materials for each component was strategically made 
to facilitate their segmentation in a CT scan following the 
experiment for subsequent analysis.

For navigation, an AR application for the HoloLens 2 
(Microsoft Corporation, WA, U.S.A.) HMD was developed 
to support navigation throughout the entire workflow of 
prosthesis placement [2].

 

Figure 3: (A) Fiducial marker designed for AR detection. (B) 
Detection of the AR marker and precise overlay of the patient’s 
hemipelvis hologram onto the phantom. (C) Custom-designed 
menu integrated into our software, enabling the user to select 
display features (bone, target prosthesis, and prosthesis) and adjust 
transparency levels for enhanced visualization. Captured images 
through the HMDs (AR).

 

Figure 4: Prosthesis guidance system using a colour-coded feedback 
mechanism. As the prosthesis moves closer to the target position, the 
marker's colour changes progressively from red to yellow and finally 
to green, indicating that an acceptable position has been achieved. 
(A) Red indicates an incorrect prosthesis position with an error 
exceeding 7.5mm. (B) The prosthesis fits within the osteotomies 
but has an error of up to 7.5 mm from the planned ideal position, 
making it acceptable but not optimal. (C) Green signifies the optimal 
planned position, with an error below 2.5 mm. Captured images 
through the HMDs (AR).

Additionally, a second marker placed on the prosthesis 
facilitates tracking its position. As the prosthesis moves 
closer to the target position, the marker's colour changes 
progressively from red to yellow and finally to green, 
indicating that an acceptable position has been achieved 
(Figure 4). 

The colour green indicates a minor positioning error 
of ±2.5 mm, the colour orange represents an error of up to 
±7.5 mm, and the colour red signifies an error exceeding this 
distance.
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On the other hand, the error associated with the AR 
marker was computed by registering the preoperative CT 
with the postoperative CT. The origin of both segmentations’ 
coordinate systems was placed at the centre of the 
supraacetabular marker, where x and y axes are in the plane 
of the marker, and the z axis is the normal vector pointing 
outward from the centre. 

Finally, the time spent for the different procedure tasks 
was measured: supraacetabular PSI placement, prosthesis 
placement and prosthesis fixation.

Results
The results for ten phantoms from the different cadavers 

are shown in the following sections. The phantoms are 
named in Roman numbers according to the cadaver specimen 
identification.

Implant placement accuracy
The acetabular angular error had an average value of 1.70º 

(95% CI: 0.99º - 2.41º) with a standard deviation of 1.00º. 
The values ranged from a minimum of 0.24º in Case VII to a 
maximum of 3.60º in Case II.

On the other hand, the distance error relative to the planned 
acetabular centre of rotation had a mean value of 1.75 mm 
(95% CI: 1.18 mm - 2.32 mm), with a standard deviation of 
0.80 mm. The values ranged from 0.86 mm in Case V to 3.45 
mm in Case IX (Table 1).

Following the design and fabrication phases, the 
experiment was carried out by two expert clinicians (Figure 
5).

 

Figure 5: Images of the surgical team during the experiment and 
final verification of Case VIII.

The process began with the manual placement of the 
supraacetabular AR marker, which facilitated the hologram 
visualization on the HoloLens 2. An acetabular osteotomy 
was performed using PSIs. Subsequently, an AR marker 
was positioned on the prosthesis to enable its visualization, 
facilitating placement based on the holographic projection of 
the target position onto the phantom. Colour feedback on the 
implant hologram provided further guidance, indicating the 
correctness of the positioning. 

Finally, a postoperative CT scan and further image 
segmentation were performed on all phantoms for analysis 
purposes. The analysis focused on assessing the placement 
and orientation of the prosthesis, as well as quantifying the 
error introduced by the final positioning of the AR marker. 
This workflow will be maintained for subsequent phases of 
the study.

To analyse the results, three metrics were evaluated: 
implant placement accuracy, the error introduced by the AR 
marker and the time required to complete each task.

The evaluation of prosthesis placement focused on two 
primary aspects: the position and orientation of the acetabular 
component, and the fitting of the prosthesis within the 
pelvis, assessed through plane comparison. This comparison 
provided the deviation in both rotation and maximum distance. 
The position of the acetabular component was determined 
by identifying its centre and comparing it with the one 
defined during the planning phase. For the orientation of the 
acetabulum, its horizontality or verticality was assessed in the 
coronal plane. This approach was based on the methodology 
outlined by Iribar Zabala et al., demonstrating its efficacy in 
measuring deviations in AR-assisted procedures [3].

Ideally, this angle should fall within the range of 40° to 
50°. Additionally, a slight anteversion, measured relative to 
the sagittal plane, is desirable, typically ranging between 15° 
and 20°. The error is reported in relative values, calculated 
as the difference between the planned angles and the angles 
obtained during the procedure.

Case Angular error (º) Distance error (mm)

I 1.27 1.17

II 3.6 1.2

III 0.41 1.81

IV 1.45 2.53

V 1.39 0.86

VI 2.46 1.43

VII 0.24 2.17

VIII 2.2 1.04

IX 2.28 3.45

X 1.68 1.88

Mean 1.7 1.75

Deviation 1 0.8

Table 1: Acetabular placement accuracy. Angular and distance 
errors.

When analysing prosthesis placement accuracy 
concerning contact surfaces (supraacetabular, symphysial 
and ischial), all regions exhibited similar results, with a mean 
angular error of 1.64° ± 1.82° (Table 2).
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 The maximum angular error was observed in Case II at 
the pubic symphysis, with a deviation of 5.43°. The region 
with the lowest angular error was the supraacetabular surface, 
with a mean error of 1.34° ± 0.87°, followed by the ischium at 
1.74° ± 1.24°, and the pubis at 1.84° ± 1.49°.

AR-marker associated error
Table 3 illustrates the errors associated with 

supraacetabular marker positioning, calculated by comparing 
the planned marker position with the postoperative CT scan 
registration of the positioned marker. The global translation 
error across the three axes (Tx, Ty, Tz) was 1.07 mm on 

average (95% CI: 0.82 mm - 1.32 mm, Std Dev: 0.68 mm), 
while the global rotational error (Rx, Ry, Rz) averaged 
0.86° (95% CI: 0.55° - 1.17°, Std Dev: 0.84°), reflecting 
high precision in both translational and angular positioning. 
Overall, the values remain below 1 mm for translation and 1° 
for rotation.

Case Prosthesis Contact Surface Angular error (°)

 
I

 

Supraacetabular 0.55

Symphysial 0.56

Ischial 1.24

 
II

 

Supraacetabular 0.9

Symphysial 5.43

Ischial 5.04

 
III

 

Supraacetabular 0.39

Symphysial 0.67

Ischial 0.67

 
IV

 

Supraacetabular 2.21

Symphysial 2.23

Ischial 1.49

 
V

 

Supraacetabular 1.59

Symphysial 1.07

Ischial 0.94

 
VI

 

Supraacetabular 1.97

Symphysial 1.32

Ischial 2.15

 
VII

 

Supraacetabular 1.18

Symphysial 0.45

Ischial 1.17

 
VIII

 

Supraacetabular 3.08

Symphysial 2.87

Ischial 1.95

 
IX

 

Supraacetabular 0.54

Symphysial 1.92

Ischial 1.45

 
X

 

Supraacetabular 0.99

Symphysial 1.88

Ischial 1.27
Mean 

(95% CI) 1.64 (± 1.82°)

Table 2: Accuracy of prosthesis placement: angular errors across 
the supraacetabular, symphysial, and ischial contact surfaces.

Marker Tx 
(mm) Ty (mm) Tz (mm) Rx (°) Ry (°) Rz (°)

I -1.31 1.74 -1.37 0.42 0.03 0.45

I -2.53 -1.56 -0.97 2.51 0.23 -0.4

III -2.13 0.31 -1.27 -0.3 -1.68 -1.11

IV -0.56 0.05 -0.5 -0.34 -0.23 0.25

V -1.28 0.58 0.29 0 0 0

VI -0.54 1.77 -0.8 -1.28 0.14 2.09

VII -1.12 0.02 -0.74 1.56 0.88 -3.34

VIII 0.99 2.32 -0.05 -1.09 1.49 0.09

IX -1.06 1.18 -0.88 -1.3 -1.48 0.09

X -2.26 0.99 -0.92 -1.5 -1.07 -0.48
Mean 

(absolute 
value)

1.38 1.05 0.78 1.03 0.72 0.83

Deviation 0.7 0.8 0.41 0.77 0.67 1.08

Table 3: AR-marker associated errors: Translation and orientation 
deviations across the x, y, and z axes.

Procedure task times
Table 4 provides a summary of the time required for 

each task, presenting the mean times and standard deviations 
for both prosthesis placement and fixation. The AR-guided 
placement of the prosthesis had a mean duration of 56.64 
seconds (95% CI: 21.37–91.90), while the fixation process 
averaged 132.32 seconds (95% CI: 98.89–165.74).

Time (s) Prosthesis AR-guided-
placement

Prosthesis 
fixation

I 150 90

II 100 150

III 175 148

IV 53 77

V 23 153

VI 25 112

VII 5 108

VIII 120 182

IX 125 240

X 52 141

Mean time 56.64 132.32

Deviation -57.95 -47.58

Table 4: Procedure task times [8].
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The results indicate that AR-based guidance is comparable 
in precision to static systems, although it remains in the 
preclinical stage.

In our study, the mean distance error for prosthesis 
implantation was 1.75 mm, with a maximum deviation 
of 3.45 mm, underscoring a high degree of accuracy in 
prosthesis positioning, with the lowest error observed in the 
supraacetabular region (1.27 mm). In contrast, the ischium 
exhibited the greatest variability and the largest error, 
highlighting the challenges associated with anatomically 
complex regions.

In the field of orthopaedic surgery, Mendicino et al. 
documented an average error ranging from 2.19 mm to 4.72 
mm when evaluating AR-assisted PSI placement in patient-
specific pelvic phantoms [7]. Similarly, Lui et al. reported 
centre-to-centre distance errors of 1.9 mm in surgeries using 
AR, which were significantly lower than those in procedures 
without AR (9.0 mm) [6]. However, their study did not 
observe improvements in angular orientation

In our study, an average angular error of 1.70º with a 
maximum deviation of 3.60º was achieved, reflecting precise 
alignment. 

Conversely, some studies have found no significant 
improvement in clinical outcomes for hip arthroplasty 
when the new centre of rotation was maintained within a 5 
mm margin. However, these findings do not consider the 
increased complexity of oncologic reconstructive surgery 
or the challenges posed by custom-made implants, which 
present unique challenges [8,9].

In total hip arthroplasty (THA), AR has been shown to 
significantly improve the accuracy of acetabular component 
orientation [31]. AR has also been utilized for base plate 
component placement in reverse total shoulder arthroplasty, 
achieving an average angular error of 2.7° and a mean entry-
point distance error of 2.3 mm [32]. These results indicate a 
precision comparable to computer-assisted optical navigation 
systems but at a lower cost, with significant potential for 
optimizing glenoid component placement in anatomically 
complex conditions.

The integration of devices such as Microsoft HoloLens 
enables a more efficient workflow, eliminating the need 
to shift focus to external monitors [5]. Regarding timing, 
AR-guided prosthesis placement in our study had a mean 
duration of 56.64 seconds. Although we did not compare 
it to placement without AR, Mendicino et al. suggest that 
users without visual references spend more time locating 
anatomical landmarks on exposed bone and perform the 
task with less confidence [1]. Their findings demonstrated a 
30–40% reduction in the time required to position specific 
templates when using AR compared to relying solely on 
anatomical references. Similarly, Sun et al. observed reduced 

Discussion
The findings of this study demonstrate that AR holds 

significant potential for enhancing the accuracy and 
efficiency of prostheses placement in orthopaedic oncology. 
These results align with previous research while offering 
new insights into the application of AR for guiding 
prosthesis placement, particularly in complex periacetabular 
resections.

Our study presents, for the first time, a method that enables 
real-time intraoperative assessment of implant positioning 
using augmented reality. Traditionally, implant placement 
accuracy could only be verified postoperatively through 
imaging studies, at which point any deviation from the 
planned position was irreversible. Recent studies developed 
an AR system that projects a hologram of the desired implant 
position onto the surgical site; however, they do not provide 
real-time feedback on placement errors.

With our system, the surgeon receives continuous real-
time feedback on positional errors, allowing for immediate 
adjustments during surgery. The colour-coded guidance-green 
for minimal error, orange for moderate deviations, and red 
for unacceptable discrepancies-provides not only qualitative 
but also quantitative evaluation of positioning accuracy. This 
novel approach, which has not been previously described, 
significantly enhances surgical precision, reduces the risk 
of misplacement, and minimizes the need for corrective 
interventions, setting a new standard in implant placement 
techniques.

Beyond its use in orthopaedic surgery, AR-assisted 
implant guidance has been recently developed in other fields, 
with multiple research groups investigating various methods 
and reporting their outcomes.

Mai et al. [4] introduced an AR-based surgical navigation 
system in dentistry, allowing real-time visualization of the 
planned dental implant position over the surgical site. They 
reported average deviations of 0.90 mm (lateral), 0.78 mm 
(depth), and 1.18 mm (global) when using AR for dental 
implant guidance, achieving accuracy within the clinically 
acceptable safety zone. This approach therefore enhances 
precision compared to conventional manual and dynamic 
methods.

On the other hand, Lui et al. [5] applied AR projection 
technology to guide the placement of bone conduction 
devices in otologic surgery, achieving an improvement in 
the centre-to-centre distance between the planned and placed 
implant (from 9.0 mm to 1.9 mm).

Takács et al. evaluated multiple computer-assisted implant 
surgery (CAIS) methods, including dynamic navigation, 
static guidance and AR. AR demonstrated an average angular 
deviation of 3.73° in the orientation of dental implants [6]. 
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surgical times and improved efficiency with holographic 
guidance during complex procedures compared to traditional 
methods [10]. However, some authors have highlighted 
challenges with intraoperative anatomical registration, often 
requiring multiple attempts (2–3 per model) to achieve 
satisfactory results [11].

On the other hand, AR not only improves surgical 
accuracy but also offers notable economic benefits. As 
noted by Logishetty K [12] current orthopaedic simulators 
for training in arthroscopic and open surgeries often cost 
significantly more than the available AR platforms. Moreover, 
in another study, novice users trained with AR achieved better 
acetabular orientation in simulated procedures compared to 
those supervised by expert surgeons (1° ± 1° vs. 6° ± 4°) 
[13]. Furthermore, the integration of artificial intelligence 
into preoperative planning and automatic segmentation could 
further streamline workflows and reduce procedural errors 
[14-24].

In our study, the AR marker associated error demonstrated 
high precision in both translational and angular positioning. 
The global translation error across the three axes (Tx, Ty, Tz) 
averaged 1.07 mm while the global rotational error (Rx, Ry, 
Rz) averaged 0.86°. These results align with those reported 
by Lui et al., who observed projection accuracy of 1.7 ± 0.6 
mm, and emphasizes the importance of robust optical marker 
systems to minimize translational and angular errors. This 
reinforces the reliability of AR-assisted registration as a tool 
for achieving precise prosthesis positioning [25-33].

Limitations and Areas for Improvement
Despite its promising potential, AR technology is not 

without limitations. Challenges include restricted battery life, 
physical discomfort during extended use, and a steep learning 
curve for surgeons who are unfamiliar with AR systems. To 
address these issues, iterative advancements in hardware 
design and the development of targeted training programs are 
essential. These improvements will enhance usability, reduce 
fatigue, and facilitate broader adoption among surgical 
professionals.

Conclusions
This study demonstrates the feasibility and efficacy of a 

novel AR-guidance method for improving the accuracy of 
prosthesis placement in a preliminary setting. Integrating AR 
into surgical workflows marks a significant advancement, 
enhancing precision and reducing errors. The acetabular 
placement showed an average angular error of 1.70º and a 
mean distance error of 1.75 mm from the planned centre of 
rotation. 

This approach holds great potential for advancing complex 
oncologic reconstruction surgeries. Future work will focus 
on pre-clinical validation in cadaveric models, addressing 

current limitations, and expanding the clinical applications of 
AR technology to broader surgical contexts.
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