Experimental design and performance
optimization of an AR-guided hybrid cutting
guide for mandibular resection
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Abstract. The use of surgical cutting guides for mandibular osteotomies
is a consolidated approach in maxillo-facial surgery, typically based on
patient-specific designs relying on anatomical fitting. However, these so-
lutions may be limited by intraoperative variability and reduced flexibil-
ity. This study proposes and experimentally investigates an AR-guided
hybrid cutting guide combining a physical constraint with augmented re-
ality support for guide positioning and alignment. A full-factorial Design
of Experiments was defined to evaluate the influence of key design param-
eters on system performance, including the tracking modality for pose
estimation (marker), the adjustment strategy of the guide (adjustment),
and the type of physical constraint provided to the cutting instrument
(guide). A total of 27 configurations were tested with 40 replications
each on mockups replicating irregular bone-like surfaces, considering ge-
ometric deviation, quantified through the Hausdorff distance between
the planned cutting profile and the executed cut, and total task time
as response variables. The results show that the configuration combin-
ing a cubic marker, rigid adjustment, and linear guide provides the best
performance, while more complex adjustment strategies and geometries
lead to increased variability and execution time. A desirability-based
multi-response optimization confirmed this configuration as the optimal
solution, with a global desirability index outperforming all alternatives.

Keywords: Augmented reality - Surgical guides - Computer-assisted
surgery - Maxillofacial surgery - Pose estimation
1 Introduction

In cranio-maxillofacial surgery, surgical cutting guides support osteotomies, bone
repositioning, and distraction procedures [18], constraining the instrument along
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predefined trajectories to transfer the preoperative plan to the operative field [15]
with high precision and repeatability [21]. In clinical practice they are typi-
cally patient-specific, designed from preoperative Computed Tomography (CT)
data [11] and replicating the patient anatomy for stable positioning through
geometric fitting [5]. Despite their effectiveness, patient-specific guides present
relevant limitations [17]: their performance depends on the consistency between
preoperative imaging and intraoperative conditions [9], anatomical changes or
limited bone exposure due to soft tissues may compromise fitting accuracy or
prevent correct placement [4], and stable fitting often requires large contact
surfaces, leading to invasive designs that increase surgical complexity and re-
duce flexibility [20]. To address these issues, this work proposes a hybrid cutting
guide combining a physical structure with an augmented reality (AR) module:
the physical component provides mechanical guidance, while AR supports po-
sitioning and alignment with respect to the planned osteotomy through visual
feedback [19], with tracking markers enabling real-time pose estimation within
the AR environment [7,14]. Although developed for mandibular surgery, the
concept is extendable to other anatomical regions. Within this framework, the
study systematically investigates different design configurations of the proposed
system, varying key parameters related to guide structure, adjustment strategy,
and tracking modality, to identify the configuration that optimizes overall sys-
tem efficiency in terms of both geometric performance and practical usability.
The remainder of the paper is organized as follows. Section 2 describes the ma-
terials and methods, Section 3 presents the results, and Section 4 discusses the
findings and concludes the paper.

2 Materials and methods

2.1 Hybrid cutting guide overview

The proposed system integrated two coordinated components, a physical mod-
ule providing mechanical guidance and an AR-based module providing visual
feedback during positioning. An overview is given in Fig. 1 (left), showing the
pose estimation of the guide relative to the Head-Mounted Display (HMD) and
the corresponding transformation. The physical module (Fig. 1, right) consisted
of a base structure with three contact elements, ensuring stable support even
on irregular anatomical surfaces without requiring full anatomical fitting, while
a cutting guide element constrained the surgical instrument so that the blade
followed the intended trajectory through direct mechanical contact. A removable
tracking marker could be inserted into a dedicated slot. The AR module used a
Microsoft HoloLens 2 as HMD: a dedicated Unity-based application visualized
the target pose [13] as a virtual hologram superimposed onto the surgical scene
and provided real-time feedback on the deviation between the current and tar-
get pose during manual positioning. The target pose was defined with respect
to the planned osteotomy and anchored to the surgical scene through an image
target rigidly referenced to the specimen support, which established a common
reference frame between the preoperative plan and the physical setup. During
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execution, the HoloLens 2 continuously tracked the marker integrated in the
guide to estimate its pose, and the residual deviation with respect to the target
pose was computed and displayed to guide manual alignment.
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Fig. 1. Overview of the hybrid cutting guide. Left: system representation with guide
pose estimation relative to the HMD. Right: exploded view of the physical module and
its main components.

2.2 Experimental setup

A full-factorial Design of Experiments (DOE) [16] was defined to investigate
the influence of key design parameters on the performance of the proposed AR-
guided hybrid cutting guide for mandibular resection. The design included three
categorical factors, each evaluated at three levels, resulting in a 3% scheme with 27
configurations, schematically shown in Fig. 2. Factor A (Marker) defined the AR
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Fig. 2. Full-factorial DOE scheme with factors Marker (A), Adjustment (B), and Guide
(C), each evaluated at three levels, and associated response variables.

tracking modality, with spherical, planar, and cubic configurations determining
the pose estimation strategy. Factor B (Adjustment) described the mechanism
used to stabilize the guide on the specimen after AR-based positioning. In the
rigid configuration the guide had no adjustment element and was placed as a
single fixed body, relying entirely on its three contact points. The mono con-
figuration added a single adjustable anchoring element, providing one degree of
freedom to compensate for residual misalignment after placement, whereas the
double configuration introduced two anchoring elements, and thus two degrees
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of freedom, allowing finer local adaptation to the surface at the cost of a more
articulated alignment procedure. Factor C' (Guide) represented the geometry of
the cutting constraint, with line, plane, and arc configurations. All 27 combina-
tions were shown in Fig. 3. The experimental task consisted of positioning the

i=1 Sphere i=2 Planar i=3 Cubic

k=1 Line k=2 Plane k=3 Arc

S
f
S
*ﬂé-

Fig. 3. All 27 combinations of the factor levels A, B, and C, corresponding to the
implemented cutting guide configurations.
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guide using AR, stabilizing it through the selected adjustment configuration, and
performing the cut with a piezoelectric surgical handpiece (Aesculap GBL30R)
constrained by the physical guide. Each trial was performed on a randomly gen-
erated irregular surface simulating generic bone geometry without symmetries.
Specimens were manufactured in expanded polyurethane foam via molding, en-
abling rapid fabrication with sufficient geometric variability. Each specimen also
included scale-reference holes located at the vertices of a 45 mm square and ar-
ranged in a regular grid, providing an in-image metric reference for the pixel-to-
millimetre conversion. For each configuration (A;, Bj, Cx), with 4, j, k € {1, 2, 3},
40 replicated trials were performed, resulting in 1080 observations. Each trial in-
cluded guide positioning, stabilization, and cutting, and two response variables
were considered. The experimental procedure was summarized in Fig. 4. The
first response variable was the total task time, from guide positioning to cut ex-
ecution; the second was a geometric metric derived from the comparison between
the executed cut and the theoretical target. After each trial, the resulting cut
was acquired using an 8 MP USB camera (SVPRO, IMX179 sensor, resolution
3264 x 2448) equipped with a 5-50 mm manual zoom lens, positioned above the
specimen and rigidly mounted through a custom support of metal rods and 3D-
printed fixtures (Fig. 4), ensuring a stable and repeatable acquisition. To allow
the geometric error to be interpreted in physical units, the acquisition geometry
was set so that the camera frame covered a region of approximately 130 x 100 mm
at a camera-to-specimen distance of about 280 mm, corresponding to horizontal
and vertical fields of view of roughly 26° and 20°. Combined with the sensor res-
olution of 3264 x 2448 px and the scale-reference holes present on each specimen,
this yielded a conversion factor of approximately 0.04 mm/px, which, given the
fixed acquisition geometry, applied uniformly to all reported measurements. The
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Fig. 4. Overview of the experimental procedure, including guide positioning, cutting
execution, and post-processing for accuracy evaluation.

acquired images were processed to extract the silhouette of the executed cut,
which was then geometrically aligned with the reference ground truth, defined
as the ideal straight cutting path, through a planar registration procedure. Cus-
tom models were designed in SolidWorks (Dassault Systemes®, France) and the
tracking algorithms developed in Unity (Unity Technologies, USA; v2022.3.28f1);
physical components were fabricated by fused filament fabrication (FDM) on a
Creality K1C 3D printer (Creality®, China) using polylactic acid (PLA). The
geometric error d was quantified using the Hausdorff distance [8,12], a robust
measure of the maximum discrepancy between two sets of points, computed here
between the planned and executed cutting profiles. A schematic representation
of the distance computation is shown in Fig. 5. Given two subsets A and B of a
metric space, the Hausdorff distance was defined as:

d=du(A,B) = inf |ja — b inf |la — b 1
w(4,5) maX{:ggL}QBlla 1] sup [0t 1o ||}} o

In the specific case of cutting profile comparison, A represented the theoretical
cutting profile, while B denoted the extracted profile from the executed cut,
both defined in the two-dimensional image domain. To formally relate the design
factors to the observed responses, a factorial model was adopted, in which each
observation could be expressed as:

Yij = 1+ A; + B; + Cr + (AB)Z']' + (AC)“C + (BC)Jk + (ABC)ijk + €ijki (2)
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Fig. 5. Schematic representation of the geometric error computation. Left: acquisition
of the executed cut, showing the scale-reference holes (vertices of a 45 mm square) and
the image dimensions in pixels, together with the extraction of the corresponding path
line. Right: detail of the Hausdorff distance calculation between the extracted cutting
path and the theoretical ground truth profile.

where Yj;r; denoted the observed response for the [-th replication under the
factor-level combination (A;, Bj,Cy), with 4,5,k € {1,2,3} and [ = 1,...,40.
The term p represented the overall mean, while A;, Bj, and C} corresponded
to the main effects of Marker, Adjustment, and Guide, respectively. The terms
(AB);j;, (AC) ik, and (BC) i represented the two-way interaction effects, (ABC);;
the three-way interaction, and €;;; the residual variability. The model was fitted
separately to the two responses, the Hausdorff distance d and the task time ¢.

3 Results

3.1 Descriptive analysis of experimental results

A total of 1080 observations were analyzed. Table 1 reports the descriptive statis-
tics (mean and standard deviation of d and t) for the 27 experimental config-
urations. The lowest mean distance was observed for the configuration Planar-
Table 1. Descriptive statistics for all experimental conditions. Mean =+ standard devia-
tion of distance d (px) and time ¢ (min) for each combination of Marker (¢), Adjustment
(j), and Guide (k). Distances in pixels can be converted to millimetres through the
conversion factor reported in Section 2 (= 0.04 mm/px).

i=1 =2 1 =3

d / px t / min d /[ px t / min d / px t / min

k=1 155+35 1.7+05 11.2£20 1.2£+03 11.3£3.5 1.1£0.2

j=1 k=2 1714+25 16£04 1344+24 154+04 12.0+3.0 1.44+0.3
k=3 16726 1.7+04 182£36 16=+04 145+£29 16=£0.4

k=1 141423 1.74+04 17.0£43 1.7+05 162+19 1.7+£04

j=2 k=2 147+39 14403 169+47 18+05 165+44 15+£04
k=3 143+24 15403 172+£50 1.8+05 195+4.0 1.7£04

k=1 144+25 154+04 147£38 13+03 16.6+t4.1 1.6=£0.4

j=3 k=2 151+41 16+04 16.6£35 1.8+04 17.8+£3.0 1.8£0.3
k=3 154+26 16+04 178£32 19+04 21.9+54 22%£0.5

Rigid-Line (11.2 px, &~ 0.45 mm), and the highest for Cubic-Double-Arc (21.9
px, ~ 0.88 mm); a similar trend held for the task time, from about 1.1 to over
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2.2 min. The distributions in Fig. 6 show that the Rigid adjustment generally
yielded lower distances and reduced variability, particularly for the Line con-
figuration, whereas the Double condition produced larger dispersion and higher
values, especially with the Arc guide. The marker effect was less pronounced,
although the Planar configuration tended to yield lower values in several con-
ditions. Interaction effects were also observed, as shown in Fig. 7: the increase
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Fig. 6. Distribution of distance d (top) and time ¢ (bottom) across guide geometries
and adjustment strategies for each marker type.

in distance from Line to Arc was more pronounced for the Double adjustment,
while the Rigid configuration behaved more stably across guides, and a compara-
ble pattern held for the task time, confirming the Adjustment—Guide interaction.

3.2 Factorial model analysis

The factorial model of Eq. 2 was fitted to the two responses to assess the con-
tribution of the factors and their interactions; the ANOVA results are reported
in Table 2. For the distance d, all main effects were significant, with Guide
contributing most, followed by Adjustment and, to a lesser extent, Marker; all
two-way and the three-way interactions were significant as well, indicating that
each factor’s effect on geometric performance depended on the levels of the
others. For the time ¢, Adjustment and Guide were the dominant main effects
while Marker was not significant; all two-way interactions were significant but
the three-way interaction was not, suggesting that procedural time was mainly
driven by pairwise factor effects rather than by a higher-order combined effect.
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Fig. 7. Interaction plots of mean distance d (top) and time ¢ (bottom) across combi-
nations of Marker, Adjustment, and Guide factors.

Table 2. ANOVA results for the response variables distance d and time ¢ based on the
factorial model in Eq. 2. Factors are denoted as A (Marker), B (Adjustment), and C
(Guide).

Effect Distance d Time ¢
F p-value 7]?) F p-value 7]2

A 7.41 0.00064 0.014 1.02 0.360 0.002
B 42.11 < 0.001 0.074 24.04 < 0.001 0.044
C 55.10 < 0.001 0.095 27.38 < 0.001 0.049
AX B 46.05 < 0.001 0.149 21.60 < 0.001 0.076
AxC 9.57 < 0.001 0.035 14.49 < 0.001 0.052
B x C 4.34 0.0017 0.016 11.90 < 0.001 0.043
AxBxC 378 <0.001 0.028 0.84 0.569 0.006

3.3 Multi-response optimization of the design configuration

A multi-response optimization was then performed to identify the configura-
tion providing the best trade-off between geometric accuracy and procedural
efficiency, jointly minimizing the plane distance error d and the task time ¢.
Because the factors were categorical, the optimum was sought among the finite
set of tested factor-level combinations rather than over a continuous parameter
space. Let

‘Q:{(AiijaCk) |i7jak€{13273}} (3)
denote the set of all feasible design configurations, with cardinality |{2| = 27. For
each configuration w € {2, the replicated observations were synthesized through
the sample means of the two responses,

)= -3 d(w),  Hw) = - a(w) (1)
=1 =1
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with n = 40 replications per condition. Because the two responses have different
units and ranges, each was transformed into an individual desirability function
ranging from 0 (least desirable) to 1 (most desirable). Since both responses had
to be minimized, a generic variable v (either d or t¢) is introduced, and the
desirability was defined according to a smaller-the-better criterion as

max,en U(w) — 0(w)

D'u(w) = (5)

maxyen 0(w) — mingegn v(w)’
so that lower values of #(w) correspond to higher desirability. The overall per-
formance of each configuration was then quantified through a global desirability
index, the geometric mean of the two individual desirabilities:

D(w) = [Da(w) De(w)]"'?, (6)
and the optimal configuration w* was identified as

w" = argmax D(w) (7
The formulation was applied to all 27 configurations to compute desirability
scores and derive a global ranking, summarized in Fig. 8, where configurations
closer to the upper-right region combine low geometric deviation and reduced
task duration. The configuration As-B;-C; achieved the highest global desir-
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Fig. 8. Desirability-based analysis of the 27 configurations. Left: dumbbell plot of in-
dividual desirability scores for distance (Dq) and time (D:). Right: scatter plot in the
desirability space with iso-desirability curves. Configuration labels follow (A;, B;, Ck),
where subscripts denote factor levels as defined in Fig. 2.

ability, i.e., the most balanced performance across the two responses, despite
not minimizing the distance metric alone.

4 Discussion and conclusions

The most effective configuration combined a cubic marker with ArUco patterns,
a rigid guide without adjustment mechanisms, and a linear cutting constraint,
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achieving the best trade-off between geometric accuracy and total procedural
time. The cubic marker’s multi-face geometry improved pose-estimation robust-
ness across viewing angles, whereas planar markers suffered from visibility and
orientation bias [3] and spherical markers from depth-sensing limitations [10];
although the planar marker gave the lowest mean distance in one specific con-
dition, its higher variability across configurations lowered its overall desirability.
Rigid configurations reduced interaction complexity and operator-induced vari-
ability, while adjustable mechanisms increased alignment effort, and the linear
guide offered a stable constraint with limited rotational freedom for minor com-
pensatory adjustments during cutting. Overall, system performance was driven
mainly by the interaction between mechanical design and AR support rather
than by tracking accuracy alone: AR was effective only when coupled with a sim-
ple and stable physical structure, whereas increasing mechanical complexity re-
duced robustness, so that constraining the system through minimal, well-defined
degrees of freedom emerged as a key factor for reliable AR-assisted workflows.
These findings complement previous studies on patient-specific guides, which
emphasize anatomical fitting for accuracy [18], and AR-based systems focus-
ing on visualization and registration [22]; compared to approaches prioritizing
tracking performance [6], mechanical stability and interaction simplicity had a
stronger impact on overall performance, in line with recent studies highlighting
the importance of usability and system integration in AR~guided procedures [2].
From a clinical standpoint, a hybrid guide requiring minimal intraoperative ad-
justment could reduce setup complexity and the operator effort associated with
alignment while preserving the accuracy transfer typical of physical guides; in
mandibular reconstruction, the reduced reliance on large anatomical contact sur-
faces may also enable less invasive and more flexible designs. Several limitations
should nonetheless be acknowledged before clinical translation. First, registra-
tion here relied on an image target rigidly referenced to the mock-up, whereas
in a real scenario such fiducials may not be available on the exposed bone, re-
quiring alternative strategies (e.g., surface- or landmark-based registration, or
bone-anchored fiducials) whose robustness must still be assessed. Second, the
expanded polyurethane mock-ups reproduce irregular bone-like geometries but
not the mechanical response of real bone to piezoelectric cutting, which may
affect the generalizability of the measured deviations. Third, all trials were per-
formed by a single operator, so inter-operator variability was not captured. Fi-
nally, the evaluation considered only geometric deviation and task time, leaving
out clinically relevant factors such as soft-tissue interference, limited intraoper-
ative visibility, patient-specific anatomical variability, cognitive workload, and
user experience [1]. Future developments will address these aspects through an
“outside-in” tracking approach, in which pose estimation is performed externally
and visualized on the HMD to improve registration robustness, and through val-
idation on anatomically realistic and, ultimately, ex vivo specimens, together
with multi-operator user studies including workload, interaction quality, and
usability metrics.
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