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Abstract. The use of CAD and 3D printing of surgical guides (SGs)
for osteotomies is a widely developed practice in orthopaedic surgery,
and particularly in maxillo-facial interventions, but validation studies
rarely occur in literature. The present study defines a methodology to
validate SGs dimensionally and mechanically through geometrical anal-
ysis, tensile testing, contact simulations, and abrasion testing. Distor-
tions between the 3D printed SGs and the CAD model are quantified
and an average deviation error for each production process step is ob-
tained. Mechanical analysis identifies a way of applying the load on the
SG to measure their equivalent linear stiffness (N/mm), maximum dis-
placement (mm) and corresponding tolerable load (N) by varying some
dimensional parameters. The stress state was assessed by finite element
method (FEM) analysis, then the numerical results were compared with
experimental ones using tensile tests: stiffness, maximum displacement
and the corresponding loads were evaluated. The distribution of contact
pressure on soft tissues was obtained numerically by FEM analysis. Fi-
nally, an ad hoc machine has been specially built to engrave discoidal
specimens with typical operating room conditions. The methodology has
been validated using 11 SG fibular and mandibular specimens and re-
porting the obtained results of each procedure step.

Keywords: Surgical guides · Cutting guides · Maxillo-facial surgery ·
CAD · FEM.

1 Introduction

Orthopedic surgery often requires performing precise cuts in bone tissue, such
as the removal of bone tissue tumors [14], bone flaps distraction [4], and reposi-
tioning [13]. In maxillo-facial surgery, the accuracy and precision of osteotomies
are critical for proper execution of the surgery [8], as well as for the patient’s
aesthetics [5].
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Within Virtual surgical planning (VSP) a 3D anatomical model is built from
the CT data using appropriate medical segmentation software. Surgical guides
(SGs) are patient-specific tools that are fixed to patient’s bone through special
screws and are used to guide the cutting tool performing the osteotomies [3,17].
To guarantee a proper outcome the SGs must satisfy many requirements such
as the dimensional discrepancies between the CAD model and the 3D printed
SGs must be limited, the material must bear external forces, tightening torque
[10,16] and abrasive cutting action [11]. Also SGs should evenly apply a pressure
distribution over the underlying tissues to avoid damage.

This paper aims to address the design challenges by presenting an integrated
methodology to validate SGs accordingly to various aspects of EU regulations.
EU Regulation 2017/745, Annex I, Chapter II ”Requirements regarding de-
sign and manufacture” requires tolerance and tensile analyses, EU Regulation
2017/745 Article 61 and Annex XIV requires contact pressure simulations, and
EU Regulation 2017/745, Annex I, Chapter II requires abrasion testing.

SG geometrical analysis are not a novelty in the literature [6, 15], especially
regarding bio-compatible materials and their properties [7]. In this work the di-
mensional control is aimed to evaluate how tolerances evolve through the various
production stages performing tests carried out numerically and experimentally.

The abrasion resistance of the SGs must be evaluated, because a piezoelectric
vibrating blade is used to perform osteotomies [12]. In the literature there are
several articles about abrasion tests (ASTM G65) on polymeric materials [9], but
the methodology here presented evaluates the abrasion resistance of the SGs in
the operating room working conditions.

2 Materials and methods

Geometry: the effects of the various processes over the real geometry are es-
timated through a dimensional analysis, identifying the following four temporal
instants: T1, CAD models of SGs; T2, SGs after 3D printing; T3, SGs after full
polymerization by UV rays; T4, SGs after sterilization. T3 can be skipped for
polymers that are not photosensitive.

Geometric tolerances and datum reference frames (DRFs) are identified on
the CAD model accordingly to Fig. 1. The 3D printed part is scanned and the
triangulated point cloud is aligned with the CAD model to assess deviations.
T2, T3 and T4 triangulated point clouds are compared to the T1 CAD model
in order to evaluate how the geometry evolves during production steps. The
distance of all the points of the surface to be checked from the counterpart of
the CAD model was evaluated to measure the profile tolerances. For each SG,
the tolerances Ti in Fig. 1 are measured at T2, T3, and T4. Calling n the total
number of Ti for each SG, the average tolerance AT for each instant is calculated
as follows:

AT =

∑n
i=1 Ti

n
(1)
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For the sake of clarity, an overall average tolerance (OAT) value is calculated
by considering the T2, T3, and T4 time points, in order to obtain a compre-
hensive measure of the tolerance caused by each production step. Calling m the
total number of SG, OAT value is calculated as follows:

OAT =

∑m
j=1 ATj

m
(2)
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Fig. 1. DRFs, geometric tolerances Ti to be inspected and surface deviations. Fibular
SG on the top-left and mandibular SG on the top-right. On the bottom-left, design
parameters of mandibular SG are shown and on the bottom right, a scheme of surface
deviations devS1 and devS2 is provided, where D is the maximum signed distance, d is
the minimum signed one, while v is the maximum variation of distance between points
of scanned surface and CAD counterpart

Furthermore, deviations in shell-bone adhesion surface, denoted as devS1 and
devS2, are compared among three different design variants applied to mandibu-
lar SGs: 1) without an additional stiffener connecting the two shells, 2) with
a stiffener, and 3) with the stiffener removed after T4. Additionally, the first
variant includes three different cross-section values, namely 6× 6mm, 7× 7mm,
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and 8 × 8mm. To measure the deviations, the distance of all the points of the
surface to be checked from the counterpart of the CAD model are evaluated.
Calling D the maximum distance, d the minimum one, and m the mean of the
distances, surface deviations are calculated as follows (Fig. 1 right):

devS1, devS2 = m± v

2
, where: v =


D if D, d ≥ 0

D − d if D ≥ 0and d ≤ 0

d if D, d ≤ 0

(3)

Stress field: given the complex geometry of the SGs it is necessary a FEM
simulation to calculate the material tensile field when subjected to external forces
under operative conditions. A virtual tensile test is simulated and the results
are compared to a real physical test for the validation. The FEM simulation
precisely reproduces the tensile test setup: each end of the SG is connected to
the respective clamp of the traction machine through a chain of 4 elements. The
first is a 3D printed PLA interface element that replicates the SG support surface,
the second is a connecting bolt to rigidly connect the SGs with the interface, the
third is a steel plate that connects the clamp to the interface, while the fourth
is a steel pin thanks to which the interface is hinged to the plate. Specifically,
the bolts are modeled as ”beam elements” and an axial preload of 300N is
applied to simulate the bolt effect. The steel plate is clenched in the vise of the
testing machine. The layout, the traction axis and the mechanical constraints
are identified as in Fig. 2.
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Fig. 2. Mechanical resistance test for mandibular (a) and fibular (b) SGs. (1) clamps,
(2)interface, (3) threaded connection, (4) SG, (5) traction virtual axis, (6) steel pin
and (7) steel plate.
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The deformation rate of the virtual simulation is equal to that one of the real
test. Von Mises stress field and force reactions at vise constraints are evaluated.
Finally, the engineering stress-strain curves of the virtual and physical simulation
are compared to validate the FEM model.

Contact pressure on soft tissue: For safety reasons, clinicians typically
strive to preserve a thin layer of soft tissue surrounding the bone, where the SGs
will be attached. This practice helps prevent bone tissue necrosis. The geometry
is characterized as a set of three overlapped layers where the topmost is the
surgical guide shell, the underlying layer is soft tissue and the lowest layer is
bone tissue, with the geometry that conforms to the patient anatomy.

Soft tissue is characterized as a linear isotropic elastic material, accord-
ing to Aloy at al. (2017) [1], with Young’s modulus equal to 12MPa, while
bone is defined as linear isotropic elastic material with a Young modulus of
2.1GPa and a breaking load of 14MPa, according to Zerdzicki et al (2021) [18].
Contact constraints between layers are inserted: bonded contacts are used to
simulate the interaction between the bone and soft tissues. The contact in-
teraction between SGs and soft tissue allows reciprocal sliding and distancing,
setting 0.1 as friction coefficient. To simulate continuity with the surrounding
material while reducing computational complexity, a superficial stiffness distri-
bution (Ansys elastic foundation stiffness (EFS)) is set around both the soft
and bone tissue with the following parameters: EFSSoft tissue = 0.04N/mm3

and EFSBone tissue = 7.71N/mm3. Finally a preload of 50N is applied to each
threaded connection. The pressure map in the contact regions between SGs and
soft tissue is then calculated.

Abrasion: the proposed method involves the construction of a ad hoc ma-
chine (Fig. 3). The machine consists of a wooden base with two vertical steel
cylindrical guides, a slider mounted on these guides, and a stepper motor NEMA
17 42-34 affixed to the base, capable of Y-axis movement via a rail. The motor
shaft accommodates Discoidal Clear V1 biomed samples. Custom components
were developed with Solidworks CAD and 3D printed on a Prusa i3 MK3s us-
ing PLA. To lower sliding friction, linear bearings are utilized. An Aesculap
GBL30R surgical piezoelectric handpiece, equipped with a blade, is attached to
the slider. A vertical metal plate, connected to the guides by a crossbar, en-
hances the structure’s stiffness. The handpiece and blade, along with the slider
and bearings, form a movable assembly. A dynamometer and an adjustable mass
counterweight are connected to this assembly via two rotating pulleys and a wire.
The load on the sample, labeled as P , can be increased by reducing the mass of
the counterweight. When the counterweight mass balances the moving assem-
bly, P = 0g. The dynamometer allows direct reading of the counterweight value.
Positioned at a 15 ° angle to the Z axis, the handpiece and blade favor material
abrasion while mitigating the stick-slip effect.

The test procedure involves the following steps: 1) specimen initial mass mea-
surement, mi; 2) P calibration by adjusting the counterweight mass; 3) motor
activation at constant rotation speed n = 30 rpm and simultaneous handpiece
activation to make the blade vibrate; 4) handpiece and motor are stopped after a
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Fig. 3. Abrasion testing machine : a frontal view (left) and a later one (right); the cen-
tral detail shows the blade tilt, forces between blade and specimen and the dimensions
of the latter.

predefined number of revolutions; 5) specimen is removed and its final mass mf

is measured. The tests were repeated four times, increasing P , on two specimens
each, measuring the mass reduction. The abrasion coefficient a is defined by Eq.
4, while the material removal rate (MRR) by Eq. 5, where t is the abrasion time
(t = 12 s):

a =
mi −mf

mi
· 100 (4) MRR =

mi −mf

t
(5)

3 Results and discussion

A review of literature and commercial sources lead to six materials, biocompat-
ible, compliant to the EN ISO Standards 10993 and 18562 for class IIa applica-
tions. The one selected for the present tests is Formlabs BioMed Clear printed
using Formlabs 3B+ SLA printer.

The dimensional analysis comprised 11 SG specimens, 5 fibular and 6 mandibu-
lar. The sterilization process lasted 20 min at 134 ºC and 30 min at 121 ºC.

In the left graph of Fig. 4, bars represent AT values, while the longitudi-
nal extensions are represented by blue markers for both fibular and mandibular
SGs. OAT in T2, T3 and T4 is 0.70mm, 0.67mm and 0.96mm, respectively.
By performing a one-tailed Student’s t-test and assuming a significance level of
0.05, p-values are calculated. There is a significant difference between T3 and T4
(p = 0.0007), but not between T2 and T3 (p = 0.3041). Furthermore, for both
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fibular and surgical SG, there is a significant correlation between longitudinal
extension and average tolerance in T4 (p = 0.0023 for fibular and p < 0.0001 for
surgical SG). Deviations devS2 of mandibular SG has a peak with 7×7mm cross
section: m = 3.89mm and v = 14.16mm. Conversely, by inserting and removing
the bridge devS2 is equal to 0.27mm and 3.32mm for m and v, respectively
(Fig. 4 right). Results show that removing the support bridge after steriliza-
tion is preferable to increase the cross-sectional area of the handle section and,
consequently, enhance the dimensional stability.
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Fig. 4. Left: average tolerances AV and longitudinal extension (mm) for fibular and
mandibular SGs at T2, T3 and T4 instants; Right: m and v values of surface deviations
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The mechanical evaluation was performed on mandibular SG variants with
a cross sections of 6× 6mm, 7× 7mm, 8× 8mm and one fibular SG.

As for the simulations, a FEM analysis using the software ANSYSWorkbench
was performed. A total of 16 specimens were tested: 5 for SG 6 × 6mm, 3 for
SG 7 × 7mm, 3 for SG 8 × 8mm and 5 for fibular SG. The tensile test, force-
displacement curves for both experimental and numerical tests are shown in Fig.
5.

As we could expect a proportional correlation within mean experimental
stiffness values and cross section size was found. The curves match appropriately
before the ultimate tensile strength (UTS) declared by the supplier (52MPa), so
it is possible to validate FEM analysis under that load limit. Moreover, graphs
of Fig. 5 show that the material is able to sustain higher loads. With respect
to contact pressure field on soft tissues, mandibular SG has a peak pressure
of 0.47MPa which falls between the two holes (Fig. 6 top-left). On the other
hand, in the fibular SG, the maximum pressure amounts to 0.156MPa (Fig. 6
bottom-left). These results can be considered safe for the patient according to
the literature [2]. Fig. 6 show a−P and MRR−P correlations: a varies between
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Fig. 5. Experimental (blue) and numerical (red) force-displacement curves obtained
from both tensile test and ANSYS Workbench simulations. dmax: elongation at break
Lmax: numerical load corresponding to the elongation at fracture Kexp: experimental
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0.023% and 0.033% by adjusting P from 225 g to 325 g. The corresponding MRR
for the latter load values are 0.032 g/min and 0.045 g/min, respectively.
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Fig. 6. Contact pressure and abrasion test results. (left): pressure distribution on con-
tact surface caused by SG fixation on the patient, on the top mandibular SG and on the
bottom fibular SG; (right): a− P and MRR− P correlations, where a is the abrasion
coefficient, MRR is the removal material rate and P is the load on the sample.

4 Conclusions and future works

In conclusion, we proposed a methodology for the quality control of CAD-
modeled and SLA 3D-printed surgical guides for maxillo-facial surgery. Through
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tolerance analysis, tensile testing, contact simulations, and abrasion testing, we
evaluated both the geometric and mechanical properties of SGs. Our study found
that sterilization was the main source of dimensional distortion and that chang-
ing design parameters could improve both the dimensional stability and the stiff-
ness of SGs. Furthermore, we found that the maximum pressure on mandibular
and fibular SGs during tensile testing was safe for patients. Finally, our abrasion
testing methodology aimed to predict the abrasion resistance of SGs using the
same instrument as in the operating room. Although our work has some lim-
itations, it provides a valuable contribution to the quality control of SGs and
highlights the need for further research in characterizing the plastic behavior of
surgical guide polymers. The future work should be focused on addressing the
following limitations: more specimens for each type of SG should be tested in
order to carry out statistical evaluations; further resources should be allocated
to characterize the resin through a campaign of tensile tests on unified samples;
our study assumed that soft and bone tissues were isotropic and elastic materials
without considering nonlinear behavior.
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