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Abstract: Static guided surgery for dental implant insertion is a well-documented procedure requiring
the manufacturing of a custom-made surgical guide, either teeth-supported, mucosal-supported,
bone-supported, or mixed (teeth-mucosal-supported), depending on the clinical situation. The
guidance of the surgical drills during implant bed preparation could be undertaken using a sequence
of different diameters of metal drill sleeves or, with the sleeves incorporated in the surgical guide,
shank-modified drills, both clinically accepted and used with good results. Despite the great number
of advantages associated with the use of guided surgery, one of the major risks is guide fracture
during drilling for implant bed preparation. Therefore, the aim of the present study was to evaluate
the surgical guides without metal sleeves and to simulate, with the aid of Finite Element Analysis
(FEA), the use of such dentally supported guides for implant insertion. The FEA is performed in
CATIA v5 software after defining the surgical guide mesh material and bone properties. A maximum
stress of 6.92 MPa appeared on the guide at the special built-in window meant to allow cooling
during drilling, and the maximum value of the guide displacement during drilling simulation was
0.002 mm. Taking into consideration the limits of the current research, the designed tooth-supported
surgical guide can withstand the forces occurring during the surgery, even in denser bone, without
the risk of fracture.

Keywords: surgical guide; finite element analysis; 3D model preparation; mandible; drilling process
relations; guided dental implants insertion

1. Introduction

In the last few years, digital dentistry has become a part of everyday practice for
dental professionals, and with the aid of intraoral scanners (IOS), facial scanners, Cone
Beam Computed Tomography (CBCT), a virtual patient could be created to facilitate better
treatment planning, communications between dental specialists and dental technicians,
and a better understanding of patients expectations [1,2]. In complex cases such as the
rehabilitation of patients with failing teeth/failing restorations, digital planning can be
achieved based on 3D images obtained through IOS (.stl—standard tessellation language

Appl. Sci. 2023, 13, 9975. https://doi.org/10.3390/app13179975 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13179975
https://doi.org/10.3390/app13179975
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-9062-0064
https://orcid.org/0000-0003-0685-3947
https://orcid.org/0000-0001-6635-6091
https://doi.org/10.3390/app13179975
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13179975?type=check_update&version=2


Appl. Sci. 2023, 13, 9975 2 of 17

files), facial scanning (.obj—Wavefront 3D Object files), and DICOM (Digital Imaging and
Communications in Medicine) files from CBCT, merged in dedicated software. A wax-up of
the provisional restoration will be designed based on the available data, and prosthetically
driven implant insertion can be planned according to the provisional restoration and the
existing residual bone. The planned implant positioning is then transferred to the surgical
field using a 3D-printed or milled surgical guide [3].

In the digitalization era, not only complicated cases are planned and solved in full digital
protocol. Nowadays, all implant insertions can be fully digitally planned in order to achieve
immediate provisional restoration and guided insertion to increase predictability [4].

In addition to a rigorous treatment plan approved by the surgical and restorative teams
and agreed upon by the patient, one important step is transposing the planned implant
position into the surgical setting. This can be undertaken either statically, using a surgical
guide, or dynamically, assisted by a navigation device equipped with an optical tracking
system [4,5]. Static-guided surgery is preferred in many cases due to its predictability. The
guide is easier and faster to manufacture and apply in any dental clinic and involves low
costs and a minimally invasive surgical procedure for the patient. It also requires less initial
investment in sophisticated, expensive equipment. In addition to higher investments in
equipment, dynamically guided implant insertion requires a longer learning curve for
the surgeon [6,7].

Static guided surgery is a well-documented procedure requiring the manufacturing of
a custom-made surgical guide, either teeth-supported, mucosal, bone-supported, or mixed
(teeth-mucosal-supported), depending on the clinical situation. Additionally, the guidance
of the surgical drills during implant bed preparation could be undertaken using a sequence
of different diameters of drill sleeves or, less complicated, sleeveless, with the sleeves
incorporated in the surgical guide and shank-modified drills [5,8], both clinically accepted
and used with good results [9]. For the surgical guides with metal sleeves, the body of
the guide is manufactured separately, and the sleeves with various internal diameters are
prefabricated, in contrast to the metal-sleeve-free guides, where the design of the surgical
guide includes the sleeves so that they can be obtained simultaneously. According to
Schneider et al., a lower tolerance of surgical instruments and subsequently a reduced
amount of lateral movement of the drills during osteotomy were observed with the use
of guides without any metal sleeves [10]. Other advantages, such as the use of in-office
printers for guide manufacturing [11], a clinically acceptable accuracy of dental implant
insertion [5,12,13], and better drill cooling for avoiding bone necrosis due to the special
built-in window, increased the popularity of sleeve-incorporated resin surgical guides [14].

The accuracy of the reproduction of the planned implant position is mandatory for
a successful treatment and the avoidance of complications. In spite of the high degree
of predictability of the surgical guides reported in the literature, some complications,
such as guide fracture, could occur [15,16]. Few studies are focused on analyzing the
mechanical behavior of full resin surgical guides and stress distribution during implant
surgery to improving their design and strength [17,18], while they are custom-created for
each individual patient.

Finite Element Analysis (FEA) is a numerical method for stress and deformation
analysis of a given and complex geometry, simulated under various physical conditions,
commonly used nowadays in medical and dental fields. For analysis, the shape is dis-
cretized into many small elements, so-called finite elements, coupled at the corners through
nodes. Each element is a tetrahedron, with its sides having different lengths. In a complex
structure, each face, side, and node are shared with those of an adjacent element. For
each individual element, its mechanical behavior can be described as the function of the
displacement of the nodes. When certain loading conditions and specific restraints are
applied to the whole 3D model/structure, and the specific characteristics of the material
are provided, the behavior of this model can be obtained, and the stress and strain can be
computed on the desired parts of the shape. The accuracy of the results is determined by the
total number of elements used for the model (also called discretization of the model in finite
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elements), as well as by the type of the network mesh (linear or parabolic) [19,20]. Each
setting (3D model complexity, finite element type, discretization level, structure loading
mode, FEA computation accuracy) influences the analysis results and their interpretation.

The objective of the present study is to develop surgical guides without metal sleeves
(with incorporated sleeves) and to explore and simulate through FEA the use of such
a dentally supported guide for dental implant insertion. Additionally, the behavior of
the guide’s 3D model is evaluated by simulation for design validation and improvement
proposals. The present study is structured in two parts. Firstly, the manufacturing workflow
of surgical guides with sleeves incorporated (without metal sleeves/sleeveless) is discussed.
In the second part, a FEA and methodology are applied to a surgical guide for simulating
the implant bed preparation.

2. Materials and Methods
2.1. Workflow for Surgical Guide Design and Manufacturing

The manufacturing of a surgical guide for dental implant insertion is based on a set
of data collected from the patient. These data are imported into a planning and design
software; the future restoration is planned as a virtual wax-up, and based on this and
available bone volume, a dental implant is selected from the software’s library and its
position is set based on the final planned restoration. The surgical guide is custom designed
in accordance with the planned implant position using reverse engineering. Depending on
the type of support (dental, mucosal, or mixed), additional temporary fixation systems are
also designed to improve guide retention.

Digital impressions or scanned analog models obtained from analog impressions,
cone-beam computed tomography (CBCT), and digital wax-ups of the future restoration
are the main data utilized in dental implant positioning planning and static surgical design.

There are several pieces of software used for the planning and design of surgical
guides, such as Exoplan (Exocad GmbH, Darmstadt, Germany), R2Gate™ (MegaGen,
Daegu, Republic of Korea), Blue Sky Bio (LLC, Libertyville, IL, USA), Simplant Pro™
(Dentsply, Sweden), ImplantStudio (3Shape, Copenhagen, Denmark), and so on.

The steps of surgical guide planning using R2Gate software, version 2.0, are presented
in Figure 1.

The planned implant insertion is exported as .rws file (RimWorld game save file) or as
a .stl file (stereolithography—a popular 3D printing technology). R2Ware version 1.1.40201
software uses .rws files for the design of the surgical guide with incorporated sleeves, and
the main steps are: (1) remove undercuts; (2) draw boundaries; (3) cut boundaries; (4) set
parameters (thickness of the guide and offset—the space between the inner surface of the
guide and the surface of the model); (5) window set (for inspecting windows used to ensure
that surgical guides fit well on neighboring teeth); and (6) text (for writing the patient’s
name on the external surface of the guide) (Figure 2a,b). The designed guide (Figure 2c) is
usually manufactured with the aid of a 3D printer (additive manufacturing) or, less often,
by milling in an acrylic blank (subtractive manufacturing). Due to its ability to reproduce
complex structures at reduced cost and reduce material waste, additive manufacturing is
the most popular method [21,22]. The full resin surgical guide is printed using E-Guide
Resin (EnvisionTEC GmbH, Gladbeck, Germany) with the Digital Light Processing (DLP)
technique, and its fit is checked on the patient’s model (Figure 2d) before using it for
implant surgery.

The same workflow is followed for planning, designing, and manufacturing surgical
guides with mucosal or mixed support. Additional transversal pins are required, in certain
cases, for guide stabilization.
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model is undertaken; (c) design of the digital wax-up; (d) for dental implant insertion in the mandi-
ble, one extra step, alveolar nerve tracing, is required; (e) selecting the adequate implant and 3D 
positioning panning according to the final prosthetic restoration and the existing width and height 
of the bone; (f) when planning is performed and approved, the R2Gate corresponding drill core is 
selected and the window is positioned on the buccal side; (g) the planned implant position is ex-
ported as .rws file. 
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Figure 1. Surgical guide design in R2Gate™ software, version 2.0: (a) DICOM files from CBCT and
.stl files of the patient’s corresponding dental arch impression are imported in the software, and a
three-point matching is performed; (b) a second 3D manual matching of CBCT with the digital model
is undertaken; (c) design of the digital wax-up; (d) for dental implant insertion in the mandible, one
extra step, alveolar nerve tracing, is required; (e) selecting the adequate implant and 3D positioning
panning according to the final prosthetic restoration and the existing width and height of the bone;
(f) when planning is performed and approved, the R2Gate corresponding drill core is selected and
the window is positioned on the buccal side; (g) the planned implant position is exported as .rws file.
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sur–gical guide are traced using the option “draw boundary”; (c) the thickness of the guide is set at
3 mm (default) and the offset at 0.05 mm, and three inspecting windows are designed to check the
perfect fit on the neighboring teeth; (d) the surgical guide is 3D printed in clear, transparent E-Guide
Resin, postprocessed, and its fit is checked on the 3D printed model of the patient’s dental arch.

2.2. Mesh Geometry Refinement for Finite Element Analysis (FEA)

The .stl file of the surgical guide, obtained following the previously mentioned proce-
dures, contains a surface of medium to high complexity, specific to each patient. In the .stl
format, each file is made up of a series of linked triangles that describe the surface geometry
of a 3D model or object. The network of triangles is denser in certain sensitive areas of the
object, and therefore, it can approximate it with very good precision.

The surface (in fact, it is a mesh surface) has area properties; it can be divided into
several individual areas for checking (it works faster on smaller areas); it is delimited by
numerous edges; but it has no volume property, so it cannot be assigned material properties.
Thus, the surface in .stl file must be transformed into a solid object by filling the inner
cavity of the complex mesh surface. To prepare it for transformation into a solid object, the
user must check if the respective mesh surface is orientable.

It is known that the orientation of a mesh surface is given by the cyclic order of its
vertices. Thus, it is considered that a mesh surface is orientable if all its faces point outside.
Additionally, the user should check the mesh for self-intersection. This is a situation where
a part of a mesh surface collides/interferes with another part of itself (two mesh elements
intersect each other).

Many problems affect the integrity of the mesh surface and make it unusable for
most applications. These checks should always be considered before initiating a solid
transformation and simulation because the mesh integrity has a crucial influence on the
accuracy of the results. As an example of the check process, Yamakawa and Shimada [23]
describe a computational method for identifying and removing self-intersections of a
triangular mesh.

The open-source software MeshLab (EUIPO trademark, distributed under CC BY-SA
4.0) was used to optimize and clean the designed .stl mesh [24].

2.3. Finite Element Analysis on a Tooth-Supported Surgical Guide for Simulating Implant Bed
Preparation in the Mandible Bone

In order to prepare the FEA, it is necessary to transform the mesh surface into a
solid object using the CATIA v5 program (Computer Aided Three-dimensional Interactive
Applications, France). The working methodology is inspired by the theoretical and applied
research presented by Leordean et al. [25], and the whole process, which contains several
important steps, is presented in detail in a YouTube video available at the following link:
(https://www.youtube.com/watch?v=H6_XfjD3yqs), accessed on 31 August 2023 [26].

In the first step, the .stl file is opened and the integrity of the whole mesh surface is
visually checked. However, this is just a first and simple check; CATIA v5 will verify the
surface and then the solid each time the user opens or tries to work on the 3D model.

From the DMU Optimizer workbench, the Offset tool is used, which creates a new
surface superimposed on the initial surface (offset value = 0 mm), according to Figure 3.
This newly obtained surface is saved as a .model file, and it is easily recognized by the
program in the following steps.

Figure 3 also shows the network of triangles; the denser it is, the more precise the
surface, but the processing/simulation time also increase significantly. By default, this step
contains a check of the initial surface in the .stl file. If the integrity of this initial surface had
been affected in any way, the offset operation would not have been possible.

In the second step, with the help of the Part Design workbench, the user opens the
.model file. It contains a series of small patch surfaces formed by several triangular elements
of the initial surface. This is, therefore, a first simplification and union of the individual
elements of the mesh surface (Figure 4). All these Surface.x components, as represented in

https://www.youtube.com/watch?v=H6_XfjD3yqs


Appl. Sci. 2023, 13, 9975 7 of 17

the specification tree in Figure 4, are joined into a single surface with the help of the Join
tool. Its dialog box contains several options for checking and simplifying the final surface.
Thus, the program checks for tangency and connexity issues while trying to simplify the
resulting surface.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 18 
 

where a part of a mesh surface collides/interferes with another part of itself (two mesh 
elements intersect each other).  

Many problems affect the integrity of the mesh surface and make it unusable for most 
applications. These checks should always be considered before initiating a solid transfor-
mation and simulation because the mesh integrity has a crucial influence on the accuracy 
of the results. As an example of the check process, Yamakawa and Shimada [23] describe 
a computational method for identifying and removing self-intersections of a triangular 
mesh. 

The open-source software MeshLab (EUIPO trademark, distributed under CC BY-SA 
4.0) was used to optimize and clean the designed .stl mesh [24].  

2.3. Finite Element Analysis on a Tooth-Supported Surgical Guide for Simulating Implant Bed 
Preparation in the Mandible Bone 

In order to prepare the FEA, it is necessary to transform the mesh surface into a solid 
object using the CATIA v5 program (Computer Aided Three-dimensional Interactive Ap-
plications, France). The working methodology is inspired by the theoretical and applied 
research presented by Leordean et al. [25], and the whole process, which contains several 
important steps, is presented in detail in a YouTube video available at the following link: 
(https://www.youtube.com/watch?v=H6_XfjD3yqs), accessed on 31 August 2023 [26]. 

In the first step, the .stl file is opened and the integrity of the whole mesh surface is 
visually checked. However, this is just a first and simple check; CATIA v5 will verify the 
surface and then the solid each time the user opens or tries to work on the 3D model.  

From the DMU Optimizer workbench, the Offset tool is used, which creates a new 
surface superimposed on the initial surface (offset value = 0 mm), according to Figure 3. 
This newly obtained surface is saved as a .model file, and it is easily recognized by the 
program in the following steps.  

Figure 3 also shows the network of triangles; the denser it is, the more precise the 
surface, but the processing/simulation time also increase significantly. By default, this step 
contains a check of the initial surface in the .stl file. If the integrity of this initial surface 
had been affected in any way, the offset operation would not have been possible. 

 
Figure 3. Initial mesh surface of the guide from the .stl file while it is offset to create a new sur-
face/model in order to be recognized by the CATIA v5 program. 
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Figure 4. Joining the surface elements while simplifying the resulted surface and checking for
tangency and connexity issues.

While creating the .model file, the user decides if it is convenient for the FEA. Most of
the time, it is necessary and recommended to reduce the number of triangle elements with
the help of the Simplification tool.

For example, the number of triangles in the guide model studied in this paper was
reduced from 82,180 to 2818. This decision leads to a much faster FEA, but also to easy
manipulation of the model between the workbenches of the CATIA v5 program. The
applied simplification, although substantial, does not produce significant changes in the
area and volume properties of the guide.
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In the third step, once the mesh surface model has been created, verified, and simpli-
fied, the Close Surface tool is applied, and a solid object is obtained by filling the surface
created according to Figure 4. This solid object can receive material properties and may be
involved in a finite element analysis.

Numerous constraint conditions are established for certain surfaces at the base of the
guide to simulate its positioning/fixing on neighboring teeth; other surfaces are loaded
with forces and moments due to the contact between the guide and the body of the drill.

Finite element analysis considers the worst-case scenario when the tapered shank of
the drill is in contact with the corresponding surfaces of the guide.

The FEA is performed in CATIA v5 after defining the following elements:

- .stl mesh of a tooth-supported surgical guide reduced to a limited extent at the neigh-
boring teeth, optimized, and cleaned in the open-source software MeshLab [24];

- Material properties for surgical guide manufacturing via DLP 3D printing: E-Guide
Resin (EnvisionTEC GmbH, Gladbeck, Germany): Flexural strength = 79–86 MPa;
Poisson Ratio = 0.3; Density = 1.12 g/cm3; Young Modulus = Tensile Modulus = Elastic
Modulus = 2.6 GPa = 2600 MPa;

- Mandibular bone properties [27–29]: Density = 1.2 g/cm3; Young Modulus = 15–30 GPa;
Poisson Ratio = 0.3; Hardness (HB) = 56; Flexural strength = 70–150 MPa;

- The mesh used to discretize the guide’s 3D model is composed of 90,217 finite elements
(tetrahedrons), connected by 145,237 nodes.

The 3D model is discretized using a minimum mesh size of 0.5 mm and an absolute
sag (minimum distance between nodes and boundary) of 0.2 mm. For higher accuracy in
the complex mesh, the finite element type is parabolic. An additional refinement of the
mesh network with a smaller size of the finite elements is not necessary and does not offer
important changes to the analysis results, but it would significantly increase the resources
required for the FEM computations [30].

Based on the specialized literature [31,32] and on several clinical tests/protocols
recommended by the manufacturers of dental implants, the authors propose relations and
values for the most important parameters used in the process of drilling the mandible bone.
Some of these parameters and their coefficients are experimentally determined; they have
moderate values, which ensure a safe drilling of the bone. The authors recommend using
higher values with caution for the feed ratio speed, cutting speed, and axial cutting force.
The moderate/safe values are because the mandible bone differs from one patient to another
depending on gender, age, various health conditions, and also on the drilling protocol.

Thus, the parameters of the drilling regime with a d = Ø2 mm drill are presented:
Feed—f (mm/rev)—the distance that a drill advances into the bone in one com-

plete rotation,
f = Kf × Cf × d0.6, mm/rev,
f = 0.85 × 0.055 × 20.6 = 0.071 mm/rev,
where Kf is a correction coefficient depending on the hole depth h and its diameter

h > 3d (10 mm > 3 × 2 mm); Kf = 0.85; Cf is the feed coefficient based on the bone hardness
and drilling precision; Cf = 0.055; d is the drill diameter.

Feed ratio speed—Vf (mm/min)
Vf = f ·n, mm/min,
Vf750 = 0.071 × 750 = 53.3 mm/min,
Vf1200 = 0.071 × 1200 = 85.2 mm/min,
where n is the rotational speed required for drilling (values considered between

750 rev/min and 1200 rev/min depending on the bone condition and on the area where
the hole will be positioned). We noticed that the maximum safe rotational speed should be
up to 1800–2000 rev/min.

Cutting speed—Vc (m/min)
Vc = π × d × n/1000, mm/min,
Vc750 = π × 2 × 750/1000 = 4.71 m/min,
Vc1200 = π × 2 × 1200/1000 = 7.53 m/min.
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Axial cutting force—Ffw (N)
Ffw = CF1· dxF · fyF · HBnF · KF, (N), where CF1 is experimentally determined based

on the bone hardness, CF1 = 1.6; xF and yF are experimentally determined correction
coefficients depending on the hardness of the mandible bone and on the drilling conditions
(the drill tool is guided or not, the drilling process is with or without cooling), xF =1,
yF =0.7; f = 0.071 mm/rev; HB—mean value of the mandible bone hardness, HB = 56 HB;
nF is an experimentally determined coefficient that depends on the drill’s type and on
the hardness of the mandible bone, nF = 0.75; KF is a correction coefficient of the drilling
force, determined by: KF = KaF × KfaF × KχF × KηF, where: KaF is a correction coefficient
depending on the sharpening method of the drill, KaF = 1; KfaF is a correction coefficient
experimentally determined based on the manual advancement of the drill, KfaF = 0.97;
KχF is a correction coefficient depending on the value of the angle of the drill tip (2χ0),
KχF = 0.98; KηF is a correction coefficient depending on the relative thickness of the drill
core η, and its diameter, d = Ø2 mm, η = 0.18, KηF = 1.19.

So, KF = 1 × 0.97 × 0.98 × 1.19 = 1.13, and Ffw = 1.6 × 21 × 0.0710.7 × 560.75 × 1.13 = 11.62 N
Cutting torque—MW (N·m)
MW = CM1 × dxM × fyM × HBnM × KηM, N·m, where CM1 is a coefficient experimen-

tally determined based on the bone hardness, CM1 = 0.0163; d = Ø2 mm; xM and yM
are correction coefficients experimentally determined based on the bone hardness and
drilling conditions (guided, with/without cooling), xM =1.3, yM =0.93; HB = 56 HB; nM is
a coefficient experimentally determined based on the drill’s type and on the bone hardness,
nM = 0.54; KηM is the correction coefficient of the cutting torque, KηM = 1.1

MW = 0.0163 × 21.3 × 0.0710.93 × 560.54 × 1.1 = 0.033 N·m
Total cutting power—Pc (W)
Pc = PF + PM, (W), where PF is the power derived from the feed and PM is the power

derived from the cutting torque.
Pc = Vf × Ffw + MW × n × 2π/60 = 0.02 + 4.14 = 4.16 W.
At the base of the guide, certain areas are carefully established, considering that

they are in contact with neighboring teeth, and specific constraints are applied to fix the
guide. The areas fixed in this manner will not present displacements following the FEA
simulation (Figure 5).
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The main load of the guide is given by the axial cutting force Ffw = 11.62 N, arranged
on the surface of the guide (Figure 5) to limit the movement of the drill in the process of
drilling into the mandible bone. Additionally, on the inner cylindrical surface of the main
hole of the guide is applied a cutting torque equal to 10% of MW. The value of 10% is
average and recommended. This value depends a lot on the quality of the surfaces of the
drill and the guide, but also on the way the surgeon manipulates the drill so that its axis
coincides, as much as possible, with the axis of the guide hole. The establishment of this
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value is based not only on research and recommendations found in the literature [31,32],
but also on many observations and practical determinations.

Thus, in clinical practice, we observed that the cutting torque that is lost by friction
with the guide is about 10–20% of the calculated MW. This cutting torque was lost by
friction loads on the cylindrical surface of the guide’s main hole.

These conditions that constrain and load the guide are relatively complex, so the finite
element analysis requires important hardware resources. The simulation was undertaken
on a 9th generation i7 computer with 3.6 GHz, 32 Gb of RAM, a 1Tb SSD, and Windows 10.

3. Results

To showcase the use of a teeth-supported type of sleeveless guide during the surgical
procedures for implant bed preparation and dental implant insertion, a simulation of the
procedure is displayed in Figure 6. For example, for the insertion of a Ø4 mm diameter
and 10 mm length AnyRidge™ (MegaGen, Daegu, Republic of Korea) dental implant, the
following guide stop drill sequence is recommended: 2 mm × 7 mm, 2 mm × 8.5 mm,
2 mm × 10 mm; 2.5 mm × 10 mm; 2.8 mm × 10 mm; 3.3 mm × 10 mm; and 3.8 mm × 10 mm.
The drilling protocol is adjusted according to the crestal bone density to increase the
implant’s primary stability [8].
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Figure 6. Representative digital images suggestive of flapless implant bed preparation and insertion
with the aid of the surgical guide, without metallic sleeves: (a) the guide is placed over the remaining
natural teeth (tooth-supported guide type); (b) an initial drill is needed to initial the path in the
cortical bone; (c) the implant osteotomy has to be prepared using the guide stop drills in a successive
order based on drill diameter and length; (d) guided dental implant insertion.
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The .stl file of a tooth-supported mandibular surgical guide, designed in R2Ware
software and reduced, optimized, and cleaned in the open-source software MeshLab, was
used for FEA in CATIA v5 software. The quality of the finite elements and the overall
analyzed guide was very good (99.98%), meaning that the solid 3D model obtained from
the designed guide was correct and consistent. This value was obtained by using a CATIA
v5 program tool called Quality Analysis. The Quality Analysis dialog box appears with
a default list of criteria that are taken into account for the mesh quality check and for the
mesh optimization. Figure 7 presents the discretization of the guide’s model, revealing that
its mesh is very complex.
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show–ing the most critical areas.

The FEA was also a complex one: the program identified and took over 435,711 degrees
of freedom (DOF).

In the present study, the use of the first drill (Ø2 mm diameter) × 10 mm length
was simulated for implant bed preparation in the mandibular bone. Von Mises stresses,
determining whether the material and the design of the surgical guide will lead to guide
fracture, were determined.

As is obvious, the most stressed area is on the cylindrical surface of the main hole of
the guide, through which the drill passes. Since the moment due to the friction between
the drill shank and the guide is very small (10% of Mw), its influence is not so important.

The axial force is the one that, at a given moment, loads the tapered area present at
the entrance to the main hole of the guide and produces a maximum stress of 6.92 MPa
(Figure 7a). This stress value is not low but normal, considering that the flexural strength of
the guide’s material is approximately 80–86 MPa. As a consequence, the first remark is that
there is no danger of the guide failing/breaking, provided that it has no manufacturing
defects and is correctly fixed on the teeth so that it does not vibrate in the drilling process.
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The areas with maximum stresses appear on the guide in the special built-in window
meant to allow cooling during the drilling process and good visualization for correct
implant positioning. This happens because the tapered and cylindrical surfaces are partially
interrupted, and there are also sharp edges, which are concentrators of forces and stresses.

The area of maximum stress is red (Figure 7a), then, as the stress decreases, the areas
are orange, yellow, green, up to dark blue, which are the least stressed. Figure 7b shows
the displacements of the guide as red, orange, and yellow areas, but their maximum value
is 0.002 mm. This does not influence the movement of the guide fixed on the teeth or the
diameter of the guide main hole, which would thus produce additional contact with the
drill shank. Figure 7c,d show how displacements propagate. Thus, a more pronounced
propagation (orange color) is observed on the thinner wall of the guide with a flat surface
(light blue color in Figure 7d). Additionally, in Figure 7c, it is noted that the guide has a
small tendency to move from the neighboring tooth (right), but the value is very small
and insignificant.

The FEA has an accuracy of 12.4%, which is quite good. In FEA practice, if the
results have errors between 0% (theoretical) and 15%, then they can be accepted because
the simulation is very close to the real case. The Global Error Rate value is determined
and displayed by an integrated sensor of the finite element analysis within the CATIA
v5 program. Its value is, of course, determined by the level of mesh refinement of the
guide model. However, beyond a certain level, additional refinement will not lead to more
accurate results; the FEA will take longer and involve important computing resources.
Some specialists consider the acceptable error to be up to 5%, 10%, or 20%, depending on
the industrial/research field in which FEA is applied and the size and applicability of the
part/assembly studied [33–36].

4. Discussion

The present study aimed to evaluate surgical guides without metal sleeves and, simu-
late, with the aid of FEA, the use of such a dentally supported guide for dental implant
insertion in the mandible. The mandible bone was selected due to its highest density [37,38]
and, consequently, due to its highest required drilling force.

The digitally designed surgical guide transposes the planned 3D implant position to
the surgical field; the perfect fit of the guide on the remaining teeth and the presence of
the guiding cylinders (sleeves) play an important role in achieving this purpose. In fully
guided surgery, the sleeves can either be acrylic, incorporated into the guide design, or
metallic prefabricated sleeves, attached to the custom-fit guide [14]. The use of the surgical
guides in daily practice ensures accurate implant placement, increases the probability of
successful treatment outcomes, allows predictable flapless surgery and immediate loading,
and reduces the risk for technical and biological complications [13,39,40]. However, static
implant-guided surgery is not without possible risks related to deviations between the
planned implant position and the final clinical outcome [41]. One of the major risks of inac-
curacy is guide fracture during drilling for implant bed preparation. In a systematic review
of complications associated with guided implant surgery, Voulgarakis et al. identified the
fracture of the surgical guide as a common intraoperative complication, with an incidence
rate between 6.7% and 9.7% [41].

The fully resin surgical guide became a major trend in the last few years due to
its advantages, such as easier customization, even in the posterior dental arch with less
interdental space, low manufacturing cost, and great accessibility without jeopardizing
implants insertion accuracy [13].

In spite of the great number of clinical studies performed on resin guides for dental
implant insertion, a limited number of studies analyzed the behavior of the surgical guide
during its use for implant bed preparation [17,18,42,43] and none investigated the behavior
of a tooth-supported, extensively used guide. Among the published studies, one evaluated
a resin guide for the insertion of a mini implant aiming to restore a central maxillary
incisor [18]. The authors proposed a guide with an open-frame design, customized for
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use in restoring the anterior maxilla. The performed FEA revealed the fact that maximum
equivalent stress was recorded at the junction between the guide support and the guide
base, and the maximum displacement (with a value of 0.297 mm) occurred in the area of the
guide cylinder [18], which is different from the present study, mainly due to the different
design of the guide but also to the way in which it was loaded. The more robust guide used
in our study had a considerably lower maximum displacement (0.002 mm), Figure 7b–d
illustrating the localization of the maximum displacement and its propagation.

Another study by Miljanovic et al. [17] performed a FEA analysis using ANSYS
Workbench software on a surgical guide for mandibular reconstruction with integrated
implants. The guide was designed using Blue Sky Plan 4 software, and the guide support
was dental solely on the mesial side, the mucosal distal support not being considered. The
resin guide was proven to withstand the forces occurring during the surgery. The maximum
deformation was registered at the distal part of the drill cylinder, and von Mises stress was
the highest in the area of the tooth adjacent to the sleeve, as could be expected [17].

Liu et al. [43] investigated, using FEA with Ansys 5.0 software and experimental
simulation, the temperature distribution in the drilling site when preparing for dental
implant placement with a surgical guide. They concluded that, to avoid bone overheating,
improved cooling methods are required and the drill should be regularly withdrawn during
drilling. Moreover, with the use of metallic sleeves, the risk of overheating the bone during
drilling increases due to inadequate saline irrigation [15].

Arora et al. proposed a new design of a surgical guide for avoiding increasing temper-
ature during the drilling process and allowing the irrigation flow to reach the drill during
osteotomy [42]. A FEA was carried out with the aim of anticipating the temperature in
the bone while drilling but applying PMMA properties instead of bone characteristics.
The authors claimed that for the new guide design, the circulation of irrigation is better in
comparison to the conventional design [42]. However, the surgical guide analyzed in our
study has a built-in window to allow cooling during the drilling process. This type of guide
design has been successfully used in many clinical cases. without the risk of bone necrosis
due to overheating during osteotomy bed preparation when the recommended protocol
was followed [3–5,8]. Despite the fact that the areas with maximum stresses appear at
the built-in window, the von Mises stress did not exceed 6.92 MPa, far below the risk of
resin guide brakeage (failure). However, when the guide design needs to be modified, in
some clinical cases due to a lesser mesio-distal space, the custom reduction of the guiding
cylinder needs to be performed with caution due to the risk of exceeding stress during
drilling and, consequently, surgical guide brakeage.

Recent research [42,44–46] confirms the importance of studying the behavior of the
guide through simulation and real tests and brings valuable results regarding the values of
the forces and moments that load the guide and the mandible bone in the drilling process.
Most authors propose certain values for these loads depending on some conditions, obtain
results, and draw conclusions that surgeons should take into account in their practical work
in dental clinics.

For the FEA analysis, the data are typically recorded in .stl files, a format original to
3D printing technology in which only the 3D surface geometry is described in a triangular
mesh. Generally, the .stl mesh guides the construction of the geometric model, but not the
FEA mesh, since it does not have sufficient data and consistency, complexity is too high,
and/or is characterized by triangles with compromised edges, missing faces, or an incorrect
orientation, self-intersecting mesh elements, e.g., It is well known that a finer mesh results
in a more accurate solution. However, using the finest mesh in the whole model is usually
a bad strategy because unnecessary calculations will be performed, producing a useless
computational cost. The mesh convergence study enables the acquisition of a mesh that
satisfactorily balances accuracy and rationalization of computing resources [47].

Thus, the 3D model of the guide must be verified, simplified, and optimized, as we
did in our study, to be easily transferred to the complex stages of finite element analysis.
The guide was designed as .stl file with a great number of triangles (82,180). With such a
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large number of triangles, the analysis with finite elements could not have been carried out
on our computers; the complexity of the model would have been too high and unnecessary,
it would probably have introduced geometry errors in the later stages of the analysis.
After the simplification stage (reduction to 2818 triangles with the Simplification tool), no
significant differences in area or volume are observed in the guide model. Simplifying
complex models is a common and recommended practice. Of course, if, during the analysis,
some limit values appear that can influence the results and conclusions, the user should
run a new simplification using another accuracy factor. In the application presented in the
paper, the accuracy factor has a value of 0.5 (as can be seen in the video at minute 8.06 [26]).

The 3D model was discretized using a minimum mesh size of 0.5 mm with an absolute
sag of 0.2 mm. The mesh of the surgical guide was composed of 90,217 finite elements
(tetrahedrons), connected by 145,237 nodes. In certain cases, depending on the charac-
teristics of the analyzed object, some areas of the model can be discretized locally using
a larger number of finite elements, but in our case, this was not necessary considering
the size and purpose of the guide model. Therefore, taking into account the number of
finite elements and nodes presented above, the discretization of the guide model was
considered sufficient [30,47].

The analysis was also prepared carefully; many important aspects related to the
restraints and loads applied to the solid 3D model of the guide were taken into account.
Using adapted relations from the specialized literature and parameters and coefficients
recommended and experimentally determined, the finite element analysis in the present
study was successfully concluded.

A low error rate and correct results are observed, similar to those presented in other
specialized papers but also identified in clinical practice [48].

The analysis determines the most stressed areas of the guide under the action of the
established loads and confirms the possibility of breaking some parts of it when the guide
shows manufacturing defects and/or the parameters recommended for the mandible bone
drilling process are not respected.

The present study has some limitations: only a tooth-supported guide was analyzed
for a single implant insertion. Further FEA needs to be performed for more complex
surgical guides and for mucosal and mixed (teeth-mucosal) types of support.

5. Conclusions

Taking into consideration the limits of the current research, the designed tooth-
supported surgical guide can withstand the forces occurring during the surgery, even
in denser bone, without the risk of fracture.

However, when the mesio-distal space between neighboring teeth is limited, the
reduction of the wall thickness of the guiding cylinder needs to be undertaken with
caution to avoid failure, especially in the built-in window area, since this is the area of
maximum stress.

The obtained results need to be interpreted with caution since FEA is a computerized
in vitro study in which clinical conditions may not be completely replicated.

Supplementary Materials: The following supporting video tutorial is available at: https://www.
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