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Abstract: Primary dentition is crucial in influencing the emergence of permanent teeth. Premature
primary tooth loss can result in undesired tooth motions and space loss in the permanent dentition.
Typically, fixed or removable dental appliances are adopted to maintain edentulous space until the
eruption of permanent teeth. However, traditional space maintainers have limitations in terms of
variability in tooth anatomy, potential allergic reactions in some individuals (i.e., nickel sensitivity),
difficulties in maintaining oral hygiene, and patient acceptance. The present study introduces a
fully digital framework for the design and manufacturing of customized pediatric unilateral space
maintainers using generative algorithms. The proposed approach overcomes the current challenges
by using a biocompatible resin material and optimizing the device’s size, design, and color. The
methodology involves intraoral scanning, surface selection, and trim, generative 3D modeling, finite
element analysis (FEA), and additive manufacturing (AM) through vat photopolymerization. FEA re-
sults demonstrate the device’s mechanical performance and reliability, while additive manufacturing
ensures design freedom, high resolution, surface finishing, dimensional accuracy, and proper fit. The
mechanical interlocking system facilitates easy and effective positioning of the device. This digital
approach offers the potential for wider usage of space maintainers and can be further validated
through experimental assessments and clinical studies.

Keywords: pediatric dentistry; digital space maintainer; generative design; FEA analysis; 3D printing

1. Introduction and Background

Primary teeth, particularly the first and second primary molars, play an important
role in maintaining vertical space because they not only allow proper positioning and
occlusion of permanent molars but also guide the correct eruption of the corresponding
permanent teeth. Thus, maintaining these teeth in position improves esthetics, mastication,
and speech [1].

Premature loss of posterior primary teeth, both upper and lower, can lead to undesir-
able tooth movements resulting in space loss in the permanent dentition. This can have side
effects on the developing occlusion, including crowding, impaction or ectopic eruption,
over-eruption of unopposed teeth, and center-line discrepancies [2]. Ectopic eruption of
permanent teeth or premature primary tooth loss due to caries and/or trauma may result
in undesirable primary and permanent tooth movements, loss of space between permanent
teeth, extrusion of teeth without an antagonist, and mesialization or distalization of teeth
adjacent to the gap, resulting in a loss of arch length, crowding, and impaction of permanent
teeth [3,4]. The space maintainer can also be used in the case of permanent tooth agenesis
when it is not possible to close the space through orthodontic therapy, allowing future
management of space. To ensure the proper development of occlusion, which is a key
responsibility of pediatric dentists and orthodontists, it is important to understand both the

Appl. Sci. 2023, 13, 8320. https://doi.org/10.3390/app13148320 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13148320
https://doi.org/10.3390/app13148320
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/0000-0001-9106-0663
https://orcid.org/0000-0002-1472-4398
https://orcid.org/0000-0002-8643-5915
https://orcid.org/0000-0002-1949-929X
https://orcid.org/0000-0003-1497-9283
https://orcid.org/0000-0001-7110-3857
https://doi.org/10.3390/app13148320
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13148320?type=check_update&version=2


Appl. Sci. 2023, 13, 8320 2 of 13

factors that contribute to improper occlusion development and the complications arising
from arch space loss.

When early loss of primary teeth occurs, the clinician should conduct a thorough
clinical and/or radiographic examination to determine the need for intervention. If inter-
vention is necessary, the clinician must decide whether to use fixed or removable space
maintainers based on the specific case. Space Maintenance can be defined as the provisional
cementation of an appliance whose main goal is to control and prevent the loss of space [5].
These devices prevent space loss by occupying it in different ways depending on the design,
so that when the permanent teeth erupt, there will be no crowding, impaction, or ectopic
eruption, and no mesial drifting [6]. When designing a specific space maintainer, it is impor-
tant to consider several key factors, including the type of maintainer, recommended usage
guidelines, aesthetic requirements, and the effectiveness of maintaining cleanliness [7,8].

Different types of space maintainers have been designed in the last three decades and
can be found in the literature. Although these space maintainers are classified as fixed or
removable space maintainers, they are all used to prevent loss of space [9,10]. The type of
appliance is determined by several factors, including the stage of dental development, the
number of lost teeth, the occlusion, the dental arch involved, the child’s age, and his/her
ability to cooperate [8]. Pediatric dentists have used and recommended conventional metal
space maintainers in the form of a band cemented to the tooth distal to the space and
a horizontal loop that maintains the space by resting on the tooth mesial to the space
(Figure 1).

Appl. Sci. 2023, 13, 8320 2 of 13 
 

permanent teeth [3,4]. The space maintainer can also be used in the case of permanent 

tooth agenesis when it is not possible to close the space through orthodontic therapy, al-

lowing future management of space. To ensure the proper development of occlusion, 

which is a key responsibility of pediatric dentists and orthodontists, it is important to un-

derstand both the factors that contribute to improper occlusion development and the com-

plications arising from arch space loss. 

When early loss of primary teeth occurs, the clinician should conduct a thorough 

clinical and/or radiographic examination to determine the need for intervention. If inter-

vention is necessary, the clinician must decide whether to use fixed or removable space 

maintainers based on the specific case. Space Maintenance can be defined as the provi-

sional cementation of an appliance whose main goal is to control and prevent the loss of 

space [5]. These devices prevent space loss by occupying it in different ways depending 

on the design, so that when the permanent teeth erupt, there will be no crowding, impac-

tion, or ectopic eruption, and no mesial drifting [6]. When designing a specific space main-

tainer, it is important to consider several key factors, including the type of maintainer, 

recommended usage guidelines, aesthetic requirements, and the effectiveness of main-

taining cleanliness [7,8]. 

Different types of space maintainers have been designed in the last three decades and 

can be found in the literature. Although these space maintainers are classified as fixed or 

removable space maintainers, they are all used to prevent loss of space [9,10]. The type of 

appliance is determined by several factors, including the stage of dental development, the 

number of lost teeth, the occlusion, the dental arch involved, the child’s age, and his/her 

ability to cooperate [8]. Pediatric dentists have used and recommended conventional 

metal space maintainers in the form of a band cemented to the tooth distal to the space 

and a horizontal loop that maintains the space by resting on the tooth mesial to the space 

(Figure 1). 

 

Figure 1. Conventional unilateral (band-and-loop) metal space maintainer. 

However, conventional metal space maintainers incur some drawbacks, particularly 

in terms of their design and manufacture [11]. Researchers observed a correlation between 

space maintainers and a higher periodontal index score, which is associated with an in-

creased risk of oral cavity bacteria growth [12–14]. Additionally, nickel is a common and 

severe allergen, and nickel sensitivity was found to be higher in children who had in-

traoral devices that contained nickel [15]. The use of a stainless-steel alloy or a biocompat-

ible material is then recommended in the production of the appliance to prevent any 

health concerns, especially for young patients. Additionally, the great variability of the 

anatomy of primary teeth can lead to longer chair time for the selection of the appropriate 

bands, and their adaptation to the teeth is not always perfect. 

Digital space maintainers, instead, leverage intraoral scanners as a foundational ele-

ment. Although an intraoral scan or impression sent to the technician to create a patient-

specific space maintainer is an extra step in the workflow, it yields highly personalized 

results and substantially reduces the need for post-treatment interventions and 

Figure 1. Conventional unilateral (band-and-loop) metal space maintainer.

However, conventional metal space maintainers incur some drawbacks, particularly
in terms of their design and manufacture [11]. Researchers observed a correlation between
space maintainers and a higher periodontal index score, which is associated with an
increased risk of oral cavity bacteria growth [12–14]. Additionally, nickel is a common and
severe allergen, and nickel sensitivity was found to be higher in children who had intraoral
devices that contained nickel [15]. The use of a stainless-steel alloy or a biocompatible
material is then recommended in the production of the appliance to prevent any health
concerns, especially for young patients. Additionally, the great variability of the anatomy
of primary teeth can lead to longer chair time for the selection of the appropriate bands,
and their adaptation to the teeth is not always perfect.

Digital space maintainers, instead, leverage intraoral scanners as a foundational
element. Although an intraoral scan or impression sent to the technician to create a patient-
specific space maintainer is an extra step in the workflow, it yields highly personalized
results and substantially reduces the need for post-treatment interventions and modifica-
tions. Consequently, treatment times are shortened, also enabling clinicians to adopt a more
child-friendly and child-oriented approach [16]. Personalization improves the adaptability
of the space maintainer while also providing better hygiene for the area and reducing the
bulkiness of the appliance, thus increasing patient comfort.
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In recent years, scientific research has oriented towards the digitalization of the design
process of space maintainers with the aim of improving the patients’ acceptance of the treat-
ments. There are a few examples of solutions adopting computer-aided design/computer-
aided manufacturing (CAD/CAM) technologies in pediatric dentistry [17,18]. These works
usually adopt a 3D intraoral scanner to acquire the anatomy of the child’s dentition and ded-
icated software to model a band-and-loop space maintainer. An example of this approach
can be found in studies by Lee [19] and Khanna et al. [20]. In Lee [19], the space main-
tainer has been designed by the Dental System (3Shape) software, adapting the pre-defined
“crown” function and bridging the teeth using connectors. Then, the space maintainer
was manufactured by a 5-axis milling machine starting from a zirconia block. Khanna and
colleagues [20] designed the appliance with the DentalCAD 2.2 Valletta (Exocad) software
and used a micro laser sintering technology with a titanium-based powdered material for
its manufacturing. The integration of digital design with additive manufacturing allows to
produce space maintainers in virtually any shape or form. Personalized design through
digital scans and three-dimensional modelling software enables us to create space main-
tainers that precisely fit patient’s teeth, optimizing adaptability and effectiveness. This
customization reduces the risk of displacement or discomfort compared to non-customized
devices. Additionally, personalized design enhances patient compliance by creating more
comfortable and less intrusive space maintainers, leading to better patient acceptance.
Moreover, additive manufacturing offers greater design freedom and flexibility since it
allows for the creation of complex geometries without the same limitations imposed by
traditional manufacturing techniques. This freedom from constraints allows for greater
innovation, improved adaptability, and enhanced performance of orthodontic devices [18].
In addition, the digital design process can be assisted by finite element analyses, which are
perfectly suited to simulate both conventional and unusual loading conditions. It is crucial
to ensure that the designed appliance is structurally capable of withstanding the forces and
stresses encountered in the oral environment.

However, it is worth noting that digital approaches also entail certain limitations. A
first shortcoming, for example, is given by the reliance on design software, which may
have pre-defined functions or limitations that restrict the creation of free-form geometries.
Many design software tools used in the orthodontic field are proprietary and may have
specific constraints that limit the design possibilities. These software tools often provide
a range of pre-defined shapes that guide the design process. While these functions can
be useful for commonly used designs, they may not offer the same level of flexibility
when it comes to creating complex, free-form geometries. This can restrict the exploration
of innovative designs, characterized by unconventional shapes, that could potentially
improve the adaptability or functionality of the space maintainer. Furthermore, while
additive manufacturing reduces geometric constraints, it may also introduce alternative
issues, including the choice of appropriate materials, printing resolution, post-processing
treatments, structural integrity, and cost implications. Material extrusion technologies, for
example, cannot print fine details with high surface quality, while micro laser sintering
technologies are expensive solutions. In addition, parts manufactured by micro laser
sintering also present lower surface finishing. A smooth surface finish, instead, is desirable
to minimize potential irritation or discomfort in the oral cavity. For this reason, post-
processing treatments such as sanding, polishing, or coating may be required to achieve
the desired surface quality [21].

The present work proposes a fully digital framework to produce customized pediatric
unilateral space maintainers that address most of the above-described limitations. The
procedure starts with an intraoral scanning of the dental anatomy and integrates generative
3D modeling, finite element analysis (FEA), and additive manufacturing. Generative
algorithms are used to enhance flexibility in creating free-form geometries providing
more freedom for designing complex shapes and structures. A finite element model has
been developed to evaluate the structural behavior of the designed space maintainer. In
particular, the finite element analysis has been conceived to simulate how an incorrect
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loading condition of the device could affect its functionality. Specifically, the analysis
considered potential out-of-plane loading caused by external elements exerting pressure on
the device during occlusion movement. Finally, the space maintainer has been additively
manufactured by using a bio-compatible photosensitive resin and vat photopolymerization,
specifically Digital Light Processing (DLP) technology. DLP 3D printers enable to produce
high-resolution parts with fine details and smooth surface finishes. Also, they support
a wide range of photopolymer materials specifically formulated for dental applications.
These materials are biocompatible, ensuring they are safe to use in the patient’s mouth.
They also offer various mechanical properties, such as flexibility, strength, and durability,
allowing for customization based on the specific requirements of the space maintainer. The
main aim of this study is to showcase the practical feasibility of a fully digital workflow in
evaluating the mechanical behavior and producing orthodontic space maintainers prior to
their implementation with patients.

2. Materials and Methods

The digital process of creating pediatric personalized space maintainers can be sum-
marized in the schematic representation reported in Figure 2.
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2.1. Anatomical Data Acquisition

The starting point of the process consists of performing an intraoral scan of the child’s
dentition. This procedure allows digital capture of the shape of gum and teeth by a digital
dental scanner [22]. This approach has witnessed a significant increase in terms of diffusion
and adoption among dentists in recent years [23]. One of its advantages is that the resulting
output consists of a 3D mesh of the patient’s mouth, that can be subsequently exported in a
.stl file (Figure 3a).
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After the completion of the 3D scanning process, the subsequent step involves iden-
tifying and selecting the specific surfaces of the teeth model that require to be kept at
a specified distance. The complete scan is imported in MeshLab, and the teeth portion,
adjacent to the edentulous space that must be preserved, is selected, and then trimmed. To
prevent interference between the appliance and the patient’s chewing, the selected areas
should maintain specified distances from the gingiva in the lower zone and the occlusal
plane in the upper zone. Figure 3b shows an example of this selection for the space between
the primary mandibular canine and the primary mandibular second molar.

It is relevant to notice that, compared to the traditional solutions, the selection pro-
posed in this work offers two advantages. By selecting a small partial surface on the
mesial, distal, vestibular, and lingual teeth areas, which does not interfere with the child’s
mastication, mechanical locking of the space maintainer is achieved (highlighted in green
in Figure 3b), preventing it from dropping significantly lower. Additionally, maintaining a
distance from the teeth–gum border (highlighted in red in Figure 3b) significantly reduces
the risk of gum irritation and plaque formation in that area.

2.2. Generative Design

Based on the previous step’s selections, a manifold model must be created for 3D
printing. The digital approach and additive manufacturing technology enable the produc-
tion of custom space maintainers with innovative shapes, while adhering to medical limits
and requirements. In this regard, the generative design approach was used to explore
multiple solutions.

The generative design utilizes computer algorithms and artificial intelligence to au-
tomatically explore and produce multiple design alternatives. It generates innovative
and optimized solutions to complex problems in fields like engineering, architecture, and
product design. By setting constraints, goals, and parameters, the algorithm iteratively
evaluates numerous design possibilities, uncovering solutions not readily apparent to hu-
man designers. Techniques like parametric modeling, genetic algorithms, machine learning,
and optimization are employed to identify efficient designs. This methodology yields
groundbreaking outcomes with enhanced efficiency, cost-effectiveness, and performance,
while minimizing material usage and time expenditures [24].

Figure 4 illustrates the main phases of the process using the software Autodesk Fusion
360. Initially, the meshes of the two input parts are converted into T-Spline surfaces, as
shown in Figure 4a, and thickened by 1 mm in the normal direction, as shown in Figure 4b.
These two solid borders represent the crucial connection between the space maintainer
and the child’s teeth; thus, their shape and thickness must be preserved. Generative
design algorithms can be guided by an initial design, but this may lead to bias, causing
the algorithm to favor outcomes aligned with the proposed preferences and restrict the
exploration of diverse possibilities. To prevent such influence on the results, it was decided
to avoid providing an initial design to the algorithm.

Additionally, it was essential to define a volume to be excluded during the automatic
generative process to prevent interference with the actual oral cavity. Therefore, a mesh
was created to cover the internal space and the lateral sides of each thickened element,
highlighted in yellow in Figure 4c. The load is applied to the internal surface of the molar
tooth, while the other internal surface is fixed in space. The load’s direction aligns with a
line connecting the centers of mass of the two solid borders. Another design criterion is
the adoption of additive manufacturing as the production technology, with a minimum
element thickness of 1 mm. The optimization objectives focus on reducing mass while
maintaining a minimum factor of safety equal to 2. A factor of safety refers to an additional
margin of strength or performance that is intentionally incorporated into the generated
design solutions. It serves to enhance the reliability and robustness of the final design by
providing a safety margin against uncertainties and unexpected conditions. The factor
of safety is used to ensure that the selected design, among those generated, has a higher
capacity to handle loads or stresses than the predicted maximum operational demands. It
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is typically expressed as a ratio, representing the factor by which the predicted maximum
load or stress is multiplied to determine the final design’s capacity.
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The generative design produces multiple shapes, but the selected one, shown in
Figure 4d, strikes the best tradeoff between mass reduction and strength. Adjustments to
the output are easily made due to the T-Spline nature of the body. Figure 4e displays the
space maintainer model placed on the intraoral scan of the child.

2.3. Finite Element Analysis

Finite element analyses were performed by Ansys 2022 software to simulate a bending
test on the space maintainer. The aim was to evaluate its mechanical behavior under
static structural conditions, considering large displacements and elastic-plastic material
properties. The purpose of the finite element analysis is to simulate the impact of unforeseen
loading on the functionality of the device. Specifically, the analysis considers the possibility
of out-of-plane loading, which could occur if external elements exert pressure on the device
during occlusion movement. Practically, this loading condition was simulated using a
rigid pin to emulate a bending test. The material properties used in the analysis were
determined through experimental tensile tests. The linear-elastic behavior was modeled
through Young’s modulus E of 2183 MPa and a Poisson’s ratio (ν) of 0.39, while the plastic
material behavior was implemented by means of a multilinear isotropic hardening model,
as presented in Table 1.

Table 1. Elastic-plastic material properties for “OD-Clear MF Bio monomer free” resin.

Plastic Strain (mm/mm) Stress (MPa) Plastic Strain (mm/mm) Stress (MPa)

0 5 1.72 × 10−2 31.1
8 × 10−4 10 2.22 × 10−2 32

2.1 × 10−3 15 3.6 × 10−2 32.5
3.7 × 10−3 21 0.1 35.5
6.8 × 10−3 25 0.104 36
1.27 × 10−2 29.5
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A three-dimensional finite element model was created to simulate the teeth space
maintainer, as illustrated in Figure 5. The geometry was discretized using brick elements
with quadratic shape functions and a nominal dimension of 0.1 mm. The model consisted of
191,081 nodes and 108,912 elements, determined through a convergence study. Convergence
criteria ensured that the maximum von Mises stress differed by less than 3% between
successive mesh iterations. To simulate the bending test, appropriate boundary conditions
were applied. A fixed support boundary condition was used to represent the contact
between the space maintainer and the adjacent teeth (C and D surfaces of Figure 5). It is
worth noting that constraints C and D were intended to model the cementation process
between the device and the patient’s teeth. Furthermore, a rigid cylindrical pin simulated
the applied force caused by the external object. A frictionless contact formulation between
the space maintainer and the pin was employed (A and B surfaces of Figure 5), eliminating
the need for a friction coefficient. The finite element analysis assessed the mechanical
response of the teeth space maintainers under bending conditions, yielding stress and
displacement distributions that offer valuable insights into their behavior. Detailed results
will be presented and discussed in a subsequent section, providing a comprehensive
understanding of the space maintainer’s performance.
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2.4. Additive Manufacturing

Vat technology additive manufacturing, specifically the DLP technique, was adopted
to fabricate the space maintainer. This method uses a DLP or a Liquid Crystal Display (LCD)
projector to emit ultraviolet (UV) light, thus curing and solidifying a liquid photosensitive
photopolymer. Each digital image produced via the projector or LCD screen determines
the all-at-once curing of a complete slice. Therefore, the printing speed is determined by
the vertical axis (z-axis) length rather than the dimensions on the x and y planes. DLP was
chosen due to its high resolution and accuracy, making it one of the most effective additive
technologies for polymers. It easily achieves layer thicknesses of 50 microns, and offers a
range of biocompatible, orthodontic, and dental resins [25]. The Anycubic Photon Mono
SE 3D printing machine, equipped with a 6-inch monochrome LCD display, was used, and
Photon Workshop V2.1.23 software was utilized for setting the printing parameters. Table 2
provides details on the adopted main parameters.
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Table 2. Main printing parameters adopted.

Parameter Set Value

Layer thickness (mm) 0.05
Exposure time (s) 10

Z lift distance (mm) 8
Z lift speed (mm/s) 1

Z retract speed (mm/s) 2.5

The space maintainer was printed parallel to the build platform, positioned at a
distance of 4 mm, and appropriately supported. The adopted resin, “OD-Clear MF Bio
monomer free”, supplied by 3Dresyns company, exhibits excellent biocompatibility with
minimal risks of residuals or by-products released by saliva. In addition, the manufac-
turer reports remarkable mechanical properties, such as a flexural strength exceeding
110 MPa, an elastic modulus ranging from 2 to 3 GPa, and a tensile strength exceeding
50 MPa [26]. These properties are crucial for space maintainers, ensuring the prevention of
unexpected fractures.

Figure 6 shows the manufacturing process of the space maintainer, from creating the
printing file to its fabrication. Finally, the generated supports are mechanically removed at
the end of the procedure by using a standard plier.
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3. Results
3.1. Finite Element Analysis Results

Finite element analysis was used to evaluate the planar stiffness (x-direction stiffness)
of the space maintainer before and after undergoing severe plastic deformation in the bend-
ing test (Figure 7) caused by an external element pushing during the occlusion movement.
Planar stiffness is a crucial parameter defining the component’s behavior when in use,
since it is the main parameter that defines the device’s functionality during operation. The
quantification of planar stiffness involved calculating the reaction force at a specific dis-
placement of boundary condition D (Figure 7). The results in Figure 7 depict the magnitude
of planar stiffness during successive iteration steps, where displacement in the simulation
increases. The decreasing trend of planar stiffness primarily arises from the elastic-plastic
response and the consideration of large displacements. However, as displacements become
larger, the gradient of planar stiffness decreases, reaching a plateau typically observed
around the fourth and fifth iteration steps. Overall, there is a slight increase in stiffness after
plastic deformation (referred to as post-deformation) compared to the pre-deformation
state. Nevertheless, this increase is not significant and can be attributed to the residual
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stress state resulting from the plastic deformation process. Figure 8 provides visual repre-
sentations, including top and bottom views, of the extensively plasticized region within
the simulated space maintainer. The highlighted red areas indicate regions that underwent
significant plastic deformation, surpassing a plastic equivalent strain value of 0.1 mm/mm.
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Figure 7. Planar stiffness: (a) space maintainer stiffness pre- and post-plastic deformation and
(b) force vs. displacement curve pre- and post-plastic deformation. Dashed lines represent the planar
stiffness plateau reached during the simulation.

The findings indicate that the planar stiffness remained relatively constant before and
after the occurrence of plastic deformation, suggesting a consistent response attributable to
the elastic-perfectly plastic material behavior exhibited by the “OD-Clear MF Bio monomer
free” resin. This consistency implies that the space maintainer can maintain its structural
integrity and functional properties, even when subjected to severe plastic deformation.
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3.2. Additively Manufactured Space Maintainer

Figure 9 displays the final manufactured space maintainer that replace a missing
primary first molar after the removal of supports. It is appropriately fitted to the teeth
model for which it was designed. Figure 9a presents the buccal side of the maintainer, while
Figure 9b shows the lingual side. Both images demonstrate the proper fit of the device
on the teeth, with the lateral elements wrapping around the adjacent teeth without any
clearance or interference, which could induce a deformation of the appliance. The images
highlight the high accuracy, precise geometry, and overall excellent quality of the space
maintainer. Minimal stratification, typical of additive manufacturing, is observed, and
only partial residues of the mechanically removed supports are visible. Furthermore, upon
fitting the space maintainer, it is evident that the appliance lies below the tooth surfaces,
allowing unobstructed occlusion during biting, as intended during the design phase. Lastly,
the space maintainer stops before reaching the gum area, fulfilling the goal of maintaining
a distance from the teeth–gum border.
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4. Discussion

This study presents a digital framework for designing customized pediatric unilateral
space maintainers using intraoral scanning, generative algorithms, and additive manufac-
turing. The digital approach offers several advantages over traditional methods of space
maintainer design and fabrication. Conventional appliances, produced manually in dental
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laboratories, often exhibit imperfect fitting and prolonged chair time for band selection
due to the wide anatomical variability of primary teeth. Moreover, the use of materials
like nickel in these devices can lead to allergies, and their larger size and geometry pose
a risk of bacterial growth and hinder oral hygiene. Normally, space maintainers increase
the plaque retention rate in the area of their positioning, and patients must be especially
careful in the oral hygiene of this area [27,28]. Furthermore, fitting issues and pinching
can arise, presenting challenges for pediatric dentists in their management, and can also
be uncomfortable for the child. Therefore, the development of a fully digital workflow is
aimed at addressing these concerns and improving patient acceptance, health, and comfort.
The use of intraoral scanning ensures an accurate representation of the patient’s teeth,
reducing the risk of improper fit and interference with mastication. Because of the accurate
reconstruction of the patient’s teeth, the selection of the 3D model of the patient’s dentition
of specific surfaces is possible. This allows us to maintain a certain distance from the
teeth–gum border (as highlighted in Figure 3b). The high customization level helps to
optimize cleaning, prevent gum irritation and plaque formation, also ensuring mechanical
locking of the space maintainer, and reduces the risk of interference with mastication. The
generative design was demonstrated to be effective in the exploration of different solutions
and the creation of customized geometries, leading to a small overall size, better adaptation
to the patient’s dentition, and enhanced effectiveness of the space maintainer. The finite
element analysis was demonstrated to be valuable in assessing the effect of a bending load-
ing condition on the planar stiffness of the appliance. This scenario could occur when an
external element, such as food, applies pressure on the device during occlusion movement,
potentially resulting in significant plastic deformation of the material. The simulations
indicated that despite experiencing unusual loading conditions, the planar stiffness of the
device remains relatively unchanged, ensuring its functionality is maintained.

The implementation of the DLP 3D printing process facilitated the use of a biocompati-
ble resin with a tooth-like color. This, along with the small size of the device, could be useful
in enhancing patient acceptance of orthodontic therapy. The dimensional accuracy and
surface finish of the printed space maintainer proved adequate to allow its proper fit on the
corresponding dental structures (as evidenced in Figure 9). At the same time, the designed
distance from the teeth–gum border was maintained, which is supposed to improve dental
hygiene. Moreover, the 3D printed space maintainer can be bonded through adhesive
cementation by treating the tooth substrate with an etch and rinse adhesive system and
applying a 10 methacryloyloxydecyl dihydrogen phosphate (MDP) primer on the appliance
substrate. The space maintainer can be securely cemented using dual-cure cement. Due to
its precise fit and adherence to tooth anatomy, the space for cement application is minimal,
making it ideal for adhesive cementation. Undoubtedly, all space maintainers carry a risk
of debonding. However, in this particular case, the space maintainer features a custom
design and offers the potential for adhesive bonding, which could be advantageous when
compared to conventional space maintainers. Cost implications of the proposed digital
workflow are expected to be comparable to custom-made maintainers, with potential cost
savings if 3D printing is conducted in-house. In addition, leveraging the expertise of
clinicians who are already proficient in additive manufacturing, the application of these
technologies for the manufacturing of 3D printed space maintainers would prove valuable
in both primary care settings and dental hospitals/universities where these technologies
have already been implemented. This study acknowledges that it is focused on an in vitro
investigation and emphasizes the need for future in vivo studies. These studies will eval-
uate the acceptance of the device, debonding rate, plaque accumulation, and anatomical
characteristics of teeth adjacent to the space. In vivo studies will provide a comprehensive
understanding of the strengths and limitations of space maintainer designs. These studies
will enable the evaluation of various designs for the first primary molar and second primary
molar, encompassing both maxillary and mandibular regions. Furthermore, the studies
will take into account the effects on patients’ oral health status, including factors such as
caries risk and oral hygiene level.
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5. Conclusions

The present study proposes a fully digital framework for creating pediatric unilateral
space maintainers. The feasibility of integrating intraoral scanning, generative design,
finite element analysis, and additive manufacturing to provide customized and personal-
ized solutions was verified. The proposed methodology demonstrated to be a promising
approach to improve patient-specific treatments with the aim of enhancing adaptability,
hygiene, and patient comfort. While the proposed approach highlighted promising results
in the design and manufacturing of space maintainers, clinical validation is necessary to
evaluate its performance, efficacy, and patient satisfaction. Conducting comprehensive
clinical trials would provide valuable insights into the effectiveness and acceptance of
digitally designed and fabricated space maintainers in real-world scenarios. Considering
the completely digital nature of this study, further investigations could be easily carried out
by studying additional designs, thus providing insights into the areas where the appliance
experiences the best performance.
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