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Introduction 
 

This PhD thesis focus on Digital Dentistry, encompassing various dental fields. 

Digital dentistry refers to the use of digital technologies and computer-based systems 

in various aspects of dental practice, including diagnosis, treatment planning, student 

education and patient care. A wide range of technologies and techniques that have 

revolutionized the field of dentistry, making it more efficient, accurate, and patient-

friendly.  

Some of the key components and applications of digital dentistry include digital 

imaging, intraoral scanners, computer-aided design (CAD) software, computer-aided 

manufacturing (CAM) technologies, digitalized treatment planning, guided therapies 

and advanced training. 

Digital radiography, such as intraoral and extraoral X-rays and 3D cone-beam 

computed tomography (CBCT), provides high-quality images with minimal radiation 

exposure. These digital images are easier to store, share, and manipulate compared 

to traditional film-based X-rays. 

Intraoral Scanners are devices that capture 3D images of a patient's teeth and oral 

structures, in contrast with the traditional impression materials. Intraoral scanners 

are commonly used in everyday clinic for creating digital models of teeth, enabling 

CAD/CAM workflows. 
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CAD software allows dentists to design dental restorations (e.g., crowns, bridges, 

dentures) on a computer. Thanks to CAM technologies, such as milling machines or 

3D printers, is possible to fabricate the digital file designed through CAD software.  

Imaging and specialized software facilitate the planning of various procedures:  

surgical, prosthetic, endodontic, and orthodontic ones. Moreover, the use of 3D 

printed guides can provide valuable support in these dental disciplines.  

These digital tools and processes enhance communication with patients and ensures 

the accurate implementation of treatment plans. They are also used in dental 

education to train future professionals. 3D printed training models, virtual reality and 

simulation software provide a safe and realistic way for students to gain hands-on 

experience and improve their skills before working on actual patients. 

 

Digital dentistry offers numerous advantages, including increased accuracy, reduced 

treatment times, improved patient comfort, and enhanced communication among 

clinicians and patients. It has significantly advanced the field of dentistry and 

continues to evolve with ongoing technological developments. 

 

At first, I focused my researches on 3D printing, keeping an eye on 3D printed patient-

specific models that could be used for training students and clinicians. 

Technological advancements have been instrumental in driving the evolution of oral 

and cranio-maxillofacial surgery, with additive manufacturing (AM) processes playing 
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a pivotal role [1]. Among these AM processes, three-dimensional printing (3DP), often 

used interchangeably with additive manufacturing, has emerged as a game-changer. 

This innovative technology involves the layer-by-layer fabrication of objects through 

computer-aided design/computer-aided manufacturing (CAD/CAM) workflows [2]. 

Originally developed in the 1980s to expedite the production of customized objects, 

3D printing swiftly revolutionized prototyping concepts and found applications across 

various manufacturing industries. In the medical field, it began to be integrated into 

procedures and techniques, contributing significantly to fields such as dentistry, 

maxillofacial surgery, orthopedics, and neurosurgery [3,4]. In the field of oral and 

craniofacial surgery, 3D printing has become a routine practice, with applications 

ranging from the creation of surgical templates for enhanced surgical precision to the 

fabrication of custom implants based on patient radiological data [5,6]. 

To understand the differences between 3D printing techniques on creating patient-

specific models, a systematic review was conducted analyzing the model fabrication 

step by step. 

To harness the potential of 3D printing, clinicians first transform patients' radiological 

data, typically obtained from computed tomography (CT) or magnetic resonance 

imaging (MRI) scans, into digital 3D object files, such as standard tessellation language 

(STL) format. Various 3D printing techniques, including vat photopolymerization (VP), 

material extrusion (ME), and binder jetting (BJ), are employed for surgical model 
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fabrication, each with its unique advantages and limitations. These models serve 

three primary purposes: training, planning, and simulating [7,8]. 

Training models offer a cost-effective solution for enhancing the quality of dental 

education by providing students and clinicians with opportunities for high-quality 

surgical training. They replicate the tactile feedback of actual patients' bone 

structures, offering a realistic learning experience and alleviating the challenges 

associated with obtaining cadaveric specimens [10]. 

Planning models, on the other hand, empower surgeons to visualize and comprehend 

complex anatomical structures, facilitating meticulous surgical planning and more 

predictable outcomes in procedures such as orthognathic and reconstructive 

surgeries [11,12]. The hallmark of planning models lies in their accuracy. 

Simulating models represent another facet of 3D printing's impact, enabling clinicians 

to practice surgical interventions before executing them in clinical settings. These 

models, characterized by patient-like haptic feedback and mechanical properties, are 

invaluable for refining surgical techniques and decision-making [13, 14]. The 

mechanical properties of simulating models are crucial for replicating real surgical 

conditions. 

Choosing the right 3D printing technology and material for each application can be 

daunting, given the plethora of options available. Our systematic review seeks to 

correlate specific 3D printing technologies with applications in oral and craniofacial 

surgery, offering practical insights into material and technique selection. 
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All considered, we decide to fabricate endodontic simulation models thanks to the 

usage of 3D printing, to enhance the pre-clinical training of dental students. While 

traditional methods often involve extracted human teeth, their limitations, including 

ethical concerns and reduced availability, have driven the development of 

sophisticated artificial root canals and 3D-printed teeth [15,16]. These replicas 

provide students with realistic training opportunities and eliminate variability, 

offering cost-effective alternatives [17] 

Thanks to intraoral scanner students’ performances and their learning curve were 

evaluated in an equal manner, obtaining their feedback through a questionnaire. 

This research confirmed that beyond clinical applications, IOSs enable objective 

evaluation of students' performance, enhancing the assessment of their skills in areas 

like crown preparation and access cavity exercises [18, 19]. 

 

Secondly, I mainly focus on intraoral scanners (IOS), a cutting-edge technology in 

digital dentistry, that is widely used in very dental field [20]. Intraoral scanning, a 

foundational element of digital workflows, has become indispensable in modern 

dentistry, emphasizing the importance of practicality, user-friendliness, cost-

effectiveness, speed, and accuracy in IOS development [21]. 

I investigated IOS accuracy in implant-prosthetic treatments and fixed prosthesis. 

Accuracy, a key parameter, is defined by the ISO as a combination of trueness and 

precision, where trueness reflects the closeness of scan results to the true reference 
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value, while precision measures consistency in repeated test results (ISO 5725). A 

reliable scanner achieves both high trueness and precision, ensuring the faithful 

reproduction of scanned objects. 

The accuracy of digital scanning is particularly relevant in implant-supported 

prostheses, with its potential to replace traditional impressions for edentulous 

patients [22, 23]. In this context, scan bodies (SBs) play a critical role, capturing 

implant position, angle, and height information [24]. 

While most of the existing literature examines accuracy through absolute variability 

between scan bodies and implant analog interdistances, there is a notable gap in the 

understanding of how errors relate to interdistance and angle values, thus addressing 

the predictability of IOS errors [25, 26]. Thus, our research hypothesis was "Is it 

possible to find out predictable errors assessing intraoral scanner accuracy in full arch-

scan for implant supported rehabilitations?", seeking to address this gap. 

Working always on IOSs, a novel digital technique called “Reverse Subgingival Scan” 

(RSS) was defined, to overcome the limits of existing techniques for performing 

accurate assessment of the abutments in fixed prosthodontics. [27, 28] This technique 

allows to perfectly depict abutment subgingival finish lines, and of the transmucosal 

zone, as conditioned by the provisional restoration. 

I also worked on surgical guides, collaborating with Professor Sylvain Catros and his 

team at the Université de Bordeaux. 
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Accurate dental implant placement is essential for successful long-term results, and 

computer-aided techniques have been developed for this purpose. Surgical guides for 

implant placements must be accurate because deviations between planned and 

actual implant positions are not allowed. [29] It can occur due to various factors, 

including clinical conditions, implant systems, and surgical guide design and 

manufacturing [30-32]. 

The process of manufacturing surgical guides for guided implant surgery involves 

patient data acquisition, data processing, and guide design. This includes capturing 

bone geometry through imaging, creating digital models, and using specialized 

software to plan and design the surgical guide. Several 3D printing technologies are 

used for fabricating surgical guides, including stereolithography (SLA), selective laser 

sintering (SLS) digital light processing (DLP), fused deposition modeling (FDM), inkjet 

and PolyJet®. The popularity of 3D-printed surgical guides is growing due to their 

accuracy, cost-effectiveness, and customization. This study aims to evaluate the 

accuracy of surgical guides fabricated using five different commercial 3D printing 

technologies (SLA, DLP, FDM, SLS, and Inkjet) and two guide sizes (single implant and 

full arch), with a focus on trueness and precision. The null hypotheses are related to 

the impact of technology and guide size on guide accuracy. 

 

In the end, I worked on creating 3D printed scaffolds that can be useful in treating 

bone defects or tissue engineering in oral surgery [33, 34]. Bone defects, resulting 
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from various factors, often require intervention due to the body's limited self-healing 

capacity [35]. Periodontitis, a significant dental challenge, can lead to alveolar bone 

loss. 

Bone replacement is essential for addressing these oral and maxillofacial issues, but 

challenges persist. Traditional methods involving autografts or allografts have 

drawbacks, leading to a shift towards synthetic biomaterials and scaffolds [36,37]. 

These synthetic scaffolds offer advantages such as customizable internal structures 

and surface characteristics, with 3D printing playing a crucial role in their design and 

production [38]. 

To be effective, these scaffolds must mimic native tissue in surface patterns, 

wettability, growth factors, and biocompatible biomaterials are also essential for 

regenerative medicine [39]. 

Thus, scaffolds were fabricated with a FDM printer that was able to print a customized 

material made by polycaprolactone (PCL) and beta-tricalcium phosphate (β-TCP). PCL 

is a biocompatible material with a slow degradation rate, enhances scaffold 

properties [40,41]. The presence of β-TCP alters scaffold surface topography, 

potentially enhancing bioactivity and graft integration [42], overcoming PCL’s 

limitations: lower strength and hydrophobicity affecting cellular adhesion [43]. 

This work aims to determine the optimal β-TCP concentration for customizing PCL/β-

TCP scaffolds for bone regeneration. It also investigates how PCL 3D-printed scaffolds 

influence osteoblastic behavior in terms of proliferation and differentiation. 
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Chapter I 

From 3D radiological data to a printable file:  an 

open-source software workflow 
 

INTRODUCTION 

In recent years, Additive Manufacturing (AM) is playing a growing role in the medical 

field. Among all the AM processes, three-dimensional (3D) printing is one of the most 

interesting. Thanks to this technology it’s possible to fabricate objects layer-by-layer 

through computer-aided design/computer-aided (CAD/CAM) manufacturing 

workflows. [1] 

To simulate and plan complex surgeries, several authors utilized this technology to 

faithfully reproduce patient’s bone structures from radiological data [2-4]. 

 The visual and tactile inspection of 3D printed models allowed an enhanced 

anatomical understanding, improving the quality of diagnosis and clinical results 

through simulation of surgical treatments. In oral and maxillofacial surgery, they have 

been used for mastoidectomies, bone reconstructions, tumor removals, sinus lifts and 

in implant dentistry [5-11]. 

Finally, 3D printed models are fundamental tools to improve the quality of teaching, 

allowing realistic hands-on training and case discussion [12]. 
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Imaging 3D data can be acquired through many exams, such as Computerized 

Tomography (CT), Cone Beam Computerized Tomography (CBCT), Magnetic 

Resonance Imaging (MRI), Positron-Emission Tomography (PET), etc. Digital Imaging 

and COmmunications in Medicine (DICOM) format is the standard file type to archive, 

process and exchange data. A DICOM 3D imaging file is then processed to a 3D 

printable object file, also called mesh, which is the digital representation of a 

geometric model by using a collection of polygons to form the object surface. A mesh 

is most commonly in the Standard Triangulation Language (STL) file format, which is 

the reference file type in AM. 

The majority of articles in the literature typically presents the radiological images 

processing briefly, or omit it at all. Thus, it is often difficult for clinicians to replicate a 

workflow to obtain from their DICOM files  

Regarding all the previous considerations, the authors present the image processing 

workflow currently employed at their institution to obtain correct ready-to-print files 

through open-source or free software. 

 

 TECHNIQUE 

This workflow consists of three different steps: the segmentation of the radiological 

images, the post-processing of the STL mesh and the analysis of the resulting closed 

file. Three open-source or free software are sequentially used: Horos® (The Horos 

Project, Switzerland), MeshLab® (CNR, Italy) 13 and MeshMixer® (Autodesk, USA).  A  
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comparative table of the software is presented (Table 1).  

 

Table 1: Comparative table of software features. 

 
 

Horos 

v3.3.5 

Meshlab  

v2016.12 

Autodesk 

Meshmixer v3.4.35 

Supported formats                             

                                                     DICOM YES NO NO 

                                                     STL  NO YES YES 

                                                     OBJ NO YES YES 

Radiological Images Processing           

                                                     ROI selection YES NO NO 

                                                     Segmentation  YES NO NO 

                                                     Rederization YES NO NO 

Measurement                                        

                                                     Linear YES YES YES 

                                                     Volume NO YES YES 

Editing       

                                                    Subdivision surfaces on mid-point NO YES NO 

                                                    Freehand CAD drawing NO NO YES 

                                                    Mesh manipulation NO YES YES 

Analysis        

                                                    Wall Thickness NO NO YES 

                                                    Holes NO YES YES 

                                                    Bad Faces NO YES YES 
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1. Segmentation  

Horos®, a free open source medical viewer, is the software involved for the 

segmentation of the radiological images.  After importing the radiological exam 

file on Horos, the user must select from the toolbar 3D Viewer and so 3D 

Surface Rendering. Opened this tool, it is important to set the right thresholds, 

which are user-dependent, using the Horos Toolbar. This step it’s probably the 

most important to obtain an accurate mesh. More it is clear the rendering of 

DICOM data and less refining interventions of the STL file are required. The right 

threshold should permit us to visualize all the important biological structures, 

trying to minimize errors like scattering. (Figure 1) It is suggested to choose a 

high level of “Resolution” and an intermediate value of “Interactions”. The 

optimal “Pixel Value”, last important parameter, is the one that permits to 

visualize all the interesting structure. Once Horos’s semi-automatic 

segmentation is completed, it is possible to export the STL file.  
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Figure 1. 3D Superficial Rendering via Horos®. Settings: high accuracy, resolution: 0.10, repetitions: 
50, pixel value 150. 
 

2. Post-processing  

The resulting STL mesh is not ready to be printed for two main reasons: it does 

not have a closed printable geometry and it presents errors, such as the result 

of scattering. This phenomenon occurs when X-rays are deflected by the 

particles of the medium that they traverse. 

Thanks to the imaging processing software MeshLab®, it is possible to refine 

the STL mesh trough several tools and plugins. The first useful one is Remove 

Isolated Pieces, which allows deleting isolated pieces composed by a limited 

number of triangles. Normally, the mesh contains isolated groups of triangles 
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that are the result of the X-rays scattering. It is important to remove them 

because these little pieces do not actually exist, and they generate unprintable 

STL files. 

Having regard for the geometrical coordinates of all the mesh cloud points, it is 

possible to obtain smoother mesh’s surfaces using another plugin: Subdivision 

Surfaces: Midpoint. It uniforms meshes applying a subdivision scheme of 

triangles’ edge, substituting each triangle with four smaller triangles.  

Finally, thanks to the tool Close Holes, it is possible to close holes smaller than 

a given threshold. Once accomplished these operations, the refined mesh can 

be recoded as an STL file. (Figure 2).  
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Figure 2. STL image file after discarding the unnecessary regions, removing isolated pieces and 
smoothing the surface via MeshLab®. 

 

To finish the STL mesh it is possible to utilize MeshMixer®, an optimal 3D 

modeling software to create, analyse and optimize 3D models. Thanks to the 

toll Make Solid, that the user can figure out after selecting the button Edit in 

the MeshMixer®’s toolbar, it is possible to obtain a closed printable STL 

geometry. (Figure 3)  
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Figure 3. Ready to print STL file obtained via MeshMixer®. 

 

3. Analysis 

Authors recommend analyzing the mesh using a practical MeshMixer®’s plug-

in called Inspector, which can be found in the Analyse’s toolbar. It allows seeing 

if there are floating pieces and holes in the mesh, permitting also to auto-repair 

them.  

 

After employing these three software, a patient-specific bone model can be made 

using a 3D printer and every possible material. Depending on the printing technique 
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involved and the chosen printing material, it may occur to orient the mesh and to 

create adequate support with dedicated software. Stereolithographic printers require 

to create a support for the printed object. Using a fused deposition modeling printing 

technique is important to create a support only when a feature is printed with an 

overhang beyond 45°. Powder bad fusion doesn’t require to create it.  In the example 

shown in figures 1-5 a Form 2 (Formlabs, Somerville, MA) stereolithographic printer, 

working with the “Dental Model” resin (Formlabs, Somerville, MA), was used to 

obtain a surgical planning model. The post-curing process, associate with 

stereolithographic printing technique, was made by Form Wash and Form Cure 

(Formlabs, Somerville, MA). (Figure 4 and 5) 

 

Figure 4. 3D printed model obtained using a stereolithographic printer. 
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Figure 5. Surgical planning on the 3D printed model. 

 

CONCLUSION 

The presented imaging processing workflow represents a proven and cost-effective 

solution for obtaining 3D printable files. 
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Chapter II 

3D printed bone models in oral and cranio-

maxillofacial surgery: a systematic review 

 

INTRODUCTION  

Technological development strongly drives the evolution of oral and cranio-

maxillofacial surgery [1]. Among all the additive manufacturing (AM) processes, 

“three-dimensional printing” (3DP), often used synonymously with additive 

manufacturing, is playing an ever-growing role. This technology involves the 

fabrication of objects through the deposition of material using a print head, nozzle, 

or other printing technology [2]. It allows creating objects layer-by-layer through 

computer-aided design/computer-aided manufacturing (CAD/CAM). It was originally 

developed in the 1980s to accelerate the production of small and custom-designed 

objects, but it revolutionized the prototyping concepts and embraced many 

applications in manufacturing industries. Later on, AM’s applications started to be 

integrated in several medical techniques and procedures, giving some important 

inputs to various domains, such as dentistry, maxillofacial surgery, orthopedics and 

neurosurgery. Frequent clinical applications of 3D printing in everyday practice 
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include the fabrication of surgical templates employed to improve the accuracy of the 

surgery and reduce the duration and morbidity of surgical interventions. It is now 

applied in routine in oral and craniofacial surgery [3, 4]. More recently, the progress 

made in the 3D-printing of implantable biomaterials were applied to the fabrication 

of custom implants, based on patients’ radiological data: even if a large amount of 

these commercial custom implants are milled, 3D-printing technologies can be 

employed for large bone defects reconstruction like cranioplasty [5] or Temporo-

mandibular joint replacement [6]. 

Three-dimensional printing techniques involve creation of accurate physical 3D 

models from the patient’s radiological data. The first step consists in obtaining the 

Digital Imaging and COmmunications in Medicine (DICOM) files from patient’s 

imaging exams, such as computed tomography (CT) or magnetic resonance imaging 

(MRI) scans. Then software is used to transform them into a digital 3D object file, such 

as standard tessellation language (STL), among other formats. For surgical model 

fabrication, this new file can be printed with different techniques, such as vat 

photopolymerization (VP), material extrusion (ME) or binder jetting (BJ). 3D printing 

encompasses different techniques, each of them having its own benefits and 

drawbacks (Figure 1). Several printing materials can be used, each with specific 

mechanical and accuracy properties. Sometimes, a post-curing step is required to 

obtain the finished product [7]. The obtained surgical models can fulfill three different 
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purposes: training, planning and simulating. An example of three different models is 

shown in Figure 2. 

 

 

Figure 1. Schematic representation of rapid prototyping techniques for surgery applications: (a) 

Powder bed fusion (b) Vat photopolymeration (c) Material extrusion (d) Binder jetting (e) Material 

jetting. 

 

 

Figure 2. Examples of anatomical models fabricated by Additive manufacturing. A: A mandible 

model fabricated using SLA to serve as a template for bone allograft preparation during surgery. B: 

A model fabricated using SLA to visualize the extent of a bone defect. 
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A training model is produced to enhance the quality of the teaching, by allowing 

students and clinicians to perform high-quality surgical training. Adequate haptic 

feedback and moderate cost are the most important characteristic of training models. 

Instead of training on cadaver or animal models, students can enhance their skills on 

accurate 3DP models that reproduce the haptic feedback of the patient’s bone [8]. 

Although cadaveric specimens have high anatomical and physical validity, they are 

often challenging to obtain, lack patient-specific pathologic features, and are 

associated with costs that may be prohibitive to repetitive training [9]. Several 

authors described temporal bone surgeries [10, 11], implant treatment or maxillary 

sinus floor augmentation [12] training in realistic in vitro conditions using these 3D-

printed models. Thus, one of the most important characteristics of a training model 

is the low cost. 

Secondly, a 3DP model could be made for planning complex surgeries and to fully 

understand the patient’s conditions. The manipulation of the patient anatomical 

structures helps to get a better understanding of his specific condition and to plan the 

required surgical interventions [13]. These models are often used in orthognathic and 

reconstructive surgeries, giving the possibility of a better comprehension and more 

predictable results [14–17]. Measurements and surgical pre-operative evaluations 

can be performed on these models. Thus, the most important characteristic of a 

planning model is accuracy. 
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Finally, a simulating model is produced to perform a surgery before it is done in clinics. 

This type of models must be accurate with a patient-like haptic feedback. Users can 

act on these models like they are working on patients. Simulating models are used by 

clinicians before preforming important surgical interventions, such as tumor excisions 

[18] and pediatric mastoidectomy [19]. The right mechanical properties, such as the 

elastic modulus, the stiffness or the drilling force, are fundamental parameters that 

allow the operator to experience haptic feedback similar to that encountered during 

actual surgery. Thus, one of the most important characteristics of a simulating model 

is related to its mechanical properties. 

A surgeon wanting to invest in a printer can be overwhelmed in his choice by the 

numerous options available, between printing materials and technologies. Moreover, 

the cost-benefit ratio must be taken into consideration, as cheap technologies can be 

sufficient for some applications. Our hypothesis was that each application of the 

surgical model could be correlated with a specific 3D printing technology. This 

systematic review investigated the state of the art of printing materials and 

techniques proposed to create models for training, simulating and planning 

interventions in oral and craniofacial surgery. The research focused on the regions of 

head and neck, scanning articles that belong to different fields: dentistry and oral 

surgery, maxillofacial surgery, ear-nose-throat surgery and cranial surgery. These 

results also provided practical suggestions for choosing the optimal 3D printing 

technique and material for each application objective. 
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MATERIALS AND METHODS 

Study protocol 

The protocol of this systematic review was registered in ‘PROSPERO: International 

prospective register of systematic reviews’ (CRD42019117468) and followed the 

PRISMA guidelines. The main question, that was not PICO compliant, was: ‘What are 

the existing printed bone models currently used for training, planning and simulating 

interventions in oral and cranio-maxillofacial surgery?’ The impossibility of using a 

PICO question and performing a meta-analysis are two missing points of PRISMA 

checklist. 

Search strategy 

Medline (PubMed) database and Scopus database were searched up to March 10, 

2019 with the following equation: 

(additive manufacturing OR rapid prototyping OR bone model OR bone models OR 

anatomical models OR anatomical model OR phantom OR phantoms OR simulation 

model OR simulation models OR 3D−printed models OR 3D printed models OR 

3D−printed model OR 3D printed model) AND (planning OR hands−on OR train OR 

training OR simulation) AND (surgery OR surgical OR dentistry OR dental OR teaching 

OR pre−operative) AND (maxillofacial OR oral OR skull base OR jaw bones OR jaw OR 

sinus OR mandible OR temporal bone OR teeth OR maxilla OR human bone OR 

implant) NOT biology NOT cartilage NOT mathematical 
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This process only selected articles that had search terms in the title or in the abstract 

without any restriction on language. 

The search was also launched with the following MeSH (PubMed) terms: (“Surgical 

Procedures, Operative” OR “Teaching”) AND “Printing, Three-Dimensional” AND 

“Models, Anatomic” AND “Head”. 

Other interesting original research articles were added through manual search. 

Science mapping 

A science mapping analysis of subject domains was performed by using keyword co-

occurrence networking on VOSviewer (free software, version 1.6.15, Centre for 

Science and Technology Studies, Leiden University, The Netherlands, 2017). A 

network analysis of the Pubmed MeSH keywords was generated from the matrix of 

retrieved papers (threshold value at 90). The MeSH terms-document matrix allowed 

to measure document similarities between clusters of topics. 

Study selection 

All original full papers written in English/French/Italian and dealing with the 

fabrication of 3D printed models of head bone structures obtained from 3D imaging 

data were considered as potentially eligible. Case report, case series, pilot studies and 

comparative studies were included in this research. 

Literature reviews, conference abstracts, articles employing animal tissues or cadaver 

models or models not aimed to the head region were excluded. 
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Study analysis 

All the retrieved references, after launching the search algorithm, were managed 

using Endnote® Abstracts of studies retrieved using the search strategy and those 

from additional sources were screened independently by three authors (M.M, A.N. 

and S.C) to identify studies that potentially met the inclusion criteria. Papers fulfilling 

the inclusion criteria, and those presenting insufficient data in the title and the 

abstract to make a decision, were selected for full analysis. After reading the full texts, 

the proper articles were included in an evidence table. Any disagreement over the 

eligibility of studies was resolved through discussion and consensus among the 

authors. 

Quality assessment 

The quality of the included studies was assessed using a modified version of the 

Critical Appraisal Skills Programme (CASP) tool [20]. For each of the 10 questions of 

this tool, there were three possible answers: ‘Yes’, ‘Can’t tell’ or ‘No’. Every ‘Yes’ 

scored 1 point, while ‘No’ or ‘Can’t tell’ scored 0 points. Total scores were converted 

to percentages and studies were allocated to one of three categories; ‘Good quality’ 

for a score of 67–100%, ‘Average quality’ for 34–66% and ‘Poor quality’ for 0–33%. 

Data extraction 

The data were extracted and critically appraised by two independent authors. 

Using a standardized data extraction form, the authors extracted the following data: 

year of publication, data acquisition system, type of printing technique involved, 
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material, accuracy, production time, haptic feedback, treatment time, clinical 

outcomes, cost and purpose of the publication: training, planning, simulation 

(multiple possibilities for each paper). 

Data analysis 

A narrative synthesis of the data was conducted due to the heterogeneity of study 

designs and methods. For the same reason it was not possible to perform a meta-

analysis. In order to address the general question of defining the state of the art of 

3D printing to address the surgical planning, simulation and training needs, the 

authors identified as crucial these characteristics: accuracy, haptic feedback and cost. 

 

RESULTS 

Search general results 

After database screening and removal of duplicates using Endnote® [21], 1157 articles 

were identified. After abstract screening, 119 studies were selected. After full text 

reading, 64 articles were selected, plus 5 other articles found among the related ones 

found by additional manual search (Figure 3). The main reason for excluding articles 

was a content not addressing AM models issues. Many excluded articles dealt with 

analogic models, virtual models or perfusion-based models, or related to the 

orthopedic and veterinary fields. Six articles were not written in 

English/French/Italian. 
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Figure 3. PRISMA flow chart 

 

 

Eight articles were excluded after reviewers’ discussion: three authors involved 

commercial models [22–24], one article dealt with papercraft models [25], one article 

dealt with a silicon model molded on a 3D printed mold [26] and 3 articles dealt with 

other surgical fields (orthopedics [27, 28] and veterinary sciences [29]). 
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The spatial representation of the relationships between the Mesh keywords was 

displayed through a science map (Figure 4). The networks noticeably highlighted the 

interest for modelling human patients from imaging data through a computer assisted 

procedure. Bone surgery, prosthetic rehabilitation and radiotherapy were among the 

most represented families of clinical applications. “Mandible” was the most co-

occurring bone keywords. “Material testing”, “treatment outcome” and “clinical 

competence” were often studied. These graphic references did not show any Mesh 

keywords regarding the 3D printing technologies themselves (under the threshold). 

 

 

 

 

Figure 4. Mesh keyword co-occurrence networks among the retrieved articles. The size of each node 

is proportionate to its degree and the thickness of the links represents the tie strength. 
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With the modified Critical Appraisals Skills Programme (CASP) tool [20] the reviewers 

have identified as “high-quality studies” only 8 original researches. The authors 

classified as “average quality studies” and “poor quality studies” 46 and 15 articles 

respectively. The lack of quantitative or rigorous tests and appropriate study designs 

were found in most of the selected studies. (Table 1) 

 

 

CASP Questions Results 

Was there a clear statement of the aims of this research? High Quality 

Is a qualitative methodology appropriate? 8 Articles 

The research was designed appropriate to address the aims of this research? 

 Was the recruitment strategy appropriate tothe aims of the research? Average Quality 

 Was the data collected in a way that adressed the research issue? 46 Articles 

Has the relationship between researcher and participants been adequately considered? 

 Have ethical issues been taken into consideration? Low Quality 
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CASP Questions Results 

 Was the data analysis sufficiently rigorous? 15 Articles 

 Is there a clear statement of findings?  

 How valuable is the research?  

 

Table 1. CASP questions and results of the quality assessment 

 

Only 5 articles (6%) were published before 2008. Ten articles (18%) were published 

between 2009 and 2014. Forty-two articles (78%) were published between 2015 and 

March 10, 2019. 

Among all articles, 3 were pilot studies, 12 were case reports, 4 were case series, 29 

were validation studies and only 6 were comparative studies. The authors classified 

as “validation studies” all original researches that had described and eventually 

evaluated a process to fabricate a printed bone model. The reviewers classified as 

“comparative studies” all the researches that compared models printed by different 

techniques or models printed by different printers using the same technique. Lastly, 

a paper comparing a bone model to a cadaver’s bone was also considered as a 

comparative study [59]. (Table 2) 
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Year Author Study Design Country Domain Treatment Target 

2019 
Lanis A et al. 

[30] 
Case Report Chile Dentistry Implant treatment Planning 

2019 
Freiser ME et 

al. [31] 

Validation 

Study 
USA ENT Surgery Temporal bone access 

Planning, 

Simulation, 

Training 

2019 
Zhuo C et al. 

[32] 

Validation 

Study 
China ENT Surgery 

Endoscopic sinus 

surgery 

Training, 

Simulation 

2018 
Bhadra D et al. 

[33] 
Case Report India Dentistry 

Endodontic 

retreatment 
Planning 

2018 Lin B et al. [34] 
Validation 

Study 
China 

Cranial 

Surgery 

Tumor removal 

surgery 

Planning, 

Simulation, 

Training 

2018 
Probst R et al. 

[10] 

Validation 

Study 

Switzerland - 

Germany 

Cranial 

Surgery 

Temporal pediatric 

surgery, coclear 

implantation 

Training 

2018 
Hsieh TY et al. 

[9] 

Validation 

Study 
USA ENT Surgery 

Endoscopic skull base 

surgery 

Planning, 

Simulation, 

Training 

2018 
Reymus M et 

al. [35] 

Validation 

Study 
Germany Dentistry Dental traumatology Training, 

2018 
Sugahara K et 

al. [36] 
Pilot Study Japan 

Maxillofacial 

Surgery 

Reconstruction and 

orthognathic surgery 
Planning 

2018 
Werz SM et al. 

[37] 

Validation 

Study 
Germany Dentistry General dentistry Training 
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Year Author Study Design Country Domain Treatment Target 

2018 
Chou PY et al. 

[16] 

Validation 

Study 
USA 

Maxillofacial 

Surgery 

Cleft lip and palate 

surgery 
Simulation 

2018 
Arce K et al. 

[15] 
Case Report USA 

Maxillofacial 

Surgery 

Mandibular 

reconstruction 
Planning 

2018 
Lin WJ et al. 

[38] 

Validation 

Study 
China ENT Surgery 

Sinus and skull base 

anatomical study 
Training 

2018 
Haffner M et 

al. [39] 

Comparative 

Study 
USA ENT Surgery Mastoidectomy Training 

2018 
Jacek B et al. 

[40] 

Comparative 

Study 
Poland 

Maxillofacial 

Surgery 

Mandibular 

reconstruction with 

bony free flap 

Planning 

2018 
Alodadi A et al. 

[41] 
Case Report Saudi Dentistry Implantology Planning 

2018 
Reddy GV et al. 

[42] 

Validation 

Study 
India 

Maxillofacial 

Surgery 
Orthognathic surgery Training 

2017 
Favier V et al. 

[43] 

Comparative 

Study 
France 

Cranial 

Surgery 

Skull base endoscopic 

surgery 

Planning, 

Simulation, 

Training 

2017 
Somji SH et al. 

[12] 
Case Report USA Dentistry Sinus augmentation 

Planning, 

Simulation, 

Training 

2017 
Gargiulo P et 

al. [19] 
Case Report Iceland 

Cranial 

Surgery 

Tumor removal 

surgery 

Planning, 

Simulation 
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Year Author Study Design Country Domain Treatment Target 

2017 
Alrasheed AS 

et al. [44] 

Validation 

Study 
Canada 

Maxillofacial 

Surgery 

Endoscopic sinus 

surgery 
Training 

2017 
Wang L et al. 

[45] 

Comparative 

Study 
China 

Maxillofacial 

Surgery 
Aneurysm surgery 

Planning, 

Simulation, 

Training 

2017 
Javan R et al. 

[46] 
Pilot Study USA 

Maxillofacial 

Surgery 

Cranial nerve 

anatomy 
Training 

2017 
Legocki AT et 

al. [47] 
Case Series USA 

Maxillofacial 

Surgery 

Craniofacial 

reconstruction 

Planning, 

Simulation, 

Training 

2017 
Takahashi K et 

al. [11] 

Validation 

Study 
Japan ENT Surgery 

Temporal bone 

dissection 
Training 

2017 
Yusa K et al. 

[18] 
Case Report Japan 

Maxillofacial 

Surgery 
Tumor removal 

Planning, 

Simulation 

2017 
Ghizoni E et al. 

[48] 

Validation 

Study 
Brazil 

Maxillofacial 

Surgery 
Craniostenosis Training 

2017 
Wiedermann 

JP et al. [49] 
Case Report USA 

Maxillofacial 

Surgery 

Cranio-cervicofacial 

teratoma 
Planning 

2017 

Oscar Mario 

Jacobo et Al. 

[50] 

Validation 

Study 
Uruguay 

Maxillofacial 

Surgery 

Mandible and orbita 

recostruction 

Planning, 

Training 

2016 
Wanibuchi M 

et al. [51] 

Validation 

Study 
Japan 

Maxillofacial 

Surgery 
Mastoidectomy Training 
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Year Author Study Design Country Domain Treatment Target 

2016 
Bone TM et al. 

[52] 

Validation 

Study 
USA ENT Surgery 

Temporal bone 

surgery 
Training 

2016 
Florentino VGB 

et Al. [53] 
Case Report Brazil 

Maxillofacial 

Surger 

Reconstruction of 

temporal bone 
Planning 

2016 
Kondo K et Al. 

[54] 

Validation 

Study 
Japan 

Cranial 

Surgery 
Craniotomy 

Training, 

Simulation 

2016 
Lim SH et Al. 

[55] 

Validation 

Study 
Korea 

Macillo-Facial 

Surgery 

Mandible 

reconstruction 
Planning 

2015 
Pacione D et al. 

[56] 
Pilot Study USA 

Maxillofacial 

Surgery 

Deformity of the skull 

base and 

craniovertebral 

junction 

Planning 

2015 
Chan HHL et al. 

[57] 
Case Series Canada 

Maxillofacial 

Surgery 

Head and neck 

surgery 

Training, 

Simulation 

2015 
Dickinson KJ et 

al. [58] 
Case Report USA 

Maxillofacial 

Surgery 

Endoscopic resection 

in esophagus 
Planning 

2015 
Hochman JB et 

al. [59] 

Comparative 

Study 
Canada 

Maxillofacial 

Surgery 

Mastoidectomy and 

skull base surgery 
Training 

2015 
Cohen J et al. 

[60] 

Validation 

Study 
USA 

Maxillofacial 

Surgery 
Mastoidectomy Training 

2015 Lim C et al. [17] Case Series 
Australia - 

New Zealand 

Maxillofacial 

Surgery 
Orbital reconstruction Planning 

2015 
Rose AS et al. 

[61] 
Case Report USA ENT Surgery Mastoidectomy 

Planning, 

Simulation 
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Year Author Study Design Country Domain Treatment Target 

2015 
Ernoult C. et Al. 

[62] 
Case Series France 

Maxillofacial 

Surgery 

Reconstructive 

surgery 
Simulation 

2015 
Mowry SE. et 

al. [63] 

Validation 

Study 
USA ENT Surgery Temporal bone access Training 

2015 
Hochman JB et 

al. [64] 

Validation 

Study 
Canada ENT Surgery 

Temporal bone 

surgery 
Training 

2015 
Longfield EA et 

al. [65] 

Validation 

Study 
USA ENT Surgery 

Temporal pediatric 

surgery 
Training 

2015 
Rose AS et al. 

[66] 

Validation 

Study 
USA ENT Surgery 

Temporal bone 

surgery 
Training 

2014 
Hochman JB et 

al. [67] 
Case Report Canada ENT Surgery 

Temporal bone 

surgery 
Training 

2014 
Chenebaux M 

et al. [68] 

Validation 

Study 
France ENT Surgery 

Temporal bone 

surgery 
Training 

2014 
Narayanan V et 

al. [69] 

Validation 

Study 
Malaysia ENT Surgery Skull base surgery Training 

2014 Cui J et al. [70] 
Validation 

Study 
China 

Maxillofacial 

Surgery 
Cranial trauma Planning 

2014 Gil RS et al. [71] 
Validation 

Study 
Spain 

Maxillofacial 

Surgery 

Mandible 

reconstruction 
Planning 

2014 
Jardini AL et al. 

[72] 
Case Report Brasil 

Cranial 

Surgery 
Cranial reconstruction Planning 

2013 
Jabbour P et al. 

[73] 

Validation 

Study 
USA 

Cranial 

Surgery 
Presigmoid access Training 
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Year Author Study Design Country Domain Treatment Target 

2013 Li J et al. [74] Case Series China 
Maxillofacial 

Surgery 
Orbital reconstruction Planning 

2012 
Ciocca L et al. 

[75] 
Case Report Italy 

Maxillofacial 

Surgery 

Mandible 

reconstruction 
Planning 

2011 
Mori K et al. 

[76] 

Validation 

Study 
Japan 

Cranial 

Surgery 

Cerebral 

revascularization via 

skull approaches 

Training, 

Simulation 

2011 
Morrison D et 

al. [77] 
Case Report Australia 

Cranial 

Surgery 
Cranial reconstruction Planning 

2010 
Nikzad S et al. 

[78] 
Case Report Iran Dentistry 

Sinus lift and implant 

treatment 
Planning 

2010 
Katatny IE et al. 

[79] 

Validation 

Study 
Australia 

Maxillofacial 

Surgery 
Mandibular surgery Planning 

2010 
Lambrecht JTH 

et al. [80] 
Case Series Switzerland Dentistry Oral surgery Training 

2009 
Sohmura T et 

al. [81] 
Case Series Japan Dentistry Implant treatment 

Planning, 

Training 

2009 
Mori K et al. 

[82] 

Validation 

Study 
Japan ENT Surgery Skull base surgery Training 

2009 
Radley GJ et al. 

[83] 
Comparative UK ENT Surgery 

Endoscopic sinus 

surgery 
Training 

2009 
Cohen A et al. 

[84] 
Case Series Syria 

Maxillofacial 

Surgery 

Mandible 

reconstruction 
Planning 
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Year Author Study Design Country Domain Treatment Target 

2007 
Suzuki M et al. 

[85] 

Validation 

Study 
Japan ENT Surgery 

Temporal bone 

surgery 
Training 

2007 
Mavili ME et al. 

[86] 
Case Series Turkey Dentistry Orthognatic surgery 

Planning, 

Simulation 

2004 
Suzuki M et al. 

[87] 

Validation 

Study 
Japan ENT Surgery Temporal bone access Training 

2003 
Muller A et al. 

[88] 
Case Series Germany 

Cranial 

Surgery 

Cranioplasty, tumor 

removal 

Planning, 

Simulation 

1997 
Löpponen H et 

al. [89] 
Case Report Finland ENT Surgery Cochlear implant 

Simulation, 

Training 

 

Table 2. General Information of the included studies 

 

Purposes of the articles 

The models mentioned in the selected articles were used for different purposes 

(Table 2). In 31 articles the models were used to plan a surgery, in 19 they were used 

to simulate the surgery, and in 32 they were used for training of students or clinicians. 

This total (82) exceeded the total number of papers, as some models were used for 

multiple purposes. 

Surgical field 

The reports on 3DP models concerned multiple surgical domains (Table 2). Oral and 

maxillofacial surgery had the largest share with 43% of articles describing the use of 
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AM models, followed by ENT surgery (29%), dentistry (14%), and cranial surgery 

(14%). 

Therapy  

In dentistry, bone models were more frequently used for simulating dental implant 

placement [30, 41, 81]. In oral and maxillofacial surgery, the models were more 

frequently used for planning a bone reconstruction [15–17, 36, 40, 47, 50, 53, 72] or 

a tumor removal [18, 49, 56]. The models prepared for ENT surgery were mostly used 

for training surgical temporal access [10, 31, 52, 63–68, 85, 87] and mastoidectomy 

[39, 51, 59–61]. Finally, in the field of cranial surgery, the models were most 

frequently used for the training of the pre-sigmoid approach [73] or craniotomy [54]. 

(Table 2) 

Image acquisition and processing 

Image acquisition and processing are the first steps to create a 3DP model (Table 3). 

The most frequently used radiological exam was the CT, followed by cone beam 

computed tomography (CBCT) and MRI. Software was used to process the radiological 

data. The most frequently used were Mimics® (Materialise, Leuven, Belgium), 

followed by OsiriX® (Pixmeo, Geneva, Switzerland) and 3D Slicer® (Surgical Planning 

Laboratory, Isomics Incorporated, Cambridge, USA). Most of the authors did not 

specify entirely their digital work-flow to create the STL printable file, making it 

difficult to reproduce the procedure properly. 
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Year Author 
Data 

Acquisition 

Images 

Processing 

Software 

Printing Technique Material 

2019 
Lanis A et al. 

[30] 
CBCT CoDiagnostiX Vat photopolymerization Photosentitive Resin 

2019 
Freiser ME et 

al. [31] 
CT 3D Slicer Vat photopolymerization Photosentitive Resin 

2019 
Zhuo C et al. 

[32] 
CT Mimics Material Extrusion PLA 

2018 
Bhadra D et al. 

[33] 
CBCT – Material Extrusion – 

2018 Lin B et al. [34] CT Mimics Material Jetting Photosensitive Resin 

2018 
Probst R et al. 

[10] 
μCT – Binder Jetting 

Cast Powder and 

Bonding Agent 

2018 
Hsieh TY et al. 

[9] 
CT – Material Jetting Photosensitive Resin 

2018 
Reymus M et 

al. [35] 
CBCT InVesalius Vat photopolymerization Photosensitive Resin 

2018 
Sugahara K et 

al. [36] 
CT Mimics Material Jetting Photosensitive Resin 

2018 
Werz SM et al. 

[37] 
CT 3D Slicer Material Extrusion PLA, ABS 

2018 
Chou PY et al. 

[16] 
CT Mimics Material Extrusion ABS 
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Year Author 
Data 

Acquisition 

Images 

Processing 

Software 

Printing Technique Material 

2018 
Arce K et al. 

[15] 
CT Mimics Vat photopolymerization Photosentive Resin 

2018 
Lin WJ et al. 

[38] 
CT Mimics Material Extrusion PLA 

2018 
Haffner M et 

al. [39] 
CT Slicer Material Extrusion 

PLA, ABS, Nylon, 

PETG, PC 

2018 
Jacek B et al. 

[40] 
CT Slicer Material Extrusion ABS 

2018 
Alodadi A et al. 

[41] 
CBCT – – – 

2018 
Reddy GV et al. 

[42] 
– – – – 

2017 
Favier V et al. 

[43] 
CT 

Medical Image 

Segmentation 

Tool 

Binder Jetting, Material 

Jetting, Powder Bed Fusion, 

Material Extrusion 

Calcium Sulfate 

Hemihydrate, Opaque 

Resin, Polyamide, 

Polycarbonate 

2017 
Somji SH et al. 

[12] 
CBCT OsiriX Vat photopolymerization Photosensitive Resin 

2017 
Gargiulo P et 

al. [19] 
CT and MRI Mimics Material Extrusion ABS 

2017 
Alrasheed AS 

et al. [44] 
CT Mimics Material Jetting Photosensitive Resin 
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Year Author 
Data 

Acquisition 

Images 

Processing 

Software 

Printing Technique Material 

2017 
Wang L et al. 

[45] 
CTA Mimics Material Jetting Photosensitive Resin 

2017 
Javan R et al. 

[46] 
MRI OsiriX Powder Bed Fusion Polyamide 

2017 
Legocki AT et 

al. [47] 
– OsiriX Material Extrusion PLA 

2017 
Takahashi K et 

al. [11] 
CT ZedView Binder Jetting 

Plastic Powder and 

Colored Binders 

2017 
Yusa K et al. 

[18] 
CT and MRI ZedView Binder Jetting Composite Powder 

2017 
Ghizoni E et al. 

[48] 
CT Mimics Powder Bed Fusion Polyamide 

2017 
Wiedermann 

JP et al. [49] 
CT and MRI – – – 

2017 

Oscar Mario 

Jacobo et Al. 

[50] 

CT – Material Extrusion PLA 

2016 
Wanibuchi M 

et al. [51] 
– – Powder Bed Fusion 

Polyamide and Glass 

Fiber 

2016 
Bone TM et al. 

[52] 
CT OsiriX Material Extrusion ABS 
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Year Author 
Data 

Acquisition 

Images 

Processing 

Software 

Printing Technique Material 

2016 
Florentino VGB 

et Al. [53] 
CT InVesalius –  

2016 
Kondo K et Al. 

[54] 
CT and MRI – Binder Jetting 

Calcium sulfate 

hydrate 

2016 
Lim SH et Al. 

[55] 
CT Mimics Material Jetting – 

2015 
Pacione D et al. 

[56] 
CT 

Philips 

Intellispace 

Portal 

Material Jetting Photosensitive Resin 

2015 
Chan HHL et al. 

[57] 
CT Mimics Material Extrusion 

ABS, ABS and Powder, 

Polycarbonate 

2015 
Dickinson KJ et 

al. [58] 
CT and MRI Mimics Material Jetting Photosensitive Resin 

2015 
Hochman JB et 

al. [59] 
CT Mimics Binder Jetting Composite Powder 

2015 
Cohen J et al. 

[60] 
CT ITK-Snap Material Extrusion ABS 

2015 Lim C et al. [17] CT – Material Extrusion – 

2015 
Rose AS et al. 

[61] 
CT Mimics Material Jetting Photosensitive Resin 

2015 
Ernoult C. et al. 

[62] 
– OsiriX Material Extrusion ABS 
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Year Author 
Data 

Acquisition 

Images 

Processing 

Software 

Printing Technique Material 

2015 
Mowry SE. et 

al. [63] 
CT OsiriX Material Extrusion ABS 

2015 
Hochman JB et 

al. [64] 
μCT Mimics – – 

2015 
Longfield EA et 

al. [65] 
CT – Binder Jetting – 

2015 
Rose AS et al. 

[66] 
CT Mimics Material Jetting Photosensitive Resin 

2014 
Hochman JB et 

al. [67] 
CT Mimics Binder Jetting 

Composite Powder 

and Colored Binders 

2014 
Chenebaux M 

et al. [68] 
CT Magics Vat photopolymerization Photosensitive Resin 

2014 
Narayanan V et 

al. [69] 
CT and MRI Biomodroid Material Jetting Photosentive Resin 

2014 Cui J et al. [70] CT Materialise Powder Bed Fusion Polystirene 

2014 Gil RS et al. [71] CT Materialise 
Vat photopolymerization, 

Powder Bed Fusion 
– 

2014 
Jardini AL et al. 

[72] 
CT InVesalius Binder Jetting – 

2013 
Jabbour P et al. 

[73] 
– – – – 

2013 Li J et al. [74] CT 3DMSR Powder Bed Fusion Polystirene 
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Year Author 
Data 

Acquisition 

Images 

Processing 

Software 

Printing Technique Material 

2012 
Ciocca L et al. 

[75] 
CT CFT Material Extrusion ABS 

2011 
Mori K et al. 

[76] 
– – Powder Bed Fusion Polyamide 

2011 
Morrison D et 

al. [77] 
CT Mimics Material Extrusion ABS 

2010 
Nikzad S et al. 

[78] 
CT Simplant Binder Jetting Polyamide 

2010 
Katatny IE et al. 

[79] 
CT InVesalius Material Extrusion ABS 

2010 
Lambrecht JTH 

et al. [80] 
CBCT Magics Material Jetting – 

2009 
Sohmura T et 

al. [81] 
CT VGStudio Max Material Extrusion ABS 

2009 
Mori K et al. 

[82] 
CT – Powder Bed Fusion Polyamide 

2009 
Radley GJ et al. 

[83] 
μCT Mimics Powder Bed Fusion Polyamide 

2009 
Cohen A et al. 

[84] 
CT Magics Material Jetting – 

2007 
Suzuki M et al. 

[85] 
CT – Vat photopolymerization – 
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Year Author 
Data 

Acquisition 

Images 

Processing 

Software 

Printing Technique Material 

2007 
Mavili ME et al. 

[86] 
CT Mimics Material Jetting – 

2004 
Suzuki M et al. 

[87] 
CT – Powder Bed Fusion Polyamide 

2003 
Muller A et al. 

[88] 
CT – Vat photopolymerization Photosensitive resin 

1997 
Löpponen H et 

al. [89] 
CT – Vat photopolymerization Photosensitive resin 

 

Table 3. Workflow’s analysis of the included studies 

 

Printing systems and materials 

Material extrusion (ME) printing was the preferred technique to create models, 

followed by material jetting (MJ), respectively 32% and 22% of the articles (Table 3). 

Binder jetting and vat photopolymerization (VP) technique were both involved in 10% 

of papers. Powder bed fusion printers were used in 16% of articles while 9% did not 

mentioned the type of 3D printer involved. Among all the references selected, the 

most frequently used material was acrylonitrile butadiene styrene (ABS), currently 

only used with material extrusion printers. 
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Quantitative evaluation 

Accuracy and mechanical characteristics are strongly dependent on the 3D printer’s 

characteristics, on the involved printer material and the size of the model. Only three 

authors analyzed the mechanical properties of their models through quantitative 

tests [43, 67, 83]. Due to the differences in the printing materials and measuring 

methods, it was not possible to compare their results (Table 4). For the same reason, 

it is impossible to compare the model accuracy, despite the fact that several authors 

measured the geometric discrepancy (Table 5) [9, 43, 51, 61, 79] 

Year Author Objective Methods Results 

2017 
Favier V et 

al. [43] 

Evaluation of several 

consumer-grade 

materials for 

creating patient-

specific 3D-printed 

skull base model for 

anatomical learning 

and surgical training. 

Four different 

materials were 

compared to fabricate 

the models 

Force sensors were 

used to evaluate: 

- Average force 

needed to break thin 

walls with the surgical 

suction tip 

- Energy spent and 

reported 

instantaneous forces 

during a 6 mm depth 

drill 

All materials displayed higher mechanical 

properties than human cadaver bone 

Resin and PA were not adapted because 

forces exceeded to break thin walls were 

too high (200 N). Using “Multicolor” and 

PC, the forces applied were 1.6 to 2.5 / 3.5 

times higher than bone. Energy spent 

during drilling was respectively 1.6 and 2.6 

times higher on bone than on PC and 

Multicolor. 

Finally, PC and Multicolor were the more 

adapted materials for this application. 
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Year Author Objective Methods Results 

2014 

Hochman 

JB et al. 

[67] 

To generate a rapid-

prototyped temporal 

bone model from 

computed 

tomography (CT) 

data with a specific 

focus on internal 

anatomic fidelity. 

Three point bending 

tests, using a Texture 

Analyzer® were 

performed to 

determine the elastic 

modulus and yield 

point. 

Thanks to a 3-axis 

accelerometer the drill 

vibration during the 

drilling was evaluated 

on different materials. 

The printed bone models were highly 

realistic. Void space representation was 

excellent with 88% concordance between 

cadaveric bone and the resultant rapid-

prototyped temporal bone model. 

Ultimately, cyanoacrylate with 

hydroquinone was determined to be the 

most appropriate infiltrant for both 

cortical and trabecular simulation. The 

mechanical properties of all tested 

infiltrants were similar to real bone 

2009 
Radley GJ 

et al. [83] 

To fabricate and 

characterize human 

sinus phantoms by 

3D printing for 

surgery simulation 

A modified surgical 

instrument was used 

to evaluate the 

necessary force to 

break thin walls made 

by test materials 

compared to cadaver 

bone. 

The materials that could be successfully 

combined into a suitable fluid were 

polyurethanes, polishes, and suspended 

cellulose/polyesters (hardeners). 

 

Table 3. Quantitative evaluations of 3DP models’ mechanical properties 
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Year Author Objective Methods Results / Conclusion 

2018 
Hsieh TY et 

al. [9] 

Fabrication of sinus and 

skull base 3D-printed 

models for endoscopic 

skull base surgery 

Numerical measurements 

and image navigation 

were used to localize 

several landmarks on the 

CT images of the patients 

compared to the CT of the 

3DP model. 

Evaluation of the surgeons 

perceptions (Likert scale) 

after dissecting printed 

models (Haptic Feedback 

and anatomical accuracy) 

Comparisons demonstrated less 

than 5% difference between the 

images. 

Lickert scores were positive for 

haptic feedback (4,67/5) and 

anatomical accuracy (4/5) 

2017 
Favier V et 

al. [43] 

Evaluation of several 

consumer-grade 

materials for creating 

patient-specific 3D-

printed skull base model 

for anatomical learning 

and surgical training. 

4 different printing 

materials were compared 

for accuracy, surgical 

forces needed to break 

and drill thin walls 

PC and PA displayed the highest 

printing accuracy. 

The use of printed models in PC 

is a good substitute to human 

cadaver bone for skull base 

surgery simulation 

2017 
Legocki AT 

et al. [47] 

Evaluation of the 

feasibility of using low-

cost 3D printers for the 

fabrication of anatomical 

Comparison of in-house 

printing process of surgical 

models vs commercial 

printed models. 

Similar results for the accuracy of 

both techniques 

Nerve canal visibility, tooth root 

visibility, and sterilizability were 

inferior for in house models 
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Year Author Objective Methods Results / Conclusion 

models for craniofacial 

reconstruction 

3 different mandible 

models 

Analogical measurements 

with digital caliper + other 

criteria (cost, production 

speed, sterilization …) 

Overall, the in-house technique 

is adapted for education and 

surgical planning, including 

preoperative plates bending. 

2016 

Wanibuchi 

M et al. 

[51] 

Fabrication of a 3D 

temporal bone model 

and validation of 

accuracy 

Accuracy was investigated 

by fusion of the original CT 

of patient’s temporal bone 

and the 3DP model’s CT 

The differences between both CT 

images were below 1 mm 

The printed models are adapted 

for surgical training. 

2015 
Rose AS et 

al. [61] 

Producing a patient-

specific model for pre-

operative simulation in 

pediatric otologic surgery 

Case report of 

cholesteatoma 

Measurement and 

comparison of distances 

between several anatomic 

landmarks (CT scan / 

Printed model / During 

surgery) 

The variability was minimal, in 

terms of absolute distance (mm) 

and relative distance (%), in 

measurements between 

anatomic landmarks obtained 

from the patient intra-

operatively, the pre-operative CT 

scan and the 3D-printed models. 

2010 
Katatny IE 

et al. [79] 

Simulation of shape and 

CT values of pulmonary 

parenchyma and lesions 

of various sizes using 3DP 

Comparison of patient 

original CT and printed 

model CT 

High accuracy was observed 

Patient-specific CT imaging 

phantoms can be obtained by 

FDM printer 

It can be used for the calibration 

of CT intensity and validation of 

image quantification software. 

Table 4. Studies including a quantitative evaluation of 3DP models’ accuracy 
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Qualitative evaluation 

Most of the authors analyzed the accuracy and haptic feedback of their models using 

self-made questionnaires and they usually concluded that 3DP models were accurate. 

Two authors declared respectively less than 100 and 125 μm of geometrical 

discrepancy between the real bone and the model [33, 81]. Some other authors 

stated that discrepancies could reach 680 μm, depending on the size of the model 

[47]. The haptic feedback was declared adequate in 75% of articles that investigated 

it through qualitative tests. A model made of calcium sulfate hemihydrate was 

considered “too hard” [43] and another 3DP model was “too soft” [65]. Few authors 

showed that it was difficult to print small bones [10, 52, 63] and it was reported that 

some materials melted during drilling [37, 43]. Few authors reported benefiting of a 

reduction in treatment time up to 20% in the operating room thanks to the models 

[18, 50, 75]. A third (35%) of the articles affirmed that the clinical outcomes could 

potentially be improved by using these techniques, thanks to the better planning and 

the enhanced comprehension of the patient pathological status. Considering costs 

and production time, ME printed models were the cheapest [38, 39, 42, 60] and the 

fastest printers [65, 67]. Cost-effectiveness depended on each clinical case and was 

more striking when several models needed [82]. Only 7% of the authors suggested 

that their method was not cost-effective [43, 61, 63, 78]. 
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DISCUSSION 

Our original impression was validated by the results, suggesting that, before investing 

in a printer, the major application of the models needs to be considered. Oral and 

maxillofacial models for bone surgery applications are mostly used for planning and 

simulating surgical interventions. Printed products exhibit a wide range of different 

properties, varying with the machine and the printing material. The main results 

showed that surgical treatment times can be reduced up to 20%, and that the failure 

rate tends to decrease [40, 50, 71]. Many authors suggested that clinical outcomes 

can be improved, but their findings were not supported by any control group 

[12, 18, 19, 33–36, 41, 42, 50, 56, 58, 76, 78, 86]. Only Banaszewski et al. involved a 

control group to compare the use of the 3D printed model for planning the surgical 

reconstruction of the mandible to the traditional technique. They found that the 

functional and aesthetic results were greater in the group where a 3DP models were 

applied [41]. A planning model needs to be accurate, but cheap also, as one patient 

cannot cover extensively all expenses. A training model requires essentially to 

reproduce relevant haptic feedback and to be an inexpensive investment. These two 

qualities are also expected to simulate a surgical intervention, but also with a high 

level of accuracy. 

 



 63 

Accuracy 

The MJ printers are currently the most accurate printers, with printed models 

exhibiting a geometrical discrepancy of 90 μm when compared to the patient’s bone 

[76]. The second most accurate printing technique, according to the analyzed articles, 

is powder bed fusion (PBF). Wanibuchi et al. showed an accuracy ranging from 100 μm 

to 300 μm on a temporal bone model measured with a digital caliper [51]. This result 

was confirmed by another study where a geometrical discrepancy of 150 μm was 

observed between the model and the bone [43]. BJ and ME were reported to be less 

accurate methods. A geometrical discrepancy of 400 μm was observed when using a 

BJ printer to print a skull base [43]. Most of the researches involving ME printers did 

not measure quantitatively the models’ accuracy, except in one case where they 

reported a discrepancy reaching 680μm [47]. Our study did not retrieve any paper 

measuring the accuracy of VP printers, but was previously reported as being high [8]. 

The lack of quantitative evaluation of the printing accuracy was one of the major 

limitations of the studies included in this review. The accuracy is related to the printer, 

the radiological image segmentation process, the size of the printed object and the 

printing material. For example, a ME printer cannot reach the same precision as an 

VP or MJ printer due for first to the dimension of the nozzle, but its accuracy could be 

sufficient to reach the operator’s purposes. Depending on the radiological images 

processing technique a 3D-printed model will always exhibit some discrepancies, the 

operator has to keep it in mind processing the radiological data. 
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Haptic feedback 

Good haptic feedback is the most important characteristic of training models and it is 

strongly dependent on the mechanical characteristics of the printing material. The 

two fundamental parameters for a model that aims to reproduce the bone haptic 

feedback are adequate elastic modulus and tensile strength. No quantitative test is 

currently available to describe the surgeon’s haptic feedback during a surgical 

intervention. Most of the authors created their own questionnaires and asked 

students and surgeons with different experience about their sensations. Thus, the 

results were difficult to compare as evaluation protocols were different and because 

of the conclusions subjective. However, most of them were satisfied with their 

printed models. 

The principal materials for ME printers were polylactic acid (PLA), ABS, polycarbonate 

(PC), polyethylene terephthalate glycol-modified (PETG) and nylon. In the articles 

included in this review, there was no consensus regarding the best material to 

reproduce the bone characteristics. One of the PLA’s advantages was its biological 

properties, as it is known to be biodegradable and non-toxic. Moreover, its haptic 

feedback was similar to bone at low temperature while drilling [37]. Haffner et al., 

compared five different materials, and stated that PETG was the most realistic 

material, followed by PC, PLA and ABS. Nylon properties were considered as not 

realistic enough [39]. PC was blamed to melt too easily during drilling while ABS could 

easily reproduce the bone haptic feedback during a cortical mastoidectomy [43]. 
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Favier et al. compared the mechanical characteristics of their models. With Young’s 

Modulus respectively of 2000–3000 N/mm2 and 1700 N/mm2, the MJ and PBF 

printed models were considered as realistic. Regarding PBF printing, Mori et al. 

reported that their model was realistic but the feeling of drilling the cancellous part 

of the bone model lacked the ‘crispy touch’ of real bone [82]. This subjective 

declaration underlines the need for objective criteria to evaluate the haptic feedback 

of the models. Among all the materials used in the BJ printing technique, 

cyanoacrylate powder with hydroquinone resembled the most to sheep cortical bone, 

which was often used as a surgical training model [85]. 

Unfortunately, no author did quantitative or comparative tests using models printed 

by VP. However, most authors suggested that this technique was efficient for creating 

adequate models, enhancing the quality of the training [12, 35] and suitable for 

planning complex surgeries [15] or dental implant treatments [30]. 

The segmentation technique is also an important parameter that it has to be 

considered for obtaining realistic 3D printed models. Segmenting the trabecular bone 

structures results in more realistic haptic feedback when compared to fully solid 

prints. 

Cost 

Cost remains an important parameter that cannot be ignored. There are multiple 

additional costs in terms of software, printers, printing materials, operators and 

training hours to produce an in-house 3DP model. 
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To print a model, the first step is to process the DICOM file into an STL file. Among all 

the commercial software available, the commercial software package Mimics®, was 

the most widely used software, despite a relatively high cost when compared to 

others. Many free or open-source software are available, like ITK-Snap®, Slicer® or 

InVesalius® [31, 35, 39, 40, 60, 79]. OsiriX® possesses a free version (demo) that 

allows to export STL renderings [12, 46, 47, 52, 63]. 

ME printers were the cheapest printers, with reported prices ranging between 2500$ 

and 3000$ [47, 82]. However, as previously mentioned, these showed limitations in 

terms of accuracy. PLA and ABS were the cheapest reported materials 

[32, 37, 39, 47, 52, 82]. PC cost was reported to range from 105$ to 155$ for the 

production of a mandible [43, 57]. The cost for a temporal bone model using BJ was 

around 400$ [67]. MJ models costs ranged from 270$ to 1000$. One team affirmed 

that these models were too expensive [66], but two others suggested that they were 

satisfied by their investment in these models [15, 56]. LS printers are not cheap, but 

no authors talked mentioned any price. Printing a skull base using polyamide with an 

LS printer was reported to cost 250–280$ [85]. Two teams used VP printers and they 

declared being satisfied by the results [12, 35]. A forgotten cost is related to the post-

curing machine for object printed trough VP technologies. 

The production time can also be considered as a decisive cost. ME printers were the 

fastest, producing a pediatric temporal bone model in 4.5 h and a mandible with a 

maxilla in 6 h [37, 39]. The production time of an MJ model was less than a day [9, 56]. 
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The time needed to design the STL file is also important to consider. Only one author 

discussed about the total production time of a LS printer and reported a need for 4 to 

5 days [43]. The learning curve of a few months to master and to properly use the 

software for STL processing is obvious. In every case, the conversion from the DICOM 

to an adequate STL file could take several hours. One author reported that “the 3DP 

technique is really cost-effective, only if the operator plans to produce several models 

to amortize the cost of the 3D printer” [82]. 

It’s important to know these costs because the cost-benefit ratio has to be considered 

before investing in this technique that can get several advantages, but it presents 

some drawbacks in comparison to traditional techniques [63, 78]. 

Suggestions 

As pre-surgical tools, 3D models can make the surgical outcomes more predictable 

and safer, reducing the surgeon’s stress and the intervention time [40, 50]. 

Furthermore, they can strongly improve the quality of clinical education, allowing 

students to simulate various surgical interventions and to discuss easily about their 

clinical cases with their mentors [34, 35, 42]. 

Evaluating the best image processing workflow remains difficult as no author 

described neither the entire workflow not the human cost involved. The most used 

training models are made with ME printers. This technology is the cheapest and 

allows producing suitable training models, despite their limited accuracy. The most 

appropriate ME printing materials are ABS, PLA and PETG [43]. Temporal bone models 
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printed with PETG were reported to ensure adequate haptic feedback while perform 

drilling, and they were very helpful during training sessions [39]. 

To obtain an adequate simulation model, BJ and VP printers seem more indicated. 

They showed adequate performances in reproducing training models of the maxilla 

and their accuracy is really satisfying for creating planning models [12, 18]. It is also 

possible to create models for simulating surgeries, thanks to their good haptic 

feedback [12, 14, 18]. Also MJ printers allow to produce models that provide good 

haptic feedback and that can be used to simulate complex surgeries before entering 

the operating room [14]. Generally, they cost more than the VP ones, as well as the 

BJ ones [35, 61]. PBF printers allow to produce accurate bone models in polyamide 

and glass fiber, but without satisfying haptic feedback [82]. 

Printing time and cost are very variable, depending directly on the type of 3D printer, 

the printing material, the accuracy and the mechanical characteristics required. 

Figure 5 demonstrates the main differences among the analyzed 3D printing 

technologies, depending on the applications. 
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Figure 5. Advantages (green) and limitations (red) of different 3D printing technology to create 3D 

anatomical models. These characteristics lead the choice for the best 3D printer technique for every 

clinical or academical purpose 

 

CONCLUSION 

The present literature review showed that nowadays, AM models are useful tools in 

the surgical field. Several parameters must be considered before choosing a 3D 

printing model workflow, such as the processing software, the type of 3D printer, the 

expected mechanical characteristics, accuracy and haptic feedback of the printing 

material, the production time and the human and material costs. 

Due to the large amount of different parameters that must be considered by the 

operator, the financial investment in a 3D printer should be made with the precise 

idea of the final application. 
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Limitations  

This analysis was at first limited by the diversity of workflows and applications, 

involving different materials, printers and testing methods. Despite difficulties for 

comparing results from a study to another, some common protocols were found for 

the 3 main purposes of 3D-printed bone models (planning, simulation and training). 

The lack of common reliable qualitative tests to evaluate the models was an evident 

limitation, thus future studies should focus on standardized methods to evaluate 3D-

printed models of bone macro- and micro-structures. 
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Chapter III 

A novel self-assessment method for training 

access cavity on 3D printed endodontic models 

 

INTRODUCTION 

The primary goal of root canal treatment is to heal or prevent apical periodontitis [1], 

a tooth disorder highly frequent among adults [2]. Since the endodontic specialty it is 

still not established in Italy, root canal treatments are frequently performed by 

general dentists, who, in many cases, do not reach optimal standards [3,4]. The 

average quality of endodontic treatments performed by general dentists was found 

suboptimal also in other countries [5-7]. A possible cause could be an inadequate 

training during the undergraduate curriculum [8]. 

Pre-clinical training is a fundamental learning step for dental students to become 

familiar with the techniques and procedures that they will then apply in a clinical 

setting [9]. In consideration of the importance of pre-clinical training in dental 

education, every improvement is strongly encouraged and new technologies can 

serve this purpose [10]. In a joined position statement of the European Society of 

Endodontology (ESE) and Association for Dental Education in Europe (ADEE) it was 
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recommended the development of intelligent systems to facilitate preclinical skills 

training and to provide instantaneous feedback on performance [11]. 

Extracted teeth have long been used in pre-clinical training in endodontics because 

they are cost-free, allows students to practice with a range of anatomical variations 

and pathologies and provide valuable haptic feedback, allowing students to develop 

the tactile sensitivity and manual dexterity necessary for successful endodontic 

procedures [12,13]. According to recent studies, human extracted teeth are used for 

endodontic training in 82.1%, 73% and 100% of Italian, English and Spanish dental 

schools, respectively [14-16]. Nevertheless, the use extracted teeth shown some 

limitations. For example, with the improvement of oral health in the general 

population and with the new therapeutic possibilities for teeth that were previously 

destined for extraction, the availability of extracted teeth suitable for practice has 

decreased [17]. The use of extracted teeth may carry ethical concerns and require 

preventive measures to avoid the risk of cross-infections [13,18]. In addition, the lack 

of uniformity of natural teeth poses difficulties during classroom exercises and when 

student learning is assessed [19]. 

For these reasons, increasingly sophisticated artificial root canals have been put on 

the market, from canals of different shapes and dimension in clear resin blocks to 

plastic typodonts [20,21]. In particular, some companies are specialized in the 

production of 3D printed teeth from X-ray tomography or micro-tomography scans of 

extracted teeth [19]. 
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In various medical fields students can enhance their skills on accurate 3D printed 

models that reproduce the haptic feedback of the patient’s tissues [22]. Several 

authors described temporal bone surgeries [23,24] implant treatment or maxillary 

sinus floor augmentation [25] training in realistic in vitro conditions using these 3D-

printed models. 

In the dental field these models are mostly involved with students for preclinical 

education in caries excavation, direct capping of the pulp, core build-up, and crown 

preparation [26]. 

The cost of these replicas depends on the type of tooth and how accurate the 

anatomical characteristics are. Given the need to simultaneously and repeatedly train 

multiple students, a large number of replicas must be utilized, making low cost a 

crucial characteristic of any effective training model [27]. The gradual reduction of 3D 

printer costs has made possible to print teeth in-house [28]. The advantages of using 

3D printed teeth are the potentially infinite availability of tooth replicas and the 

elimination of variability of natural teeth [12]. 

Intraoral scanners (IOSs) are widely diffuse tools that allow dentists to create detailed 

digital impressions [29]. The functioning of these devices is based on a light source, 

such as a laser or structured light, which is projected onto the object undergoing 

scanning. Imaging sensors capture the resulting images, which are subsequently 

processed by the scanning software. This software analyzes the images and generates 

point clouds, which are collections of points representing the object's surface. These 
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point clouds are then transformed into a 3D surface model, also known as a mesh, 

through a process called triangulation [30]. Besides their valuable use in clinical 

practise, IOSs showed several possible applications in dental education. Seet et al. 

assessed the effectiveness of IOSs in student crown preparation evaluation and 

concluded that they can overcome limitations in conventional assessment of 

objective parameters and some subjective parameters [31]. Park et al. reported the 

benefits of a computer-assisted design/computer-assisted manufacturing (CAD/CAM) 

learning software which allows students to objectively assess their performance in 

preclinical prosthodontics [32]. Most recently, Choi et al. used IOS as a feedback tool 

to assess student access cavity on 3D printed teeth [33]. 

The purpose of this study was to describe a new learning method adopted in the 

cavity access exercises at Parma dental school. 

 

MATERIALS AND METHODS 

The project involved the nineteen fifth-year dental students who attended the 

Endodontics course at Parma University from September 2022 to January 2023. The 

undergraduate endodontic program consists of 50 hours of theory lessons and 75 

hours of pre-clinical training. Pre-clinical training consists essentially of applying the 

notions learned during frontal lessons on endodontic treatment from pulp cavity 

opening to canal shaping, cleaning, and obturation on extracted teeth under the 

direct supervision of the tutors. Contrary to previous years, in the course 2022-2023, 
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the students also practiced on 4 to 5 in-house 3D printed teeth, as well as on a similar 

number of natural teeth. 

Replicates of teeth 1.1 and 3.6, reproducing internal and external anatomy, were 

obtained as follows. STL teeth files were freely available on the web [34]. Using 

PreForm software (Formlabs, Somerville, US) STL files were loaded and an adequate 

3D printing support was designed (Figure 1). 

 

 

Figure 1. STL files loaded on PreForm software and creation of the 3D printed support. 

 

Layer thickness of 100µm was set. A vat Photopolymerization 3D printer (Form 2, 

Formlabs, Somerville, US), charged with Model V2 resin (Formlabs, Somerville, US), 

was used. This resin, which was fabricated to produce dental master models, was 

chosen for its mechanical characteristics and accuracy. 
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After 3D printing, the post-curing process was performed using Form Wash and Form 

Cure (Formlabs, Somerville, US). First, the models were immersed in 97% isopropyl 

alcohol for 10 minutes using Form Wash and then polymerized 80 minutes at 60°C 

using Form Cure. After removing the 3D printing support, the resulting teeth were 

ready-to-use (Figure 2). 

 

 

Figure 2. 1.1 and 3.6 tooth replicas after post-curing process 

 

The students performed access cavities using burs mounted on air-driven and motor-

driven handpieces, as usual (Figure 3). 
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Figure 3. Access cavity exercises on 3D printed teeth during student pre-clinical training 

 

Differently from the training on natural teeth, the students, during the training on 

printed teeth, were not under the direct supervision of the tutors. The assessment of 

the access cavities was carried out as follows. The prepared teeth were scanned with 

Omnicam (Dentsply Sirona, Charlotte, US). If any voids or scanning errors were found 

in the resulting 3D model after each scan, the tooth was rescanned as needed. Scan 

data were exported from the Omnicam station as STL files and visualised using 

Meshlab software (Visual Computing Lab, Pisa, Italy). This open-source software 

allowed the students to view the prepared tooth by rotating it in space and enlarging 

the image as desired to better evaluate the size, shape, extent, complete deroofing, 

convenient form, gouging, and the presence of perforations. Additionally, the 

software allowed the student to align their model with an ideal access cavity obtained 
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by scanning a model prepared by the teacher, to make a direct comparison and 

highlight the differences (Figure 4). Thanks to Meshlab it was also possible to 

mathematically evaluate the geometric difference between the scanned teeth 

employing a quantitative approach. This was achieved by utilizing a tool known as 

“Hausdorff distance”. Hausdorff algorithm is commonly used to assess the 

dissimilarity or similarity between two sets of points within a metric space [35,36]. By 

applying the Hausdorff distance, we were able to determine the extent to which the 

sets of points deviated from each other. Specifically, the Hausdorff distance calculates 

the maximum distance between any point in one set and its nearest counterpart in 

the other set, thereby providing a measure of how far apart the sets are. Notably, this 

distance metric takes into account both directions, considering the longest distance 

from any point in one set to its closest point in the other set. To quantify the 

discrepancy between the models created by the students and the ideal model, we 

calculated the Hausdorff distance values. These values represented the dissimilarity 

between the two sets of points. Subsequently, we derived the root mean square 

(RMS) from these Hausdorff distance values. The RMS is a statistical measure that 

entails calculating the square root of the arithmetic mean of the squares of a given 

set of values. In simpler terms, it offers a way to determine the average value of a set 

of numbers, considering both positive and negative values. By employing the RMS, 

we obtained a comprehensive assessment of the overall disparity between the 
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models. This quantitative analysis provided valuable insights into the extent of 

variation between the students' prepared tooth and the teacher’s one. 

 

 

Figure 4. Digital scanning of the prepared tooth (A) and visualization via MeshLab software (B) 

 

 

At the end of the course and after the approval of the local research ethics board 

(protocol number 94637/2023), the students' feedback and satisfaction with the 

access cavity training were investigated using a voluntary questionnaire. Students 

were invited to participate through e-mail with Google form. They were informed of 

the purpose of the survey and that the answers would be treated anonymously, and 

that the questionnaire would not influence the evaluation of learning. The students 

were asked about difficulties in obtaining extracted teeth, differences between 

natural teeth and 3D printed teeth, usefulness of 3D printed teeth in preclinical 

training, and usefulness of self-assessment using digital scanning and alignment 

software (See Supplementary Materials). For most of the questions, students had to 

answer using a 5-point Likert scale (1-strongly disagree, 2-disagree, 3-neutral, 4-
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agree, 5-strongly agree). In some closed questions, the students could answer 

"yes/no" or "less/equal/more". Open-ended questions were asked on the benefits of 

using natural teeth or artificial teeth and their overall experience with the proposed 

training program. 

 

RESULTS 

From the teacher’s perspective, this novel learning approach was simple, 

straightforward and affordable. After preparing the STL files, the printing time was 

approximately 12 minutes per tooth. The cost of the resin for each tooth was around 

0,54 euros. The time needed for scanning each tooth was approximately 1 minute. 

The RMS values obtained by comparing the openings made by the students in the 

molars with the reference openings had an average of 0.269 ± 0.05 mm (n = 44, min 

= 0,134 mm, max = 0,336 mm). The RMS values obtained by comparing the openings 

made by the students in the incisors with the reference openings had an average of 

0.279 ± 0.07 mm (n = 44, min = 0,07 mm, max = 0,396 mm). The RMS values obtained 

by comparing the openings made by the students in the total of the teeth with the 

reference openings had an average of 0.274 ± 0.06 mm (n = 88, min = 0,07 mm, max 

= 0,396 mm). 

The response rate to the questionnaire was 100% and all the students answered all 

the questions. Overall, student feedback on the use of 3D in-house printed teeth and 

intraoral scanning for access cavity training was positive (Figure 5). 
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Figure 5. Student feedback after access cavity exercises using in-house 3D printed teeth and digital 
scanning 
 

15 (79%) and 14 (74%) agreed with the statements "It was helpful for me to observe 

the scanning of the pulp chamber opening to understand the errors made" and "I 

believe that analyzing the pulp chamber opening through digital scanning would be 

more useful compared to direct inspection," respectively. Only four students 

disagreed with the statement “I found objective the access cavity evaluation through 

digital scanning" Most of the students (16/19, 84%) found that the 3D printed tooth 

had pulp morphology that was easy to understand, and only three students (16%) 

found it difficult to locate anatomical references for a correct opening in the 3D 

printed tooth. Most students (11/19, 58%) found 3D printed teeth to be more suitable 

for the practical exam compared to natural teeth. 
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According to student opinions, the main drawback of printed teeth was the different 

tactile sensation compared to human dentin (Fig 6). 

 

 

Figure 6. Comparison of the 3D printed teeth and extracted teeth according to the students’ 
answers. 
 

All the students found the resin of 3D printed teeth to be softer than the dentin of 

natural teeth, and 15/19 (79%) stated that the 3D printed teeth did not provide a 

realistic tactile sensation during preparation. Only seven students (37%) agreed with 

the statement "The 3D printed tooth is very useful in acquiring fine sensitivity in the 

use of rotary instruments for the preparation of the pulp chamber access." A minority 

of students (6/19, 32%) agreed with the statement "The 3D printed tooth using 3D 

technology is a valid alternative to the extracted human tooth for training exercises," 

and nine students (47%) agreed with the statement "The printed tooth was 
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stimulating in learning and performing the access cavity." Some students found it 

difficult to collect extracted teeth (4/19, 21%). 

In the free text section of the questionnaire, students reported several advantages of 

implementing access cavity training with 3D printed teeth. Some students 

appreciated the higher availability, the absence of cross-infection risk, and the lower 

risk of fracture of 3D printed teeth compared to natural teeth. The possibility of 

repeating the exercise on the same model was found useful for perfecting the 

technique in the early stages of learning, as well as the possibility of using an identical 

model simultaneously for all trainees. Other students reported that training with a 

model having a standard pulp chamber with no calcification or anatomical variations 

was advantageous in the initial stages. One student stated that printed teeth allow 

for a standardized assessment system. Many students suggested, for future courses, 

to increase the hardness of the resin to have a better tactile sensation and to prevent 

the bur from getting stuck. In addition, they demanded for other types of 3D printed 

teeth. 

 

DISCUSSION 

Root canal treatment aims to cure or prevent apical periodontitis [1,37]. To achieve 

this goal, each stage of the treatment must be carried out properly [38]. The access 

cavity is one of the most critical technical stages and must be performed with the 

utmost care and precision. If it’s not executed correctly, the subsequent management 
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of the root canal system can be severely compromised [39]. It was reported that the 

access cavity creation was a stressful procedure for dental students [40] and that was 

often associated with iatrogenic procedural errors that could lead to canals being left 

untreated, scarcely disinfected, insufficiently shaped and filled [41]. An improper 

access cavity may lead to the failure of the treatment. For these reasons, dental 

educators should strive to develop pre-clinical learning methods and new 

technologies can assist them in this task. 

In this study, we describe a new learning method adopted at the Dental School of 

Parma for access cavity exercises using in-house 3D printed teeth and an IOS. The use 

of 3D printed teeth in endodontic education is not a novelty [27,41-43]. Indeed, in 

recent years, different factory-manufactured 3D models have been introduced in the 

market [19]. Compared to previous artificial teeth, 3D printed ones are more realistic, 

being capable of faithfully reproducing endodontic anatomy. On the other hand, their 

high cost puts a limit in their usage in high quantities. The constantly declining costs 

of in-house 3D printing offers the possibilities for dental schools of self-production in 

high quantities of models that are not yet available on the market or are too expensive 

to purchase [28,34,44,45]. In most cases, the workflow to obtain 3D printed teeth 

starts with DICOM files of the natural tooth, derived from a CBCT or microCT scan. 

The DICOM files are then converted into STL files and thoroughly refined, prepared, 

and smoothed with dedicated software before being printed [46,47]. This type of 

processing typically requires many hours of work and represents the main limitation 



 98 

of the production process. For practical reasons, in this preliminary project, we 

decided to use STL files freely available on the Web. Our aim was to verify the 

feasibility of printing and, obtained positive feedback from the students, we planned 

to produce teeth starting from scans of natural teeth for future Endodontic courses. 

In addition, in the free text section of the questionnaire, we received a specific 

request from a student to produce other types of teeth. According to the student’s 

answers, 3D printed teeth resulted having a correct pulp morphology and identifiable 

anatomical references for a conventional access cavity opening, but similarly to what 

reported in other studies [27,48-50], the material consistency was not hard enough 

compared to the dentin of natural teeth. So, our models could not reproduce the 

tactile perception with rotating instruments. A possible solution was proposed by 

Robberecht et al., who developed a method for producing ceramic-based models 

[51,52]. Despite the hardness of these artificial root canals, thanks to the use of 

hydroxyapatite, has been found to be comparable to that of natural teeth, the 

difficulty and complexity of the production phases prevent their widespread use. The 

most practical way, partly already pursued by some manufacturers [19], is to develop 

new resins and advanced post-printing processes capable of obtaining models with 

mechanical characteristics that overlap with those of natural teeth. 

After access cavity training, we used an IOS, available in the clinical area of our dental 

school, to acquire digital impressions of the prepared teeth. Using MeshLab, a free 

STL processing software, the scans were viewed by the students with the possibility 
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of enlarging the models and rotating them at 360 degrees. This enables students to 

observe in detail the tooth preparations. Secondly, the software allowed to 

superimpose the student's model with an ideal cavity access made by the teacher in 

a previously scanned tooth. In this way, it was possible to instantly highlight the 

differences, both in excess and in deficiency, in the extension and shape of the cavity. 

Iatrogenic errors such as incomplete deroofing, gouging or perforations could be 

easily identified. Using the Hausdorff distance tool included in Meshlab it was possible 

to instantaneous quantify quantitatively the discrepancy between the student and 

the reference models. We have planned to analyze in the future the accuracy of this 

value in assessing the quality of access cavity openings. If the RMS value proves to be 

a valid surrogate for the traditional evaluation by the instructor, it can be used for 

both self-assessment and formal examination assessment. 

Students’ answers reported high levels of satisfaction with the new self-assessment 

method. This high approval rating might be due not only to the immediacy of the 

visual feedback, but also to the generally enthusiastic attitude of dental students 

towards digital dentistry [53]. Commercial digital evaluation systems, such as 

PrepCheck® (Dentsply Sirona©, Bensheim, Germany) Dental Teacher™ (KaVo©, 

Biberach, Germany), Compare© (Planmeca©, Helsinki, Finland) that report feedback 

on students' prosthetic preparations through a comparison with reference 

preparation scans are already available [54-56]. To the best of our knowledge, only 

another study used IOS as a learning tool for students in endodontic preclinical 
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training. Choi and colleagues [33] investigated student’s overall experience with a 

new learning method involving commercial 3D printed teeth, an IOS and a new 

software, called 3D Dental Aling. Despite some differences between the two protocols 

(commercial versus in-house 3D printed teeth, Emerald versus Omnicam IOS and 3D 

Dental Aling versus Meshlab software), both teaching methods received similar 

positive feedback from students. In our study, we decided to use in-house 3D printed 

teeth to limit costs and to not have restrictions on the number of teeth available. 3D 

Dental Align was a custom-developed software based on the 3D Slicer platform. It was 

designed by the authors to optimize workflows for instructors and students. Aligning 

the models through Meshlab was more complex, but all the students were able to use 

it under the instructor’s supervision. We involved Omnicam 2.0 because it was already 

available in our operative clinical department. A recent study found that Emerald IOS 

(Planmeca, Helsinki, Finland) was statistically weaker in accuracy and precision than 

Omnicam [57]. The impact of the IOS reliability on access cavity evaluation should be 

investigated in future studies. 

 

CONCLUSION 

The usage of extracted teeth in dental education comes with inherent limitations, 

including decreased availability and ethical concerns surrounding their procurement. 

However, emerging technologies such as 3D printing present an appealing alternative. 

3D printed teeth offer several advantages, including enhanced accessibility and the 
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ability to replicate realistic dental structures. By leveraging these technologies, dental 

educators can overcome the challenges associated with traditional teaching methods. 

The results of this study proved that the integration of the 3D printing, IOSs and mesh 

processing software brings further benefits to pre-clinical training and assessment in 

dental education. This digital approach facilitates the evaluation of student 

performance in a more efficient and objective manner. 

Further research is necessary to fully explore and validate the effectiveness of this 

innovative learning method when compared to traditional approaches. 
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Chapter IV 

Subgingival zone detection via Reverse 

Subgingival Scan 

INTRODUCTION 

Among the limits of intraoral scanning techniques [1,2], poor and/or time consuming 

sulcular anatomy and subgingival finish lines reading are particularly important [3]. 

This is because intraoral scanners (IOSs) cannot overcome the tendency of the gum 

to collapse [4,5]. Clinicians prefer to use a retraction cord to assess the sulcular 

anatomy, often switching to conventional impression materials. Conventional 

techniques can alter the sulcus anatomy and do not provide precise information on 

the transverse dimension of the sulcus, as conditioned by the provisional restoration. 

Accurate imaging of the prepared tooth’s subgingival area and its sulcular anatomy is 

crucial, particularly in aesthetic areas. However, it is difficult to capture the 

emergence profile and the soft tissue around the abutments particularly when a 

vertical preparation is employed [6]. 

Mandelli et al. suggested a hybrid digital and analogue technique to obtain a deeper 

reading of the sulcus in challenging clinical situations [7] at the cost of increased 

procedural complexity, with the use of double retraction cord. Agustín-Panadero et 
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al. proposed a protocol for taking digital impressions of subgingival finish lines 

without using double-cord retraction (Figure 1). However, their alignment method, 

based on external landmarks, is liable to error [8]. 

We propose a digital technique, the RSS, to overcome the limits of existing techniques 

for performing accurate assessment of the abutments, of their subgingival finish lines, 

and of the transmucosal zone, as conditioned by the provisional restoration. 

 

Figure 1. Schematic of the protocol of Agustín-Panadero et al. 
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TECHNIQUE 

Teeth (#43, #44, and #45) were prepared with a vertical finish line at the bottom of 

the gingival sulcus (Figure 2) A provisional restoration made of composite material 

(Structur CAD, VOCO) was directly relined (Structur 3, VOCO) to achieve the optimal 

result in terms of function and aesthetics (Figure 3). Great care should be employed 

in this step, because the provisional is the source of the image of the abutments and 

of the sulcular morphology. 

 

 

Figure 2. Preparation of the abutments (teeth #43, #44, #45). 
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Figure 3. Provisional restorations made in composite. 

 

The master model was obtained by integrating two intraoral digital impressions 

(Figure 4) plus a scan of the temporary crowns using a Carestream CS3600 

(Carestream Dental). The first impression scans the abutments, without retractor 

cords, following the recommended scanning protocol (both arches plus intercuspidal 

position). Next, an impression with the provisional restoration in place was taken. 

Subsequently, temporary crowns were scanned extraorally, acquiring their inner and 

outer margins (Figure 5). The resulting STL files were processed to produce a digital 

master model in which the data of the finish line of the abutments and of the 

surrounding tissues were derived from the temporary crowns. The workflow was 

performed using MeshMixer (Autodesk) and Exocad (Align Technology) (Figure 6). 
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Figure 4. Digital impression of the abutments. 

 

 

Figure 5. Scan of the provisional restoration. 
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Figure 6. Schematic of the method. 

 

Software Workflow 

1. Cleaning STL Files 

The first step is to prepare impression files suitable for subsequent steps. After 

importing the scan of the abutments and the provisional restoration into MeshMixer, 

we select and delete all of the unnecessary triangles of the mesh using the tool 

“Delete”. In the abutments scan, it is mandatory to maintain information related to 

tooth preparation. The buccal and lingual sides are minimised and the teeth adjacent 

to the preparations are removed (Figure 7). The provisional restoration scan provides 
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information on the emergency profile and finish line of the crown, and therefore the 

cervical part and the inner side of the crown are carefully maintained (Figure 8). 

Because the scan represents the negative of the abutment, the next step is re-

orienting the triangles of the STL file. This manipulation is performed via the 

command “Flip Normal,” after selecting the entire mesh surface (Figure 9). 

 

 

Figure 7. Digital impression of the abutments. 

 

Figure 8. Selection of unnecessary areas. 
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Figure 9. Manipulation of the inside area of the provisional restoration after deleting all unnecessary 
areas. 
 

2. Registration of the Scans 

Using Exocad, we align and match the two STL files. Then we manually select the 

reference points and perform an automatic alignment using the “Best-fit” algorithm 

(Figure 10). To maintain the reciprocal position of the files, the tool “Mesh Register” 

is used. At this stage, the STL meshes show superimposed areas that do not match. 

Thus, we save the registered files separately and export them to MeshMixer. 

 

Figure 10. Alignment of the two STL files. 
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3. Creation of the Master Model 

Using MeshMixer it is possible to detect and delete superimposed areas not intended 

to be part of the master model (Figure 11). From the abutment scan, we retain the 

coronal and medial third of the prepared teeth, whereas from the scan of the 

provisional restoration we use the sulcus and finish line data (Figure 12 and 13). Using 

the MeshMixer “Join” tool, we fuse the data in the two original STL files into a single, 

merged file (Figure 14), representing the subgingival zone. The final step is to match 

this file to the direct scan of the abutment. Then we import the file into Exocad and 

substitute the abutments of the original scan with the new ones that include more 

precise information on the subgingival zone. This last step is performed using the 

“Multi-die” tool (Figure 15). This method generates a master model in Exocad (Figure 

16). When modelling the definitive restoration, the dental technician should consider 

that the master scan of the abutments, derived from the provisional restoration, does 

not provide information on the luting agent’s thickness. The operator should add this 

space using CAD software. 
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Figure 11. Selection of the zones in the intraoral digital impression that are important to maintain. 

 

Figure 12. Coronal and median thirds derived from the intraoral digital impression 

 

Figure 13. Subgingival zone derived from the scan of the provisional restoration. 
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Figure 14. Deriving a unified file from two separate parts. 

 

Figure 13. Substitution of the digital abutments on the master model. 

 

Figure 16. Modelling the zirconia crowns 
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To further detail the workflow and to serve as a proof-of-concept clinical case, crowns 

were designed and milled from 1200 MPa zirconia blocks (Dental Direkt). To test ex 

vivo the fitting of the zirconia crowns, a master model was printed using a Form 2 

printer (Formlabs), and the resin “Model” with accuracy on the z-axis set to 25 µm. 

The crowns obtained were judged for clinical fit by a clinician (Figure 17). The rate of 

compression of sulcular tissues was good. A radiographic control taken after luting 

showed a proper fit (Figure 18). 

 

 

Figure 17. Crowns cemented. 
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Figure 18. Radiographic control at the time of luting. 

 

DISCUSSION 

Direct scanning of the provisional restoration, introduced by Agustín-Panadero et al., 

is limited to situations in which the clinician chooses to fabricate a crown with the 

exact finish line of the provisional prosthesis or more coronal. The method is limited 

by the need for alignment of the STL files based on external landmarks, i.e., using the 

adjacent teeth as reference points to integrate the full arch, abutment, and 

provisional scan, so that the abutment is aligned using the outer surface of the 

provisional [8]. Conversely, the RSS method uses the abutment and the inverted scan 

of the provisional as matching surfaces. 

The main limit of the RSS technique is its dependant on the quality of the provisional 

restoration, which must be very precise to obtain an adequate master model and a 

sulcular anatomy without distortion. In addition, this method is limited to cases in 
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which the finish line of the final crown is at the same level or more coronal than that 

of the provisional. Further studies are needed to confirm the viability of the procedure 

in everyday clinical practice. 

 

CONCLUSION 

The RSS technique enables accurate imaging of the gingival sulcus anatomy and the 

prepared tooth finish line without using retraction cords and/or conventional 

impression materials. 
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Chapter V 

Accuracy of commercial 3D printers for the 

fabrication of surgical guides in dental 

implantology 
 

INTRODUCTION 

The accurate placement of dental implants is crucial to prevent lesions of anatomical 

structures and to optimize prosthetic rehabilitation, leading to a long-term clinical 

success. Consequently, various computer- aided implant surgery have been 

developed in order to optimize the placement of dental implants [1]. Hämmerle et al. 

[2], differentiates computer-guided surgery from computer-navigated surgery. On 

one hand, computer-navigated surgery is a dynamic assistance that requires a surgical 

navigation system to reproduce virtually the drilling planning directly from 

computerized tomographic data. This system allows “live” intraoperative changes in 

implant position. On the other hand, computer-guided surgery is a static assistance 

that requires a physical surgical guide. The guide is 3D-printed and reproduces the 

virtual drilling planning directly from computerized tomographic and surface data. 

Guided surgery, compared to traditional techniques, allows to a more accurate 

implant placement. Indeed, computer-guided surgery was shown to provide more 

accuracy than freehand surgery [3,4] when compared to either semi-guided, fully 
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guided [5], or computer-navigated surgery [6]. Among the surgical guides, the “fully- 

guided” guide offers more guarantees to control the drill angulation, depth and 

location of the implant. This technique is associated with reduced surgical time, 

reduced invasiveness and optimal prosthetic results. Currently, fully-guided or “fully 

constrained” surgery is considered as the most reproducible technique for placing an 

implant [7]. However, bias in implant placement are still reported. 

Several studies have compared the position of the placed implant with respect to 

planning for both (x,y,z) axis and angulation. The deviation between the planned and 

effective implant position can be caused by multiple factors. Based on the literature, 

the error factors can be classified in three categories (i) clinical situation derived 

factor [8,9], (ii) implant system derived factors [10] and (iii) surgical guide design 

[11,12] and manufacturing derived factor [13,14]. For example, Putra et al. [15] 

showed in a literature review that guides produced by a conventional method induce 

a higher angular deviation than a 3D-printed guide. 

The manufacturing of a surgical guide for guided implant surgery requires three steps: 

(i) acquisition of patient data, (ii) data processing, (iii) guide manufacturing. The data 

acquisition consists in capturing the patient’s bone geometry via a Cone Beam 

Computed Tomography (CBCT) or CT-scan exam in the Digital Imaging and 

Communication in Medicine (DICOM) format. In parallel, the surface geometry is 

registered via optical scanning (3D intra-oral scanner, IOS) and processed to obtain a 

digital model in Standard Tessellation Language (STL) format. Then, a dedicated 
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software allows the matching of DICOM and STL file, to plan the surgery, and to design 

a surgical guide. The ready-to-print STL file of the guide is then exported. 

The most common 3D-printing technologies used to fabricate surgical guides in dental 

implantology are stereolithography (SLA), Digital Light Processing (DLP), inkjet and its 

derivative PolyJet®. However, there are other AM technologies available such as 

Selective Laser Sintering (SLS), 3-Dimensional Printing (3DP) and Fused Deposition 

Modeling (FDM). Although a variety of materials can be used with these technologies, 

plastics, resin or plastic-based materials are the most commonly used materials for 

dental applications [16]. Chen et al. [17] have also used Direct Metal Printing (DMP) 

technology to manufacture Co-Cr surgical guides but this technology is not widely 

used for this application probably because its use is more complex, and the overall 

costs (including printer device and consumables) are higher than resin printers. 

However, SLA was until recently the most used technology for guide manufacturing, 

and resin guides were often called “stereolithographic guides” in the surgical 

literature. 

SLA is a process based on the polymerization of monomer resin by a laser beam. After 

creating a layer, the moving platform is lowered into the reservoir tank and this 

process continues layer-by-layer until the printed part is completed [18]. DLP is also a 

vat-photopolymerization technology according to the American Society for Testing 

Material (ASTM). The main difference between SLA and DLP is the light source. The 

DLP system takes advantage of a digital micromirror device (DMD) to project a mask 
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of light that allows a layer to be cured in a few seconds [19]. In one hand, according 

to Taormina et al. [20], a faster 3D construction process would lead to intrinsic lesser 

accuracy. On the other hand, SLA provides a smaller minimum feature size thanks to 

a laser spot size smaller than the minimum pixel size of the DMD. 

PolyJet® printing is also based on a layer-by-layer technology. The process consists in 

the selective deposition of material droplets onto the building platform and their 

immediate solidification by a light source (usually a UV lamp attached to the print 

heads), allowing layers to be built up [21,22]. The main advantages of this technology 

are good print resolution and the possibility to print simultaneously a wide range of 

material, such as plastics, resins and elastomers, simultaneously, and color parts. 

Limitations include the high cost of the device and the instability of the resin-based 

materials overtime, that is a common problem to all resin-based technologies. 

SLS technology uses a high-power laser beam that selectively irradiates a powder bed 

to produce localized thermal sintering. While the material partially absorbs at the 

laser source wavelength, irradiation induces locally elevated temperatures, allowing 

sintering to occur, i.e., powder particle sintering without melting [23]. 

In FDM manufacturing process, a filament of material is put through a heated nozzle 

head and melt for extrusion. Then the material is printed layer-by-layer on a receiving 

platform [24]. 

The popularity of AM surgical guides increases due to their accuracy, associated with 

reduced cost, reduced surgical time, and customization to patient’s geometry for 
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subsequent patient and surgeon benefits. The accuracy of surgical guides is therefore 

dependent on the 3D-printing technique and method involved for their fabrication. 

The aim of this study was to evaluate trueness and precision of surgical guides 

fabricated by five different commercial AM technologies (SLA, DLP, FDM, SLS and 

Inkjet). Moreover, each AM technology was evaluated for trueness and precision 

using two different surgical guides (small extent = single implant and large extent = 

full arch). The null hypotheses were that AM technology and surgical guide size did 

not affect trueness and precision of CAD-CAM surgical guides. 

 

MATERIALS AND METHODS 

1. Surgical planning 

The CoDiagnostix® (Straumann group, Basel, Switzerland), software was used for 

planning guided implant surgery in two patients. The first case (large-extent Surgical 

Guide (SG)) was a full-arch guide to place four implants in the mandible, with two 

lateral anchor pins. The second case (small-extent SG) aimed to place a single implant 

(tooth #11) and it was limited to two adjacent teeth (Figs. 1a and 1b). STL files of both 

guides were obtained for the two planifications. 

 



 129 

 

Figure 1. a) STL files of small-extent surgical guides and b) large extent surgical guides. c) Large-
extent surgical guides manufactured by A. Stratasys J750; B. Prodways P1000; C. Raise 3D Pro2; D. 
Form2; E. Rapid Shape D40; F. Cara Print 4.0. 
 

2. Surgical guides fabrication 

Each surgical guide was 3D-printed using five different AM tech- nologies SLA, DLP, 

FDM, SLS and Polyjet®. Each type of guide was printed six times with each technique 

to evaluate the internal accuracy. 

Surgical guides printed by SLA were produced with a Form2 desktop printer (Formlabs 

Inc, Somerville, MA, USA) and a biocompatible photo- curable resin Dental SG® 

(Formlabs Inc, Somerville, MA, USA) was used. The guides were printed with a 

platform inclination of 15◦. A post- printing UV treatment was applied, according to 

the manufacturer’s recommendations. 

Surgical guides printed by DLP technologies were produced with two different 

commercial devices. The first device was a Rapid Shape D40 (Rapid Shape, 
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Heimsheim, Germany) printer, and the biocompatible resin Sheraprint SG 100 (SHERA 

Werkstoff-Technologie GmbH & Co. KG, Lemförde, Germany) was used. The second 

device was a Cara Print 4.0 (Kulzer GmbH, Hanau, Germany) printer, and the 

biocompatible resin Dima Print Guide (Kulzer GmbH, Hanau, Germany) was used. The 

guides were printed without platform inclination. A post-printing UV treatment was 

applied, according to the manufacturers’ recommendations. 

Surgical guides printed by FDM were produced with a Raise 3D Pro2 printer (Raise 3D 

Technologies Inc, Irvine, CA, USA), and a Premium PLA filament (Raise 3D 

Technologies Inc, Irvine, CA, USA) was used. The guides were printed with a platform 

inclination of 60◦ 

Surgical guides printed by SLS were produced with a Prodways P1000 (Prodways 

Group, Paris, France), and a polyamide powder PA12- L 1600 (Prodways Group, Paris, 

France) was used. The guides were printed without platform inclination. 

Surgical guides printed by Polyjet® were produced using Stratasys J750 printer 

(Stratasys Ltd, Eden Prairie, MN, USA) and a photosensitive polymer liquid 

VeroWhitePlusTM (Stratasys Ltd, Eden Prairie, MN, USA) was used. 

Finally, 72 samples were obtained (2 guides design, 6 printers, 6 replicates). Figure 1c 

displays the large extent SG produced with different printing techniques. 

2.3. Surface scanning, image analysis of the surgical guide and statistical analysis 

After the fabrication, the guides were coated by the dental technician with an anti-

reflective spray (Helling 3D Scan Spray; Laser design, MN, USA), and they were surface 
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scanned with a tridimensional dental scanner (CARES 7 Series; Straumann group, 

Basel, Switzerland). The spray had an average thickness of 2.8 μm. The resulting STL 

files were compared with the initial design files using a surface matching software 

(Geomagic Control X®; 3D System Inc, Morrisville, NC, USA). In order to ensure 

relevant and pertinent calculations, only the underside surface guide sections facing 

the occlusal areas and surgical fixations pins were included in the analysis. 

To describe the accuracy of a measurement method, the International Organization 

for Standardization (ISO) uses the combination of two terms, “trueness” and 

“precision” [25]. Trueness was given by the Root Mean Square (RMS), which was used 

to calculate the mean of the average absolute discrepancy between the initial design 

file and the STL file obtained after scanning the surgical guide. Precision was given by 

the Standard Deviation (SD), which allowed to calculate the dimensional 

discrepancies between the initial design file and the .STL file obtained after scanning 

the surgical guide [26]. A low RMS value revealed high trueness and a low SD value 

revealed high precision. Low RMS/SD values revealed high accuracy. 

Due to the small sample size, we have used the Kruskall-Wallis non-parametric test to 

compare trueness and precision between small-extent SG and large-extent SG; the 

same test was used to compare trueness and precision obtained using the different 

commercial 3D printer two-by- two. The statistical threshold for statistical significance 

was α=0.05, except for the comparison of printers two-by-two where a Bonferroni 
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corrected significance level of 0.0033 was used. XLSTAT® software (Addinsoft, Paris, 

France) was used for these calculations. 

 

RESULTS 

The surface matching allowed to obtain a color map of the surfaces according to the 

measured difference between the initial STL file and the scanned file (Figure 2). Green 

color showed a surface matching of ±0.1 mm. Areas in blue (negative divergence) 

indicated a smaller surgical guide, while areas in yellow, orange and red (positive 

divergence) indicated a larger surgical guide than the corresponding initial STL file. 

 

 

Figure 2. Colorimetric maps after superimposing the scanned guide with initial STL file. A. Stratasys 
J750; B. Prodways P1000; C. Raise 3D Pro2; D. Form2; E. Rapid Shape D40; F. Cara Print 4.0. 
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1. Trueness 

For the small-extent SG, Rapid Shape D40 obtained the lowest RMS value (64.28 ± 

7.95 μm) followed by Form2 (67.75 ± 10.63 μm), Stratasys J750 (70.43 ± 5.41 μm), 

Cara Print 4.0 (75.53 ± 13.95 μm), Prodways P1000 (97.93 ± 13.62 μm) and Raise 3D 

Pro2 (104.33 ± 22.24 μm) (Table 1). 

The RMS value remained similar for the printers Stratasys J750, Form2, Rapid Shape 

D40 and Cara Print 4.0 (Figure 3a). Besides, these printers performed no significant 

differences in two-by-two Kruskall-Wallis non-parametric test with Bonferroni 

correction (table 2). 

 

Table 1. Trueness and precision of commercial printers for the manufacturing of either small-extent 
surgical guide or large-extent surgical guide. 
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Table 2. P-values from two-by-two comparisons of trueness between the commercial 3D printers to 
manufacture a small-extent surgical guide (with Bonferroni corrected significance α= 0.0033). 
 

 

Likewise, the RMS value was similar for the printers Prodways P1000 and Raise 3D 

Pro2 with no significant differences (Figure 3a). However, there was a significant 

difference in the trueness of small-extent SG between Raise 3D Pro2 and Form2 (p = 

0.002), between Raise 3D Pro2 and Rapid Shape D40 (p = 0.001), between Prodways 

P1000 and Form2 (p = 0.002), between Prodways P1000 and Rapid Shape D40 (p = 

0.001) (Table 2). 

On the other hand, for the large-extent SG, Form2 obtained the lowest RMS value 

(93.12 ± 13.22 μm) followed by Cara Print 4.0 (98.67 ± 25.57 μm), Rapid Shape D40 

(106.52 ± 23.74 μm), Stratasys J750 (109.02 ± 18.59 μm), Prodways P1000 (125.60 ± 

21.57 μm) and Raise 3D Pro2 (139.55 ± 22.44 μm). 
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The RMS value remained similar for the printers Form2, Cara Print 4.0, Rapid Shape 

D40, Stratasys J750 and Prodways P100 (Figure 4a). Besides, these printers performed 

no significant differences in the two- by-two Kruskall-Wallis non-parametric test with 

Bonferroni correction. However, there was a significant difference in the trueness of 

large- extent SG only between Raise 3D Pro2 and Form2 (p = 0.001) (Table 3). 

The RMS values was not similar for printing small-extent or large- extent SG guide 

with the same commercial printer (Table 1). Significant statistical differences were 

observed between small-extent SG and large-extent SG, regardless of the commercial 

printer except for Cara Print 4.0 (p = 0.055) (Figure 5a). 

 

 

Table 3. P-values from two-by-two comparisons of trueness between the commercial 3D printers to 
manufacture a large-extent surgical guide (with Bonferroni corrected significance α= 0.0033). 
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2. Precision 

For the small-extent SG, Rapid Shape D40 obtained the lowest SD value (64.02 ± 

7.17μm) followed by Form2 (64.30 ± 9.83μm), Stratasys J750 (70.02 ± 5.43μm), Cara 

Print 4.0 (72.65 ± 16.61μm), Raise 3D Pro2 (95.12 ± 12.17μm) and Prodways P1000 

(97.82 ± 13.04μm) (Table 1). 

The SD value remained similar for the printers Stratasys J750, Form2, Rapid Shape 

D40 and Cara Print 4.0 (Figure 3b). Besides, these printers performed no significant 

differences in two-by-two Kruskall-Wallis non-parametric test with Bonferroni 

correction (Table 4). Like- wise, the SD value was similar for the printers Prodways 

P1000 and Raise 3D Pro2 with no significant differences (Figure 3b). However, there 

was a significant difference in the precision of small-extent SG between Raise 3D Pro2 

and Form2 (p = 0.002), between Raise 3D Pro2 and Rapid Shape D40 (p = 0.002), 

between Prodways P1000 and Form2 (p = 0.001), between Prodways P1000 and Rapid 

Shape D40 (p = 0.001) (Table 4). 
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Table 4. P-values from two-by-two comparisons of precision between the commercial 3D printers 
to manufacture a small-extent surgical guide (with Bonferroni corrected significance α= 0.0033). 
 

On the other hand, Cara Print 4.0 obtained the lowest SD value (94.10 ± 19.05μm) 

followed by Form2 (98.05 ± 12.16 μm), Rapid Shape D40 (101.22 ± 21.04μm), 

Stratasys J750 (110.47 ± 19.36μm), Prod- ways P1000 (111.47 ± 25.88μm) and Raise 

3D Pro2 (139.62 ± 20.05μm) for the large-extent SG (Table 1). 

The SD values remained similar for the printers Form2, Cara Print 4.0, Rapid Shape 

D40, Stratasys J750 and Prodways P100 (Figure 4b). Besides, these printers performed 

no significant differences in the two- by-two Kruskall-Wallis non-parametric test with 

Bonferroni correction. However, there was a significant difference in the precision of 

large- extent SG only between Raise 3D Pro2 and Cara Print 4.0 (p = 0.002) (Table 5). 

The SD values were not similar for printing small-extent or large- extent SG guide with 

the same commercial printer (Table 1). Significant statistical differences were 
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observed between small-extent SG and large-extent SG regardless of the commercial 

printer except for Cara Print 4.0 (p = 0.078) and Prodways P1000 (p = 0.423) (Figure 

5b). 

 

Table 5. P-values from two-by-two comparisons of precision between the commercial 3D printers 
to manufacture a large-extent surgical guide (with Bonferroni corrected significance a= 0.0033). 
 
 

 

Figure 3. Boxplot of a) the trueness (RMS value) and b) the precision (SD value) obtained among the 
different 3D-printer devices for small-extent SG 
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Figure 4. Boxplot of a) the trueness (RMS value) and b) the precision (SD value) obtained among the 
different 3D-printer devices for large-extent SG. 
 

 

 

 

Figure 5. Impact of guide size (small-extent versus large-extent) for each printer to a) Trueness (RMS 
value) and b) Precision (SD value). 
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DISCUSSION 

Null hypotheses were rejected in the basis of statistical analysis of the results, as 

additive manufacturing technology and surgical guide size affected accuracy and 

reproducibility of CAD-CAM surgical guides. Many factors can affect accuracy and 

reproducibility of 3D printed surgical guides, including data acquisition, data 

processing and surgical guides manufacturing. These depend on the 3D printer as well 

as on the dental technician using the device. An accuracy defect leads to a deviation 

of the implant positioning. It is therefore necessary to identify factors and study them 

individually, in order to improve accuracy and reproducibility. The present study 

evaluated the influence of AM technology on trueness and precision, as well as the 

influence of the guide size. 

First, the trueness and the precision of each printer were compared, according to the 

guides’ size. Small-extent SG exhibited overall higher trueness and precision than 

large-extent SG. Statistical Kruskall-Wallis test showed a significant difference for 

most printers when comparing small-extent to large-extent guides. Exceptions were 

DLP (Cara Print 4.0) for trueness and precision and SLS (Prodways P1000) for 

precision. These results were in accordance with Kholy et al. [27], who had studied 

influence of surgical guide support on accuracy of implant site location. The authors 

showed that an implant placed by a surgical guide sup- ported by four teeth exhibited 

3D deviation values similar to implants placed with full-arch guides. However, surgical 

guides supported by only two teeth demonstrated significantly higher deviation 
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values than implants placed using surgical guides supported by four teeth or more. 

Moreover, Matsumura et al. [10] showed that an insufficient number of teeth 

supporting the guide, or an excess of teeth supporting the guide can influence errors 

of implant positioning during guided surgery. Balance fit and stability were therefore 

not sufficient to allow an accurate implant placement. Further studies are needed to 

determine the threshold guide size for which both guide accuracy and correct implant 

placement position can be optimized. 

Trueness and precision were also compared between the different printers, for both 

small-extent SG and large-extent SG. For small-extent SG DLP (Rapid Shape D40) and 

SLA (Form2) printing technologies showed the lower RMS and SD value, while FDM 

(Raise 3D Pro2) and SLS (Prodways P1000) printing technologies showed the higher 

RMS and SD value. According to the Kruskall-wallis statistical test, there is a significant 

difference between the two groups. For the large-extent SG, the statistical differences 

are less pronounced. These results were different from observations by Kim et al. [22], 

who reported a significant difference in trueness and precision between Polyjet® and 

DLP on the one hand and SLA and FDM on the other hand. It should be noted, 

however, that the printers in our study were produced by different manufacturers. 

Interestingly, Li et al. [17] compared two technologies, Polyjet® and SLA, from the 

same manufacturers and reported a significant difference between the two 

technologies. On the opposite, our study found no significant difference between the 
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Polyjet® and SLA technologies. Our Polyjet printer (Stratasys J750) was different that 

the model used by Li et al. [17] (Eden260VS Stratasys Ltd, Eden Prairie, MN, USA). 

In another field of health application, a study by Salmi et al. [28] compared 3D skull 

models printed with SLS, 3DP and Polyjet® techniques. They reported that the models 

printed with the Polyjet® printer had the smallest dimensional error, followed by 

models printed with 3DP and SLS. In another study, Ibrahim et al. [29] have printed 

mandibular models using SLS, 3DP and Polyjet®. The dimensional error was lowest for 

the SLS technique, followed by Polyjet and 3DP. Taehum et al. [30] have printed a 

simplified surgical guide with 3 technologies i. e. SLA, Polyjet® and Multijet Printing 

(MJP): they concluded that Polyjet® and SLA technologies had the best accuracy 

compared to the MJP technique. Although 3DP and MJP techniques were not used in 

our study, no significant difference was reported between the Polyjet® and SLS 

systems or Polyjet® and SLA. Moreover, the accuracy of 3D printers can differ 

depending on the nature of the printed materials. When manufacturing surgical 

guides involving photosensitive resin, errors could occur during the production and 

curing of the materials. The polymerization of the resin, the residual processing, the 

creation and removal of support structures (to avoid unsupported or weakly sup- 

ported parts) can have an impact on the final result [31–33]. Thus, Piedra-Casco ń et 

al. [34] have studied impact of 3D-printing parameters, supporting structures, slicing, 

and post-processing procedures of vat-polymerization additive manufacturing 

technologies. Authors shown via a narrative study that the accuracy of the 



 143 

manufactured dental device is significantly influenced by these parameters. For 

example, they recommended to re-calibrate the printing parameters for each resin 

available for the printer. 

The accuracy of the scanner used in our study to obtain the STL files may have 

influenced the results. Indeed, dental laboratory scanners showed an accuracy of 

about 10–15 μm. Compared to dental laboratory scanners, industrial scanners can 

offer a higher level of accuracy (5–7 μm) [35,36]. In the present study, Helling 3D Scan 

Spray was used with minimal material thickness on all guides during the scanning 

procedure with the laboratory laser scanner, which was set to an accuracy of 15 μm 

to improve the consistency of the scan results [37]. However, as all the samples were 

processed with the same procedure, it can be assumed that the dental laboratory 

scanner and the powdering of the SG did not in- fluence the comparisons between 

the printers. 

To study the printing accuracy of the different 3D printers, the RMS value given by 

the Geomagic software was used. These determinants have also been used in 

different studies and have shown their value [26, 38,39]. Other methods could have 

been used as described elsewhere [40] such as the absolute average (ABS AVG) or the 

(90° − 10°)/ 2 (where 90° is the 90th percentile and 10° is the 10th percentile). 

In our study, only surgical guides manufactured with SLA/DLP technologies could find 

final clinical applications due to the biocompatibility of the resin. Indeed, surgical 

guides are manufactured using resin designed as class 1 materials and having the CE 
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marking, which can be sterilized and used intraorally [41]. Many studies [42–44] have 

investigated the impact of sterilization procedure as a dimensional change in the 

manufactured guide. These studies agree that sterilization of any type (heat or 

plasma) does not have a significant impact on the dimensional changes of the guides 

tested. SLA and DLP technologies are similar and classified in the same category of 

AM by the ASTM. No significant difference between the SLA and DLP printers was 

observed for both small-extent SG and large-extent SG. These results are different 

from those obtained by Mangano et al. [45], who have studied the ac- curacy of six 

printers. In this study, 9 parallelepipeds were printed with 6 different 3D-printer, 

using the proprietary material and with the layer thickness indicated by the 

manufacturer for the fabrication of dentate models. The results have shown a 

significant difference between the models printed by SLA and DLP. This difference 

could be explained by the layer thickness (as suggested by the manufacturer). Similar 

obser- vations were made by Rungrojwittayakul et al. [46] where the different layer 

thickness might affect the dimensional accuracy of the model. Favero et al. [47] 

reached the same conclusion. The x-y-z resolution of each layer influence the surface 

accuracy of the device. Even the design of the base can influence 3D-printer accuracy 

as observed by Camarella et al. [48]. Indeed, they have shown that for the same SLA 

printer, the shape of the base (regular base vs horseshoe-shaped base) influenced the 

printing accuracy. In our study, the models were printed with different resolutions: 
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equal layer thickness, x-y resolution, and manufacturing environments. All these 

parameters limit the generalization of these findings. 

The intrinsic lesser accuracy of DLP compared to SLA did not impact the accuracy of 

the printed guides related to their size. However, two differences should be noted: 

the manufacturing of surgical guide is eight time longer for SLA (SLA≈4 h; DLP≈30 min) 

and the cost of the ma- chines which ranges from 2 to 3 k€ for the SLA printer, 

compared to 5 to 100 k€ for the DLP printer. 

Finally, further limitations of our study include the in vitro settings and the two 

surgical guides used. Further in vitro and clinical studies are needed to evaluate and 

compare the scanning accuracy of different printers in a larger variety of clinical 

situations. 

 

CONCLUSION 

Within the limitations of the present in vitro study, the small-extent surgical guides 

were more accurate than the large-extent guides, regardless of the 3D-printer 

technology. Nonetheless, SLA and DLP technologies showed similar results in terms 

of trueness and precision for both small-extent and large-extent surgical guides. FDM 

technology was the least accurate. Several parameters have an influence on the 

accuracy of the parts produced and we have shown that the type of 3D- printer 

matters in some cases. It’s also important to consider other parameters such as the 

printing material, the use of supporting structures, the slicing method and the type of 
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software, the use of a post-processing polymerization and other printing parameters. 

The adequate combination of these parameters is essential to obtain the best 

accuracy and reproducibility of the printed parts that are essential to obtain reliable 

surgical procedures. The minimum is to follow the process described by the 

manufacturer, but the dental technician has also an important role to optimize these 

parameters. Further studies are needed on each parameter involved, in order to 

identify critical processes that determine the best printing accuracy. 
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P. Effects of disinfection and sterilization on the dimensional changes and 

mechanical properties of 3D printed surgical guides for implant therapy - pilot 

study. BMC Oral Health  2020 20:19 

[44]   Shaheen E, Alhelwani A, Van De Casteele E, Politis C, Jacobs R. Evaluation 

of Dimensional Changes of 3D Printed Models After Sterilization: a Pilot Study. 

Open Dent J  2018 12 

[45]   Mangano F, Admakin O, Bonacina M, Biaggini F, Farronato D, Lerner H. 

Accuracy of 6 Desktop 3D Printers in Dentistry: a Comparative In Vitro Study, 

Eur J Prosthodont Restor Dent 2020 28 

[46]   Rungrojwittayakul O, Kan JY,  Shiozaki K, Swamidass RS,. Goodacre BJ,  

Goodacre CJ, Lozada JL. Accuracy of 3D Printed Models Created by Two 

Technologies of Printers with Different Designs of Model Base. J Prosthodont  

2020 29:124–128 



 154 

[47]   Favero CS, English JD, Cozad BE, Wirthlin JO, Short MM, Kasper FK. Effect 

of print layer height and printer type on the accuracy of 3-dimensional printed 

orthodontic models. Am J Orthod Dentofacial Orthop  2017 152:557–565 

[48]   Camardella LT, de Vasconcellos Vilella O, Breuning H. Accuracy of printed 

dental models made with 2 prototype technologies and different designs of 

model bases. Am J Orthod Dentofacial Orthop 2017 151:1178–1187 

 

  



 155 

Chapter VI 
 

Predictability of intraoral scanner error for full-
arch implant-supported rehabilitation 

 
INTRODUCTION 

In the past decade, the applications of digital technologies in dentistry have 

undergone exponential growth [1]. A reliable impression, acquired with an intraoral 

scanner (IOS), is the first and most crucial step in all digital workflows [2]. IOS, as 

defined by the ISO 20896 (International Organization for Standardization), is the 

combination of a hand-held scanning device suited for use in the oral cavity, and 

computer hardware and software that outputs a numerical, three-dimensional 

description of scanned surfaces. An IOS must be practical, user-friendly, cost-

effective, fast, powder-free, and accurate [3]. 

Accuracy is defined as the result of trueness and precision by the ISO 5725 

(International Organization for Standardization). Trueness refers to the closeness of 

agreement between the arithmetic mean of a large number of test results and the 

true or accepted reference value. Precision refers to the closeness of agreement 

between repeated test results. Therefore, a precise scanner delivers consistent 

results after repeated scans, while a true scanner obtains a three-dimensional object 

rendition that closely matches the scanned object. These two features are not 
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necessarily correlated; for example, a scanner with high (low) trueness may have low 

(high) precision.  

The overall performance of full-arch scans in edentulous patients for implant-

supported prostheses has been a topic of debate among researchers and clinicians. 

There is no consensus regarding whether IOSs can substitute traditional impressions 

for the fabrication of implant-supported prostheses in completely edentulous 

patients [4–10]. Instead of relying on transfer copings, IOSs retrieve the information 

regarding implant position, angle, and height through implant scan body (SB) [11]. 

When performing full-arch digital scans, SB geometry, material and position could 

affect final accuracy. [11,12] 

Most of the literature, varying in methods and superimposition techniques,[13] 

describes accuracy analyses in terms of absolute variability between scan bodies and 

implant analog interdistances [14,15]. To our knowledge, no published studies have 

analyzed the relationship between the amount of error and interdistance or angle 

value (i.e., the predictability of IOS error).  

Our research hypothesis was: “Is it possible to find out predictable errors assessing 

intraoral scanner accuracy in full arch-scan for implant supported rehabilitations?”. 

Thus, an in vitro study was performed, involving different IOSs, by addressing the 

error predictability in models with varying numbers of dental implants. We evaluated 

interdistances among scan bodies and their corresponding inclination angles.  
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MATERIALS AND METHODS 

Study protocol 

This in vitro study was performed to evaluate the error predictabilities of three 

commercial IOSs. According to the ISO 20896, that assess the accuracy evaluation of 

IOSs, under constant conditions, the same expert operator scanned six different 

plaster models made with a variable number of scan bodies. The model-reference 

data were acquired through a coordinate measuring machine (CMM). The 

interdistances and inclinations of the scan body’s axes were calculated using the 

retrieved STL files. These data were compared with data obtained from the CMM. 

The precision and trueness of each scanner were analyzed via statistical tests of 

interdistances and axes inclinations. The mathematical relationship between these 

measurements, as the scan-abutment distances increased, was investigated (Figure 

1). 

 
Figure 1. Overview of the study protocol. 
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Models 

Six models, based on the same mold of an edentulous maxilla, were made using 

plaster class IV (GC Fujirock, Belgium). The operator then created holes in the models, 

using a core drill (diameter: 4 mm), in the middle of the bone crest. Four to eight 

implant analogs (Implant Way Mix; diameter: 3.8 mm; IESS Group, Italy) were placed 

with an unknown orientation and fixed in class IV plaster. 

Four models with 6 implant analogs, one model with 4 implant analogs, and one 

model with 8 implant analogs were fabricated. One IESS Group scan body was 

screwed on each implant analog. This polyether-ether ketone scan body had a 

titanium metallic connection, a diameter of 5 mm, and a height of 8 mm. 

 

CMM test 

A mechanical CMM measures the geometry of an object by detecting discrete points 

on the surface of the object using a probe. The Coord3 CMM Benchmark, Perceptron 

(Coord3, Italy) was used in this study with a power-head PH10M plus, Renishaw 7.5° 

step 15 axis position A, 105° 48 axis position B ± −180°, sensor Ø1 mm TP20 SF, 

Renishaw 0.5 µm reprod., and uniaxial ± 1 µm reprod. on changing module. To acquire 

the analog space position data, one metallic cylinder (i.e., locator) with known 

dimensions was screwed on each implant analog. 

After multiple contacts, the CMM registered the diameter and the plane at the top of 

the cylinders. With the resulting space position data and cylinder dimensions, the 
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researchers were able to obtain the origin P0, which corresponded to the circle 

inscribed in the polygon at the base of the analog. Thus, P0 represented the spatial 

position of the analog on 3 axes (x, y, and z). The CMM was capable of a three-

dimensional maximum error assessed as E3-xyz (L) = 2.8 + 5 L/1000 mm (where L is 

the measured distance in millimeters, according to ISO 10360 standard). Therefore, 

the CMM data were regarded as true data. 

 

Digital impressions  

In this study, three different intraoral scanners were used: CS3600 version 3.1.0 

(Carestream Dental, USA), Trios3 (3shape, Denmark), and Cerec Primescan version 

5.1.3 (Dentsply Sirona, USA). Each model was scanned ten times by the same expert 

operator, in accordance with the manufacturer’s instructions and under the same 

conditions (21°C and 80% humidity). The operator waited 10 min between scans. Each 

scanner performed 60 digital impressions. 

 

Scanning strategy 

The operator employed the same scanning strategy with all the IOSs. At the adequate 

scan high, the most distal scan body was scanned on the upper side, followed by the 

buccal and the palatal ones. Subsequently, the mucosa between the scan body 

detected and the following one was scanned without interrupting the scan flow at 

any moment. Then, the reached scan body was scanned on each side. The operator 
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scanned all the scan bodies in continuous flow. Scanning defects were fixed once the 

full-arch scan was acquired. 

 

STL-file processing 

To derive P0 from digital impressions, scan files were imported on Exocad (Exocad 

GmbH, Germany), a dental computer-aided design software. The STL files were 

opened and scan bodies, registered with the IOSs, were superimposed on standard 

scan bodies present in the Exocad library. These two scan bodies had been aligned 

using the “Best-Fit” algorithm. Following the matching, knowing the mathematical 

quotes of each library scan body, the P0 of scan body platforms were obtained. P0, 

representing the spatial coordinates of the analog platform (Figure 2), was extracted 

both from the stl file and the models through the CMM.  Thank to P0 was possible to 

analyze discrepancies between measurements retrieved through IOSs and the CMM.  

 

Figure 2. P0: the point that represents the spatial coordinates of the SB platform. 
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Inter-distance measurements  

P0, the origin point of each analog, was used to measure the distance between each 

pair of analogs. This point was represented by three axial coordinates (x, y, and z); 

distances were calculated using the formula below. The distance of every possible 

analog pair was considered, as shown in Figure 3. Distances evaluated on the IOS data 

were compared with distances obtained from the CMM. Both precision and trueness 

were determined via statistical analyses. 

 

Figure 3. Formula and scheme used to analyze the interdistance measurements. 

 

Axial inclination measurements 

Errors in the axial inclinations of the scan bodies were calculated with P0 as the origin. 

Each origin measurement was made of three vectors (i, j, and k); angles between each 

couple of scan body origins were calculated using the formula below (Figure 4). Each 

vector has three components in the Cartesian planes (xy, yz and yz), physically 

measuring the angle between two distinct vectors. So, it was possible to find the plane 
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in common and calculate the angle on this plane and to evaluate the misalignment 

between the axes of the scan body. 

Eventually, the retrieved angles were compared with angles obtained from the CMM. 

Both precision and trueness were determined via statistical analyses.  

 

Figure 4.  Formula used to analyze the axial inclination. 

 

Statistical analysis 

The term “accuracy,” as defined by ISO standard 5725-1, encompasses both trueness 

and precision. “Trueness” is the measured deviation from the actual value or 

dimension of the object. “Precision” is a measure of repeatability or how close a set 

of results are to each other. Evaluating the precision means to analyze the error 

variability among replicates: the more precise a device is, the less error variability it 

shows.   

Precision has been calculated as the standard deviation of replicates (n=10; i.e. scans) 

of each interdistance or axial inclination measured by all pairs of scan bodies (n=15 

values for models 1, 2, 4 and 6, n=28 values for model 3 and n=6 values for model 5, 
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for 94 total values). The calculation was performed considering all values together 

and then stratified by model. Trueness was calculated as the difference between the 

mean value of 10 scans and the value obtained by CMM, for each combination of pairs 

of scan bodies, both for interdistance and axial inclination. Also in this case, 94 total 

values for each IOS were used and then stratified by model.     

Bland–Altman analyses were performed to investigate precision and trueness [16]. 

These analyses were performed for the interdistances and the axial inclinations of the 

scan bodies. Linear regression analyses were performed using Pearson’s r2 to 

investigate IOS precision in terms of interdistances and axial inclinations. The 

distributions of trueness deviations were also reported. 

Because of deviations from normality in the variability data, comparisons among IOSs 

were performed using Friedman’s test followed by Dunn’s post hoc test. Finally, the 

overall deviation from zero was tested by using the hypothesis test on a mean, with 

zero regarded as the null hypothesis.  

A mixed model was used to analyze the deviation from reference values (defined as 

the difference between values of 10 scans and real measure for each combination of 

pairs of scan bodies), with model and type of IOS as between factors and scans as 

repeated measure (within factor). If Mauchly’s sphericity assumption was met, 

Mauchly’s test was used, whereas if Mauchly’s sphericity assumption was not met, 

Huynh-Feldt test was used.  
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A p-value < 0.05 was considered statistically significant. All Bland–Altman analyses 

were performed using Origin Pro 2021 (OriginLab Corp., Northampton, MA, USA), 

while statistical comparisons were performed using GraphPad Prism 8.0 (GraphPad, 

San Diego, CA, USA).  

 

RESULTS 

Precision evaluation of linear interdistances 

As previously affirmed, assessing the precision means to analyze the error variability. 

Thus, the graphs show variability on the x axes. The statistical results for IOS linear 

variability are shown in Figure 5. Primescan showed the best performance (mean: 

0.047 mm; standard deviation: 0.020 mm), followed by Trios3 (mean: 0.069 mm; 

standard deviation: 0.042 mm) and CS3600 (mean: 0.073 mm; standard deviation: 

0.042 mm) 

 

 

Figure 5. Graphical representation of precision analysis for the interdistance measurements.  
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For all IOSs, error variability increased with distance. As heteroscedasticity was 

observed, we performed a linear mixed model with model and type of IOS as between 

factors and scans as repeated measure (within factor). This approach revealed 

significant scan, IOS, scan*model, scan*IOS, model*IOS and scan*model*IOS effects 

(p<0.001 for all factors), while model did not show a significant effect (p=0.857). Scan 

and IOS are significant factors affecting the precision of three IOSs, and interestingly, 

their behaviors appear different from each other.  

When the absolute variability was transformed into coefficient of variation as 

percentage (CV%, defined as variabilityIOS/real measureCMM*100), the resulting 

percentage relative error generally remained constant among measurements (Figure 

6). 

 

 

 

 

 

 

Figure 6. Absolute error transformed into percentage relative error. 
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Trueness evaluation of linear interdistances 

The results about IOS trueness are presented in Figure 7, showing the Bland-Altman 

plots. For CS3600 we observed a trueness with a mean of −0.012 mm and standard 

deviation of 0.049 mm. Both devices, CS3600 and Primescan tended to underestimate 

the real measure of linear interdistance (p = 0.018, p<0.001, respectively). Trios3 

showed underestimation of the real measure (p < 0.001), which increased with 

increasing distance for Trios3. This device exhibited the worst trueness (mean: −0.079 

mm; standard deviation: 0.048 mm).  

 

 

 

 

 

 

 

 

Figure 7. Graphical representation of trueness analysis for the interdistance measurements. 
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Linear interdistance: comparison among IOSs 

Comparisons of variability and trueness are shown in Figure 8. The precisions of Trios3 

and CS3600 were similar, while Primescan showed fewer outliers and less variability. 

Regarding trueness, Trios3 underestimated measurements, compared with the other 

scanners; CS3600 and Primescan exhibited similar findings (Figure 8). 

As suggested by the linear mixed model previously mentioned, scan and IOS are 

significant factors affecting the accuracy of three IOSs, and interestingly, their 

behavior’s appear different from each other. 

 

 

 

 

 

 

Figure 8. Absolute linear discrepancy comparison among IOSs in terms of precision and trueness. Solid 
black line represents the median value. Top and bottom of the box represent the 75th and 25th percentiles, 
respectively. Whiskers represent the maximum and minimum values, while geometric figures represent 
the outliers 
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Precision evaluation of axial inclination angles 

The analysis of precision (variability) in axial inclination angle is depicted in Figure 9. 

Precision was not influenced by increasing angle. Primescan showed fewer outliers, 

compared with CS3600 and Trios3 (Figure 9).

 

Figure 9. Graphical representation of precision analysis of the axial inclination of SBs 

 

Trueness evaluation of axial inclination angle 

The trueness evaluation of axial inclination angle for the three scanners and the 

Bland-Altman plots are presented in Figure 10.  

The analysis on CS3600 showed that some cases were not included in the confidence 

interval and suggesting deviation from congruency between the scanner and the 

CMM (p > 0.001). Wider angle was related with greater underestimation by CS3600. 

In contrast, Primescan slightly overestimated the angles (p = 0.008). The residuals 

distribution of  Primescan tended to be bimodal, with an irregular tendence to add 

0.4° and 0.6°. This could explain the tendency towards overestimation. Trios3 tended 

to overall slightly overestimate the angles (p = 0.01). Left asymmetry was present in 
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the distribution, indicating that underestimation could affect important values. The 

residuals did not increase with increasing angle (Figure 10). 

 

Axial inclination angle: comparison among IOSs  

There were no significant differences in inclination angle variability among IOSs 

(Figure 11). Regarding trueness, CS3600 tended to underestimate, while the other 

two scanners overestimated the values (Figure 11). 

The analysis of variance of axial inclination data showed a significant effect of scan 

(p=0.002), model (p<0.001), IOS (p<0.001) and their interactions (p<0.001 for 

scan*model, scan*IOS, model*IOS and scan*model*IOS). 

Figure 10. Graphical representation of trueness analysis of the axial inclination of SBs 
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DISCUSSION 

The main findings of the present study revealed that Primescan, CS3600 and Trios3 

showed predictable errors in assessing intraoral scanner accuracy in full arch-scan for 

implant supported rehabilitations. In particular, they tended to overestimate or 

underestimate linear measurements and axial inclinations of scan bodies, one added 

about 0.4-0.6° to the angle inclination values. Furthermore, we observed a 

heteroscedastic behavior probably related to the software or the device itself. 

Accuracy is crucial for the fabrication of implant-supported prostheses because 

prosthetic misfits lead to clinical failure. Many authors have investigated the 

accuracies of IOSs for full-arch scans to determine whether they could replace 

conventional impressions [4,6,17,18]. Several studies have shown conflicting results 

regarding the accuracies of scanners employed in implant-prosthetic workflows. This 

Figure 11. Axial inclination comparison among IOSs in terms of precision and trueness. Solid black 
line represents the median value. Top and bottom of the box represent the 75th and the 25th 
percentiles, respectively. Whiskers represent the maximum and minimum values, while geometric 
figures represent the outliers 
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suggests that some IOSs are unsuitable for full-arch digital impressions [17]. The 

acceptable level of inaccuracy ranges from 50 µm to 150 µm [21,22]. 

Unfortunately, it is difficult to compare these studies because of differences in 

measurement methods, IOS versions, scan body shapes and sizes, materials, and 

sample types [20,23]. Some studies have involved dentate models [4,17,24,25], while 

others have used edentulous samples [10,26–28]. Furthermore, the methodology for 

evaluating accuracy differed among studies. Reference measurements obtained using 

CMMs are preferable, compared with measurements obtained using industrial 

scanners [20]. Nevertheless, it is important to process the meshes to identify unique 

scan-abutment points through the original computer-aided design files used to 

produce the abutments [19]. Many authors have used computer-aided design 

software with best-fit algorithms to perform mesh-to-mesh alignment [6,15,25,29–

31]. From a metrological perspective, the accuracy estimate obtained using this 

methodology is unacceptable for assessment of IOS performance according to ISO 

10360 standards [20]. In addition, operator experience [2], powder use [32], and the 

scan body [11] and sample materials [33] can influence the results. ISO20896 is the 

standard that defines test methods and procedures for assessing IOS accuracy. 

According to this document, the models were fabricated with plaster class IV, more 

than 30 scans for every IOS (i.e., 60 scans/IOS) were performed and SBs with an 

adequate dimension (ø5±0.01 mm) were screwed on implant analogs.  
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In addition, the test models showed a suitable minimum number of reference objects 

(i.e., 4-6-8 SBs). Despite the efforts to follow ISO20896, the presented method differs 

from the ones involved in ISO 20896. SBs, that give the possibility to investigate axial 

inclination, were used instead of the spheres, the statistic goes beyond the ISO20896 

one, considering trueness and precision separately, and CMM measurement were 

regarded as true data.  

According to the previous consideration, we prefer not to compare our results with 

previous findings. 

The purpose of this study was to analyze the behaviors of these devices, focusing on 

error predictability.  

Multiple predictable behaviors were found: a tendency to overestimate or 

underestimate the linear measurements, heteroscedasticity in analyses of linear 

variability when scanning longer spans, and tendency to add 0.4–0.6° in the axial 

inclination. These errors may have been caused by the software or the device itself. 

Regarding interlinear distances, Primescan was the most precise scanner, while 

CS3600 had the best trueness. Primescan showed fewer outliers and had a tendency 

towards underestimation. The tendency for underestimating linear measurements 

was present in all IOSs, although it was greater in Trios3 than in CS3600.  

Focusing on interdistances measurements’ precision, all the intraoral scanners 

showed heteroscedasticity, even if the variability error transformed into relative 

variability (CV%) showed different behavior with the tendency of variability to be 
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constant for increasing distances. Focusing on Trios 3 and CS3600 results, variability 

increased in absolute volume with increasing measurement values. However, the 

percentage error remained constant. Thus, accuracy was dependent on a coefficient 

linked to the instrument, which is equally important to the distance itself. On the 

other hand, the Primescan percentage relative error tended to slightly decrease for 

increasing distances.  

A linear mixed model was performed and the variance components of different 

scanning replicates (i.e. scans), models, IOSs and their interaction terms were 

analyzed. Regarding the interdistances, the mixed model revealed that IOS and scans 

significantly affect the trueness of measurements (p<0.001). Furthermore, a 

significant effect was described for scan*model, scan*IOS, model*IOS and 

scan*model*IOS interaction terms (p<0.001 for all factors), showing different 

behaviors of scans, models, and IOSs on measurement. On the other hand, we did not 

observe a significant effect of model (p=0.857).  

The analysis of variance of axial inclination data showed a significant effect of scan 

(p=0.002), model (p<0.001), IOS (p<0.001) and their interactions (scan*model, 

scan*IOS, model*IOS and scan*model*IOS: p<0.001 for all factors). It can be inferred 

that scan, model and IOS are significant factors, that affect the accuracy of IOSs. 

Researchers and IOSs manufacturers should investigate the correlation between 

variance components because they showed different behaviors and impact on the 

final result. Further studies are necessary to understand whether by modifying a 
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variance component might lead to an enhancement of performance in terms of 

resulting accuracy. 

Regarding the axial inclination angle, none of the IOSs showed a heteroscedastic 

behavior. Primescan performed better than did Trios3 or CS3600, although it tended 

to add 0.4–0.6° to the measurements. Primescan bimodal distribution of residuals 

was unique. Moreover, CS3600 underestimated in proportion to the angle, while 

Trios3 overestimated the values by a constant amount.  

Precision decreased with longer distances presumably because of the stitching 

process.[34] Scanning errors associated with image stitching tend to accumulate 

when the scanned objects are flat or planar, such as a residual ridge [35]. Trueness 

was reported to improve when scanning aids were used [36]. Miyoshi et al. suggested 

that digital impressions for implant treatment should be limited to small prostheses, 

such as a 3-unit superstructure supported by two implants [26]. Kernen et al. showed 

that intraoral scanning resulted in clinically unacceptable accuracy for long-span 

virtual models [37]. However, several authors have reported the superiority of digital 

impressions, compared with conventional impressions. Pesce et al. reported 

successful clinical results using intraoral scanners and scanning powder [38]. The 

present study used scan bodies in polyether-ether ketone that showed the best 

performance in previous literature [27,33].  

Most studies thus far have not considered various factors that can affect intraoral 

scans, such as the presence of saliva, light conditions, soft and hard tissue reflections, 
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humidity, intermittent acquisition, and movement of the soft tissue and tongue 

[23,39,40]. In contrast to these factor, the employed type IV plaster models are 

optimal material for scanning. Indeed, reflective material can have a dramatic impact 

in scan accuracy.[33] Mucosal displacement achieved by conventional impressions 

cannot be replicated by IOSs [41]. Further in vivo studies are necessary to explore the 

applications of IOSs in implant treatment and to determine whether IOSs have 

clinically acceptable accuracy for the fabrication of implant-supported prostheses. 

 

CONCLUSION 

Based on the findings of this in vitro study regarding IOSs, the following conclusions 

were drawn: 

- All the IOSs showed a heteroscedastic behavior when variability was evaluated: 

scanners’ precision decreased in proportion to measure length. Thus, 

considering the percentage relative error, the variability of interdistance 

measurements tended to be constant for increasing distance. The analysis of 

trueness showed for all IOSs a tendency to underestimate the interdistance 

measurements.  

- Overall, scans, models, IOSs and their interactions are significant factors 

affecting the variability of the enrolled scanners. Surprisingly, the number of 

scan bodies does not significantly impact the precision of interdistance 

measurement.   
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- Primescan and Trios3 tended to overestimate the inclination angles, while 

angles measured by CS3600 are overall underestimated. Primescan showed a 

bimodal distribution of residuals showing an overestimation of 0.4°–0.6° to 

angle measurement. 
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Chapter VII 

PCL/β-TCP customized biomaterial development 

as bone grafting material 

 

INTRODUCTION 

Biomimicry, the tendency to learn and imitate the strategies found in nature to solve 

engineering, architectural or medical challenges is driving improvements in many 

fields, especially in the replacement of lost tissues, representing a prominent solution 

to one of the most challenging problems that oral clinicians must interface with: the 

surgical treatment of bone defects and bone tissue engineering (BTE) [1-3]. Bone 

formation is finely regulated by a process defined as bone turnover in which new bone 

deposition acts in contrast to bone resorption [4]. When a critical size defect occurs 

due to a high-energy trauma, a tumor or congenital deformation, it is not possible for 

the body to self-heal and the consequent healing may result in deformation or 

dysfunction of the specific site. In such cases, when bone homeostasis is altered, for 

example by bacteria infiltration that may initiate the injurious process that can lead 

to periodontitis which, in the worst cases, can bring to loss of periodontal ligament 

and alveolar bone [5]. Periodontitis is nowadays one of the major challenges in 
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dentistry as it is related to the reconstruction of a non-containing cavity caused by 

generalized alveolar bone resorption.  

Whereby, bone replacement is mandatory as a consequence of different damages as 

oral or maxillofacial diseases and still many challenges have to be faced to limit the 

related complications [5-11]. Nowadays, the “gold standard” to be used as bone 

grafting material is represented by autografts or allografts. In the first one the tissue 

is directly harvested from the donor himself, with a high number of disadvantages 

(i.e. comorbidity of the donor site, risk of infections, long healing, variable resorption 

time, etc.) that characterize this surgical approach and that are progressively leading 

to autografts replacement with synthetic biomaterials and scaffolds [5,12]. Also, in 

the use of allografts there are limitations due to the risk of presence of antigens or 

pathogens not removed during the tissue treatment process and thus a high risk of 

rejection or disease transmission [13]. On the other hand, synthetic scaffolds present 

many innovative aspects as the possibility to design specific internal architectures 

which strictly resemble the structure of trabecular or cortical bone, the possibility to 

modulate interconnections and porosity, beside the shape or dimension of the 

scaffold and its surface characteristics. The development of bioactive three-

dimensional constructs produced through several methods and making use of a wide 

range of biomaterials is taking over thank to the easiness in the design, the precision 

of the printing and the possibility to customize the scaffold to the patient’s defect via 

CAD software (i.e. computed tomography, magnetic resonance imaging, laser 
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digitizing or cone beam computed tomography) capable to generate a highly accurate 

virtual three-dimensional model of the anatomical region, thus perfectly filling the 

empty space, providing a substrate for new bone deposition and remodeling [14,15]. 

It is widely known that the ideal scaffold for BTE should resemble as much as possible 

the native tissue in terms of structure and mechanical properties to maximize cell 

colonization, extracellular matrix (ECM) deposition and consequently the resorption 

of the graft with its substitution by newly formed tissue, thus leading to a complete 

healing [16]. Seen what before, it seems even more central the role played by a well-

defined micro or submicron patterned surface, surface wettability, exogenous growth 

factors, and highly biocompatible biomaterials for their possible use in regenerative 

medicine [16-19]. Moreover, recent studies have underlined how scaffold’s 

mechanobiology, as mechanical resistance to traction and compression can 

determine the activation of specific intracellular signaling, thus affecting cellular 

behavior (i.e. adhesion, migration, proliferation, and differentiation) [20]. 

In this context, it is fundamental to underline the role of 3D printing focusing, more 

specifically, on the role a fuse deposition modelling (FDM) approach. This 3D printing 

method based on layer-by-layer material addition allows to obtain extremely 

customized prototypes suitable for every need also achieving results that could not 

be reached by fabrication methods commonly present in the modern literature 

[12,21]. FDM is one of the most common techniques used for the production of 

scaffolds to be used in BTE due to its relative low cost, lower energy consumption and 



 186 

the possibility to obtain extremely customized prototypes using a wide range of 

polymers [22,23]. Indeed, the possibility to combine different biomaterials, both 

natural or synthetic, to create a composite biomaterial suitable for every need, is 

playing a pivotal role in the increasing use of this techniques in personalized medicine 

[9,24]. Among the huge variety of biomaterials which can find application in BTE (e.g. 

polyglycolic acid, polylactic acid, alginate, chitosan, etc.) polycaprolactone (PCL) is 

constantly gaining relevance in treatments of bone injury [25,26]. Its biocompatibility, 

high resorbability and low immunogenicity make this material one of the most 

interesting candidates for 3D printed scaffold for BTE [27]. Moreover, the degradation 

rate of PCL is quite long (about 12 months), thus allowing the complete regeneration 

and remodeling of bone tissue, keeping the correct structural stability and without 

interfering with the environment, as it does not acidify the surrounding environment. 

Despite of its great versatility, PCL presents several limitations. It shows a lower 

tensile strength and elastic modulus compared to other biomaterials used in tissue 

engineering and high hydrophobicity which negatively affects the early phase of 

protein adsorption from the blood and the first layer deposition [28,29]. 

Consequently these characteristics leads to an impaired cellular adhesion and 

slackening scaffold degradation [27]. To ameliorate PCL features with a specific regard 

to applications in bone regeneration, it is useful to combine it with other biomaterials 

which might share the crystal structure and the chemical characteristics of the 

inorganic components of bone tissue, such as hydroxyapatite (HA) and tricalcium 
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phosphate-based materials (TCP, α-TCP, β-TCP, etc.)[30,31]. Specifically, for more 

than three decades, β-TCP has played a central role in reconstructive surgeries making 

it one of the most widely used materials in BTE, due to its more emphasized 

osteoconductive and osteoinductive properties at the expenses of poor 

bioresorbability [31-33]. 

Nevertheless, even if β-TCP is an adequate material for clinical use, in vitro and in vivo 

studies are still lacking and there are no precise information on the specific 

concentrations or granule dimensions to be used for tissue engineering [15]. 

Interestingly, its presence may alter scaffold surface topography, creating a specific 

roughness that can influence cell behavior and that could potentially be used to 

enhance the bioactivity of the material or the integration of the graft [34]. Indeed, 

nano- and micro-scaled substrates can pave the way to specific cellular cues, as also 

the ECM encompasses all the micro and nano-scale levels, modulating cellular 

behavior [34]. Also, the composition of adsorbed proteins and their folding depend 

on the microtopography of the biomaterial as well as the specific protein layer at the 

tissue-biomaterial interface that can lead tissue healing [35,36]. 

In this light, the aim of this work is the definition of the best concentration of β-TCP 

powder to be used for the customization of PCL/β-TCP scaffolds for bone 

regeneration. We also investigated how PCL 3D-printed scaffolds can modulate 

osteoblastic behavior in terms of proliferation and differentiation, with the final 
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objective to maximize scaffolds regenerative potential for applications in bone 

reconstruction. 

 

MATERIALS AND METHODS  

Poly-Ɛ-caprolactone (PCL - Mw= 100000 g/mol, Evonik Industries, Essen, Germany) 

and β-tricalcium phosphate (β-TCP - Mw= 310.18 g/mol, Sigma-Aldrich, St. Louis, MO, 

USA) medical grade powders were selected and used to develop the PCL/β-TCP 

biomaterials as candidate for the customization of scaffolds for bone tissue 

regeneration. 

 

1. PCL/β-TCP filaments development  

Suitable filaments for three-dimensional printing were produced starting from 

medical grade powder of Poly-Ɛ-caprolactone and β-tricalcium phosphate. Initially, β-

TCP powders were selected in a range between 38nm and 56nm through a vibrating 

sieving process (Fritsch, Idar-Oberstein, Germany).  

PCL and β-TCP were subsequently mixed obtaining three different concentrations 

w/w (Table 1) in order to assess the maximum amount of β-TCP able to be 

incorporated into such filament and to not interfere with the 3D-printing process, 

thus enhancing the regenerative potential of the final scaffolds.  
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Sample name wt.% PCL wt. % β-TCP  

100/0 100 0 

60/40 60 40 

30/70 30 70 

Table 1. Relative powders concentration developed for filament extrusion. 

 

Powders mixtures were weighed and introduced in a dedicated extrusion system 

(Felfil Evo, Milan, Italy) to obtain printing filaments suitable for FDM printing, as 

showed in Figure 1.  

 

 

Figure 1. Extrusion system composed by a filament extruder, a cooling fan array and a spooler. 

 
Briefly, inside the hopper, through a steel screw, the powder mixture is transferred in 

a heating chamber which allowed the filament extrusion through a 2,85 mm nozzle. 

The obtained filament was then cooled with a fan system and transferred to the 

printer.  
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2. 3D-printing process 

PCL/β-TCP filaments were used as “print cartridges” for a FDM 3D printer to create 

customized scaffolds. The printing process is composed by three steps: modelling, 

printing and finishing/post-processing. Briefly, cylindrical scaffolds with defined 

dimensions of 5mm in diameter and 2mm in height were designed through the 3D 

CAD software Sharpr 3D. Afterwards, the model of the scaffold was exported in a 

StereoLitography file format (.stl). The stl file was then imported on the slicing 

software Ultimaker Cura which mathematically sliced the model in a series of thin 

layers and generates a G-CODE to prepare and train the 3D printer for the material 

deposition phase. The final file in a .upf format was subsequently uploaded on a 3D 

printer Ultimaker S3 and PCL/β-TCP samples were finally extruded by the printer 

through a 400 µm nozzle. Semi-solid PCL/β-TCP scaffold was deposited onto the plate 

surface where it quickly solidified due to the difference of temperature between the 

glass plate and the biomaterial, thus allowing the deposition of the next layer.  

 

3. Physical and mechanical characterization of the surfaces 

Thermal analysis –Differential Scanning Calorimetry (DSC) 

The thermal behavior of the composites was investigated by using a differential 

scanning calorimeter (DSC, Q2000, TA instruments, New Castle, DE, USA). Pure indium 

was used as standard for calibrating the temperature and the enthalpy (Tm = 156.4 

°C; ΔHm = 28.15 J/g). Analyses were carried out in nitrogen atmosphere (30 mL/min) 
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by heating about 8 mg of sample to 110 °C and maintained at this temperature for 5 

min under nitrogen to erase the previous thermal history. Then the sample was 

cooled from 110 °C to 0 °C (cooling run) and heated again from 0 °C to 110 °C (second 

heating run). The crystallinity degree of PCL and its composites was calculated by 

using the following formula: 

χc = (ΔH_m)/(〖ΔH〗_0^PCL (1-α) )× 100 

where ΔHm is the measured enthalpy of melting and ΔH0PCL is the enthalpy of 

melting per gram of 100% crystalline PCL (139.5 J/g) and α is the weight fraction of 

HA filler in PCL. 

Mechanical test 

An Instron 5966 dynamometer (Norwood, MA, USA) in tensile configuration was used 

for obtaining mechanical parameters. Specimen dimension was 3.5 x 50 x 1 mm3. The 

elongation zone was defined by positioning the clamps at 3 cm. The tests were 

performed at room temperature. The method applied was 5 mm/min until breaking. 

For each type of composites, ten independent measurements were performed. 

Surface wettability  

The wettability of the samples was investigated using contact angle measurements 

through a self-made apparatus consisting of a micropipette to deposit the drop and 

an image acquisition system (EOS 80D, Canon). The measurements were carried out 

at a temperature of 27°C and atmospheric pressure in a dehumidified room. 

Deionized water drops were bubbled freely from a micropipette to the center of the 
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sample with a volume of 10 µl/drop. Images of the contact angle were acquired after 

0seconds and after 20 seconds from the deposition of the drop and the contact angles 

were subsequently measured with the ImageJ Software. 

Surface roughness 

Surface roughness evaluation was performed through a contact profilometer (Tencor 

Instruments, Mountain View, CA 94043, United States), considering Ra parameter. 

Briefly, a diamond stylus moves vertically in contact with the sample and then laterally 

across it to measure specific contact forces and distances. The height position of the 

diamond stylus generates an analogic signal which is converted into digital signal, 

analysed, and sent to a display for the final analysis. 

 

4.  In vitro biological testing  

Cell cultures and samples preparation 

In vitro cellular assays were performed using murine pre-osteoblastic cells (MC3T3-

E1) obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA, 

distributed from LGC Standards srl, Milan, Italy). Cells were cultured in complete a-

MEM (a-MEM, Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

supplemented with 10% Foetal Bovine Serum (FBS; Thermo Fisher Scientific), 1% 

Penicillin and Streptomycin (PenStrep, Thermo Fisher Scientific) and 1% L-Glutamine 

(Thermo Fisher Scientific) and kept in humidified atmosphere at 37°C with 5%ppCO2. 
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Before proceeding to the in vitro testing phase 3D printed PCL/β-TCP scaffolds were 

sterilized. Briefly, scaffolds were quickly immersed in EtOH 70% and soaked in a 

solution of sterile deionized water with 5% PenStrep and 5% Amphotericin B 

(Mediatech Inc, Corning, Manassas, USA) for 5 minutes. Subsequently, the solution 

was replaced with deionized water and 1% PenStrep for ten minutes and then the 

discs were soaked in sterile deionized water and air-dried in sterile conditions. 

 Indirect and direct contact cytotoxicity assays  

To exclude the release of any cytotoxic agents from the 3D printed scaffolds, an 

indirect contact cytotoxicity test was performed in accordance with ISO 10993-5 

guidelines for the cytotoxicity analysis of porous materials. To this purpose, discs of 

the synthetized biomaterials were submerged with complete medium (in a ratio of 

1mg/ml) in sterile environment and stored at 37°C and 5% CO2 in humidified 

atmosphere for 1, 3, 7 and 10 days. At experimental time points, conditioned medium 

was collected from the scaffolds and added to pristine medium at percentages of 50%, 

70% and 100% of the total final volume. Culturing medium was then added to 

previously seeded osteoblastic cells that were then cultured for further 24 hours. At 

the term of the incubation time a CellTiter-Glo (Promega, Madison, WI, USA) 

chemiluminescent proliferation assay, was performed to assess cell viability through 

the quantitation of the ATP present in the samples. Briefly, culture medium was 

discarded, samples were rinsed in PBS and a 50:50 solution of CellTiter-GLO Lysis 

Buffer and complete culture medium was added. Each sample was incubated for 2 
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min on an orbital shaker, the solution was then collected and luminescence was 

stabilized for 10 min in the dark. Samples were centrifuged for 30 sec to eliminate any 

bubble and luminescence was measured with a luminometer with double injectors 

(GLOMAX 20/20, Promega).  

 Cell morphology  

To observe cell morphology and the interaction with the underlying biomaterial 

substrate, Scanning Electron Microscopy (SEM) was performed after 24h of culture. 

Briefly, cells were fixed with 2.5% glutaraldehyde solution (Sigma-Aldrich) in 0,1M Na-

Cacodylate buffer for 30 min at RT, thus washed in Na-Cacodylate buffer for 5 min at 

RT and subsequently dehydrated in an ascendant series of alcohol (Sigma-Aldrich) at 

RT, for 10min each dilution (EtOH 35%, 50%, 70%, 75%, 90%, 95%, 99%). Specimens 

were then coated with a nanometric gold layer through a SCD 040 coating device 

(Balzer Union, Wallruf, Germany) and micrographs of cells distribution and 

morphology were taken in a dual beam Zeiss Auriga Compact system equipped with 

a GEMINI Field-Emission SEM column operated at 5keV.  

 

 Gene expression analysis  

To analyze differences in terms of osteoblastic maturation, total RNA was extracted 

from cell cultures at 3, 7 and 14 days after seeding and using RNeasy columns (Qiagen, 

Hilden, Germany) according to manufacturer’s indications. The purity of extracted 

RNA was measured through a NanoPhotometerTM P class (Implen GmbH, München, 
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Germania) and RNA was retrotranscribed to cDNA with a High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific). TaqMan quantitative RT-PCR was 

performed on samples through a Real Time PCR machine (StepOne Plus, Thermo 

Fisher Scientific) analyzing the expression of Osteocalcin (OCN), Osteopontin (OPN) 

and Bone Sialoprotein (BSP). The housekeeping gene mouse glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as reference gene for the 

normalization.  

 

5. Statistical analysis  

Data were analyzed using Prism7 (GraphPad, La Jolla, CA, USA). All the values were 

reported as the mean ± standard deviation of at least three repeated measurements. 

Differences between groups were evaluated with two-way ANOVA statistical tests. 

Then the Tukey post-test was applied for multiple comparisons. Differences were 

considered statistically significant when p<0.05.  

 

RESULTS 

1. PCL/β-TCP filament development  

The identification of extrusion parameters had a fundamental role in the filament 

development. Different attempts were done to set the best combination of extrusion 

parameters in terms of melting temperature (Tm), screw speed rotation (RPM) and 

extruder diameter able to create a filament suitable for the purpose. A heating 



 196 

chamber temperature of 95°C and a screw speed rotation of 2 RPM allowed the 

fabrication of 100% PCL and PCL/β-TCP filaments with 60% and 30% of PCL. The 

filament had a diameter of 2,85mm and its external aspect was observed with a 

stereomicroscope (Nikon) as shown in Figure 2.  

 

 

Figure 2. a) 100% PCL filament, b) 60% PCL – 40% β-TCP filament and c) 30% PCL – 70% β-TCP 
filament. 
 

The increase of β-TCP concentration leads to a gain of roughness on the surface of 

the filaments which seem proportional to the amount of the inorganic powder. This 

specific microtopography can be also detected on the final scaffold surface.  

2. 3D-printing process 

Different printing setups were tested until the most appropriate conditions were 

established : a printing temperature of 120°C, printing speed of 5 mm/s, flow of 110% 

and an infill density equal to 100%.  

B 



 197 

The selected settings allowed the printing of three-dimensional disks presenting 5mm 

in diameter and 2mm in height, as reported in Figure 3. 

 

Figure 3. PCL 3D printed scaffolds.  

 

3. Physical characterization of the surfaces 

 Surface wettability 

To evaluate biomaterial wettability and the interaction between scaffold and cells 

measurements of water-in-air contact angle was performed. Typically, a water 

contact angle <90° is linked to hydrophilic characteristics. Figure 4 shows the results 

of the water contact angle measurement performed on the 3D-printed scaffolds at 

two different time points (0s and 20s). All contact angles slightly decreased by 

approximately 4° after 20 seconds. A marked decrease in contact angle amplitude was 

found in the scaffolds loaded with the inorganic powder, with a statistically significant 

difference only between PCL and 60/40 at both the time points (p=0.0027 and 

p=0.0045).  
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Figure 4. Wettability evaluation through contact angle measurements. a) at 0 seconds after drop 
deposition and b) after 20 seconds from drop deposition.  
 

 Topographical characterization 

Scaffold surface topography was observed through SEM, while the surface roughness 

was quantitatively evaluated through a profilometric analysis.  

SEM images highlighted that surface roughness (Figure 5 lower panel) increased by 

increasing the β-TCP concentration. PCL scaffold showed a smoother surface if 

compared to 3D printed structures loaded with defined concentration of ceramic 

powder which, conversely, evidenced a microtopography marked by the presence of 

micro peaks and micro pits. The profilometric results (Figure 5 upper panel) confirmed 

the expectations inferred from SEM images. PCL surface roughness, with a Ra=0.160 

µm was sensibly lower with respect to the surface roughness of scaffolds loaded with 

β-TCP powder (i.e. Ra=2.495 µm for PCL/ β-TCP  60/40 and Ra=3.477 µm for PCL/ β-

TCP 30/70). 
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Figure 5. The upper panel shows PCL, 60/40 and 30/70 surface roughness quantification performed 
by a profilometric analysis, while the lower panel shows the correspondent SEM microphotograph 
of scaffolds surface. 
 

4. Thermal analysis –Differential Scanning Calorimetry (DSC) 

The cooling and second heating DSC curves are shown in Figure 6. The values of 

estimated thermal parameters are reported in Table 2. During the cooling from the 

melt (Figure 6a), PCL underwent crystallization with a temperature peak of 27.1 °C. 

The temperature of the crystallization peak of both composites is slightly higher than 

that of the neat PCL. Moreover, the enthalpy of crystallization (ΔHc) obtained with a 

cooling rate of 10 °C/min has the highest value for neat PCL (46.6 J/g), becoming 20.4 

and 25.4 J/g for the composites). This occurs because of the PCL molecular chain 

becoming adsorbed on the β-TCP surface and forming a nucleate, which contributes 

to heterogeneous nucleation, thus increasing the crystallization ability. The lower 

dispersion of β-TCP in the PCL/β-TCP 30/70 composite hampers the nucleation 
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process in some extent, resulting in a crystallization temperature decrease with 

respect to PCL/β-TCP 60/40 composite. 

  

Figure 6. (a) DSC melt crystallization and (b) melting curves of PCL and PCL/β-TCP composites. HA 
diventaβ-TCP 

 

 

 Tc (°C) Tm (°C) ∆Hc (J/g) ∆Hm (J/g) 
χc (%)  

PCL100 27.1 57.6 50.3 46.8 
34 

60/40 34.3 58.6 20.4 20.1 25 

30/70 31.8 58.5 25.4 24.4 58 

 
Table 2. Thermal parameters by DSC 
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During the second heating run (Figure 4b) the endothermic melting peaks are visible. 

The neat PCL melting temperature is 57.6 °C; this value is about 1° lower than those 

of the PCL/β-TCP composites. By increasing the β-TCP amount, the crystallinity degree 

(χc), determined using Equation (1), first decreases and then increases. 

 

 5. Mechanical properties 

Figure 7 reports the average stress strain curves of PCL and PCL/β-TCP composites. 

Mechanical parameters are shown in table 3. Neat PCL presents a classical plastic 

behavior characterized by yielding, cold crystallization and fracture. A brittle 

behaviour is found for 30/70 composite. The Young’s Modulus of the composites is 

higher than that of pristine PCL scaffold and increases significantly with β-TCP 

content, shifting from 577 MPa for neat PCL to 2320 MPa for 30/70, i.e. more than 

four times higher than that of unfilled PCL. This indicates that intrinsic strength of β-

TCP is beneficial to enhance Elastic modulus of the composites scaffolds. Moreover, 

the strength and elongation at yield are lower than those of neat PCL in the 60/40 

composite, whereas they are not more detectable in 30/70 composite, which means 

that β-TCP acts as a plasticizer increasing the PCL chain mobility. However, the greater 

the amount of β-TCP, the lower the elongation and strength at break. This behaviour, 

also reported in literature could be due to the presence of β-TCP aggregates and inner 

defects acting as stress concentration points where cracks begin to develop. 
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Figure 7. Stress-strain curves for PCL and composites. HA diventa β-TCP 

 

 

 
Table 3. Mechanical parameters of PCL and PCL/β-TCP scaffolds 
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Sample E (MPa) ε y (%) σy (MPa) ε b (%) σb (MPa) 

PCL100 577 ± 56 9.7 ± 1.6 25.8 ± 

1.7 

807 ± 77 42.4 ± 4 

PCL/β-TCP 

60/40  

1330 ± 106 4.2 ± 0.8 18.3 ± 

0.9 

87 ± 28 19.3 ± 1.1 

PCL/β-TCP 

30/70 

2320 ± 653 - - 6 ± 2 1.0 ± 0.20 
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6. Indirect and direct contact cytotoxicity assays  

The behavior of cell seeded on 3D printed scaffolds was investigated through indirect 

and direct cytotoxic assays. According to ISO 10933-5 guidelines, describing the 

methods to assess in-vitro cytotoxicity of medical devices, a porous structure is 

biocompatible if cell viability is greater than 70%. In this study, the release of putative 

toxic chemical agents in the cultural medium after 1,3,7 and 10 days was evaluated 

by CellTiter GLO® assays.  

The results showed in Figure 8 evidenced that cell viability was not affected by the 

conditionated media by scaffolds presenting different amount of β-TCP at any vehicle 

concentration (50, 70 and 100%). 

 

 
Figure 8. Indirect contact cytotoxicity assays of MC3T3-E1 according to ISO 10933-5 guidelines on 
different 3D printed structures  
 

All conditions showed a viability above 70%, the minimum value to assess a not 

cytotoxic behavior. Also, the results agreed with each other, proving that 3D printed 

scaffolds with different amounts of β-TCP presumably were not involved on release 

of any cytotoxic agent in culturing medium.  
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The positive outcome obtained by indirect cytotoxicity assays was also confirmed by 

direct contact cytotoxicity assay, the proliferation analyses (Figure 9).  

In this case murine osteoblasts were seeded directly onto the scaffolds and the 

proliferation rate at 1, 3, 7 and 10 days was measured in terms of quantification of 

ATP molecules in the sample.  

 

 

Figure 9. Proliferation curve of MC3T3-E1 cells seeded on 3D printed scaffolds with the selected 
concentration of β-TCP. ****p<0.0001 day 7 PCL vs 30/70 and day 10 PCL vs 30/70. 
 

The proliferation curve shows that the behavior of osteoblasts seeded on PCL/β-TCP 

scaffolds seemed to be positively affected by the presence of ceramic powder. On the 

other hand, cells grown on control PCL scaffolds rapidly reached a plateau and then 

started to decrease.  
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Moreover, the proliferation activity tented to be more pronounced on scaffolds with 

an intermediate concentration of β-TCP (i.e. PCL/β-TCP 60/40) if compared to 

scaffolds with the maximum amount of β-TCP (i.e. PCL/β-TCP30/70).  

 

7. Gene expression analysis  

Osteoblastic differentiation was analyzed through RT-PCR evaluating cellular gene 

expression of mRNA encoding for Osteoprotegerin, Osteopontin and Bone 

Sialoprotein, typical marker of late osteoblastic differentiation (Figure 10). Relative 

mRNA expression levels were determined by using the expression level of GAPDH as 

endogenous standard. 

 

 

Figure 10. RT-PCR results obtained for Bone Sialoprotein (BSP), Osteocalcin (OCN) and 
Osteoprotegerin (OPG) in MC3T3-E1 cell line cultured on scaffolds with different concentration of 
β-TCP for 3, 7 and 14 days. BSP: ****p<0,0001 60/40 and 30/70 vs. PCL and 60/40 vs. 30/70; OCN: 
****p<0,0001 60/40 vs. PCL and 60/40 vs. 30/70; OPG: ****p<0,0001 60/40 and 30/70 vs. PCL and 
60/40 vs. 30/70 
 

In general, RT-PCR results showed that scaffolds loaded with β-TCP powder 

presumably induced a more pronounced pro-differentiative effect if compared to PCL 

scaffolds despite of longer time expression at day 7. 
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The mRNA expression profiles of OPG and BSP were higher on PCL/β-TCP 60/40 

scaffold at day 14 if compared to PCL/β-TCP 30/70 one, whereas a different behavior 

was detected for OCN which presented a more pronounced gene expression on 

PCL/β-TCP 30/70 scaffold instead of on PCL/β-TCP 60/40 scaffold. 

 

8. Cell morphology analysis 

MC3T3-E1 osteoblastic cells were seeded on neat PCL and PCL/β-TCP scaffolds and 

their morphology and adhesion was observed after 24h of culturing through Scanning 

Electron Microscopy (Figure 11).  

After 24h, cells cultured on PCL scaffold showed a rounded shape morphology lifted 

from the scaffold surface, probably due to its limited roughness. Furthermore, cellular 

debris were detected on PCL scaffold surface, as signals of a microenvironment not 

properly suitable for cell colonization.  

On the other hand, cells seeded on scaffolds loaded with 40% and 70% of β-TCP 

showed a well-defined elongated polygonal shape with cytoplasmatic projections 

which anchored osteoblasts on the scaffold surface. The adhesion seemed to be 

positively influenced by the superficial microtopography given by the presence of 

calcium salt integrated during the melting phase of filament extrusion.  
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Figure 11. SEM images of osteoblasts seeded for 24h onto PCL, 60/40 and 30/70 3D-printed 
scaffolds. 
 

DISCUSSION 

Nowadays, bone defects due to tumor resection, surgeries, and skeletal deformations 

can be treated through innovative 

approaches which mainly involve implantable devices. [39] 

 The most common biomaterials are obtained from autologous bone or bovine 

demineralized bone, with many limitations (i.e., difficulties in the evaluation of the 

resorption time, harvesting sites, diseases), which requires the production of new 

bioactive scaffolds as bone substitutes.  

Innovative combinations of mesenchymal stem cells or progenitor cells and 3D 

printed structures should provide a microenvironment similar to the native one. In 

addition they should not eliciting a high inflammatory response and  have structural 

rigidity to withstand external stresses as the native tissue. Finally, these structures 

should promoting vascularization and inorganic material deposition as well as tissue-

resident mesenchymal stem cells recruitment [40,41]. In this regard, the use of 3D 
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printing-based technologies represents a step forward if compared to commonly 

used approaches in regenerative medicine applied to bone-related 

medical treatments, overcoming the clinical limits linked to a higher risk 

of infections due to bone replacement surgeries, pain persistence and considerably 

increased costs [8,30]. Specifically, FDM process do not require the use of toxic 

solvents, allows the control of most mechanical parameters (e.g, printing speed, 

temperature), thus ensuring a high degree of scaffold customization [42,43]. The aim 

of the present study is the development of customized 3D printed scaffolds 

composed of PCL and increasing concentration of b-TCP with subsequent evaluation 

of mechanical features and biological response of MC3T3-E1 osteoblastic cells. It is 

well known that the ideal scaffold, from a mechanical point of view, should withstand 

external forces as closely as possible to native bone tissue [52]. To confirm the 

mechanical characteristics of the printed scaffolds, tensile tests were carried out. The 

preparation of scaffolds having a high percentage of TCP, made possible by FDM 

technology, results in a significant increase in Young's modulus, which reaches 2320 

MPa for PCL/β-TCP 30/70 (while only 577 MPa is the E value of pristine PCL). Although 

this value is still lower compared to that of cortical bone (about 17000 MPa), 

it exceeds the Young’s Modulus of the cancellous bone, which is present in some 

extent in the maxilla and in the jaw [44]. For this reason, these composites can be 

considered promising candidates as dental scaffold.  
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Cell proliferation rate of osteoblasts seeded onto the scaffolds was detected through 

the quantification of ATP concentration, proportional to cell metabolic activity and 

consequently to cell number. According to our results, all the scaffolds present no 

significant differences at day 1 while a sharp increase of ATP 

concentration is observed for all the samples at day 3 and day 7, signal of great 

metabolic activity which underlines an increase of cell number due to 

cell proliferation. Moreover, after 10 days, metabolic activity of MC3T3-E1 

osteoblasts on 100% PCL scaffolds drastically decrease compared to cells growth on 

scaffolds loaded with 40% and 70% b-TCP. These findings are further confirmed by 

other studies, according to which calcium phosphates incorporation 

accelerates osteoblasts proliferation, especially in the final stages of the analysis of 

proliferative activity [45]. A solid explanation of this behavior could be related to the 

variation of surface microtopography. In fact, it has been widely demonstrated that 

the rougher surface produced by the presence of β-TCP enables better cell adhesion 

also providing a larger surface area for cell attachment and proliferation [46-

48]. Proliferation results are moreover confirmed by SEM images of PCL, 60/40 and 

30/70 scaffolds. b-TCP powder-loaded scaffolds show a surface roughness 

proportional to the amount of inorganic powder incorporated during the filament 

extrusion phase. On these, after 24h, murine calvaria MC3T3-E1 cells appear firmly 

attached on scaffold surface to the point of highlighting the microtopography of the 

underlying scaffold. In addition, it is possible to appreciate the presence of 
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membrane extension probably able to bind the micro-peaks given by the presence 

of b-TCP clusters, further reinforcing the binding with the 3D printed 

structure. Furthermore, osteoblasts display a well-defined polygonal morphology, 

sign that PCL/b-TCP surfaces are able to provide a suitable microenvironment for cell 

attachment and proliferation [18]. On the contrary, MC3T3-E1 osteoblasts cultured 

on PCL scaffolds show a rounded shape also lift up from the scaffold surface, 

underlining that the presence of neat PCL is not able to provide the same optimal 

microenvironment of PCL/b-TCP scaffolds. All the presented evidences are confirmed 

by recent studies which have highlighted the role of surface topography on cellular 

behavior, especially in the regulation of the transmission of mechanical signals from 

the extracellular matrix to the cells, altering their adhesion-shape [15,49,50]. The 

presence of different surfaces topographies led to different surface characteristics 

such as hydrophilicity. According to Marrella et al., nanostructured surfaces possess 

increased surface energy compared to flat surfaces such that the hydrophilicity of the 

material is improved, resulting in increased protein adsorption, thus promoting cell 

adhesion [50]. Scaffold wettability was evaluated through quantification of water-in-

air contact angle, and the values obtained from the measurement are significantly 

lower than 90°, indicating that hydrophilic properties seem to be proportional to the 

amount of b-TCP powder [9]. More in detail, values at 0s and 20s after the release of 

the drop, range between 66° and 62° for 100% PCL scaffolds. Besides, according to 

Huang et al. findings, water-in-air contact angles tend to decrease proportionally to 
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the increase of b-TCP granules [9]. In fact, on PCL scaffolds loaded with b-TCP values 

of 44° and 55° are recorded, remarking a statistical significance between neat PCL 

and b-TCP-loaded scaffolds. Our data clearly indicate that 3D printed structures with 

40% of b-TCP show a more hydrophilic behavior compared to the other scaffolds 

analyzed in this work which, furthermore, are considerably more hydrophilic than 

others with lower concentration of the ceramic material [51]. In addition, an increase 

in the concentration of b-TCP leads to a decrease in contact angle; a similar behavior 

was observed after treating scaffolds with NaOH, with the aim 

of chemically increase scaffold hydrophilicity [52,53]. This evidence allows to confirm 

that the hydrophilicity characteristics are not influenced by the FDM printing 

technology, depending on only by the properties of the composite biomaterial 

[32]. Moreover, it is widely known that contact angle width can be deeply influenced 

by arithmetic surface roughness (Ra). The profilometric analysis conducted 

to investigate surface microtopography highlights a linear increase 

of Ra by increase b-TCP concentration, with a consequent reduction of contact angle 

amplitude. The pronounced roughness detected on our b-TCP-loaded scaffolds 

further confirms itself as a key factor in protein adsorption regulation, capable to 

influence cell fate, and improves osteoblastic behavior, especially in terms 

of adhesion, proliferation, differentiation [54]. The results, also in accordance 

with the literature, highlights the osteoconductive role of calcium phosphate-based 

material for both proliferation and differentiation processes [41,55].- Remarkably, 
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our RT-PCR results highlight that in MC3T3-E1 cell cultured on PCL/b-TCP scaffolds the 

level of transcripts for osteoprotegerin, osteocalcin and bone sialoprotein are higher 

at day 14 if compared to PCL scaffolds, despite of a delayed response at day 7. A solid 

explanation for this behavior is linked to the ‘conflict’ between proliferation and 

differentiation. In fact, it is widely known that differentiation process starts when 

proliferation rate starts to decrease, typically around the second week [56]. This 

observation is consistent with our proliferation curves, which show that cells seeded 

on PCL scaffolds rapidly reach a plateau after 7 days. MC3T3-E1 osteoblasts on PCL/b-

TCP scaffolds exhibit an increasing linear proliferation still after 7 and 10 days, during 

which ECM maturation starts and develops. In fact, according to Owen et al., it has 

been possible to identify two transition phases: the former occurs at the end of 

proliferative activity, and the latter with the beginning of mineralization, involving 

genes acting as bone formation regulators and resorption (e.g. OCN) [57,58]. 

It can be then concluded that cells growth on 100% PCL scaffolds tent to show earlier 

but lower levels of expression of osteoblastic markers, probably due to the faster 

proliferation if compared to scaffold loaded with the ceramic powder which, in 

reverse, highlight later but more abundant level of transcripts, underlining the 

improved pro-differentiative properties given by high b-TCP concentrations. 
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CONCLUSION 

This work demonstrates the possibility to fabricate a solvent-free FDM 3D printed 

PCL/b-TCP scaffolds loaded with b-TCP at concentrations up to the 70%, overcoming 

the limit of 60% currently present in the scientific literature. Moreover, the addition 

of the inorganic powder improves both surface and biological characteristics, 

highlighting the central role of surface microtopography on positively affecting cell 

behavior. Obtained surfaces provide an optimal microenvironment for osteoblasts 

adhesion, proliferation, and differentiation. This study also confirms the active part of 

3D printing technologies on fabrication of highly customized structure able to repair 

or replace damaged tissues and their fundamental role on bone tissue 

engineering. In conclusion, the PCL/b-TCP scaffolds manufactured by FDM could lay 

the foundation for the development of future extremely personalized structures with 

ideal features for bone and periodontal regeneration. 
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