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Aim

To compare the perceived realism of two commercially available three-dimensional (3D)-
printed tooth models with extracted human teeth, using clinical patient cases as the
reference standard, during different stages of endodontic treatment, as evaluated by recent
dental graduates.

Methodology
Twenty recent dental graduates who had completed undergraduate endodontic training

participated in this cross-sectional comparative study. Three endodontic training
modalities were evaluated: two 3D-printed tooth systems (TrainyDent® and Frasaco®) and



extracted human teeth, with clinical patient cases serving as the reference standard.
Participants assessed eight stages of root canal treatment: access cavity preparation, canal
orifice location, glide path creation, working length determination, cleaning and shaping,
obturation, adhesive sealing, and occlusal adjustment. Perceived realism was recorded
using a visual analogue scale (VAS; 0-10), with higher scores indicating greater similarity to
the reference standard (clinical patient cases). Data were analysed using non-parametric
tests for paired comparisons, with adjustment for multiple testing. Statistical significance
was set at P <0.05.

Results

Clinical patient cases were predefined as the reference standard (VAS score = 10) for all
treatment stages. Extracted human teeth achieved the highest perceived realism scores
(7.51 £1.53), followed by TrainyDent® (6.07 = 1.74) and Frasaco® (5.55 = 1.75). This ranking
was consistent across all evaluated treatment stages. Significant differences were
observed among the evaluated modalities (P < 0.001), particularly for procedures requiring
tactile feedback.

Conclusions

Using clinical patient cases as the reference standard, extracted human teeth
demonstrated the highest perceived realism among the evaluated training modalities.
Although current 3D-printed tooth models do not fully reproduce the characteristics of
natural teeth, they provide standardized, reproducible, and ethical adjunctive tools for
preclinical endodontic education.

Introduction

Endodontic education is a fundamental component of dental training, requiring students to
develop precise technical skills to perform root canal treatments effectively ' . Traditionally,
pre-clinical endodontic training has relied on the use of extracted natural teeth, which
provide anatomically accurate models for practicing procedures ? . However, the use of
natural teeth presents significant challenges, including limited availability, ethical
concerns, and substantial variability in tooth morphology that complicates standardized
teaching and objective assessment - particularly in examination settings where consistency
is paramount 2.



The limitations of natural teeth have historically led educators to seek alternative training
methods* °. Before the advent of three-dimensional (3D) printed teeth, dental schools
commonly used simulated canal blocks made of resin or acrylic ® . While these models
offered consistency in terms of availability and basic shape, they lacked the anatomical
complexity of real teeth, featuring simplified canals that failed to replicate the challenges of
naturalroot canalsystems ” 8. This artificial simplicity created a significant gap between pre-
clinical training and clinical reality, leaving students poorly prepared for the complexities of
actual patient cases®.

The introduction of 3D printing technology has provided new opportunities for developing
standardized endodontic training models 0" 12 13,

These modern models provide humerous advantages: they replicate intricate root canal
anatomy with consistent quality’, can be produced with specific pathological features
(such as calcifications or curved canals), and eliminate the ethical and logistical issues
associated with extracted teeth'. Particularly in examination contexts, 3D printed teeth
ensure all students are evaluated on identical anatomical challenges, removing the
variability inherent in natural tooth specimens™.

This shift to artificial models has become increasingly relevant in Germany, where
successful public health preventive measures have significantly reduced the prevalence of
caries and subsequent need for endodontic treatment '°. While this positive trend reflects
improved population oral health, it has created an educational challenge: university
hospitals now struggle to provide sufficient root canal treatment cases for all dental
students 6. This scarcity of clinical experience makes high-fidelity simulation tools even
more critical for ensuring graduates attain the necessary competence before treating
patients 7.

Several commercially available 3D-printed tooth models have been introduced for
endodontic education, each aiming to provide standardized and reproducible training
conditions.’® However, evidence comparing the performance and educational value of
different 3D-printed systems remains limited. Although previous studies have investigated
individual 3D-printed models, few have directly compared commercially available systems
with extracted human teeth and clinical patient experiences. In particular, limited
information is available regarding how closely these models reproduce the perceived
realism of specific stages of root canal treatment, including access cavity preparation,
canal negotiation, instrumentation, and obturation.

Furthermore, while these models address standardization needs, their ability to replicate
the tactile feedback and unpredictable challenges of real patient cases requires thorough
evaluation’®.

This study aimed to assess recent dental graduates’ perceptions of endodontic training
using two different brands of 3D-printed teeth compared with extracted natural teeth and



clinical patient experiences. We evaluated their perceived realism and educational
experience across all treatment phases—from access cavity preparation to obturation.

To ensure comparable levels of procedural difficulty among the different training modalities,
the Schneider angle of root canal curvature for the 3D-printed teeth, extracted natural teeth,
and real patient teeth did not exceed 25 degrees, Figure (1). Our findings provide crucial
insights for modern endodontic education, helping institutions optimize their training
approaches in an era of changing disease patterns and advancing simulation technologies.
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Figure 1: Virtual simulation of a molar demonstrating root canal curvature according to
Schneider’s method (25° in the mesiobuccal and distal roots and 18° in the palatal root)

Materials and Methods
Study Design and Ethical Approval

This within-subject observational questionnaire-based study was conducted at the
Department of Endodontics, University Hospital Dusseldorf, Germany. The questionnaire
was initially implemented as part of an internal quality assessment initiative to evaluate and
improve undergraduate endodontic education and optimize preclinical training strategies.
Following completion of the educational evaluation, ethical approval was obtained for the
scientific analysis and publication of the anonymized questionnaire data (approval number:
2026-3612). The study was conducted in accordance with the ethical principles of the
Declaration of Helsinki, which served as the ethical standard for research involving human
participants.



The study protocol was reviewed and approved by the responsible Ethics Committee
(approval number: 2026-3612). All questionnaire data were collected and analyzed
anonymously, and no personal participant information was collected or reported. This
observational study was reported in accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) Statement.

Participants

Twenty recent dental graduates (18 females and 2 males; age range: 23-30 years) who
completed their undergraduate dental education at Heinrich Heine University Dusseldorf
were included in this study. All participants had successfully completed the complete
undergraduate endodontic curriculum, including theoretical lectures, preclinical
simulation training, and clinical root canal treatments under supervision.

The study population comprised all dental students who completed the final state
examination in September 2025 and fulfilled the inclusion criteria. Participants were
included only if they had performed endodontic procedures using all three evaluated
modalities: TrainyDent® 3D-printed teeth, Frasaco® 3D-printed teeth, extracted human
teeth, and clinical patient cases. The evaluation was performed immediately after
completion of the final state examination to minimize recall bias and ensure comparable
recent experience across all training modalities.

Study Objective

The primary aim was to assess the perceived realism and educational value of different
training modalities in endodontics. Each participant performed a complete endodontic
treatment sequence across all three modalities. The graduates completed a standardized
guestionnaire evaluating their experience. The questionnaire was developed specifically for
this study based on the study objectives and previously published literature on endodontic
simulation and training models. The questionnaire was reviewed by experienced endodontic
educators for content validity, clarity, and clinical relevance before distribution. Internal
consistency of the questionnaire items was evaluated using Cronbach's alpha coefficient.



As part of your training, you have already performed root canal treatment on extracted teeth, on a
Frasaco® tooth, on a Trainy-dent® tooth, and on patients during the clinical phase of your dental
education:

1) Trainy-dent®

How would you rate your experience with the above-mentioned company's tooth model during the
following steps of root canal treatment?

Please rate each step on a scale from 1 (not at all realistic) to 10 (completely realistic) based on how
realistically the procedure resembled treatment performed on patients.

Access cavity preparation

L+ [ 2 [ 3 | & s [ e[ 7 [ s | o |10 |

Identification of canal orifices
L+ [ 2 [ s | &« ] s [ e [ 7 [ s ] o [ |

Glide path preparation
L+ [ 2 [ 3 | & ] s [ e [ 7 [ s ] o ||

Working length determination
L+ [ 2 [ s [ af s [ e 7 [ s [ 9 [ 0]

Canal instrumentation (Cleaning and shaping)
[+ [ 2 [ s ] & s [ e[ 7] 8 ] s [ 1]

Root canal obturation
L+ [ 2 [ s [ af s [ e 7 [ s [ 9 [ 10]

Adhesive restoration (Coronal seal)
[+ [ 2 [ s [ &« s [ e[ 7 [ 8 ] o [0 |]

Finishing and polishing
L+ [ 2 [ 3 | & ] s [ e[ 7 [ s ] o |10 |]

2) Frasaco®

How would you rate your experience with the above-mentioned company's tooth model during the
following steps of root canal treatment?

Please rate each step on a scale from 1 (not at all realistic) to 10 (completely realistic) based on how
realistically the procedure resembled treatment performed on patients.

Access cavity preparation

L+ [ 2 [ s [ af s [ e 7 [ s [ 9 [ 10]

Identification of canal orifices
L+ [ 2 [ s | &« ] s [ e [ 7 [ s ] o [0 |

Glide path preparation



L+ [ 2 [ s | & | s [ e [ 7 | s ] 9 [ 2|

Working length determination
L+ [ 2| s [ a [ s [ e[ 7 [ s [ s [ 1]

Canal instrumentation (Cleaning and shaping)
L+ [ 2 [ 3 | & | s [ e | 7 [ &8 [ 9 | 1 |

Root canal obturation
L + [ 2 [ s [ a [ s [ e | 7 | 8 [ 9 [ 10|

Adhesive restoration (Coronal seal)
L+ [ 2 [ s [ a [ s [ e | 7 | 8 [ 9 [ 10|

Finishing and polishing
L+ [ 2] s [ a [ s [ e[ 7 [ s [ s [ 1]

3) Extracted Teeth

How would you rate your experience with extracted teeth during the following steps of root canal
treatment?

Please rate each step on a scale from 1 (not at all realistic) to 10 (completely realistic) based on how
realistically the procedure resembled treatment performed on patients.

Access cavity preparation

[+ [ 2 [ s [ a ] s [ e [ 7 | 8 [ o | 1|

Identification of canal orifices
L+ [ 2 | s | a ] s [ 6 [ 7 [ 8 | o | 10|

Glide path preparation
L+ [ 2| s [ a [ s [ e[ 7 [ s [ s [ 1]

Working length determination

L+ [ 2 [ s | & | s [ e [ 7 | s ] s [ 1|

Canal instrumentation (cleaning and shaping)
L+ [ 2] s [ a [ s [ e[ 7 [ s [ s [ 1]

Root canal obturation

L+ [ 2 [ s | & | s [ e [ 7 | & ] s [ 1|

Adhesive restoration (coronal seal)
L+ [ 2 [ s [ a [ s [ e | 7 | 8 [ 9 [ 10|

Finishing and polishing
[+ [ 2 [ s [ a [ s [ e[ 7 [ s [ o [ 1]

Additional File 1: This questionnaire was developed specifically for this study to evaluate
the perceived realism of different endodontic training modalities (TrainyDent®, Frasaco®,
and extracted human teeth) compared with clinical patient cases across eight stages of root
canal treatment.



3D-printed tooth model (Frasaco® GmbH, Germany), Figure (2).

1. 3D-printed tooth model (TrainyDent®, Unimir GmbH, Germany), Figure (3).
2. Extracted human teeth, Figure (4).
3. Clinical patient teeth.

One of the evaluated training modalities was the Frasaco® 3D-printed tooth model
(Frasaco® GmbH, Germany; Figure (2)).

Figure 2: 3D-printed tooth model (Frasaco® GmbH, Germany), radiograph with handfiles ISO
size 20 and obturation control

Arepresentative radiograph of the TrainyDent® 3D-printed tooth model with ISO size 20 hand
files and the post-obturation control radiograph is presented in Figure (3).



i

Figure 3: 3D-printed tooth model (TrainyDent®, Unimir GmbH, Germany), radiograph with
handfiles ISO size 20 and obturation control

Representative radiographs of the extracted human tooth during instrumentation with ISO
size 20 hand files and after obturation are shown in Figure (4).

Figure 4: Extracted Tooth radiograph with handfiles ISO size 20 and obturation control



Evaluation Protocol

Each participant performed a complete endodontic treatment sequence across all three
modalities. Following each procedure, the graduates completed a standardized
questionnaire evaluating their experience. The questionnaire was developed based on
previously published studies evaluating endodontic simulation and training models. The
selected items represented the major procedural stages of root canal treatment. The
questionnaire was reviewed by experienced endodontic educators for content validity,
clarity, and clinical relevance before distribution. Internal consistency of the questionnaire
items was evaluated using Cronbach’s alpha coefficient.

The following eight endodontic steps were assessed:
1. Access cavity preparation
Location of canal orifices
Glide path creation
Working length determination
Cleaning and shaping of the root canals
Obturation of root canals
Adhesive sealing of root canals and access cavity
8. Occlusal adjustment
Each item was scored on a visual analogue scale from 0 to 10, where 0 indicated “not
realistic at all” and 10 indicated “identical to real clinical experience.”

NookwN

Procedure

3D Printed Teeth (Frasaco and TrainyDent):
Each brand's premolar and molar models were mounted in standard phantom heads and
operated on using a high-speed handpiece, endodontic files, irrigants, and obturation
systems under simulated clinical conditions.

Extracted Teeth:
Ethically sourced extracted human teeth were mounted similarly in phantom heads.
Standard access, instrumentation, and obturation techniques were performed.

Clinical patient cases:

During their final two clinical years of undergraduate dental training, each student
performed endodontic procedures on clinical patients under faculty supervision. The
treated cases included multi-rooted teeth. To standardize procedural difficulty and ensure
suitability for undergraduate clinical training, only teeth with mild to moderate canal
curvature were included. The Schneider angle of root canal curvature was assessed, and
teeth with a curvature exceeding 25 degrees were excluded from treatment. Clinical patient



cases served as the reference standard for comparison with the extracted human teeth and
3D-printed teeth.

Sample Size Calculation:

The sample size was determined based on the findings of a previous study by Luz et al.?°,
with an expected effect size of 1.02. Using an alpha (a) level of 0.05 and a statistical power
of 0.95, the required sample size was calculated as 20 participants. As this study followed
a within-subject comparative design, the same 20 participants evaluated all three training
modalities (TrainyDent®, Frasaco®, extracted human teeth, and clinical patient cases) after
performing endodontic procedures representative of each modality. Each participant thus
generated 24 responses (8 steps x 3 modalities). Sample size calculation was performed
using G*Power version 3.1.9.4.

Statistical Analysis:

Data were summarized using mean * standard deviation (SD) or median and range,
depending on data distribution. The normality of continuous variables was assessed using
the Kolmogorov-Smirnov test. Differences in perceived realism scores among the three
evaluated training modalities (extracted human teeth, TrainyDent®, and Frasaco®) were
analyzed using the Friedman test for related samples. Clinical patient cases served as the
predefined reference standard (VAS = 10) and were therefore not included in the statistical
comparison.

When significant differences were detected, post hoc pairwise comparisons were
performed using Wilcoxon signed-rank tests with Bonferroni correction for multiple
comparisons. The individual participant was considered the statistical unit of analysis.
Associations between variables were assessed using Spearman’s rank correlation
coefficient where appropriate. All statistical tests were two-sided, and a P-value <0.05 was
considered statistically significant. Statistical analyses were performed using IBM SPSS
Statistics software (version 22; IBM Corp., Armonk, NY, USA).

Results

Twenty recent dental graduates from the Department of Endodontics at Heinrich Heine
University were recruited for this study. The full survey evaluated eight endodontic
procedural steps across three training modalities: extracted human teeth (ET), TrainyDent®
(TD), and Frasaco® (F). Clinical patient cases served as the predefined reference standard
(VAS =10) against which all training modalities were evaluated.



Realism was rated using a visual analogue scale (VAS) from 0 (not realistic at all) to 10
(identical to real clinical experience). Table 2 summarizes the mean * standard deviation
(SD) of the perceived realism scores for each endodontic treatment stage across the three
evaluated training modalities. Reliability analysis of the questionnaire demonstrated
excellent internal consistency among the evaluated items, with a Cronbach’s alpha
coefficient of 0.94.

Clinical patient cases served as the reference standard for comparison with the extracted
human teeth and 3D-printed teeth.

Both 3D-printed models (TD and F) were rated lower, with statistically significant differences
noted in multiple domains.

Step-by-Step Analysis:

Access Cavity Preparation: Relative to the predefined clinical reference (VAS = 10),
extracted human teeth received the highest realism score (7.85 += 1.46), followed by
TrainyDent® (6.55 = 1.50) and Frasaco® (6.10 = 1.48). Differences among the training
modalities were statistically significant (Friedman test, p <0.001).

Location of canal orifices: Relative to the predefined clinical reference (VAS = 10), extracted
human teeth achieved the highest realism score (7.70 = 1.49), followed by TrainyDent® (6.20
*+ 1.64) and Frasaco® (5.75 = 1.59). Extracted human teeth were perceived as significantly
more realistic than both 3D-printed tooth models, and differences among the training
modalities  were  statistically significant  (Friedman  test, p < 0.001).

Glide path creation: Relative to the predefined clinical reference (VAS = 10), extracted
human teeth received the highest realism score (7.70 £ 1.66), followed by TrainyDent® (6.00
+ 1.86) and Frasaco® (5.45 = 1.67). Differences among the training modalities were
statistically significant (Friedman test, p < 0.001).

Working length determination: Relative to the predefined clinical reference (VAS = 10),
extracted human teeth received the highest realism score (7.95 = 1.39), followed by
TrainyDent® (6.25 += 1.65) and Frasaco® (5.75 * 1.86). Differences among the training
modalities were statistically significant (Friedman test, p <0.001).

Cleaning and shaping of the root canals: Relative to the predefined clinical reference (VAS =



10), extracted human teeth received the highest realism score (7.60 = 1.57), followed by
TrainyDent® (5.85 = 1.95) and Frasaco® (5.50 = 1.85). Differences among the training
modalities were statistically significant (Friedman test, p < 0.001).

Obturation of the root canals: Relative to the predefined clinical reference (VAS = 10),
extracted human teeth received the highest realism score (7.45 += 1.64), followed by
TrainyDent® (5.85 += 1.84) and Frasaco® (5.45 * 1.93). Differences among the training
modalities were statistically significant (Friedman test, p < 0.001).

Adhesive sealing of the access cavity: Relative to the predefined clinical reference (VAS =
10), extracted human teeth received the highest realism score (7.35 = 1.54), followed by
TrainyDent® (6.10 = 1.68) and Frasaco® (5.05 = 1.84). Differences among the training
modalities were statistically significant (Friedman test, p <0.001).

Occlusal adjustment: Relative to the predefined clinical reference (VAS = 10), extracted
human teeth received the highest realism score (7.45 £ 1.66), followed by TrainyDent® (5.95
* 1.86) and Frasaco® (5.35 + 1.88). Differences among the training modalities were
statistically significant (Friedman test, p < 0.001).

Across all eight evaluated endodontic procedures, extracted human teeth consistently
achieved the highest perceived realism scores, followed by TrainyDent® and Frasaco®. This
ranking was maintained throughout all treatment stages, with extracted teeth receiving
mean VAS scores between 7.35 + 1.54 and 7.95 = 1.39, compared with 5.85 + 1.84 t0 6.55 *
1.50 for TrainyDent® and 5.05 + 1.84 10 6.10 = 1.48 for Frasaco®. The highest realism score
was observed for working length determination using extracted teeth (7.95 + 1.39), whereas
the lowest score was recorded for adhesive sealing of the access cavity using Frasaco®
models (5.05 = 1.84), Figure (5).



Figure 5: Perceived realism scores (VAS; mean = SD) of extracted teeth, TrainyDent® and
Frasaco® models across eight stages of endodontic treatment, showing significant
differences among the three training modalities at each stage (Friedman test, P <0.001).

Across all eight evaluated endodontic procedures, extracted human teeth consistently
achieved the highest perceived realism scores, followed by TrainyDent® and Frasaco®

Clinical patient cases were predefined as the reference condition
(100% realism), and all other training modalities were evaluated relative to this reference.
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Figure 5. Friedman analysis revealed significant differences among the three training
modalities for each procedural step (all P < 0.001). Pairwise comparisons showed that
extracted human teeth were rated significantly more realistic than TrainyDent® and
Frasaco® in several procedural steps, whereas no significant differences were observed
between the two 3D-printed models after Bonferroni correction, Table 1.




Endodontic step Comparison z Bonferroni-adjusted P value

Access cavity preparation F-TD -0.029 0.977
Access cavity preparation ET-TD -3.445 0.006
Access cavity preparation ET-F -3.839 <0.001
Location of canal orifices F-TD -0.659 0.510
Location of canal orifices ET-TD -3.343 0.006
Location of canal orifices ET-F -3.564 <0.001
Glide path creation F-TD -0.958 0.338
Glide path creation ET-TD . -2.062 0.240
Glide path creation ET-F -3.444 0.006
Working length determination F-TD . -0.984 . 0.325
Working length determination ET-TD -1.076 0.282
Working length determination ET-F -0.357 0.721
Cleaning and shaping F-TD . -1.378 . 0.168
Cleaning and shaping ET-TD -3.128 0.012
Cleaning and shaping ET-F . -2.744 . 0.036
Obturation of root canals F-TD -2.102 0.232
Obturation of root canals ET-TD -3.369 0.006
Obturation of root canals ET-F . -2.574 . 0.060
Adhesive sealing of root canals and access cavity F-TD -0.842 0.400
Adhesive sealing of root canals and access cavity ET-TD . -2.585 0.060
Adhesive sealing of root canals and access cavity ET-F -2.172 0.180
Occlusal adjustment and polish F-TD -0.600 0.548
Occlusal adjustment and polish ET-TD . -2.910 0.024
Occlusal adjustment and polish ET-F -3.580 <0.001

Table 1: Post hoc Wilcoxon signed-rank test results comparing extracted human teeth (ET),
TrainyDent® (TD) and Frasaco® (F) across eight endodontic treatment stages. Values are
Wilcoxon Z statistics with Bonferroni-adjusted P values. Clinical patient cases were
predefined as the reference condition (VAS = 10) and were not included in the pairwise
comparisons.



Endodontic Step Training Modality Mean  SD (VASP Score) F"‘(’;’:‘;::)es‘

Extracted teeth (ET) 7.85 + 1.462

Access cavity preparation TrainyDent® (TD) 6.55 + 1.50P <0.001
Frasaco® (F) 6.10 + 1.48¢
Extracted teeth (ET) 7.70 + 1.492

Location of canal orifices TrainyDent® (TD) 6.20 * 1.64b <0.001
Frasaco® (F) 5.75 + 1.59¢
Extracted teeth (ET) 7.70 + 1.662

Guide path creation TrainyDent® (TD) 6.00 *+ 1.86b <0.001
Frasaco® (F) 5.45 % 1.67¢
Extracted teeth (ET) 7.95 + 1.392

Working length determination TrainyDent® (TD) 6.25 + 1.65P <0.001
Frasaco® (F) 5.75 + 1.86¢
Elearingandishaplogofithe Extrz.acted teeth (ET) 7.60 + 1.572

et et TrainyDent® (TD) 5.85 + 1.95b <0.001
Frasaco® (F) 5.50 + 1.85¢
Extracted teeth (ET) 7.45 + 1.642

Obturation of root canals TrainyDent® (TD) 5.85 + 1.84b <0.001
Frasaco® (F) 5.45 + 1.93¢
Adhesive sealing of root canals Extracted teeth (ET) 7.35 £ 1.542

and access cavity TrainyDent® (TD) 6.10 + 1.68b < 0.001
Frasaco® (F) 5.05 + 1.84¢
Extracted teeth (ET) 7.45 + 1.662

Occlusal adjustment TrainyDent® (TD) 5.95 + 1.86b <0.001
Frasaco® (F) 5.35 + 1.88¢

e  VASP: Visual Analogue Scale of Perceived Realism (0 = not all realistic, 10 = extremely realistic)

e  SD: Standard Deviation

Different superscript letters (a, b, c within a column indicate statistically significant differences (p < 0.05)
ET = Extracted teeth; TD = TrainyDent®; F = Frasaco®

P < 0.05 was considered statistically significant

e  Friedman test for related samples across the three training modalities for each step

Table 2: Comparison of perceived realism scores (VAS; mean = SD) among the three training
modalities across different endodontic treatment stages.



Aggregate Scores:

When averaged across all eight endodontic procedures and expressed relative to the
predefined clinical reference (VAS = 10), the overall perceived realism scores were:

- Extracted teeth (ET): 7.51
- TrainyDent (TD): 6.07
- Frasaco (F): 5.55+1.75

+

1.53
1.74

+

When scores were averaged across all eight endodontic treatment stages, extracted human
teeth showed the highest aggregate perceived realism score (7.51 = 1.53), followed by
TrainyDent® (6.07 + 1.74) and Frasaco® (5.55 + 1.75; Figure (6)).

Aggregate perceived realism across all endodontic steps
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Extracted teeth TrainyDent® Frasaco®

Training modality

Clinical patient cases were predefined as the reference condition
(100% realism), and all other training modalities were evaluated relative to this reference.

Note: Error bars represent standard deviation.

Figure 6: Aggregate perceived realism scores, expressed as overall visual analogue scale
values (mean = standard deviation), for extracted human teeth, TrainyDent® and Frasaco®
across all eight endodontic treatment stages. Clinical patient cases were predefined as the



reference condition (VAS =10). Error bars represent standard deviations. Differences among
the three training modalities were statistically significant (Friedman test, P <0.001).

Discussion

This study evaluated recent graduates’ perceptions of extracted human teeth and two
commercially available 3D-printed tooth models (Frasaco and TrainyDent) using clinical
patient cases as the predefined reference standard for realism.

Consistent with expectations, the clinical (real patient) cases were rated highest for realism
and educational authenticity. In line with established practice, hands-on training with
extracted human teeth was also seen as highly realistic. Extracted teeth closely mimic
clinical conditions, providing a “realistic training scenario” for endodontic practice.
However, natural teeth have well-recognized limitations — they are scarce, raise infection-
control and ethical issues, and lack standardization. Simulated models (typodonts and
printed teeth) were used in part to overcome these drawbacks.

By contrast, both 3D-printed models (Frasaco and TrainyDent) received significantly lower
realism scores. This finding echoes prior reports: for example, Kolling et al. found that
students consistently rated 3D-printed root-canal models lower than human teeth in terms
of tactile “feel” and engagement®. In our data the 3D- printed models were perceived as
lessrealistic, particularly in tasks like canal preparation and obturation. The lower perceived
realism scores observed for both 3D-printed tooth models may be explained primarily by
differences in material properties and internal canal design compared with natural teeth.
Although current resin-based models reproduce external morphology and root canal
anatomy with increasing accuracy, the mechanical characteristics of printing resins do not
fully replicate the complex structure of natural dental tissues. Differences in hardness,
elasticity, and cutting behaviour may influence tactile feedback during access cavity
preparation, canal negotiation, instrumentation, and obturation, resulting in a less
authentic clinical experience.

Furthermore, the initial canal dimensions of the investigated 3D-printed models may have
contributed to the reduced perception of realism during canal preparation. The artificial
canals presented with an initial apical size corresponding approximately to ISO size 20,
resulting in a predefined apical stop and reduced difficulty during glide path creation and
early instrumentation. In contrast, natural root canals frequently present with narrower,
more variable anatomy, requiring progressive canal negotiation and enlargement.
Therefore, although standardized canal dimensions improve reproducibility and allow
comparable training conditions, they may reduce the ability of current 3D-printed models to
reproduce the challenges encountered in clinical endodontic treatment.

Future development of 3D-printed endodontic training models should focus on optimizing
resin properties and reproducing smaller initial canal diameters, variable canal anatomy,
and more realistic tactile resistance to better simulate natural teeth.



Nevertheless, students still acknowledged positive aspects of the printed models. Notably,
in other studies students gave high marks to 3D-printed tooth models for pre-clinical
practice — they “received the highest approval” for simulating cavity preparation and were
judged effective for learning theoretical and clinical skills?'. In our cohort, despite the lower
realism ratings, the 3D-printed models were regarded as useful practice tools. The
interpretation of these results is that 3D-printed teeth, while not fully reproducing the
authenticity of clinical patient teeth or extracted teeth, may serve as complementary
training tools rather than complete replacements for patient-based experience?.

Students in prior research reported that 3D prints greatly improved their confidence and
fine-motor skill development during endodontic practice®. Similarly, our participants noted
the practical benefits of the printed models’ consistency: the uniform anatomy, ease of
handling, and repeatability were valued for perceived educational usefulness. Indeed,
Fayyaz et al. concluded that 3D-printed teeth can serve as a “convenient and accessible
alternative” to natural specimens in dental training, enhancing student confidence and
clinical skill acquisition™. In short, the standardized availability of 3D models — without the
infection and ethical issues of extracted teeth — compensates for their somewhat lower
haptic realism’.

These findings align with the broader shift toward simulation-based learning in dental
education. The contemporary trend is to integrate realistic simulations to supplement
patient care, reflecting a consensus that simulators and printed models can offer safe,
repeatable training''. For example, Higgins et al. note the “widespread use of simulation in
dentistry” and urge dental programs to develop simulation curricula to optimize student
learning?®®. Recent reviews specifically highlight 3D printing as a rapidly growing tool across
preclinical disciplines. Karagkounaki et al. report that 3D-printed models enable the
creation of diverse case scenarios resembling real-life conditions, while also offering
greater availability and lower cost compared to traditional models®. In other words,
technology-enhanced simulation is viewed as a means to provide uniform, competency-
based training opportunities. Our results support this view: even if printing materials must
still be refined to fully mimic tooth tissues, 3D models are already proving to be valuable
educational adjuncts.

This study has several limitations. The sample was relatively small (20 students) and drawn
from a single institution, which may limit the generalizability of the findings. The within-
subject questionnaire-based design and reliance on subjective VAS ratings should be
considered when interpreting the findings, as responses may be influenced by individual
perceptions and previous clinical experiences. We attempted to control for this by including
recent graduates right after the final examination, but variability in previous clinical
exposure is possible. Additionally, while a VAS allows fine-grained comparison of realism
and value, it remains a subjective measure; future work could incorporate objective
performance outcomes on these models. Furthermore, only two commercially available
3D-printed tooth systems were assessed; however, these models were selected because
they represent widely used 3D-printed tooth systems in German dental universities for



endodontic education and provide sufficient radiopacity for endodontic training and
radiographic assessment. Therefore, the findings cannot be generalized to all currently
available or future 3D-printed tooth models, particularly as printing materials and
technologies continue to evolve. Finally, our setting did not blind students to the modality
type, and their perceptions might be affected by novelty or familiarity with certain models
(e.g. if they had previously practiced on Frasaco typodonts).

In summary, despite these limitations, the results suggest that while live patient cases
remain unsurpassed for realism, 3D-printed tooth models are seen as acceptable training
substitutes when natural teeth are unavailable or impractical. The favorable student
perceptions of the 3D systems in terms of consistency and accessibility underscore their
educational utility. These findings fit within a growing body of evidence that 3D-printed
models can bolster preclinical endodontic training. As materials and printing technologies
improve, such models will likely play an increasingly prominent role in endodontic
education, complementing traditional approaches and helping students transition safely to
patient care.

Conclusion

Clinical patient cases and extracted teeth demonstrated the highest perceived realism
during endodontic procedures. The evaluated 3D-printed teeth showed lower perceived
realism, particularly regarding tactile aspects, but provide standardized and accessible
adjunctive tools for preclinical endodontic education. Future studies should investigate
whether improvements in material properties and simulation realism translate into
improved educational outcomes.
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