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Abstract

Additive manufacturing has become an integral component of the digital workflow in dentistry. Among
available technologies, fused deposition modeling (FDM) offers a cost-effective alternative for producing dental
models, although concerns remain regarding dimensional accuracy. The aim of this study was to evaluate the
influence of nozzle diameter and dental arch morphology on the dimensional accuracy of FDM-printed dental
models. Reference STL datasets representing ideal maxillary and mandibular arches were printed using a Bambu
Lab X1 Carbon printer with two nozzle diameters (0.2 mm and 0.4 mm) in a 2 x 2 factorial design (n = 40).
Dimensional accuracy was assessed using Root Mean Square (RMS) deviation obtained through 3D surface
comparison. Models printed with the 0.2 mm nozzle demonstrated significantly lower RMS deviations compared
with those printed using the 0.4 mm nozzle. Additionally, mandibular models exhibited higher dimensional
stability than maxillary models. These findings indicate that smaller nozzle diameters can improve the accuracy of
FDM-printed dental models.

Keywords: Fused Deposition Modeling, Additive Manufacturing, Dental Models, Dimensional Accuracy,
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INTRODUCTION

The transition toward the concept of Dentistry 4.0 has positioned additive
manufacturing (AM) as a central component of the contemporary digital workflow in
dentistry and dental technology [1]. Through the conversion of conventional impressions into
high-resolution digital datasets, AM enables the rapid fabrication of complex dental
geometries that would be difficult or time-consuming to obtain using traditional subtractive
manufacturing methods [2]. Within the clinical dental practice, vat polymerization
technologies such as stereolithography (SLA) and digital light processing (DLP) have been
widely adopted due to their high surface quality and micron-level resolution [3,4]. However,
the relatively high cost of proprietary photopolymer resins and the requirement for post-
processing using chemical solvents have stimulated interest in more accessible and cost-
effective manufacturing alternatives [5].

In this context, fused deposition modelling (FDM), also referred to as fused filament
fabrication (FFF), has gained increasing attention within the dental field [6]. This technology
offers several advantages, including lower equipment costs, a broad range of thermoplastic
materials such as PLA, PETG, or PEEK, and a production workflow that does not involve
liquid resins or chemical post-processing steps [7]. Nevertheless, the use of FDM for dental
restorations remains limited due to concerns related to dimensional accuracy and structural
anisotropy of the printed components [8]. Common limitations include the staircase effect on
inclined surfaces, volumetric shrinkage during cooling, and reduced interlayer adhesion, all
of which may negatively influence the precision required in dental applications [9]. Despite
these limitations, FDM technology has demonstrated promising potential for the fabrication
of dental study models, orthodontic aligner templates, and diagnostic casts [10]. In such
applications, dimensional accuracy of the printed arch is essential, as even minor deviations
may compromise the fit of vacuum-formed appliances or affect the interpretation of occlusal
relationships. Consequently, recent studies have focused on the optimization of printing
parameters in order to improve the accuracy of FDM-produced dental models, with nozzle
diameter emerging as a critical factor [11].

The nozzle diameter represents the primary parameter governing the extrusion width
of the deposited filament and therefore determines the minimum feature size achievable
during printing [12]. While the standard 0.4 mm nozzle is generally preferred due to its
higher printing speed and reliable extrusion, it may lack the resolution required to accurately
reproduce fine dental anatomical details such as occlusal grooves or preparation margins [13].
The use of smaller nozzle diameters, such as 0.2 mm, can theoretically improve the fidelity of
printed structures by reducing extrusion width and allowing a closer approximation of the
digital STL geometry [14]. In addition, the interaction between nozzle diameter and the
specific morphology of dental arches remains insufficiently investigated, particularly
considering that the different geometries of maxillary and mandibular arches may influence
thermal behaviour and cooling dynamics during the printing process. In light of these
considerations, further investigation is required to clarify the influence of nozzle diameter
and anatomical morphology on the dimensional accuracy of FDM-printed dental models.

Aim and objectives

The aim of this study was to evaluate the effect of nozzle diameter and arch
morphology on the dimensional accuracy of dental models fabricated using fused deposition
modeling (FDM) and to determine whether smaller nozzle diameters improve the trueness of
printed models when compared with the standard 0.4 mm configuration.
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MATERIAL AND METHODS

An in vitro experimental protocol was designed to investigate the influence of nozzle
diameter and arch morphology on the dimensional accuracy of dental models manufactured
using fused deposition modeling.

In order to establish the control dataset, one ideal maxillary arch and one ideal
mandibular arch in STL format were selected as reference models. These represented
anatomically complete and well-aligned dentitions without restorations, missing teeth, or
pathological features. The reference models were characterized by regular arch morphology,
complete dentition from second molar to second molar, and anatomically defined occlusal
and interproximal structures typical of a standard dental arch. Such standardized geometries
were selected in order to minimize anatomical variability and to allow a controlled evaluation
of the influence of printing parameters on dimensional accuracy.This approach ensured that
the observed dimensional deviations were primarily attributable to the printing parameters
rather than variations in patient-specific anatomical complexity.

Printable models were generated by using dental CAD software Exocad version 3.2
(Exocad GmbH, Darmstadt, Germany). These reference models were designed in a hollow-
base configuration to reduce material consumption and printing time while maintaining
structural stability. A uniform base was defined and the optimal insertion axis was
established to facilitate digital processing and manufacturing. Wall thickness was set to 2.5
mm to ensure adequate mechanical stability. Each model was visually inspected to verify
margin integrity and correct spatial orientation before export in STL format.

Preparation for fused deposition modeling (FDM) printing was carried out using
Bambu Studio software (version 2.4.0.70). The STL models were imported into the slicing
software, where the printing parameters were configured prior to manufacturing. All
specimens were produced using a Bambu Lab X1 Carbon 3D printer (Bambu Lab, Shenzhen,
China) and Bambu PLA Basic White filament. PLA was selected as the printing material due
to its widespread use in fused deposition modeling and its good dimensional stability during
printing. Compared with other thermoplastics such as ABS or PETG, PLA exhibits lower
thermal shrinkage, reducing the risk of warping and facilitating the fabrication of accurate
dental models. However, PLA has lower thermal resistance and mechanical strength than
medical-grade polymers, which may limit its use in applications requiring higher mechanical
performance. The layer height was set to 0.08 mm, corresponding to the highest quality
setting for both nozzle configurations evaluated in this study (0.2 mm and 0.4 mm). The
number of perimeters was set to three to ensure adequate wall stability, while the seam
position was configured as aligned to maintain consistent layer junction positioning during
printing. The internal structure of the models was defined using a 15% gyroid infill pattern,
selected for its favorable balance between mechanical stability and material efficiency. All
relevant printing parameters used for the fabrication of the dental models are summarized in
Table 1.

Table 1. Summary of printing parameters used in the study

Parameter Value
Nozzle diameter 0.2 mm / 0.4 mm
Material PLA
Layer height 0.08 mm
Initial layer height 0.10 mm
Line width 0.22 mm
Extrusion temperature 210 °C
Build plate temperature 60 °C
Cooling fan speed 70%
Outer/ Inner wall speed 60/150 mm/s
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Infill density 15%
Infill pattern Gyroid
Number of wall loops 4
Top shell layers 7
Bottom shell layers 5
Support structures None
Bed adhesion 5 mm brim

After finalizing the printing parameters, the models were sliced and exported as G-
code files, which were subsequently transferred to the printer for fabrication (Figure 1).
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Figure 1. Build platform layout of the maxillary and mandibular models prepared for fused deposition modelling
(FDM)

Before each printing session, the filament spool was mounted on the dedicated holder
and the filament tip was cut at an oblique angle to facilitate insertion into the extruder. The
build platform was cleaned before every printing cycle using 99.8% isopropyl alcohol
(Kontakt IPA Plus, TermoPasty, Poland) applied with a non-abrasive wipe to remove dust,
grease, or adhesive residues that could compromise first-layer adhesion. The printer uses a
magnetic build platform with a removable flexible spring-steel plate, allowing easy removal
of printed models. A smooth build plate surface was used throughout the experiment. Before
each printing cycle, the printer performed an automatic calibration procedure including first-
layer calibration.

The experimental design followed a 2 x 2 factorial structure, with nozzle diameter (0.2
mm and 0.4 mm) and dental arch type (maxillary and mandibular) as independent variables.
Four experimental groups were generated, each group consisting of ten models (N = 40):
maxilla printed with a 0.4 mm nozzle (Figure 2 A), mandible printed with a 0.4 mm nozzle
(Figure 2 B), maxilla printed with a 0.2 mm nozzle, and mandible printed with a 0.2 mm
nozzle. All specimens were fabricated using the same printer. Initially, the models were
printed using a 0.4 mm nozzle, and after completion of the first set of specimens, the nozzle
was replaced with a 0.2 mm nozzle. The nozzle replacement procedure was performed in
accordance with the manufacturer’s specifications.
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Figure 2. Printed dental models: (A-left) maxillary and (B-right) mandibular models printed with the 0.4 mm
nozzle

After fabrication, all printed models were digitized using the InEos X5 laboratory
scanner (Dentsply Sirona, Bensheim, Germany), a high-precision extraoral scanning system
with a reported accuracy of up to 2 um. Each model was inspected before scanning to ensure
that it was complete, stable, and free of contaminants. Scanning was performed within the
inLab 15 software (Dentsply Sirona, Bensheim, Germany), where a digital case was created
for each specimen and assigned a unique identification number. The scanner’s robotic arm
captured the geometry from multiple angles, ensuring complete coverage of dental and
gingival surfaces. The acquired images were automatically aligned and merged to generate
the final three-dimensional digital models. Dimensional accuracy was evaluated using
Geomagic Control 2014 (3D Systems, Rock Hill, USA). Reference STL models and scanned
STL files were imported into the software. Initial alighment was performed using a best-fit
algorithm based on 300 corresponding points. The models were then trimmed and the
alignment repeated using 3000 points, followed by a final alignment using 15,000 points to
ensure accurate superimposition. The models were further trimmed near the alveolar ridge
while preserving the cervical margins of the teeth.

The stepwise alignment strategy was applied to progressively refine the
superimposition between the reference and test models, starting with a coarse registration
step and followed by higher-resolution alignments to improve the stability and convergence
of the best-fit algorithm prior to deviation analysis. Trimming of the models near the alveolar
ridge was performed to standardize the comparison region among all specimens and to
minimize potential artifacts generated by variations in the model base geometry.
Consequently, the deviation analysis focused on the dentition surfaces, which represent the
clinically relevant regions for orthodontic and diagnostic applications.

Dimensional comparison was performed using the “3D Compare” function, which
calculates point-to-surface deviations between the reference and test models. The deviation
thresholds were defined as +1000 pm (maximum deviation), +500 pm (critical positive
deviation), +50 pm (normal positive deviation), —500 um (critical negative deviation), and -50
pum (normal negative deviation). The analysis generated color-coded deviation maps where
warm colors indicate positive deviations and cool colors indicate negative deviations.
Quantitative accuracy was expressed using the Root Mean Square (RMS) deviation,
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representing the square root of the mean of the squared distances between corresponding
points.

Statistical analysis was performed using Python (version 3.10) with the NumPy and
SciPy libraries. Data normality was assessed using the Shapiro-Wilk test, while homogeneity
of variances was evaluated using Levene’s test. The effects of nozzle diameter and arch type
on dimensional accuracy were analyzed using two-way ANOVA with RMS deviation as the
dependent variable. Statistical significance was set at p < 0.05.

RESULTS

Quantitative analysis was performed on 40 FDM-printed dental models, comprising
20 maxillary and 20 mandibular arches. Fabrication was executed using a Bambu Lab X1
Carbon system to compare two distinct nozzle diameters (0.2 mm and 0.4 mm). Accuracy was
quantified through a 3D surface comparison, where the Root Mean Square (RMS) deviation
(um) served as the primary means for assessing the trueness of the printed models relative to
the corresponding reference STL dataset.

Models printed with the 0.2 mm nozzle demonstrated consistently lower RMS
deviation values compared with those fabricated with the 0.4 mm nozzle, indicating
improved dimensional accuracy. Descriptive statistics showed that maxillary models printed
with the 0.4 mm nozzle presented the highest RMS values (mean = 128.6 + 8.7 um), followed
by mandibular models printed with the 0.4 mm nozzle (109.3 + 7.6 um). In contrast, lower
RMS deviations were observed for models printed with the 0.2 mm nozzle, with maxillary
models presenting a mean RMS of 93.0 + 4.1 pm and mandibular models showing the lowest
values (85.7 £ 6.1 um). The distribution of RMS values across the four experimental groups is
illustrated in Figure 3.
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Figure 3. Comparison of Dimensional Accuracy (RMS Error) between 0.2 mm and 0.4 mm Nozzle Diameters for
Maxillary and Mandibular Dental Models

The boxplot demonstrates a clear reduction in both median RMS values and
dispersion for models printed with the 0.2 mm nozzle, suggesting improved geometric
fidelity. Maxillary models printed with the 0.4 mm nozzle exhibited the largest variability,
while mandibular models printed with the 0.2 mm nozzle showed the most consistent
measurements.

Prior to inferential analysis, the assumptions required for parametric testing were
evaluated. The Shapiro-Wilk test was applied to assess the normality of the RMS
distributions within each group. Most datasets followed a normal distribution (Maxilla-0.4
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mm: W= 0.908, p = 0.265; Mandible-0.4 mm: W = 0.951, p = 0.677; Maxilla-0.2 mm: W = 0.965,
p = 0.841), while a slight deviation from normality was observed for Mandible-0.2 mm (W =
0.801, p = 0.015). Given the balanced experimental design (n = 10 per group) and the
robustness of ANOVA to moderate deviations from normality, parametric analysis was
considered appropriate.

Homogeneity of variances was evaluated using Levene’s test, which confirmed that
the assumption of equal variances across groups was satisfied (F = 1.52, p = 0.226).

In order to evaluate the influence of printing parameters and anatomical morphology
on dimensional accuracy, a two-way analysis of variance (ANOVA) was performed with
nozzle diameter (0.2 mm vs 0.4 mm) and dental arch (maxillary vs mandibular) as
independent variables and RMS deviation as the dependent variable. The analysis revealed a
statistically significant main effect of nozzle diameter (F (1,36) = 187.53, p < 0.001), indicating
that models printed with the 0.2 mm nozzle exhibited significantly lower RMS deviations
than those printed with the 0.4 mm nozzle. A significant main effect of arch type was also
identified (F (1,36) = 37.88, p < 0.001), with mandibular models demonstrating lower RMS
deviations compared with maxillary models. In addition, a statistically significant interaction
between nozzle diameter and arch type was observed (F (1,36) = 7.69, p = 0.0087), suggesting
that the magnitude of the improvement in dimensional accuracy associated with the smaller
nozzle differed between the two dental arches. This interaction is illustrated in Figure 4,
where the reduction in RMS deviation associated with the 0.2 mm nozzle appears more
pronounced for maxillary.
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Figure 4. Interaction plot illustrating the combined effect of nozzle diameter and dental arch on RMS deviation
values

To further verify the robustness of the findings, a non-parametric Kruskal-Wallis test
was performed as a sensitivity analysis due to the slight deviation from normality observed in
one group. The analysis confirmed a statistically significant difference in RMS deviation
among the experimental groups (p < 0.001), supporting the results obtained from the
parametric two-way ANOVA.

The color-coded deviation maps (Figure 5) illustrate the spatial distribution of
dimensional differences between the printed models and the reference STL datasets. Models
printed with the 0.2 mm nozzle show a more uniform deviation pattern, with larger areas
within the green tolerance range (50 um), indicating higher trueness. In contrast, models
produced with the 0.4 mm nozzle present more pronounced localized deviations, particularly
on occlusal surfaces. These visual findings are consistent with the lower RMS values obtained
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for the 0.2 mm nozzle and further support the statistical results indicating improved
dimensional accuracy with smaller nozzle diameters.

0.2 mm

Figure 5. Color-coded deviation maps obtained from the 3D comparison analysis between the printed models and
the reference STL datasets. Maxillary and mandibular arches printed with the 0.2 mm and 0.4 mm nozzles are
presented. The color scale represents point-to-surface deviations in micrometers (um), with warm colors indicating
positive deviations and cool colors indicating negative deviations

Overall, the results indicate that nozzle diameter represents the primary factor
influencing the dimensional accuracy of FDM-printed dental models, while the anatomical
morphology of the arch also contributes to the variability observed between maxillary and
mandibular models.

DISCUSSIONS

The present study evaluated the influence of nozzle diameter and arch morphology on
the dimensional accuracy of dental models manufactured through fused deposition modeling
(FDM) using the Bambu Lab X1 Carbon system. The results indicate that nozzle diameter
represents the main determinant of printing precision, as the 0.2 mm nozzle significantly
improved the trueness of printed models compared with the standard 0.4 mm configuration.
In addition, mandibular models exhibited greater dimensional stability than maxillary
models, an observation that may be explained by differences in anatomical volume and
surface geometry between the two arch types.

The 0.2 mm nozzle produced significantly lower RMS values across all experimental
groups. This finding is consistent with previous studies by Khaw et al. [2], which reported
that reducing nozzle diameter decreases the staircase effect on inclined surfaces and enables a
more accurate reproduction of complex dental morphologies, including occlusal anatomy and
interproximal regions. Although 0.4 mm nozzles are frequently preferred in clinical
workflows because of faster fabrication times and a lower risk of clogging, they resulted in a
mean RMS error of 128.6 + 8.7 pm for maxillary models in the present study. This value
exceeds the clinically acceptable threshold of approximately 100 pm commonly reported for
orthodontic and prosthodontic study models. In contrast, models printed with the 0.2 mm
nozzle showed RMS deviations between 85.7 and 93.0 pm, placing them within the clinically
acceptable range for diagnostic and treatment planning applications.
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Another important finding was the significantly higher dimensional accuracy of
mandibular models compared with maxillary models (p < 0.001). This difference may be
explained by the thermal behaviour of thermoplastic filaments during the cooling phase after
deposition. Maxillary models typically present a larger cross-sectional area and include a
solid palatal region, which results in a greater material volume and footprint. Consequently,
more thermal energy accumulates during deposition, which may influence the dimensional
stability of the printed structure. As reported by Park et al. [15], larger printed volumes in
FDM systems may lead to increased shrinkage and warping due to uneven cooling gradients.
The statistically significant interaction between nozzle diameter and arch type (p = 0.0087)
supports this interpretation, as the 0.2 mm nozzle produced a more pronounced
improvement for maxillary models. These results suggest that higher resolution extrusion
may partially compensate for the geometric complexity and volumetric shrinkage associated
with larger anatomical datasets.

The use of RMS deviation as the primary accuracy metric allowed a comprehensive
evaluation of trueness and precision. Boxplot analysis showed that the 0.2 mm nozzle not
only improved trueness but also increased measurement consistency, as indicated by the
narrowest interquartile range in the mandibular group. This higher level of reproducibility is
particularly relevant in clinical workflows, where the predictability of the additive
manufacturing process is considered as important as the absolute dimensional accuracy of
printed models [3]. Although a slight deviation from normality was observed in one
experimental group, the balanced experimental design and the homogeneity of variances
confirmed by Levene’s test support the robustness of the applied two-way ANOVA.

Despite the clear accuracy advantages of the 0.2 mm nozzle, this configuration
presents certain practical limitations. Smaller nozzle diameters increase printing time and
may also raise the likelihood of nozzle obstruction, as previously reported by Mani et al. [16].
Consequently, the choice of nozzle diameter in clinical practice must balance dimensional
accuracy with manufacturing efficiency. Overall, the findings of this study provide useful
guidance for optimizing FDM parameters in digital dentistry and highlight that both
hardware configuration and anatomical morphology should be considered to achieve optimal
manufacturing outcomes.

The frequently cited threshold of approximately 100 um RMS for dental model
accuracy should be interpreted as a practical benchmark rather than a universally established
clinical cutoff. International standards such as ISO 12836 [18] define methods for evaluating
trueness and precision of digital dental devices, but do not prescribe specific clinical
thresholds. In prosthodontic workflows, the 100 pm value is often justified by analogy with
reported marginal gap tolerances and cement film thickness values of approximately 100-120
pm [19]. However, acceptable deviations vary depending on the clinical application. For
example, orthodontic digital models and aligner-related discrepancies may reach 00.30 mm
without affecting treatment planning [20]. In the present study, the RMS values obtained with
the 0.2 mm nozzle (85.7-93.0 um) fall within commonly cited accuracy targets for dental
models, whereas the values observed with the 0.4 mm nozzle approach the upper range of
these benchmarks.

It should be noted that the present investigation was conducted using a single FDM
platform, namely the Bambu Lab X1 Carbon, operating within the proprietary Bambu Studio
slicing environment. As a consequence, the dimensional accuracy values obtained in this
study may be influenced by several machine-specific variables, including firmware-regulated
extrusion dynamics, automated calibration procedures, motion control algorithms, and the
proprietary slicing strategies implemented by the manufacturer. These factors can directly
affect the stability of layer deposition, the control of extrusion width, and the thermal
conditions governing material solidification during the printing process.
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Therefore, although the observed relationship between nozzle diameter and the
dimensional accuracy of the fabricated models is likely representative of general trends
within FDM technology, the absolute root mean square (RMS) deviation values reported
herein should be interpreted with caution, as they may differ when alternative printers,
firmware architectures, or slicing software are employed. Future investigations incorporating
multiple FDM systems and a broader range of printable materials would be beneficial in
order to further validate the reproducibility and generalizability of these findings within
digital dental manufacturing workflows.

The present study has several other limitations, as the experiments were performed
using a single a single thermoplastic material, which may restrict the generalizability of the
findings to other materials commonly used in FDM printing. In addition, dimensional
accuracy was evaluated through surface-based deviation analysis using RMS values derived
from digital model comparison. Although this approach reflects geometric trueness, it does
not directly assess the clinical fit of fabricated appliances. Potential sources of manufacturing
error related to toolpath generation and G-code execution, previously reported in additive
manufacturing research such as the work of Beyer et al. [17], were also not investigated.
Finally, only two nozzle diameters were included, and future studies should examine a wider
range of extrusion parameters and printing platforms to further optimize FDM workflows for
dental model fabrication.

CONCLUSIONS

Within the limitations of this study, nozzle diameter significantly influenced the
dimensional accuracy of dental models produced through fused deposition modelling.
Models printed with the 0.2 mm nozzle exhibited significantly lower RMS deviations and
improved trueness compared with those fabricated using the 0.4 mm nozzle. In addition,
mandibular models demonstrated greater dimensional stability than maxillary models, likely
due to differences in anatomical geometry and material distribution during the printing and
cooling process. These findings indicate that the use of smaller nozzle diameters may improve
the curacy of FDM printed dental models, particularly in situations where high precision is
required for diagnostic or orthodontic applications.
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