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Methods. Samples were 3D printed (25 × 2 × 2 mm) using a commercial printable resin
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(NextDent C&B Vertex Dental) in a FormLabs1+ stereolithography 3D printer. The printing
accuracy of printed bars was determined by comparing the width, length and thickness of
samples for different printer settings (printing orientation and resin color) versus the set
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dimensions of CAD designs. The degree of conversion of the resin was measured with FTIR,

3D printing

and both the elastic modulus and peak stress of 3D printed bars was determined using

Digital dentistry

a 3-point being test for different printing layer thicknesses. The results were compared to

Temporary crown and bridge

those for two conventionally cured provisional materials (Integrity , Dentsply; and Jet , Lang

Provisional restoration

Dental Inc.).

CAD/CAM

Results. Samples printed at 90◦ orientation and in a white resin color setting was chosen

®

®

as the most optimal combination of printing parameters, due to the comparatively higher
printing accuracy (up to 22% error), reproducibility and material usage. There was no direct
correlation between printing layer thickness and elastic modulus or peak stress. 3D printed
®

®

samples had comparable modulus to Jet , but signiﬁcantly lower than Integrity . Peak stress
®

®

for 3D printed samples was comparable to Integrity , and signiﬁcantly higher than Jet . The
®

degree of conversion of 3D printed samples also appeared higher than that of Integrity or
®

Jet .
Signiﬁcance. Our results suggest that a 3D printable provisional restorative material allows for
sufﬁcient mechanical properties for intraoral use, despite the limited 3D printing accuracy
of the printing system of choice.
© 2017 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
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1.

Introduction

Rapid and automated prototyping of dental materials and
restorations in three dimensions (3D) has had a signiﬁcant
impact in the ﬁeld of restorative dentistry in recent years
[1]. The enormous progress of digital dentistry in the recent
decade is undeniable, especially since the advent of CAD/CAM
imaging and milling systems, which have literaly created a
new modality of clinical dentistry [2]. The most recent wave
of technological development in digital dentistry revolves
around the ﬁeld of 3D printing [3]. This has been especially
true after the expiration of key patents that have protected various 3D printing methods and manufacturers for many years
[4], and are now available to a wider audience of manufacturers and end users for a fraction of the original cost. With
such fast expansion, new 3D printing methods and commercially available products continue to appear abruptly both in
the market and in the scientiﬁc literature [5,6]. This makes
the classiﬁcation of current 3D printing methods especially
difﬁcult. A simplistic approach to deﬁne more common 3D
printing technologies may categorize printing systems according to their fabrication process [7]. Under this classiﬁcation,
one may differentiate 3D printing methods under 4 general
categories: (1) extrusion printing, (2) inkjet printing, (3) laser
melting/sintering, (4) lithography printing. In brief, in extrusion printing, a material is dispensed from a nozzle with
computer controlled movement of a 3-axis stage [8,9]. In inkjet
printing, micrometer sized droplets of an ink (typically a photopolymer) are dispensed also using 3-axis stages [10]. Laser
melting and sintering [11], on the other hand, typically do not
dispense a material from a nozzle; rather, the high temperature of the laser light is used to either sinter or weld speciﬁc
regions in a powder bed while a stage moves up or down
and the material is added layer-by-layer, thus generating a 3D
structure. Lastly, light or lithography printing (which often also
use lasers as the light source) use photopolymers that are kept
in a Z-axis controlled vat, and the 3D structure results from
direct exposition of the polymer to light as the vat or sample holder moves up or down [3]. On this latter method, two
equally common approaches are utilized. In common stereolithography (SLA) printing, which is the method used in this
study, a galvano mirror scanner directs the laser light to raster
the surface of a vat of monomers, exposing voxels to create
3D polymer structures [12]. In digital projection printing (or
DMD-DPP, which stand for digital micromirror device-digital
projection printing), on the other hand, a set of micromirrors
control the on–off actuation of light to polymerize monomers
an entire single layer at a time, and as a build platform raises,
a 3D polymer structure is created layer-by-layer [13].
Dentistry is widely acknowledged as one of the
ﬁelds that can greatly beneﬁt from these 3D printing
technologies. However, despite the relatively large number of recent review papers discussing the use 3D printing
in dentistry [1,3,5,6,14], examples in the literature actually
addressing questions pertaining to parameters deﬁning the
characteristics and properties of 3D printed restorative dental
materials is strikingly low [12,15]. Fabrication of surgical
guides [16–18], diagnostic models [19], occlusal splints [20],
and a myriad of other applications that are not targeted at
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printing of direct or indirect intraoral restorative materials
are already a clinical reality. These examples, however, have
generally used polymers that have little potential for intraoral
clinical application due to lack of regulatory approval, and
incompatibility of their properties with medium to long-term
dental applications. The overarching objective of this work,
therefore, was to determine the printability and in-vitro
performance of a commercially available 3D printable dental
material currently marketed for provisional restorations
®
(Crown & Bridge NextDent ) using a relatively low-cost (i.e.
compared to CAD–CAM systems) commercially available
stereolithography 3D printer (FormLabs1+). We ﬁrst optimized a set of parameters required to improve printing of the
monomers, and then tested the hypothesis that 3D printing
enables the fabrication of provisional restorative materials
with comparable properties to that of the conventionally used
clinical products. There are many types of materials used
for provisional restorations, including ﬁlled composites and
unﬁlled resins. We contend, however, that the purpose of this
study was not to compare the different materials so much
as to determine whether the new 3D printed polymers have
properties that are in the same range as commercial products
that are currently used successfully.

2.

Materials and methods

2.1.

3D CAD design and 3D printing

Samples were designed using an open source CAD software
(FreeCAD v. 0.15) prior to 3D printing. For all experiments, test
bars were designed with set dimensions of 25 mm in length
and 2 mm in width and thickness. Samples were then saved as
.STL ﬁles and exported into the 3D printing software (PreForm
Software 2.10.3). For all printed specimens supports were set
to a density index of 1, and a point size of 600 m.
We then performed a two-step optimization experiment,
where we ﬁrst compared the printing accuracy of bars fabricated with different printing orientations relative to the
build platform (0, 15, 45 and 90◦ ). Secondly, after the most
optimal printing orientation was determined, we then compared the pre-deﬁned resin parameters that are available
in the PreForm Software. These parameters have been preoptimized by the 3D printer manufacturer to polymerize the
different materials that are commercially available from the
manufacturer materials list. Each setting is named according
to the resin that they have been originally optimized for, and
include: white, black, grey, clear, tough, ﬂex and castable. For
experiments determining the accuracy of printed bars relative to printing orientation, we set the printing layer thickness
to 100 m and used the resin parameter “white”. For experiments testing printing accuracy versus resin parameter, we
set the printing layer thickness to 100 m and used a printing
orientation of 90◦ . 3D printed samples had residual surface
monomer cleaned using a laboratory wipe and support structures were clipped ﬂush with the printed structure prior to
measurements.
A commercially available unﬁlled provisional crown and
bridge material (NextDent C&B, Vertex Dental, Netherlands)
was used for the 3D printing experiments using each of the
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different printer settings described above. For comparison we
utilized two commercial products conventionally used for pro®
®
visional restorations, namely Integrity (Dentsply, CA) and Jet
(Lang Dental Inc., IL).

2.2.

3D printing accuracy

3D printing accuracy was determined by comparing the
dimension of the printed bars against the dimensions set in
the CAD designs. Measurements were performed using a digital caliper (±0.1 mm) for the length, width and thickness of
the 3D printed samples. At least 3 samples were measured per
condition tested, and 3 measurements were made within different thirds along the printed bars, except for length, where a
single measurement was made per sample. To quantify printing accuracy, we normalized the error of printing by the set
value for each dimension and report the average percent error
calculated from all samples.

2.3.

Laser intensity

To determine the laser light intensity, we utilized a power
meter (Molectron Coherent, Santa Clara CA) positioned inside
of the printing chamber. The sensor was then exposed to the
laser light continuously for 5 s, and data points recorded every
0.3 s. We compared the laser intensity for all resin parameters
(white, black, grey, clear, tough, ﬂex, and castable) and printing
layer thicknesses (25, 50 and 100 m) available.

2.4.

Mechanical properties

After optimizing orientation, resin settings and laser intensity for 3D printing of the printable resins, we compared the
mechanical behavior of the 3D printed bars versus that of two
conventional materials designed for provisional crown and
®
®
bridge restorations (Integrity and Jet ). Bars having the same
dimensions as the 3D printed samples (25 × 2 × 2 mm) were
fabricated by dispensing the materials in a silicon mold covered with a glass slide on top and bottom, and allowing the
materials to cure following the manufacturer’s recommendations. Samples were then stored at ambient temperature for
24 h, had their respective length, width and thickness measured, and the mechanical properties were determined using
3-point bending method, as previously described [21]. The
elastic modulus was determined from the slope of the initial linear part of the load-deformation curve according to the
ISO 4049 standard. Samples were loaded using a universal test
machine (MTS Criterion, Eden Prairie, WI) with a cross-head
speed of 0.5 mm min−1 (N = 6).

2.5.

Degree of conversion (DC)

Representative measurements of degree of conversion were
based on the methacrylate CH2 absorption at 6165 cm−1 in
near-infrared (NIR) transmission spectroscopy [22]. Prior to IR
analyses, samples were cleaned from residual uncured surface monomer using a laboratory wipe, and after 24 h after
fabrication included in epoxy resin. Samples were then crosssectioned and ground down to 200–300 m thickness. A 2D
map of degree of conversion was then generated based on

the sequenced analyses of spectra (Fisher Scientiﬁc Nicolet
6700 FT-IR) obtained at every 50 m, using a square beam with
a set special resolution of 50 × 50 m, along 3 separate lines
(20 measurements) on a cross-sectioned surface of each individual specimen. Data from each line was assembled using
SigmaPlot 13 (Systat Software Inc, San Jose, CA, USA), and a
color histogram created to reﬂect the percent degree of conversion.

2.6.

Statistical analyses

Data within each measurement parameter was analyzed with
one-way ANOVA and a Tukey’s multiple comparison post-hoc
test (˛ = 0.05) using a statistics software (Prism 7, GraphPad, La
Jolla CA). Results are reported as average ± standard deviation,
and p values depicted as * for p < 0.05, ** for p < 0.01, *** for
p < 0.001 and **** for p < 0.0001.

3.

Results

Fig. 1a–d shows the 3D CAD designs for samples in 0, 15, 45 and
90◦ orientations, while Fig. 1e–h shows representative photographs of the respective 3D printed samples. One aspect that
is relevant for clinical fabrication of provisional restorations
using 3D printers is that generally the 3D printed parts will
require a set of supports, as seen in Fig. 1a–h. In practice, this
means that after sample fabrication, the supports need to be
trimmed and polished.
The 3D accuracy of the printer in fabricating samples of a
set dimension (Fig. 2) was directly correlated with the printing
orientation. The percent error for samples that were designed
to be printed 25 mm long was small, and ranged from 0.12
to 2.4%, with no statistical difference between orientations
(Fig. 2a). The average percent error measured for sample
width, on the other hand, was more apparent (Fig. 2b). Samples
3D printed at a 90◦ orientation had the lowest average percent
error, followed by those printed at 0, 15 and 45◦ , where the 90◦
orientation was signiﬁcantly lower than the 45◦ orientation
(p < 0.05). The printing accuracy measured for the thickness of
the printed samples was highest for the 0◦ orientation group,
and was signiﬁcantly lower than 15, 45 and 90◦ orientation
groups (Fig. 2c).
Given the fact that samples 3D printed with a 90◦ orientation required less supports and hence less post-processing
(such as trimming and polishing, which could affect create
surface defects on the samples and lead to a decrease in
mechanical properties), the following experiments were run
with samples printed with a 90◦ orientation. We then determined the effect of 3D printing our material using the different
printing settings available in the machine. Again, we determined the printing accuracy by measuring length, width and
thickness of the 3D printed samples and comparing against
the dimensions set in the CAD designs. The average percent
error in the length (Fig. 3a) of 3D printed samples was lower
in the white and ﬂex resin settings, and the white group
was signiﬁcantly lower than the castable resin setting group.
Sample width (Fig. 3b) also showed a signiﬁcant difference
between resin settings, where the white setting had a signiﬁcantly lower average error than all other groups, except
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Fig. 1 – CAD designs for test specimens at (A) 0, (B) 15, (C) 45 and (D) 90◦ printing orientations. Corresponding polymer
structures 3D printed at (E) 0, (F) 15, (G) 45 and (H) 90◦ printing orientations.

Fig. 2 – Printing accuracy in (A) length, (B) width and (C) thickness as a function of orientation of the printed bar. Samples
were printed using the “white” resin setting and 100 m layer thickness. The columns connected by bars were signiﬁcantly
different.

Fig. 3 – Printing accuracy in (A) length, (B) width and (C) thickness relative to resin color setting. Samples were 3D printed
with 100 m layer thickness and at 90◦ orientation. The columns connected by bars were signiﬁcantly different.

ﬂex, which was actually lower than white. A similar trend was
observed for sample thickness (Fig. 3c), where the white and
ﬂex resin settings had the lowest percent error. The negative
value obtained from the ﬂex resin setting means that the samples were smaller than the pre-deﬁned dimensions set in the
CAD designs. Although the ﬂex resin setting resulted in signiﬁcantly greater accuracy in width, bars printed using this

resin parameter also had the lowest reproducibility of printing; several bars did not adhere to the build tray during the
printing process, and many had visible signs of delamination
between printed layers (Supplementary Fig. S1). Therefore, we
chose the white resin setting for subsequent experiments.
To gain further insights into how the resin settings affected
the polymerization of our material, we measured the laser
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Fig. 4 – Laser intensity for different resin color settings.

intensity at each one of the settings mentioned above (Fig. 4).
Interestingly, there is almost a two-fold increase in laser light
intensity from the grey resin (20 ± 0.7 mW) to the castable resin
(42.3 ± 1.2 mW).
After determining the most convenient printing orientation (90◦ ) and resin setting (white) for our prints, we tested
the effect of the Z-axis printing resolution on the mechanical properties of 3D printed bars. There was no statistical
difference in elastic modulus (Fig. 5a) between samples 3D
printed with 25, 50 and 100 m layer thickness. The peak
stress (Fig. 5b), on the other hand, was signiﬁcantly higher
for samples 3D printed with 25, and 100 m layer thickness,
in comparison to the 50 m layer thickness group. The laser
light intensity measured increased with increasing layer thickness from 25 (13.4 ± 0.3) to 50 (18.0 ± 0.9) to 100 m (25.0 ± 0.8)
layers (Fig. 6). Therefore, we selected the 100 m layer thickness parameter, in addition to the 90◦ orientation and white
resin setting, to compare the mechanical properties of the
3D printed versus two conventional provisional crown bridge
®
®
materials (Jet and Integrity ).
The elastic modulus (Fig. 7a) of the 3D printed samples
was signiﬁcantly lower than that of Integrity, but the same
as that of Jet. The peak stress (Fig. 7b) of the 3D printed and
Integrity samples, on the other hand, were similarly high, and
signiﬁcantly greater than that of Jet.
The degree of conversion maps across the thickness of
representative samples from the 3 groups showed interesting
results (Fig. 8). Three observations are clearly noticeable. First,
there was no observable difference in DC for individual printed
layers (100 m). Second, the 3D printed bars appeared to be
slightly more polymerized at the “top” (near the printing plat-

Fig. 6 – Laser intensity for 25, 50 and 100 m layer
thickness printing parameter.

form) then at the “base”, although a similar pattern is seem in
Jet. Third, all groups showed a heterogeneous pattern of conversion throughout the sample, although Integrity appeared to
yield a slightly more homogeneous polymerization than and
the 3D printed samples the Jet samples.

4.

Discussion

There is little doubt that 3D printing has great potential in
the ﬁeld of clinical dentistry. Arguably, one of the procedures
that can beneﬁt the most from the recent developments in 3D
printing technologies is the fabrication of provisional crowns
and bridges. Different from 3D printing of complex, large scale,
full-arch structures, like orthodontic appliances [20], surgical
guides [16–18], and dentals casts [14], 3D printing of single
unit crowns may be done in as little as approximately 20 min
(Fig. 9). Therefore, it is not hard to imagine a clinical situation
where the clinician could prepare a tooth, scan it, send it to
a chair-side 3D printer, and proceed with other procedures in
the same patient while the crown is being printed. The printed
part would be easily separated from the supports and immediately cemented. This can potentially increase productivity
in the clinic and allow for a more practical way of making
provisional restorations. The technology to enable these procedures is already available on the dental market, however,
there currently is a lack of information regarding the perfor-

Fig. 5 – Mechanical properties for samples 3D printed with 25, 50 and 100 m layer thickness.

d e n t a l m a t e r i a l s 3 4 ( 2 0 1 8 ) 192–200

197

Fig. 7 – (A) Elastic modulus and (B) peak stress for 3D printed specimens versus Integrity and Jet specimens.

Fig. 8 – Representative 2D mapping of degree of conversion generated based on spectra obtained at every 50 m along 3
separate lines (20 measurements in y) on a cross-sectioned surface of each individual specimens.

Fig. 9 – Example of 3D printed crown before polishing and
removal of supports.

mance of both 3D printable dental materials and of 3D printers
that are compatible with them. In fact, existing 3D printing companies (i.e. EnvisionTEC and DWS) have traditionally
marketed printable dental materials that are only compatible with their respective printing systems. These are often
expensive >$50,000 and of limited availability. Nevertheless,
the widespread use of low-cost (<$5000) 3D printers suggest
the need for improved characterization of existing 3D printable dental materials with easy access 3D printing systems,
such as the one used here.
Although the process of designing and 3D printing dental materials can be very user friendly, there is a myriad of
parameters that can vary from printer to printer, and interfere with the quality of the printed parts depending on the
material used. Since stereolithography 3D printing functions
by rastering a laser light under a vat ﬁlled with the photopolymerizable monomer [6,14], and the emission of light on
the incrementally added layers of monomer can inﬂuence the
quality of the printed part [6,15], we ﬁrst characterized the
accuracy of the printed samples relative to the dimensions of
the 3D designs. We ﬁrst optimized the best combination of
a number of printing parameters (printing orientation, resin
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color setting, layer thickness), which we show are relevant to
achieve consistent and accurate printing.
Interestingly, the accuracy of the 3D printed materials varied considerably depending on the orientation of the printed
part and the area of the structure where accuracy was measured. For instance, when taking into account only the length
of the 3D printed samples, the percentage error in the printed
structures was limited to less than 2% on average, with samples printed in a 90◦ orientation being the most accurate.
However, the percent error in thickness for the same samples
was signiﬁcantly higher (approximately 20% error) when samples were printed at 90◦ , in comparison to samples printed
with a 0◦ orientation (approximately 10% error). Of note, during printing of samples set to a 0◦ orientation, samples are
formed by exposing the monomer to light as the samples grow
in thickness. When samples are printed with 90◦ orientation,
the same process occurs, however, the samples grow in length.
Since the length of the samples was not signiﬁcantly affected
by printing orientation, this indicates that the lateral resolution of the laser light is the rate limiting factor preventing more
accurate printing of the tested material. Another possibility is
that the printing error for this particular material is consistent
within a certain range, which we estimate to be approximately
500 m. If this is the case, then the relative percent error for
a dimension originally set to 2 mm will be very high, whereas
for a dimension set to 25 mm it will be comparatively low.
Another interesting observation was that a percent error
variation greater than 41.5% was observed in sample thickness
depending upon which resin color setting was selected for
the printing process (Fig. 3c). The two resin color settings that
yielded the most accurate prints were white and ﬂex; however,
ﬂex was the only resin color setting that resulted in samples that were smaller than the pre-deﬁned CAD designs. Still,
even in the best case scenario for white and ﬂex resin color
settings, these error values could be considered high for clinical restorations, especially if accurate margins are desired.
Another noteworthy aspect is that the printing precision will
vary drastically from one material to another. Samples set to
the same dimensions of our printable resins but printed using
a control clear resin provided by the printer manufacturer
showed outstanding precision (data not shown). Similarly,
Alharbi et al. [15] reported provisional crowns 3D printed using
a 3D printer from the same manufacturer as the dental material itself with a printing accuracy down to 30 m of the CAD
designs [15]. In summary, it remains to be tested whether the
values obtained with our 3D printing system and material are
comparable to results obtained using conventional protocols
for manual provisional crown and bridge restorations.
It is unclear what exact hardware parameters manufacturers change for each resin color setting. Nevertheless, if one
considers that accuracy in stereolithography printing relies
on the controlled penetration of light through a monomer
blend down to a certain depth [23,24], and prevention of lateral refraction of light outside of the region of interest, then it
is reasonable to expect that the ﬁrst parameter to be manipulated is the laser light intensity. It is also well known that a
darker material will require higher intensity to cure greater
depths than a fully translucent material. Fig. 4 shows that the
resin settings for grey, clear and white resins are in the low-

est range, whereas black, castable and tough, all resins that
contain darker/more opaque pigmentation, have considerably
higher laser intensity. Therefore, it is reasonable to postulate
that the poorer printing accuracy obtained with these three
resin settings may be due to the penetration of light to greater
depths than the set layer thickness, which would explain the
signiﬁcantly greater sample thickness in these groups (Fig. 3c).
Moreover, this illustrates the necessity to optimize printing
parameters, such as laser intensity and printing orientation,
for each individual material being used; an arduous task if
one intends to use commercially available low-cost 3D printers with materials that have not been pre-optimized for that
particular device.
The mechanism by which individual layers in a 3D printed
material interact can determine its ﬁnal mechanical performance. For instance, it has been shown that the mechanical
properties of printed materials that are anisotropic in nature
can be inﬂuenced by the printing orientation [25]. Similarly,
it has been proposed that the adhesion between successive
layers is weaker than the adhesion within the same layer [12],
which is partly true and especially dependent upon the conditions at which polymerization occur, as we have also observed
(Supplementary Fig. S1). Alharbi et al. [15] showed that a 3D
printed interim dental material (Temporalis, DWS), similar to
the one we tested here, had higher compressive strength when
printed in a 90◦ orientation than when printed in a 0◦ orientation. The authors observed that uniaxial compression of the
sample led to several microcracks, which appeared to propagate from main cracks formed between layers. Preliminary
data generated in our lab (data not shown) indicates that elastic modulus begins to be affected as a function of printing
orientation only when samples are printed with a Z-resolution
of 25 m. With that in mind, we hypothesized that the layer
thickness could be an important contributor to the mechanical properties of our samples, which were 3D printed with a
90◦ orientation. Accordingly, if that was the case, the lower
the layer thickness, the more layer to layer interfaces available to affect the mechanical performance. Our results do not
support this conjecture, since there was no statistical difference in elastic modulus data for samples printed with 25, 50
and 100 m layer thickness. Moreover, both 25, and 100 m
layer thickness resulted in higher peak stresses than 50 m
layer thickness, which point towards a different mechanism
regulating the mechanical properties of these materials other
than layer–layer interaction. In addition, our SEM images of the
fractured sites in 3D printed samples did not show layer separation or noticeable microcracks (Supplementary Fig. S2). It is
important, however, to state that the mechanical performance
of 3D printed dental materials should be carefully examined
under anisotropic loading, since a crown or related structure
will not encounter strictly uniaxial stresses. This represents
an important limitation of the current study which should be
carefully considered for future work.
When our 3D printed samples were compared to either
Jet or Integrity, two commonly used dental materials for provisional restorations, the elastic modulus of the 3D printed
samples was statistically equivalent to that of Jet, but signiﬁcantly lower than that of Integrity. The peak stress, on
the other hand, was similar for integrity and the 3D printed
samples, and both were signiﬁcantly higher than that of
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Jet. This suggests that both the elastic modulus and peak
stress of the 3D printed material were in comparable range to
those of Integrity and Jet, which indicates that the 3D printed
provisional restorations would have sufﬁcient mechanical
properties to be used intra-orally. One important factor that
needs to be highlighted is that the manufacturer’s recommendation for the printable resin is that these materials
should be post-cured in a UV light box and/or in higher
temperatures, which we chose not to do in this study. We were
particularly interested in testing the properties of the material
prior to any post-processing, as we envision that a postpolymerization time (1–2 h) would signiﬁcantly impact the
feasibility of this material for chair-side clinical application.
Therefore, it is worth noting that the mechanical performance
of the printed material is likely to increase substantially after
post-polymerization, which forms the basis for other studies
in our laboratory.
We have extensively characterized the correlation between
degree of conversion and mechanical performance of several
photopolymerized dental resins [26–28], and it is well known
that a higher DC typically results in a higher elastic modulus.
Representative maps of DC comparing the 3D printed samples
versus Integrity and Jet show a similar conversion pattern for
the printed samples and Jet, whereas a more homogeneous
polymerization is observed for integrity. One explanation for
the high variability seen in Jet samples may be due to preparation variability for the samples. Importantly, contrary to
previous observations in 3D printed provisional materials [12],
no apparent difference is seen between printed layers, which
supports our observation that no delamination occurred in
our loaded bars. Both integrity and jet are self-curing materials, however, integrity has a combination of up to 60%
acrylates and methacrylates, including bis- and multifunctional monomers, and up to 40% bariumboroalumino silicate
glass, which increases stiffness [29]. Jet is primarily composed
of methyl methacrylate with no other signiﬁcant additives,
such as ﬁllers or catalysts. Similarly, our 3D printed resins are
unﬁlled, and have at least 90% methacrylic oligomers that are
photocrosslinked due to the presence of up to 3% phosphine
oxides as photoinitiators in the monomer blend. Therefore, it
appears that the lack of ﬁller particles may explain the significantly lower stiffness for both Jet and the 3D printed samples
in comparison to Integrity. However, it is noteworthy that even
in the absence of ﬁller particles and without the recommended
post-curing, both the elastic modulus and peak stress of the 3D
printed samples were within an acceptable range for intraoral
use.

5.

Conclusion

In this study we characterized the stereolithography 3D
printing parameters that affect 3D printing accuracy of a
commercially available crown & bridge provisional restorative
material. Both printing orientation and resin color setting had
an effect on printing accuracy. Resin color setting and printing layer thickness also inﬂuenced the laser light intensity.
We also found that the 3D printing layer thickness had no
signiﬁcant effect on the mechanical properties of 3D printed
provisional resins. Furthermore, we show that 3D printed
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specimens had comparable elastic modulus to conventional
crown & bridge Jet acrylic, but lower than that of Integrity,
and higher peak stress than Jet acrylic. In summary, within
the limitations of this study, our results suggest that the commercially available 3D printable restorative dental material
and 3D printing system used in this study allow for sufﬁcient
mechanical properties for intraoral use of provisional restorations, despite the limited 3D printing accuracy. Future work
utilizing 3D printing systems that allow for optimization of
printing parameters as a function of resin of choice should
be performed to improve the accuracy of 3D printed dental
materials.
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