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ABSTRACT

Statement of problem. Additive manufacturing enables the fabrication of definitive resin 1-piece endodontic crowns, but information on
how resin type and preparation design affect their fracture strength is limited.

Purpose. This in vitro study aimed to evaluate the effects of material type, margin configuration, and pulp chamber depth on the fracture
strength of additively manufactured (AM) 1-piece endodontic crowns compared with those subtractively manufactured (SM).

Material and methods. One-piece endodontic crowns were designed by using the scans of 4 mandibular first molar typodonts prepared
with either butt joint or 1-mm shoulder margins and pulp chamber depths of 2 mm or 4 mm. These designs were used to fabricate
specimens either additively (Tera Harz TC80DP [GR], FREEPRINT Crown [FP], Crowntec [CT]) or subtractively (Tetric CAD [TC]) (n=7). Scans of
the prepared typodonts were used to additively manufacture resin dies, and each specimen was cemented to its corresponding die using a
dual-polymerizing resin cement. After cementation, all specimens were subjected to cyclic loading (1.2 million cycles, 49 N) before the load-
to-fracture test. Fracture load data were analyzed with a generalized linear model and Bonferroni-corrected post hoc tests (a=.05).

Results. All specimens survived cyclic loading and were subjected to the load-to-fracture test. The interaction among all main factors
affected measured values (P=.028). CT led to the highest fracture load among the specimens with butt joint margins and 4-mm depth, while
TC led to the highest values among those with shoulder margins, regardless of the pulp chamber depth (P<.002). Butt joint margins resulted
in higher values for GR and CT specimens with 4-mm depth, while shoulder margins led to higher values for FP and CT specimens with 2-
mm depth, as well as for TC specimens (P<.020). A depth of 4 mm resulted in higher values for all specimens with butt joint margins and for
TC specimens with shoulder margins, whereas 2-mm depth led to higher values for FP specimens with shoulder margins (P<.016).

Conclusions. The fracture strength of the tested 1-piece endodontic crowns was affected by the material type, margin configuration, and
pulp chamber depth. However, all specimens had acceptable mean fracture load values according to the previously reported masticatory
forces of the molar region. (J Prosthet Dent 2026;135:806.e1-e8)
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Clinical Implications

The tested AM resins intended for definitive use
may be reliable alternatives to SM ceramic-re-
inforced resin composite for molar 1-piece en-
dodontic crowns when the tested preparation and
print parameters are used. For 1-piece endodontic
crowns made from the tested materials, deeper
pulp chamber design may be preferred, particularly
with butt joint margin preparations, for higher
fracture load.

Endodontically treated teeth often require complex re-
storative approaches because their structural integrity is
largely compromised by caries, access cavity design, and
dentin removal during endodontic therapy." Con-
ventionally, severely damaged posterior teeth have been
restored with post-and-core systems and crowns to
improve strength, prevent contamination, and re-
establish function.”” However, the placement of post-
and-core restorations might reduce fracture strength
because of the required additional dentin removal while
simultaneously increasing the possibility of root per-
foration.”” When sufficient tooth structure and bonding
area are present, posts can be avoided, and 1-piece
endodontic crowns can provide a conservative alter-
native by combining the core and crown into a mono-
block that relies on pulp chamber support and adhesive
retention.””  One-piece endodontic crowns con-
servatively restore coronal structure, seal root canal ac-
cess, and allow easier reintervention, offering a
functional and esthetic restorative option.'’ Ceramics
offer esthetic and mechanical advantages for 1-piece
endodontic crowns but may not mimic natural tooth
biomechanics. Resin-based materials can also be used,
as they provide better stress distribution on remaining
tooth structure and have promising mechanical prop-
erties'" with fracture strength similar to or higher than
ceramic 1-piece endodontic crowns."”

Recent studies have indicated that 1-piece en-
dodontic crowns offer biomechanical strength compar-
able with or exceeding that of conventional restorations
in damaged anterior and posterior teeth, with favorable
long-term outcomes'” "’; this is further enhanced by
advances in computer-aided design and computer-aided
manufacturing (CAD-CAM) technologies." One-piece
endodontic crowns can be fabricated from CAD files
either subtractively, by milling prefabricated blocks, or
additively, by building layer-by-layer, allowing complex
and multilayer designs.'” Additive manufacturing is
often more cost-efficient and generates less material
waste than subtractive methods.'” The development of
resins suitable for definitive restorations has further

expanded its use in dentistry18 22
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While several recent studies have investigated addi-
tively manufactured (AM) 1-piece endodontic
crowns, #1172 knowledge of their fracture strength
is limited."”'” Given that their fracture strength de-
pends on material type, margin configuration, and
pulpal chamber extension, " *'"** " studies examining
how preparation design (margin configuration and pulp
chamber depth) affects the fracture strength of AM 1-
piece endodontic crowns can help clinicians make in-
formed restorative decisions. While 1-piece endodontic
crowns are not completely conservative, they preserve
more tooth structure than crowns,”’ making it important
to evaluate whether maintaining intact dental tissues or
increasing the restoration’s dimensions offers better
mechanical outcomes, particularly with different AM
resins intended for definitive use in clinical practice.
Therefore, the present study aimed to compare the
fracture strength of AM 1-piece endodontic crowns with
different preparation designs and fabricated using resins
intended for definitive use with subtractively manu-
factured (SM) 1-piece endodontic crowns. The null hy-
pothesis was that the material type, margin
configuration, and pulp chamber depth would not affect
the fracture strength of the tested 1-piece endodontic
Crowns.

MATERIAL AND METHODS

Figure 1 shows the overview of this study. Four identical
mandibular left first molar typodont teeth (ANA-4;
frasaco GmbH) were modified by sectioning them 2 mm
below the occlusal surface using a low-speed saw under
water irrigation (IsoMet Low Speed Saw; Buehler). This
step ensured standardized surfaces representative of
molars with extensive structural loss. Each specimen was
prepared for a 1-piece endodontic crown featuring ei-
ther a butt joint or a 1-mm-wide shoulder margin, along
with a pulp chamber depth of 2 mm or 4 mm. The pulp
chamber was shaped to be 3 mm from the distal wall
and 2 mm within the mesial wall, with an internal axial
wall taper of 6 degrees.'” Digital scans of each prepared
molar were made with an intraoral scanner (Primescan
SW5.2; Dentsply Sirona) in a controlled environment
with a temperature of 20 °C and 45% relative hu-
midity.”” The resulting standard tessellation language
(STL) files were imported into a dental CAD software
program (DentalCAD 3.0 Galway; exocad GmbH),
where 4 separate 1-piece endodontic crowns were de-
signed with a cement space of 50 pym.'” The finalized
design files were used to fabricate a total of 112 speci-
mens by either additive or subtractive manufacturing
using materials approved for definitive restorations: a
urethane acrylate-based resin without any fillers (Tera
Harz TC-80DP; Graphy) (GR), 2 ceramic-filled hybrid
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Preparation of 4 mandibular first molar typodonts for 1-piece endodontic crowns (butt joint or |
mm shoulder margins and 2mm or 4mm pulp chamber depths)

Digitization of typodonts with an intraoral scanner and designing master 1-piece endodontic
crowns in standard tessellation language format

Fabrication with an additively
manufactured urethane
acrylate-based resin with no
fillers intended for definitive use

Fabrication with an additively
manufactured hybrid resin with
ceramic fillers intended for
definitive use

FREEPRINT Crown

®

k l Tera Harz TC-80DP o

Fabrication with an additively
manufactured hybrid resin with
ceramic fillers intended for
definitive use

Fabrication with a subtractively
manufactured glass-reinforced
composite resin

Crowntec Tetric CAD

Adhesive cementation on additively manufactured resin dies, cyclic loading, load-to-fracture test,
and statistical analysis

Figure 1. Overview of study design.

resins (FREEPRINT Crown; Detax and Crowntec; Sar-
emco Dental AG) (CT and FP), and a glass-reinforced
composite resin for subtractive milling (Tetric CAD;
Ivoclar AG) (TC) (n=7). Detailed material specifications
are provided in Table 1. The sample size was determined
via priori power analysis for %95 CI (1-a), 95% power
(1-B), and effect size of f=0.904, based on the mean and
standard deviation values from a previous study.”

GR, FP, and CT specimens were AM using a digital
light processing 3D printer (MAX UV; Asiga). Each de-
sign file was imported into the printer manufacturer’s

Table 1. Detailed information of tested materials

proprietary nesting software program (Composer v2.0;
Asiga) in separate nesting jobs and oriented with the
occlusal surface facing the build platform. Automatic
support structures were generated, with any supports
contacting the intaglio surface or margins removed to
avoid surface interference. For standardization, each
design was duplicated until 7 specimens were positioned
per job and printed with a layer thickness of 50 pm. After
printing, CT specimens were cleaned with 96% ethanol
using ethanol-soaked cloths; FP specimens were rinsed
in >98% isopropyl alcohol for 3 minutes, followed by a

Material Type Chemical Composition Filler Ratio Abbreviation
Tera Harz TC-80DP Additively manufactured Urethane acrylate oligomer, bisphenol A ethoxylate - GR
urethane acrylate-based dimethacrylate, 2-hydroxyethyl methacrylate, diphenyl (2,4,6-
resin with no fillers intended trimethylbenzoyl) phosphine oxide, and additives
for definitive use
FREEPRINT Crown Additively manufactured Alkoxylated phenol derivative, methacrylate terminated; 20-40 wt% FP
hybrid resin with ceramic 7,7,9(or 7,9,9)-trimethyl-4,13-dioxo-3,14-dioxa-5,12- ceramic fillers
fillers intended for diazahexadecane-1,16-diyl bismethacrylate; 1,6-hexanediol
definitive use dimethacrylate; Hydroxy propyl methacrylate; diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide; phenyl bis(2,4,6-
trimethylbenzoyl)-phosphine oxide
Crowntec Additively manufactured Esterification products of 4.40- isopropylphenol, ethoxylated 30-50 wt% cT
hybrid resin with ceramic and 2- methylprop-2enoic acid, silanized dental glass, ceramic fillers
fillers intended for pyrogenic silica, initiators
definitive use
Tetric CAD Subtractively manufactured Barium glass filler, silicon dioxide, dimethacrylates, additives 71.1 wt% TC

glass-reinforced composite
resin

and pigments

ceramic fillers
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Shoulder

Figure 2. Representative images of tested specimens within each subgroup. CT, Crowntec; FP, FREEPRINT Crown; GR, Tera Harz TC-80DP; TC,

Tetric CAD.

second rinse in fresh isopropyl alcohol for 2 minutes; GR
specimens were ultrasonically cleaned in 96% ethanol
for 45 seconds, followed by manual cleaning with
ethanol-soaked cloths. All specimens were then air
dried and postpolymerized using a xenon flash poly-
merization unit (Otoflash G171, NK-Optik GmbH)
under a nitrogen oxide atmosphere with 4000 flashes
(2x2000 flashes) in accordance with manufacturer re-
commendations and previous studies.”””” " TC speci-
mens were manufactured using a 5-axis milling unit
(PrograMill 7; Ivoclar AG) with wet milling performed
under the high-finish strategy. The support structures of
all specimens were removed, and the external surfaces
were smoothed under x3.5 magnification (EyeMag Pro;
Carl Zeiss) with finishing burs designed for hybrid
ceramics (Nano Ceramic Chairside Polishing; Jota AG)
without altering the intaglio surface (Fig. 2). No further
polishing or glazing was performed on any of the spe-
cimens, which were manufactured by 1 experienced
prosthodontist (P.A.).

The same 3D printer was also used to fabricate resin
abutments corresponding to each specimen. Scan files of
the prepared typodont molars were imported into the
same nesting software program and oriented with their
base parallel to the build platform. After automatic
support generation, the abutments were printed using
the manufacturer’s proprietary dental model resin
(DentaMODEL; Asiga) at a layer thickness of 100 pm,
resulting in a total of 112 abutments across tested pre-
paration designs (n=28). After printing, abutments were
ultrasonically cleaned in 298% isopropyl alcohol for
10 minutes (5-minute prewash and 5-minute postwash),
air dried, and postpolymerized in the same manner as
the AM specimens. The abutments were then randomly
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assigned to their corresponding specimens using a
software program (Excel; Microsoft Corp).

Prior to cementation, the intaglio surfaces of all
specimens were airborne-particle abraded with 50-um
aluminum oxide (Cobra; Renfert) at 0.2MPa from
10 mm for 10 seconds, followed by steam cleaning from
10 cm for 5 seconds and drying with oil-free compressed
air.”” A universal adhesive (Adhese Universal; Ivoclar
AG) was applied to the abutments for 20 seconds, and
then gently airdried for 5 seconds before being light-
polymerized for 5 seconds using the high-power mode
of a light emitting diode (LED) polymerization unit
(Bluephase; Ivoclar AG).”" A dual-polymerizing resin
cement (Variolink Esthetic DC; Ivoclar AG) was applied
to the treated surfaces of the specimens with the man-
ufacturer’s syringes before placing them on their re-
spective abutments. A brass rod was used to apply a
constant force of 2 N to stabilize the specimens on their
abutments throughout the cementation process.”"”” The
same LED polymerization unit was used to polymerize
the resin cement for 3 seconds from each side of the
specimens, after which excess cement was removed with
a microbrush (Micro Stix; Microbrush International). The
specimens were subsequently light polymerized for an
additional 40 seconds (10seconds on each side) and
remained under the brass holder until 10 minutes had
passed from the start of resin cement mixing.”” After
cementation, all specimens were stored in distilled water
at 37 °C for 24 hours before cyclic loading.

Each specimen-abutment complex was mounted on
a custom-built mastication simulator’” and subjected to
cyclic loading at 1.7 Hz for 1.2 million cycles under a 49-
N load, simulating approximately 5 years of functional
use.”””” Throughout the loading process, specimens
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Table 2.Results of generalized linear model analysis

P
Material type <.001
Margin configuration <.001
Pulp chamber depth <.001
Material type x Margin configuration <.001
Material type x Pulp chamber depth .013

Margin configuration x Pulp chamber depth <.001
Material type x Margin configuration x Pulp chamber depth .028

were immersed in distilled water,”™ and the force was

applied using ©@12-mm polyoxymethylene spheres
(Delrin; Dupont).” Polyoxymethylene was used to en-
sure uniform force distribution and reduce the risk of
contact-induced fractures.” After cyclic loading, fracture
testing was conducted using a universal testing machine
(Instron 5942; Instron Corp) with a ¥12-mm stainless
steel sphere applied at a crosshead speed of 1 mm/
minute. The maximum load at fracture (N) was recorded
for each specimen.

The normality of the data was confirmed with the
Shapiro-Wilk test. Therefore, a generalized linear model
analysis with material type, margin configuration, and
pulp chamber depth was used to evaluate the fracture
load values of the tested specimens, and every possible
interaction among the main factors was included in the
analysis. Pairwise comparisons were performed with
Bonferroni-corrected post hoc tests. A statistical analysis
software program (IBM SPSS Statistics, v26; IBM Corp)
was used for the analysis (a=.05).

RESULTS

All specimens survived cyclic loading and were sub-
jected to the load-to-fracture test. The results of the
generalized linear model analysis revealed that the main
factors (P<.001), every possible 2-way interaction
(P<.013), and the 3-way interaction (P=.028) affected the
fracture strength of the tested specimens (Table 2).
Table 3 shows the descriptive statistics of the mea-
sured fracture load values for each subgroup. Among the
specimens with butt joint margins and 2-mm depth, CT
had higher values than GR (P=.027), while among those
with butt joint margins and 4-mm depth, CT had the

highest values (P<.001). Among the specimens with
shoulder margins and 2-mm depth, GR had the lowest
and TC had the highest values (P<.002). Among the
specimens with shoulder margins and 4-mm depth, TC
had the highest values, followed by CT (P<.001). In the
GR and CT specimens with 4-mm depth, butt joint
margins led to higher values (P<.001). In FP, CT, and TC
specimens with 2-mm depth and TC specimens with 4-
mm depth, shoulder margins led to higher values
(P<.020). Regardless of the material, 4-mm depth led to
higher values when butt joint margins were used
(P<.013). The 2-mm depth led to higher values for FP
specimens with shoulder margins (P=.016), whereas the
4-mm depth led to higher values for TC specimens with
shoulder margins (P=.013). Figure 3 illustrates the box-
plot graph of measured values.

DISCUSSION

The fracture strength of the tested 1-piece endodontic
crowns were significantly affected by the material type,
margin configuration, and pulp chamber depth, along
with every interaction among these factors. Therefore,
the null hypothesis that the material type, margin con-
figuration, and pulp chamber depth would not affect the
fracture strength of the tested 1-piece endodontic
crowns was rejected. However, the statistically sig-
nificant differences observed in this study may not be
clinically meaningful, as a previous review reported
molar region masticatory forces ranging from 306 N to
878 N under unilateral loading and from 491N to
1110 N under bilateral loading.”’ Fracture loads in this
study ranged from 901 N (GR crowns, shoulder margins,
4-mm pulp chamber) to 2052N (TC crowns, shoulder
margins, 4 mm), meeting or exceeding reported masti-
catory forces,”’ All specimens survived cyclic loading
simulating approximately 5 years of function,””” sug-
gesting that the tested 1-piece endodontic crowns were
likely suitable for clinical use with comparable me-
chanical durability.

Although significant factor interactions complicate
attributing fracture strength solely to materials or de-
signs, general trends allow some interpretation, as cer-
tain subgroups showed higher values despite

Table 3. Mean fracture load values and standard deviations for all subgroups (N). CT, Crowntec; FP, FREEPRINT Crown; GR, Tera Harz TC-80DP; TC,

Tetric CAD
Material
Margin Configuration Pulp Chamber Depth GR FP CcT TC
Butt joint 2mm 922 +84° 970 +221%° 1169 +218°< 1119 +124%°¢
4mm 1366 +202°f 1250 +241°% 1775 +2339 1398 +302°F
Shoulder 2mm 1027 +287%° 1367 +187%f 1429 +280°F 1774 +170°
4mm 901 +76° 1097 +229%°¢ 1513 +280° 2052 +299"

Different superscript lowercase letters indicate significant differences among subgroups (P<.05)
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Figure 3. Box-plot graphs of measured fracture load values. CT, Crowntec; FP, FREEPRINT Crown; GR, Tera Harz TC-80DP; TC, Tetric CAD.

nonsignificant differences. Among the AM specimens,
CT led to fracture load values that were statistically si-
milar to or higher than those of other materials, re-
gardless of margin configuration or pulp chamber depth.
Given that all AM specimens were postprocessed ac-
cording to the respective manufacturers’ instructions
and postpolymerized using the same unit and para-
meters, the observed differences may be attributed to
variations in chemical composition and filler content
among the tested resins, particularly since CT has the
highest filler content. The FP resin exhibited fracture
load values comparable with or higher than the GR
resin, supporting this interpretation. These results align
with those of previous studies on the mechanical
properties of reinforced resins in dental additive man-
ufacturing.” "’ TC specimens had the highest fracture
strength when shoulder margins were used and showed
fracture load values that were similar to or higher than
those of AM specimens when butt joint margins were
used. In addition to the high ceramic filler content of TC,
these findings may also be attributed to the manu-
facturing process, as these specimens were fabricated
from prefabricated blocks that potentially have a higher
degree of conversion than the tested AM resins because
they were produced under standardized conditions with
high temperature and pressure.'””’”>”° While no clear
trend was observed for margin configuration, deeper
pulp chamber preparations mostly resulted in higher

Donmez et al

fracture strength, which was significant for specimens
with butt joint margins. This finding may be attributed
to the increased contact area provided by greater pulp
chamber depth preparation, which could enhance the
stability and retention of the tested specimens. '’

The authors are aware of only 3 studies that assessed
the fracture strength of AM 1-piece endodontic
crowns.””'” One study compared an AM resin for de-
finitive use with SM composite and PEEK reinforced
with ceramic fillers, reporting significantly lower fracture
strength for AM premolar crowns with butt-joint mar-
gins and 2-mm pulp chambers.” Abuabboud et al' re-
ported no effect of pulp chamber depth on fracture
strength, possibly differing from the present results due
to variations in AM resin and cement type. Bahadir
et al'” evaluated 1-piece endodontic crowns fabricated
from a resin intended for interim use, restoring pre-
molars with varying numbers of intact cuspal walls, and
reported that the preparation design did not affect
fracture load values.

Previous studies on AM 1-piece endodontic crowns
intended for definitive use have focused mainly on
fabrication trueness and fit.”*'**’ Altinci et al ' reported
favorable internal adaptation for AM 1-piece endodontic
crowns, though external surfaces may require more
chairside adjustment compared with SM 1-piece en-
dodontic crowns. Other studies recommended 1-mm-
wide shoulder margins and 2-mm pulp chamber depth
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to optimize fit,”” while Xiao et al”’ reported that SM 1-
piece endodontic crowns showed higher trueness and
better fit than AM 1-piece endodontic crowns for molars
with flat shoulder margins and 2-mm pulp chamber
preparations.

Limitations of this study included that all prepara-
tions used a single tooth type, which may not reflect
the effects of anatomic variations on restoration design.
In addition, a limited number of margin designs and
pulp chamber depths were evaluated, and varied pre-
paration designs could have led to different outcomes.
All specimens were fabricated using a single printer
and milling unit, which may limit the generalizability of
the findings. Additionally, the standardized fabrication
parameters could have influenced the measured frac-
ture loads. Consistent with previous studies on the
fracture strength of AM dental appliances,”'®'”* the
abutments in the present study were AM to ensure
standardization and to minimize the variability asso-
ciated with the use of caries-free natural teeth.
Nevertheless, the fracture loads recorded in this study
(up to 2052 N) exceeded typical posterior masticatory
forces, likely due in part to the elastic deformation of
the polymeric resin abutments. This deformation could
have altered stress distribution within the specimens,
potentially affecting fracture initiation and propagation.
Although the fracture patterns were not specifically
evaluated in the present study, the use of resin abut-
ments may lead to differences in failure modes com-
pared with natural teeth or more rigid abutments; this
should be considered when interpreting the results.
Future studies should also include fractographic ana-
lysis to clarify fracture mechanisms and material be-
havior under load. Another limitation was the use of a
single resin cement and adhesive system. The cyclic
loading protocol could not fully replicate intraoral
conditions due to the absence of saliva and thermal
fluctuations, and human enamel was not used as the
antagonist. Nonetheless, the polyoxymethylene and
stainless-steel spheres contacted the cusp slopes,
generating shear forces during both cyclic loading and
load-to-fracture testing. This study evaluated only the
fracture strength of 1-piece endodontic crowns under
axial loading; other clinically relevant factors, such as
bond strength and microleakage, were not assessed.
Because 1-piece endodontic crown failure in clinical
settings may also be observed as debonding or dis-
lodgement under lateral forces, focusing solely on
fracture testing may limit the clinical interpretation of
the findings. Future studies should use natural en-
dodontically treated molars and premolars to better
replicate clinical conditions and include different resin
cements and aging protocols to simulate various an-
tagonists and thermal cycles for a more comprehensive
evaluation of the tested AM resins.
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CONCLUSIONS

Based on the findings of the present in vitro study, fol-
lowing conclusions were drawn:

1. Among the AM specimens, those made from CT
had fracture load values similar to or higher than
those from other resins, regardless of preparation
design. TC specimens had the highest values, when
1-mm-wide shoulder margins were used.

2. Shoulder margins led to higher fracture strength for
TC specimens, regardless of the pulp chamber
depth. However, there was no clear trend on the
effect of margin configuration on the fracture
strength of AM specimens.

3. Except for the GR specimens with shoulder mar-
gins, 4-mm-deep pulp chamber preparation re-
sulted in fracture load values similar to or higher
than those observed with 2-mm-deep preparation.
In addition, deeper pulp chambers enabled higher
fracture strength with butt joint margins for all
materials.

4. The tested 1-piece endodontic crowns showed ac-
ceptable fracture load values based on previously
reported ranges of masticatory forces.
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