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Objectives: To investigate the flexural strength (FS), elastic modulus (E), Martens hardness (HM), water sorption
(wsp), water solubility (wg) and degree of conversion (DC) of 3D-printed, milled and injection molded splint
materials.

Methods: Specimens (N = 1140) were fabricated from five 3D-printed (GR-22 flex, GR-10 guide, ProArt Print
Splint clear, V-Print Splint, V-Print Splint comfort), five milled (BioniCut, EldyPlus, ProArt CAD Splint clear,
Temp Premium Flexible, Thermeo) and two injection molded (PalaXPress clear, Pro Base Cold) materials. FS, E,
HM, wsp, ws and DC were tested initially (24 h, 37 °C, H»0), after water storage (90 d, 37 °C, H0) as well as
after thermal cycling (5000 thermal cycles, 5/55 °C). Data were analyzed with Kolmogorov-Smirnov, Kruskal-
Wallis, Mann-Whitney U test and Spearman’s correlation (p < 0.05).

Results: Initially, the mean flexural strength values ranged from 1.9 to 90.7 MPa for printed, 3.8 to 107 MPa for
milled and 99.7 to 102 MPa for injection molded materials. The initial mean elastic modulus values were 0.0 to
2.4 GPa for printed, 0.1 to 2.7 GPa for milled and 2.8 GPa for injection molded materials. The initial mean
Martens hardness values were 14.5 to 126 N/mm? for printed, 50.2 to 171 N/mm? for milled and 143 to 151 N/
mm? for injection molded materials. Initially, the mean water sorption values ranged from 23.1 to 41.2 pg/mm>
for printed, 4.5 to 23.5 pg/mm?® for milled and from 22.5 to 23.3 pg/ mm? for injection molded materials. The
initial mean water solubility values ranged from 2.2 to 7.1 pg/mm? for printed, 0.0 to 0.5 pg/mm? for milled and
0.1 to 0.3 pg/mm? for injection molded materials. After water storage and thermal cycling most of the values
decreased and some increased. The mean DC values ranged initially from 72.3 to 94.5 %, after water storage from
74.2 to 96.8 % and after thermal cycling from 75.6 to 95.4 % for the printed materials.

Significance: The mechanical and physical properties of printed, milled and injection molded materials for
occlusal devices vary and are influenced by aging processes. For clinical applications, materials need to be chosen
according to the specific indications.

1. Introduction

The use of occlusal devices in dentistry is diverse and covers a wide
range of areas. They are used as sports guards, snoring splints, medi-
cation carriers (e.g., bleaching splints) or to treat fractures in maxillo-
facial surgery. In orthodontics teeth and jaw malposition are corrected
and in prosthodontics removable bite splints are used to test a new bite
position. The most common clinical application however is the treat-
ment of bruxism and craniomandibular dysfunction. In addition to
pharmacological measures (injection of botulinum toxin),
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psychotherapy and physiotherapy, occlusal splints serve as a reliable
dental therapy to reduce bruxism [1] and protect tooth structure from
excessive wear [2]. Splints can be modeled from wax, embedded in
flasks, and then injected with an auto- or hot-polymerizing liquid
powder polymethyl methacrylate (PMMA) [3]. This differs from splints
fabricated by thermoforming, often from polyethylene (PET-G), which
are occlusally customized with polymethylmethacrylate [4]. The
layered scattering of splints represents the third alternative of the con-
ventional technique. Although this method has proven itself for decades,
it has disadvantages such as residual monomer content, polymerization
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shrinkage, susceptibility to errors when mixing the resin, high time
requirement and high laboratory costs [5]. Computer-aided design
(CAD) and computer-aided manufacturing (CAM) in dentistry enable the
fabrication of splints by subtractive milling or additive 3D-printing. The
easy availability of patient-specific data and the rapid fabrication of
reproducible splints in case of fracture or loss are advantages over the
conventional manufacturing process [6]. In the subtractive approach,
the high conversion rate of the double bonds of the industrially manu-
factured polymer-based blanks leads to a better fit by passing the
polymerization shrinkage that has already occurred during the fabrica-
tion of the blank [7]. A maximum of two splints can be inserted into one
blank, resulting in high material consumption and thus high costs. In the
subtractive milling process, up to 90 % is residue [8]. Therefore, the
additive manufacturing process is becoming increasingly important in
dentistry. Printing complex geometries, saving time by placing multiple
restorations on the build platform, and lower material consumption
open new possibilities. Digital Light Projection (DLP) technology is
currently the primary method for printing dental splints. The speed of
the printing process is independent of the number of objects placed and
higher than in the SLA (Stereolithography) process [9].

Studies show higher mechanical properties of injection molded and
milled materials compared to 3D-printed materials [5-7,10-13]. How-
ever, the printing angle can influence the properties. While higher
hardness and lower surface roughness have been studied in 3D-printed
materials at 45° printing angle [11], 0° printing angle shows the high-
est wear resistance, followed by 45° and 90° [12]. Post-polymerization
also influences hardness due to the correlation of hardness and con-
version rate [14,15]. Since splints can fracture in routine use because of
stresses, for example during insertion and removal or due to high
chewing forces while grinding, the mechanical properties are of high
importance. The hardness of a material is an important parameter as it
characterizes the behavior of the elastic-plastic surface and it allows to
draw conclusions about the surface degradation induced by aging [16,
17]. By measuring the flexural strength, information about the resis-
tance of a material to fracture during force application and its resistance
against crack propagation can be obtained, while the elastic modulus
characterizes the stiffness and rigidity [10]. Studies have shown that
especially 3D-printed materials show a decrease in mechanical proper-
ties after water storage [15]. The correlation between mechanical
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properties and the water sorption and solubility should therefore be
further investigated. The purpose of this in vitro study was to evaluate
the effect of the material and artificial aging on flexural strength, elastic
modulus, Martens hardness, water sorption and solubility as well as
conversion rate to identify the opportunities and the limitations of
different occlusal device materials. The tested null hypotheses were as
follows: a) material and b) aging have no effect on the mechanical and
chemical properties tested in this investigation.

2. Materials and methods

The properties of five additive, five subtractive and two conventional
manufactured splint materials were examined (Fig. 1, Table 1). Flexural
strength and elastic modulus (N = 540, n = 45/material), Martens
hardness (N = 240, n = 20/material), water sorption and solubility (N =
360, n = 30/material) and the conversion rate (only additively manu-
factured specimens; N = 150, n = 30/material) of the splint materials
were tested.

2.1. Specimen preparation

2.1.1. Additive manufactured specimens

The specimen’s geometry was designed (64.2 x10.2 x3.5 mm,
5 x10x25 mm, 50 x0.5 mm) (stl- master data sets; Autodesk mesh-
mixer, ADSK Ireland Ltd.) and additively manufactured using Digital
Light Processing (D20II, RapidShape, Heimsheim, Germany; Pro-
graPrint PR5, Ivoclar Vivadent, Schaan, Liechtenstein) (Table 2). The
specimens were placed perpendicular to the build platform with sup-
porting structures (Autodesk Netfabb 2022.0, ADSK Ireland Ltd.)
(Fig. 2). The post-processing steps were performed according to the
manufacturer’s instructions (Table 2).

2.1.2. Subtractive manufactured specimens

The specimens for flexural strength and elastic modulus measure-
ments (64.2 x20.5 x3.6 mm) were nested (Ceramill Mind, Amann-
Girrbach, Koblach, Austria) and milled (Ceramill Motion II, Amann-
Girrbach). The connectors were removed, and the panels were halved
along the length. The Martens hardness specimens were cut out of the
blank with a low-speed water-cooled diamond saw (Secotom 50, BOD20,
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Fig. 1. Study design.
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Table 1
The manufacturing types, abbreviations, materials, manufacturers, compositions, and lot numbers (Lot No.) of tested materials.
Manufacturing Abbreviation ~ Material Manufacturer Composition Concentration Lot No.
type %
Printed aPF GR-22 flex pro3dure medical, Oligomers; methacrylic resins, multifunctional <75 201220217
Iserlohn, Germany Methacrylic resins, monofunctional > 25
Photoinitiators (various); < 2 (in total)
Pigments/stabilizers n.g.
aPG GR-10 guide Esterification products of 4,4 80-100 030220221
isopropylidenediphenol, ethoxylated and 2-
methylprop-2-enoic acid
Diphenyl (2,4,6- trimethylbenzoyl) phosphine oxide <03
aPp ProArt Print Ivoclar Vivadent, Urethane acrylate oligomer n.g. Z02PY5
Splint clear Schaan, Liechtenstein ~ Triethylene glycol dimethacrylate
Urethandimethacrylat (UDMA)
Bis-Glycidyldimethacrylat (BisGMA)
Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide
aVvs V-Print Splint VOCO, Cuxhaven, Polyesterdimethacrylate 50-100 2202641
Germany ethoxylated bisphenol-A dimethacrylate (Bis-EMA) 25-50
Triethylene glycol dimethacrylate 5-10
Hydroxypropylmethacrylate 5-10
Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide <25
Butylated hydroxytoluene (BHT) <25
avC V-Print Splint Aliphatic acrylate 25-50 2209436
comfort Triethylene glycol dimethacrylate 5-10
Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide <25
Milled bBC BioniCut Bredent, Senden, Polyoxymethylen (POM -C); pigments n.g. 513005 (height 20)
Germany 523543 (height 25)
bEP EldyPlus DentalPlus, Polyethylenterephthalat (PET-G); Glykol; Ethanol n.g. 21ELGK26
Samerberg, Germany
bPC ProArt CAD Ivoclar Vivadent Polymethylmethacrylate (PMMA) > 99 YB3KR3
Splint clear
bTP Temp Premium Zirkonzahn, South Thermoplastic polycarbonate (PC) n.g. 16261
Flexible Tyrol, Italy
bTH Thermeo pro3dure medical Polyethylmethacrylat, homopolymer > 90 240120221
1,2- Cyclohexandicarbonsa urediisononylester <10
Injectionmolded  cPP PalaXPress Kulzer, Hanau, Powder > 95 MO010121 (powder)
clear Germany Methacrylate copolymers1-benzyl-5-phenylbarbituric <5 M010262 (liquid)
acid
Liquid >90
Methacrylate monomer 5-10
1,4-butanediol dimethacrylate <1
Trioctylmethylammoniumchlorid
cPB Pro Base Cold Ivoclar Vivadent Powder <95 YB380P (powder)
Polymethylmethacrylate (PMMA) 1-25 Z032DH (liquid)
dibenzoyl peroxide
Liquid 60-100
Methyl methacrylate 1,4-butanediol dimethacrylate 3-5

Struers, Ballerup, Denmark) (disk speed 2200 rpm, feed rate 0.070 mm/
s). For water sorption and solubility specimens, a cylinder (50 mm
diameter) was milled (Ceramill Motion II) and cut with a low-speed
water-cooled diamond saw (Secotom 50, BOD20, Struers) into 0.5 mm
thick slices (bBC, bEP, bPC, bTP: 2200 rpm, 0.060 mm/s; bTH:
2200 rpm, 0.030 mm/s) (Fig. 3).

Therefore, a cube shaped holder was printed (ProArt Print Splint
clear, Ivoclar Vivadent) and fixed (UHU Plus Endfest 2-K-Epoxidkleber,
UHU, Biihl, Germany).

2.1.3. Conventionally manufactured specimens

The specimens were manufactured using the injection technique
(Fig. 4). For this purpose, the stl master data sets were used to print
specimens (ProArt Print Splint clear, Ivoclar Vivadent) and embed them
with plaster (pico-crema soft, picodent, Wipperfiirth, Germany) in a
flask (Palajet Duoflask, Kulzer, Hanau, Germany). Casting channels
made of wax (PalaXpress accessories Sprue wax, Kulzer) were applied. A
silicone conter (Fifty-Fifty 95 putty, Klasse 4 dental, Augsburg, Ger-
many) was used to allow the removal of the embedded specimens from
the plaster and the final layer of plaster conter was applied. The wax was
scalded and the flask with the desired cavity was isolated twice (Aislar,
Kulzer). The cuvette was clamped in a compressed air injection unit
(Palajet, Kulzer) and the material was injected. The recommended

1173

mixing ratio of each material was used according to the manufacturer’s
instructions. The cuvette remains in the injection device for 7 min. The
final polymerization was performed for 35 min in a pressure pot (two
bar, 55 °C) (Palamat elite, Kulzer).

For flexural strength and elastic modulus measurements, specimen
plates with dimensions 65.0 x 40.0 x 5.0 mm were injected [ISO
20795-1: 2013] and cut lengthwise with a low-speed water-cooled
diamond saw (Secotom 50, BOD20, Struers) (2200 rpm, 0.070 mm/s).
For Martens hardness, specimens with final geometries were embedded
in the flask (Fig. 4). For water sorption and solubility, a hollow cylin-
drical shape (50 mm diameter) was created in a flask and injected. The
cylinder was cut with a low-speed water-cooled diamond saw (Secotom
50, BOD20, Struers) into the desired slices with a thickness of 0.5 mm
(cPP, cPB: 2200 rpm, 0.050 mm/s) (Fig. 3B). Therefore, a cube shaped
holder was printed (ProArt Print Splint clear, Ivoclar Vivadent) and
fixed (UHU Plus Endfest 2-K-Epoxidkleber, UHU).

2.1.4. Specimen finishing

All flexural strength/elastic modulus (N = 540; 64.0 x10.0 x3.3 +
0.2 mm) and Martens hardness (n = 240; 5.0 x10.0 x25.0 mm) speci-
mens were wet-ground (Abramin, Struers) to their final dimension using
silicon carbide paper (SiC Foil P1200, Struers) and water irrigation [ISO
20795-1:2013]. Due to the saw blade graining and motion under water
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Table 2
The post-processing of the printed materials tested.
Material ~ DLP 3D-printer Cleaning Postpolymerization
aPF D201, 10 min in 2 x 750 flashes
RapidShape, Isopropanol (IPA) (Otoflash G171, NK-
Heimsheim > 97 % (SAV LP, Optik)
Germany Flintsbach,
Germany) in an
ultrasonic bath
(Sonorex Super
RK1022; Bandelin
electronic, Berlin,
Germany)
aPG 4 min in IPA > 97 % 2 x 1000 flashes
% (SAV LP) in an (Otoflash G171, NK-
ultrasonic bath Optik, Baierbrunn,
(Sonorex Super Germany)
RK1022; Bandelin
electronic)
aPP PrograPrint PR5, 10 min pre-cleaning 90 s in PrograPrint Cure
Ivoclar Vivadent, 5 min cleaning (Ivoclar Vivadent)
Schaan, in IPA > 97 % (SAV
Liechtenstein LP) in PrograPrint
Clean (Ivoclar
Vivadent)
aVvs D20II, 3 min pre-cleaning 1 x 2000 flashes
RapidShape 2 min cleaning 2 min cooling
in IPA > 97 % (SAV 1 x 2000 flashes
LP) in an ultrasonic (Otoflash G171, NK-
bath (Sonorex Super Optik)
RK1022; Bandelin
electronic)
avC 5 min pre-cleaning 1 x 2000 flashes

3 min cleaning

in IPA > 97 % (SAV
LP) in an ultrasonic
bath (Sonorex Super
RK1022; Bandelin
electronic)

2 min cooling
1 x 2000 flashes

(Otoflash G171, NK-

Optik)

Fig. 3. Specimen preparation. A, Milled cylinder for water sorption and solu-
bility. B, Cutting a cylinder with a cube shape holder.
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Fig. 4. Injection technique; Martens hardness specimen geometry embedded in
a flask.

irrigation, the specimens for water sorption and solubility were cut to
their final dimensions 50.0 x 50.0 x 0.5 mm [ISO 20795-1:2013]
without the need for additional grinding.

2.2. Aging regime

All measurements were performed after three different aging
subgroups.

1) Initial: storage in 37 °C deionized water (HERAcell 150, Thermo
Fisher Scientific, Waltham, USA) for 24 h

2) Water storage: storage in 37 °C deionized water (HERAcell 150) for
90d

3) Thermal cycling: 5000 thermal cycles with an immersion time of 30 s
in 5 °C/55 °C deionized water and a dwell time of 5 s (THE-1100, SD
Mechatronik, Feldkirchen-Westerham, Germany)

After initial storage and the initial measurement, the same HM
specimens were stored in water for further 89 days (water storage

group).

2.3. Test methods

The three-point bending test was performed at room temperature
(23 °C) using a universal testing machine (Zwick/Roell 1445 RetroLine,
ZwickRoell, Ulm, Germany) with a crosshead speed of 5 mm/min and a
load cell with a capacity of 500 N [ISO 20795-1]. The distance between
the specimen’s supports was 50 mm. The measurement was considered
finished when a maximum deformation of 10 mm was reached. Flexural
strength was calculated from the load at fracture or at maximum
deformation. Flexural strength and elastic modulus values were ob-
tained according to the following formulas: FS = 3 *F*1/2 *b*h% E = [
Fy *13/4 *b*h® *d]/ 1000, where FS is the flexural strength (MPa), F is
the maximum force (N) applied to the specimen, 1 is the support span
(mm), b is the specimen width (mm), h is the specimen height (mm), E is
the elastic modulus (GPa), F; is the load (N) at a point in the straight line
portion of the load/deflection curve, and d is the recorded deflection
(mm) at load F.

A Martens hardness testing machine (ZHU 0.2/ Z2.5, Zwick Roell)
was used to determine the Martens hardness. The surface of the
specimens was indented by a Vickers diamond indenter with a force of
9.81 N. Three measurements were performed on each specimen and HM
was automatically calculated with the corresponding software (testX-
pert V12.3 Master, Zwick Roell). The following equation was used to
compute HM: HM = F/A(h), where HM is the Martens hardness (N/
mmz), F is the maximum test load (N) and Ag(h) is the area of the
indenter penetrating the surface at the distance h (mm?).

The water sorption and solubility specimens were placed in a
desiccator, containing freshly dried silica gel and were stored in an oven
(Modell 100-800, Memmert, Schwabach, Germany) at 37 °C for 23 h.
Subsequently, the specimens were directly transferred to the second
desiccator at 23 °C with freshly dried silica gel for 60 min and then
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weighed (NewClassic MF, Mettler-Toledo, Greifensee, Switzerland). The
cycle described was repeated until the mass loss of each specimen be-
tween successive weighing operations did not exceed 0.2 mg (condi-
tioned mass m;) [ISO 20795-1:2013]. At that point the volume (V) for
each specimen was calculated from the average over three measure-
ments of the diameter and from the average over five measurements of
the thickness. The conditioned specimens were either stored in water for
24 h, 90 days or were thermal cycled. The specimen discs were then
removed from the water, dried and weighed 60 s after removal (m3). The
specimens were then reconditioned to a constant mass (reconditioned
mass m3) in the desiccator. The value for wg, and wg was calculated for
each specimen using the following equation: wg, = [my - m3]/V; wg =
[m; - m3]/V, where wy;, is the water sorption (ng/mm>), wy is the water
solubility (pg/mm®), m is the mass of the dried specimen (pg), my is the
mass of the specimen after aging (pug) and mg is the mass of the specimen
after second drying cycle (pg).

The conversion rate was determined for all additive manufactured
materials using a Raman spectrophotometer (inVia Qontor, Renishaw,
New Mills, UK). The Raman spectra of the liquid unpolymerized printing
materials was initially measured ten times to obtain an average value
(Runpolymerized)- After each aging, the Raman spectra of the polymerized
printed materials was determined (Rpolymerized)- The measurements were
performed at a wavelength of 785 nm with 100 % laser power. The
height values of the peaks at 1610 cm ' and 1640 cm™! were deter-
mined by the curve fit function with the WiRE 4.4 software (Renishaw).
If the curves were too small for a successful fit, the height value was read
manually. The conversion rate was calculated from the following for-
mula: DC = 100 x [1 — (Rpoly/Runpoly)], where DC is the conversion rate
and R is the height at 1610 cm™~!/height at 1640 cm ™.

2.4. Statistical analysis

The data were analyzed using descriptive analysis followed by Kol-
mogorov-Smirnov to test the violation of normal distribution. Non-
parametric tests were performed, as 19,4 % (7/36) of the FS, 25,0 %
(9/36) of the E, 22,2 % (8/36) of the HM, 5,5 % (2/36) of the wy,
13,8 % (5/36) of the wy, and 13,3 % (2/15) of the DC groups deviated
from normal distribution. Kruskal-Wallis test and Mann-Whitney-U test
were computed to determine significant differences between the
different materials and aging regimes. Spearman’s correlation was used
to test the association between FS, HM, wgp, W and DC. The data was
analyzed with SPSS version 29.0 (IBM, SPSS, Statistics, Armonk, NY,
USA). Statistical significance was inferred when p-values < 0.05.

3. Results
3.1. Comparison of flexural strength of all tested materials

3.1.1. Impact of the material on flexural strength

Within the initial group significant differences were observed for all
materials, except bPC and bTP (p = 0.694) (Table 3, Fig. 5). aPF showed
initially the lowest FS values compared to the remaining materials,
followed by bTH, aVC, aPG, aPP, bEP, bBC, aVS, cPP and cPB
(p < 0.001-0.021), while bPC and bTP presented the highest FS values
regardless the aging regime.

Within the water storage group also aPF showed the lowest FS values
compared to the remaining materials, followed by bTH, aVC, aPP, aPG,
cPP and bEP (p < 0.001-0.012). aVS showed lower values than bBC,
bPC and bTP after water storage (p < 0.001). cPB and bBC revealed
lower values compared to bPC and bTP within the water storage group
(p < 0.001).

Within the thermal cycling group also aPF presented the lowest FS
values compared to all materials, followed by bTH (p < 0.001). aPG and
aVC showed lower FS values than aPP, bEP, aVS, cPP, bBC, cPB, bPC and
bTP (p < 0.001). aPP showed lower FS values than bEP, aVS, cPP, bBC,
cPB, bPC and bTP after thermal cycling (p < 0.001). bEP presented
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lower values than aVS, cPP, bBC, cPB, bPC and bTP after thermal cycling
(p < 0.001), while aVS revealed lower values compared to bBC, cPB,
bPC and bTP (p < 0.001-0.006). cPP, bBC, cPB showed lower FS values
within the thermal cycling group compared to bPC and bTP (p < 0.001).

The load-deflection curves (Fig. 11) represent that during the 3-point
bending test, only aVS, bPC and the injection molded specimen
fractured.

3.1.2. Impact of artificial aging on flexural strength

Artificial aging significantly affected the FS values of the materials
except for bPC and bEP (p = 0.161-0.237) (Table 3, Fig. 5). The highest
FS values were obtained in the initial group for aPG, aPP, aVS, cPP and
cPB compared to the other aging regimes (p < 0.001-0.003). aPP, cPP
and cPB showed higher values after thermal cycling compared to water
storage (p < 0.001-0.006). Interestingly thermal cycling increased the
FS values for aPF, aVC, bTP, bBC and bTH compared to the initial group
(p < 0.001-0.017). The FS values were higher after water storage
compared to the initial group for aVC, bBC and bTH (p < 0.001-0.024).

3.2. Comparison of elastic modulus of all tested materials

3.2.1. Impact of the material on elastic modulus

Within the initial group significant differences were observed for all
materials, except bPC, cPP and cPB (p = 0.350-0.724) (Table 3, Fig. 6).
aPF showed initially the lowest E values compared to the remaining
materials, followed by bTH, aVC, aPG, bEP, aPP, bTP, aVS and bBC
(p < 0.001-0.048), while bPC, cPP and cPB presented the highest E
values.

After water storage, also aPF presented the lowest E values compared
to all materials, followed by bTH (p < 0.001). aPP showed lower E
values than aPG, bEP, bTP, aVS, cPB, bBC, cPP and bPC
(p < 0.001-0.027). aVC and aPG showed lower values compared to the
remaining materials (p < 0.001), followed by bEP, bTP, aVS, cPB, bBC,
cPP and bPC (p < 0.001-0.022).

Within the thermal cycling group also aPF presented the lowest E
values compared to all materials, followed by bTH (p < 0.001). aPG and
aVC showed lower E values compared to the remaining materials, fol-
lowed by aPP and bEP (p < 0.001). aVS and bTP presented lower values
compared to the remaining materials, followed bBC, cPB, cPP and bPC
(p < 0.001-0.002).

3.2.2. Impact of artificial aging on elastic modulus

Artificial aging significantly affected the E values of the materials
(Table 3, Fig. 6). The highest values were obtained in the initial group
for aPP, aVS and cPB compared to the other aging regimes
(p < 0.001-0.013), while aPP and cPB showed significantly higher
values after thermal cycling than after water storage (p < 0.001). The
highest E values were calculated in the initial and thermal cycling group
for aPG and bTP (p < 0.001). aPF, aVC, bBC, bPC and cPP showed the
highest E values after thermal cycling compared to the other aging re-
gimes (p < 0.001-0.048), while aVC and bBC and bEP showed higher
values after water storage compared to the initial group (p
0.004-0.042) and cPP showed lower values after water storage
compared to the initial group (p = 0.001). The highest E values were
calculated in the thermal cycling and water storage group for bTH
(p < 0.001).

3.3. Comparison of Martens hardness of all tested materials

3.3.1. Impact of the material on Martens hardness

Within the initial group aPF showed the lowest HM values followed
by aVC, bTH, aPG, bEP and aPP compared to the remaining materials
(p < 0.001-0.001) (Table 3, Fig. 7). bTP, bBC and aVS presented lower
HM values compared to c¢PB, cPP and bPC (p < 0.001-0.009). cPB and
cPP showed lower values than bPC (p < 0.001-0.002).

After water storage, aPF revealed the lowest HM values compared to
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Table 3
Descriptive statistics (mean, standard deviation (SD) and 95 % confidence intervals (CI)) for FS (MPa), E (GPa), HM (N/mm?), Wep (pg/mms), Wy (pg/mm3), DC of the
different groups.

Material ~ Aging FS E HM Wep Wy DC
Mean + 95 % CI Mean + 95 % CI Mean + 95 % CI Mean + SD 95 % CI Mean + 95 % CI Mean + 95 %
SD SD SD SD SD al
aPF Initial 1.9 + [1.6;2.3] 0.0 + [0.0;0.2] 145+ [11;17] 38.5 + [34;42] 7.1+ [6.3;7.91 945+ [92;96]
0.4 0.0 2.7%4 4.1hA 0.984 1.6
Water 1.9 + [1.5;2.2] 0.0 + [0.0;0.2] 13.4+ [9;17] 36.5 + [31;41] 35.3 + [30;39] 96.8 + [94;98]
storage 0.4% 0.0% 3.4% 6.08M% 5.0"¢ 1.6%B
Thermal 3.0+ [2.8;3.3] 0.1+ [0.0;0.2] 13.0 + [10;15] 37.1 + [32;41]1 249+ [21;27] 95.4 + [93;97]
cycling 0.3%® 0.0%® 1.7°4 4.5%A 2.71® 1.09
aPG Initial 29.3 + [25;33] 0.8 + [0.6;1.01 63.9+ [56;711 23.5 + [20;26] 2.2+ [1.7;271 929+ [90;95]
4.8 0.198 8.694 2.2¢fA 0.594 2.4®
Water 20.0 + [17;23] 0.5 + [0.4,0.6] 583+ [51;65] 28.3;3.4®  [2431] 89+ [8.1;9.7] 939+ [91;96]
storage 3.4%°A 0.0%9A 8.19A 0.9 2.5%48
Thermal 19.3 + [17;21] 0.7 + [0.6;0.91 589+ [53;63] 20.1 + [25;33] 7.5+ [6.2;8.8] 89.8+ [87;92]
cycling 1.3% 0.0%°® 5.5 3.94¢B 1.6%° 2.0%
aPP Initial 63.4 + [60;66] 1.5 + [1.41.7] 919+ (86971 41.2 + [38;43] 4.6 + [3.0;6.2] 723+ [68;75]
3.5 0.1 5.8 1.704 2.0° 3.1
Water 15.2 + [13;17] 0.5 + [0.3;0.6] 56.7 + [50;62] 41.8 + [40;43] 12.4 + [10;14] 74.2 + [71;76]
storage 1.99% 0.0%* 6.89A 0.8 1.4 1.8
Thermal 36.6 + [33;39] 1.2 + [1.1;1.4] 780+ [66;89] 44.6 + [42;46] 3.1+ [1.9;4.3] 756+ [72;79]
cycling 3.5% 0.198 14.8%B 1.3"8 1.5 3.2%A
avs Initial 90.7 + [87;931 2.4+ [2.3;2.6] 126 + [114;137] 30.3 + [28;32] 4.7 + [4.0;5.4] 81.0+ [77;84]
3.3h8 0.0"® 14.38% 1.28% 0.8 3.8%
Water 80.9 + [76;85] 22+ [2.0;2.4] 126 + [122;129] 33.8 + [32;35] 15.6 + [13;17] 84.4 + [80;87]
storage 5.40A 0.1%8A 3.37 1.088 1.688 3.3
Thermal 80.6 + [74;86] 22+ [2.0;2.5] 131 + [115146]  39.0 + [36;41] 5.6 + [3.0;8.2] 925+ [88;96]
cycling 9.5% 0.2 19.8%84 1.85¢ 3.5+ 4.0¢
ave Initial 12.4 + [10;14] 0.4 + [0.3;0.5]  42.0 + [39;45] 23.1 + [20;26] 3.4+ [2.9;3.9] 80.2+ [73;86]
1.1 0.0%* 2.6™ 2.7¢fA 0.5 7.8%A
Water 13.1 + [10;15] 0.5 + [0.3;0.6] 50.3 + [47;53] 22.9 + [20;25] 14.5 + [12;16] 77.7 + [72;82]
storage 2.6%B 0.1%<dB 2.5 1.794 1.0%8 5.3%
Thermal 20.3 + [17;22] 0.7 + [0.6;0.9] 71.5+ [66;76] 32.1 + [26;37] 17.1 + [13;20] 94.0 + [88;99]
cycling 2.3¢ 0.0¢ 5.39¢ 6.4 3.1h¢ 5.8PcdB
bBC Initial 83.9 + [81;86] 2.5+ [2.3;2.6] 122+ [111;134]  10.6 + [9.9;12] 0.1+ [0;0.3] - -
1.984 0.0" 14.48A 0.9%A 0.13°A
Water 86.5 + [84;89] 25+ [2.427] 122+ [114;130] 129 + [11;14] 1.5+ [1.1;1.9]1 - -
storage 2.6 0.0*1® 9.5+ 0.4® 0.3¢
Thermal 89.8 + [87;92] 2.6 + [2.5;2.8] 136 + [129;143] 141 + [12;15] 0.5+ [0.2;0.8] - -
cycling 2.28¢ 0.08¢ 8.3%8P 0.9¢ 0.248
bEP Initial 66.0 + [63;68] 1.4 + [1.3;1.5] 80.5+ (77831 6.6 + [5.8,7.41 0.0 + [0;0.2] - -
2.0% 0.0%* 2.6% 0.9% 0.0%
Water 67.5 + [65;70] 1.5 + [1.3;1.6] 845+ [81;871 73+ [7.1;7.5] 0.3+ [0.1;0.5] - -
storage 2,654 0.0 2.1%<C 0.1°8 0.1
Thermal 66.4 + [64;68] 1.4 + [1.3;1.6] 825+ [78;86] 7.6 + [7.2,7.91 0.0+ [0;0.2] - -
cycling 2.2¢A 0.0%AB 4.5%¢B 0.3#>C 0.1+aPA
bPC Initial 106 + [102110] 2.7 + [2.53.0] 171 + [163;180]  23.5 + [21;25] 0.5+ [0.1;0.9] - -
554 0.14 10.218 1.0%A 0.4B
Water 106 + [102110] 29+ [2.7;3.01 159 + [145172]  26.0 + [24;27] 0.6 + [0.3;1.0] - -
storage 5144 0.1%kA 17.1%hA 1.3d8 0.3%8
Thermal 108 + [100;116] 3.0 + [2.83.11 179 + (1681901  26.5 + [25;27]1 0.1+ [0;0.3] - -
cycling 12.0M 0.1® 14.0'¢ 0.5% 0.1b¢A
bTP Initial 107 + [103;110] 23+ [2.1;2.4] 121 + [117;125] 4.5+ [4.3;4.8] 0.2+ [0;0.4] - -
4.2k0 0.188 3,78~ 0.23* 0.15A
Water 108 + [104;111] 1.6+ [1.41.7] 120+ [112;128] 4.8+ [4.3;5.2] 0.4+ [0.1;0.6] - -
storage 3.8/AP 0.0 9.5+ 0.4% 0.23°8
Thermal 110 + [107;112] 23+ [2.2;2.5] 124 + [120;128] 4.5+ [4.3;48] 0.1+ [0;0.3] - -
cycling 2.4"8 0.0*® 3.4 0.2%4 0.1b¢A
bTH Initial 3.8+ [3.0;4.5] 0.1+ [0.0;0.3] 50.2 + [46;53] 17.1 + [15;18] 0.3 + [0.0;0.5] - -
leA O.ObA 3.2cB 1.0dA 0.2bcA
Water 6.6 + [5.8;7.3] 0.3+ [0.1;0.4] 385+ [35;41] 30.3 + [27;33] 3.1+ [2.53.7]1 - -
storage 1.1°® 0.0°® 2.1%A 2.3 0.6 %
Thermal 6.7 + [5.8;7.6] 0.3+ [0.1;0.4] 48.0 + [43;52] 28.6 + [20;36] 0.2 + [0.0;0.5] - -
cycling 1.5%P8 0.0%P8 4,38 9.54¢8 0.2%abcA
cPP Initial 99.7 + [96;102] 2.8 + [2.6;3.01 151 + [141;160] 23.3 + [22;24] 0.1+ [0.0;0.2] - -
3.3%iC 0.1+ 11.3+PA 0.3 0.1+
Water 63.6 + [59;671 26+ [2.4,2.8] 159 + [152;166]  26.7 + [25;28] 0.3 + [0.0;0.6] - -
storage 467 0.114 8.6 0.5 0.2%®
Thermal 85.9 + [76;95] 29+ [2.8;3.0] 153 + [143;162] 26.2 + [24;27] 0.0 + [0.0;0.2] - -
cycling 14.6*188 0.0¢ 11.6M 0.5% 0.0%3A
cPB Initial 102 + [100;105] 2.8 + [2.7;3.01 143 + [132;153] 22,5+ [20;24] 0.3+ [0.1;0.5] - -
2.4/¢ 0.1/¢ 12.8M 1.5%°A 0.2¢4
Water 83.1 + [77;88] 23+ [2.2;2.5] 153 + [146;159]  26.3 + [24;27]1 0.4+ [0.1;0.71 - -
storage 7.3hiA 0.1h4 7.584 0.8°® 0.23PA
Thermal 91.9 + [84;99] 2.8 + [2.6;2.9] 149 + [140;157]  25.9 + [24;27] 0.3+ [0.0;0.5] - -
cycling 11.1%8P 0.0"® 10.5"4 0.7%® 0.2¢A
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*Deviation from the normal distribution.
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abedefghifkpyifferent small letters indicate significant differences between the materials within one aging regime.
ABC Different capital letters indicate significant differences between the aging regimes within one material.

CI Confidence interval.
SD Standard deviation.
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Fig. 5. Mean FS values and standard deviations of tested materials for occlusal devices at baseline and after aging.
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Fig. 6. Mean E values and standard deviations of tested materials for occlusal devices at baseline and after aging.

the other materials followed by bTH and aVC (p < 0.001-0.008). aPP
and aPG showed lower HM values compared to bEP, bTP, aVS, bBC, cPB,
cPP and bPC (p < 0.001). bTP, aVS, bBC, cPB, cPP and bPC presented
higher HM values than bEP (p < 0.001). The injection molded materials
and bPC showed higher values compared to bTP, aVS and bBC
(p < 0.001). Only bPC presented higher HM values compared to the
injection molded materials (p = 0.041).

Within the thermal cycling group also aPF showed the lowest values
compared to the other materials followed by bTH and aPG (p < 0.001).

1177

aVC revealed lower HM values than bEP, bTP, aVS, bBC, cPB, cPP and
bPC (p < 0.001). bTP, aVS, bBC, cPB, cPP and bPC showed higher values
compared to aPP and bEP (p < 0.001). aVS, bBC, cPB, cPP and bPC
presented higher values than bTP (p < 0.001-0.023). Higher HM values
were observed for the injection molded materials and bPC than for aVvs$
and bBC (p < 0.001-0.010). Only bPC presented higher values than the
injection molded materials (p < 0.001).
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Fig. 7. Mean HM values and standard deviations of tested materials for occlusal devices at baseline and after aging.

3.3.2. Impact of artificial aging on Martens hardness

Artificial aging significantly affected the Martens hardness values of
the materials except for aPG, aPF, aVS, bTP, cPP and cPB (p =
0.053-0.471) (Table 3, Fig. 7). The highest Martens hardness values for
aPP were observed in the initial group and the lowest values were
calculated after water storage (p < 0.001-0.011). The highest Martens
hardness values were observed after thermal cycling and the lowest
values were calculated in the initial group for avC (p < 0.001). After
thermal cycling, the Martens hardness values were the highest compared
to water storage and initial aging for bBC (p = 0.003-0.011). The
highest Martens hardness values were observed after thermal cycling
and the lowest values were calculated in the water storage group for bPC
(p = 0.001-0.049). bTH presented the highest Martens hardness values
in the thermal cycling and initial group compared to water storage
(p < 0.001). bEP showed the highest Martens hardness values after
water storage and the lowest in the initial group (p = 0.004-0.036).
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3.4. Comparison of water sorption of all tested materials

3.4.1. Impact of the material on water sorption

Within the initial group bTP showed the lowest wy, values compared
to the other materials followed by bEP, bBC and bTH (p < 0.001)
(Table 3, Fig. 8). cPB presented lower values compared to cPP, aVS, aPF
and aPP (p < 0.001-0.023). aVC, aPG, bPC and cPP showed lower
values than aVS, aPF and aPP (p < 0.001). Only aPF and aPP revealed
higher wy;, values than aVS within the initial group (p < 0.001).

After water storage, bTP showed the lowest wg;, values compared to
the other materials followed by bEP and bBC (p < 0.001). aVC revealed
lower values than cPB, cPP, aPG, bTH, aVS, aPF and aPP (p < 0.001).
bTH, aVS§, aPF and aPP showed higher values compared to bPC, cPB and
cPP (p < 0.001). aVS, aPF and aPP presented higher values than aPG
and bTH (p < 0.001-0.002). Only aPP showed higher values compared
to aVvs (p < 0.001).

Within the thermal cycling group bTP showed the lowest wy, values
compared to the other materials followed by bEP and bBC (p < 0.001).
aVC, aPF, aVS and aPP presented higher values than cPB, cPP, and bPC

milled injection molded

bEP  bPC bTP bTH PP  cPB

Winitial
[ water storage
M thermal cycling

Fig. 8. Mean wy, values and standard deviations of tested materials for occlusal devices at baseline and after aging.
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(p < 0.001-0.023). Higher wy, values were observed for aPF, aVS and
aPP than for aPG and bTH (p < 0.001-0.049). aVC showed lower values
than aVS and aPP (p < 0.001-0.019). Only aPP showed higher values
compared to aPF and aVS (p < 0.001).

3.4.2. Impact of artificial aging on water sorption

Artificial aging significantly affected the wy, values of the materials
except for aPF and bTP (p = 0.394-0.671) (Table 3, Fig. 8). The lowest
Wy values were observed in the initial group and the highest values were
calculated after water storage and thermal cycling for aPG, bPC, bTH,
cPP and cPB (p < 0.001-0.003). aPP and aVC showed the lowest values
in the initial and water storage group and the highest wy, values after
thermal cycling (p < 0.001-0.004). The lowest w, values were calcu-
lated in the initial group and the highest values were presented after
thermal cycling for aVS, bBC and bEP (p < 0.001-0.034).

3.5. Comparison of water solubility of all tested materials

3.5.1. Impact of the material on water solubility

Within the initial group bEP and cPP showed lower values compared
to bTP, bTH, cPB, bPC, aPG, aVC, aPP, aVS and aPF (p < 0.001-0.026)
(Table 3, Fig. 9). bBC presented lower values than c¢PB, bPC, aPG, aVC,
aPP, aVS and aPF (p < 0.001-0.027). bTP, bTH, cPB and bPC showed
lower values than aPG, aVC, aPP, aVS and aPF (p < 0.001). aPG
revealed lower values compared to aVC, aPP, aVS and aPF (p < 0.001).
aVS and aPF showed higher values than avC (p < 0.001-0,002), while
only aPF presented higher values compared to aPP and aVS
(p < 0.001-0.004).

After water storage, lower wy) values were observed for cPP and bEP
than for bPC, bBC, bTH, aPG, aPP, aVC, aVS and aPF (p < 0.001-0.023).
bTP, cPB and bPC showed lower values compared to bBC, bTH, aPG,
aPP, aVC, aVS and aPF (p < 0.001). bBC presented lower values than
bTH, aPG, aPP, aVC, aVS and aPF (p < 0.001), followed by bTH, aPG
and aPP (p < 0.001-0.003). Only aPF had higher values than aVC and
avs (p < 0.001).

After thermal cycling, lower values were obtained for cPP than for
bPC, bTP, cPB, bBC, aPP, aVS, aPG, aVC and aPF (p < 0.001-0.026).
bEP showed lower values than cPB, bBC, aPP, aVS, aPG, aVC, aPF
(p < 0.001-0.019). bTH, bPC, bTP and cPB presented lower values
compared to bBC, aPP, aVS§, aPG, aVC and aPF (p < 0.001-0.034). bBC
revealed lower values compared to aPP, aVS, aPG, aVC and aPF
(p < 0.001), followed by aPP, aVS, aPG, aVC and aPF
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water solubility [pug/mmA3]

-
o
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(p < 0.001-0.041).

3.5.2. Impact of artificial aging on water solubility

Artificial aging significantly affected the wg values of the materials
except for cPB (p = 0.429) (Table 3, Fig. 9). The lowest wy) values were
observed in the initial group and the highest values were calculated after
water storage and thermal cycling for aPG (p < 0.001). aPF, aPP and
bBC showed the lowest values in the initial group and the highest after
water storage (p < 0.001-0.049). The lowest wy) values were calculated
in the initial and thermal cycling group and the highest values were
shown after water storage for aVS, bTP, bEP, bTH and cPP
(p < 0.001-0.016). avC showed the lowest values in the initial group
and the highest after thermal cycling (p < 0.001-0.010). bPC presented
the lowest values after thermal cycling compared to the other aging
regimes (p = 0.001-0.048).

3.6. Comparison of conversion rate of printed materials

3.6.1. Impact of the material on the conversion rate

After all aging regimes, aPP showed the lowest DC values compared
to the remaining printed materials (p < 0.001-0.023) (Table 3, Fig. 10).
Within the initial group aVC and aVS presented lower values than aPG
and aPF (p < 0.001). After water storage, aVC showed lower values
compared to aVS, aPG and aPF (p < 0.001-0.002), followed by aV§, aPG
and aPF (p < 0.001-0.019). Within the thermal cycling group aPG
revealed lower values than aVS and aPF (p < 0.001-0.028). Only aPF
showed higher values compared to aVS (p = 0.005).

3.6.2. Impact of artificial aging on the conversion rate

Artificial aging significantly affected the DC values of the materials
except for aPP (p = 0.217) (Table 3, Fig. 10). After water storage, aPF
showed the highest DC values compared to the other aging regimes (p =
0.010-0.019). The highest DC values were observed in the initial group
and after water storage for aPG (p = 0.002-0.007). aVS presented the
highest DC values after thermal aging and the lowest in the initial group
(p < 0.001-0.049). After thermal cycling, aVC showed the highest
values compared to the remaining aging regimes (p < 0.001-0.001).

3.7. Spearman’s correlation between all tested parameters within pooled
materials

Positive correlations between FS and HM (p < 0.001, R = 0.854), FS

milled injection molded

bEP bPC bTP bTH PP  cPB
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Fig. 9. Mean wy values and standard deviations of tested materials for occlusal devices at baseline and after aging.
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Fig. 10. Mean DC values and standard deviations of printed materials for occlusal devices at baseline and after aging.

and E (p < 0.001, R = 0.820) as well as wg, and wg (p < 0.001, R =
0.627) were observed. Negative correlations between FS and wyp
(p < 0.001, R = —0.446), FS and wy (p < 0.001, R = —0.532), E and wg,
(p < 0.001, R = —0.207), E and wy (p < 0.001, R = —0.493), HM and
wsp (p < 0.001, R = —0.218) as well as HM and wg (p < 0.001, R =
—0.503) were found.

4. Discussion

The aim of this investigation was to examine the physical properties
of five 3D-printed, five milled and two injection molded splint materials
for oral appliances. The tested null hypotheses stating that neither the
choice of material nor artificial aging procedure showed a significant
impact on FS, E, HM, wg,, w and DC were rejected.

No ISO standard has been established for splint materials till today.

180

Therefore, the ISO standard for denture base polymers was used to
evaluate FSand E [3,5,10]. According to ISO 20795-1:2013 the values of
hot polymerizable, thermoplastic moldings or granulates, light and mi-
crowave polymerizable polymers must be at least 65 MPa for FS and
2 GPa for E. The values of auto-polymerizable polymers must be at least
60 MPa for FS and 1.5 GPa for E. aPF, aPG, aPP, aVC and bTH showed FS
and E values below 65 MPa and 2 GPa initially and after all aging re-
gimes. Considering E, bEP also didn’t surpass the 2 GPa mark after all
aging regimes and bTP showed E values below 2 GPa after water stor-
age. As these materials did not fracture during the test, FS was calculated
by the force at maximum deflection. The geometry of the specimen
holder allowed a maximum deflection of 10 mm. The load-deflection
curves represent the different behaviors of the materials (Fig. 11).
These low calculated FS values could not be disadvantageous as no
fracture occurred. However, this depends on whether there is a
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Fig. 11. Load-deflection curves of the initial group for each material.



T. Maleki et al.

permanent deformation or whether the material returns to its original
position [18]. During the measurement, specimens made of aVS (3
specimens in the initial group, 11 water stored and 8 thermal cycled
specimens), bPC (9 specimens in the initial group, 13 water stored and
15 thermal cycled specimens), cPP (13 specimens in the initial group, 15
water stored and 15 thermal cycled specimens) and cPB (13 specimens
in the initial group, 15 water stored and 14 thermal cycled specimens)
fractured. This suggests that PMMA-based materials (bPC, cPP, cPB) do
not show high ductility. This is supported by the fact, that these mate-
rials showed the highest E values. aVS was the only printed material
which surpassed the limit of 65 MPa and 2 GPa. Interestingly, the
number of fractured aVS specimens increased significantly after aging
while the FS and E values decreased. Wy increased after water storage
and wgp and DC increased after all aging regimes for aVS. This might
have led to an increasing brittleness of the material and thus to an
increasing number of fractured specimens. The high FS and E compared
to the other printed materials can be explained by the composition of
aVs, as cross-linked polymer chains and inorganic fillers can increase
the strength of the resin [19]. To make a better conclusion, more precise
information from the manufacturer on the composition would be useful.
This differs from a previous study where aVS only achieved a FS of
37 MPa [13]. However, an explanation could be the different printing
direction of the specimens. The literature shows a relevant influence of
the printing direction on FS values and that the highest are achieved
with a vertical orientation on the building platform [20,21]. This could
have caused the higher values in the present study. bTP and bPC showed
the highest FS values after all aging regimes, with the difference that the
bTP specimens did not fracture. This speaks for the ductility and thus a
lower risk of fracture, better resistance to crack propagation and
simultaneously high strength of PC based materials [10]. This is sup-
ported by the result that bTP showed lower E values than bPC. bEP and
bBC showed no fracture, which might prove the ductility of POM-C and
PET-G based materials. The injection molded PMMA-based materials
showed lower FS values compared to the milled PMMA-based bPC after
all aging regimes and lower E values after water storage and thermal
cycling, which is consistent with previous investigations [10,13]. This
can be explained by the industrial production under high temperatures
and pressure, resulting in a dense polymer network of the milled spec-
imens [10,15]. While this finding acknowledges the potential advan-
tages of CAD/CAM milled devices, previous investigations showed no
significant difference between the FS values of injection molded and
milled PMMA-based materials [3,5]. The present study also showed no
significant difference between the E values of bPC, cPP and cPB in the
initial group. This calls for further investigations.

bPC showed the highest Martens values after all aging regimes fol-
lowed by the injection molded materials. This result agrees with a pre-
vious investigation, in which the milled PMMA material presented
higher Vickers hardness compared to the injection molded PMMA ma-
terial [13]. This is attributed to the industrial production of PMMA
blocks under high pressure, which results in fewer proceflaws and
reduced voids in the material [5,13].

The lower HM values observed for bTP compared to the milled and
injection molded PMMA materials are consistent with a previous pub-
lication in which PC-based milled materials showed a lower surface
hardness than injection molded PMMA material [10]. The conclusion of
another research study in which lower elastic modulus values were
obtained for injection molded PC-based denture base resins compared to
conventional PMMA material, underlines the assumption that the
composition of the material has a significant influence on its hardness
and is more relevant than the manufacturing method [22]. As a previous
publication reported higher Martens hardness values for bTP compared
to the injection molded PMMA material, further investigations are
necessary to investigate the cause for these findings more closely [5].
bBC showed similar Martens hardness values as bTP. Milled PC and
POM-C-based materials thus have similar hardness behavior, with HM
values of bBC even being superior to bTP after thermal cycling. aVS was
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the only printed material with similar HM values to bTP and bBC, thus
refuting the statement of earlier publications that 3D-printed resins
generally have lower mechanical properties compared to other materials
[5,11,13]. The high HM values of aVS can be explained by the compo-
sition of the resin as for example with a higher filler content [15,17].
However, due to the insufficient manufacturer’s data, this cannot be
definitively determined.

Except for bTH, the PET-G based bEP showed the lowest hardness
values in the group of milled materials and similar values to the printed
aPP. The 3D-printed materials aPF, aVC, aPG and the milled bTH
showed the lowest HM values with aPF being by far the softest material.
However, the higher HM values of aPP compared to aPF, aVC and aPG
contrast with the positive correlation between DC and hardness shown
in the literature. In the present investigation, aPP showed the lowest DC
values after all aging regimes. Further studies on the correlation be-
tween DC and HM are therefore required. Low HM values speak for the
elastic-plastic behavior of the materials [15]. With high forces occurring
during bruxism, the antagonistic teeth could thus be protected from
abrasion by a soft splint material. The manufacturers also advertise an
increased wearing comfort of the splints due to the plastic behavior.
However, this low HM could correlate with the increased wear of the
soft splint materials shown in the literature during 2-body wear [4,7,
12], as hardness is related to its resistance to abrasion by the antagonist
jaw [23]. Further studies are required to find out if there is a positive
correlation between hardness and abrasion of occlusal device materials.
This is highly clinically relevant, as volumetric and vertical loss can
cause a shift in the statics and dynamics of the splint, as well as a release
of monomer particles from the splint material [12]. Investigations have
shown that in 3D-printing, the layer thickness, the printing angle and the
post-curing method have an influence on hardness. A 50 um layer
thickness, a 45° printing angle and a post-polymerisation in an inert
atmosphere resulted in higher hardness values [11,14]. Therefore, pre-
cise information on these parameters should be provided by the
manufacturer.

Generally, the exposure of a material to a humid environment leads
to a degradation of the mechanical properties. For the materials aPF,
aVC, bBC, bTP and bTH, an increase in the FS values after thermal
cycling and for avVC, bBC and bTH after water storage was observed. The
E values of aPF, aVC, bBC, bPC, bTH and cPP also increased after
thermal cycling and of aVC, bBC, bEP and bTH after water storage
compared to the initial group. The HM values of aVC, bBC, bPC and bEP
after thermal cycling and of aVC and bEP after water storage also
increased. Previous studies describe a correlation between higher tem-
perature and increasing flexibility and softening of the material [24].
The increased FS and E values and thus the increased stiffness after
thermocycling could therefore be explained by the alternately immer-
sion of the specimen basket in the cold 5 °C water bath. Further in-
vestigations are necessary to investigate the cause for these findings. The
increased mechanical values for aVC could be explained by the
increased DC values after aging. The decrease in wy) for bPC after ther-
mal cycling compared to the initial group could be the explanation for
the higher HM and E values after thermal cycling. Aging showed no
significant influence on the FS values of bPC and bEP and no significant
influence on the HM values of aPF, aPG, aVS bTP, cPP and cPB, which
speaks for the long-term stability of the materials in the moist envi-
ronment of the oral cavity. The remaining materials showed a decrease
in mechanical properties after aging. The 3D-printed materials, except
aVC and aPF, and injection molded group, were more susceptible to
aging regarding FS compared to the milled group. In general, it can be
concluded that aging did not lead to a large decrease in hardness for all
materials, except for aPP.

Regardless the aging regime, bTP, followed by bEP and bBC, showed
the lowest wg, values compared to the other remaining materials. This
leads to the assumption that PC, PET-G and POM tend to absorb less
water in clinical situations and thus show a better long-term stability in
the oral environment. Low water sorption and solubility can be
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attributed to the high degree of polymerization of these materials [25].
High DC values mean a higher conversion of monomers to polymers and
thus better mechanical properties and biocompatibility [26]. In com-
parison, higher wg, values of bPC and bTH were calculated in this
investigation. Especially bPC showed similar wg, values compared to the
injection molded PMMA materials. Similar results for PC-based mate-
rials as well as comparatively higher wg, values for PMMAs were already
obtained in previous investigations [5,10]. 3D-printed resins showed
different behaviors. aVS, aPF and aPP presented the highest wg, values
after all aging regimes, supporting prior results that 3D-printed resins
absorb a greater amount of water [18,20]. Microscopic voids between
the resin layers as well as lower DC values could be the explanation for
the higher wg, values compared to milled and injection molded mate-
rials [20]. For aPG and aVC the sorption values were similar to that of
bPC, bTH and the injection molded materials. This is an interesting
result as aVC and aVS as well as aPG and aPF showed no significant
difference in the initial DC values. aPF even showed the highest DC rates
after all aging regimes. Only aPP showed inferior DC values after all
aging regimes. A previous study, which analyzed the effect of monomer
type on DG, W, and wy), concluded that not only the conversion but also
the chemical composition, the hydrophilic characteristics of the mono-
mers and the polymer network influence the composites sorption and
solubility behavior. [27]. The different composition of the 3D-printed
resins can therefore be used as an explanation for the varying wy,
values. Further research is necessary to investigate the cause for these
findings more closely. In contrast, all 3D-printed materials showed
higher wy) values than pressed and injection molded materials, with aPF
showing by far the highest solubility regardless of the aging regime. The
lowest wy) values after all aging regimes were obtained for bEP and cPP,
but it must also be mentioned that there were no major differences be-
tween the milled and injection molded materials. A negative correlation
between wg, and wy of the materials aPP and aVS is observed, with wy,
being higher in the water storage group compared to the thermocycling
group, whereas wg was higher in the thermocycling group than in the
water storage group. The correlation between wg, and wg requires
further investigations. By using a reduced layer thickness, lower w, and
wy) values could be achieved for printed materials. This is explained by
the fact that the light intensity during the printing process decreases
with increasing layer thickness, as it is absorbed and scattered by a
larger amount of resin particles, which leads to a gradation of the curing
from the surface towards the inside [14]. As there are plenty of
elastic-plastic splint materials on the dental market, international stan-
dards for occlusal devices should be established.

Since the clinical indication of splints is not only bruxism, but also
the correction of tooth and jaw misalignments (e.g., aligner therapy) or
the testing of a new bite position before the insertion of a definitive
restoration, patients wear them for up to 23 h. Therefore, the aging of
the materials by thermal cycling is relevant. Here, 5000 cycles corre-
spond to 6 months in vitro [18,28,29]. The decision for a material should
be made regarding the clinical situation. All 3D-printed materials,
except for aVS, and the milled bTH showed low mechanical properties.
Due to the low E and HM values in particular, the clinical use of these
materials for patients with severe bruxism should be considered criti-
cally as the materials have to withstand high masticatory forces of up to
770 N. The use of these soft splint materials for patients with cranio-
mandibular dysfunction should be investigated as part of in vivo studies.
The clinical indication of the splint should therefore be the deciding
criteria for the choice of material.

However, a limitation of the study is the consistent exposure to
moisture, especially during the 90-day storage period, as splints are not
worn continuously for 3 months. Further research is necessary to
investigate whether the properties of the 3D-printed materials are
influenced by wet-grounding, as it is unknown how deep printed spec-
imens are polymerized during post-processing. In this investigation the
Spearman’s correlation between all tested parameters was performed
within pooled materials. Further research investigating the correlations
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of the properties within each material are recommended. The DC of the
milled and injection molded materials could not be determined, as the
Raman spectra of the monomer of cPP and cPB showed no detectable
peaks and as the unpolymerized resin of the milled blank wasn’t
available.

5. Conclusion

Within the limitations in this in vitro study, the following conclu-
sions were drawn:

. The composition of the materials influences the mechanical and
physical properties, as large differences were found among the 3D-
printed and milled groups.

. The printed aVS showed similar mechanical properties as the milled
materials.

. 3D-printed materials showed higher wyp and wy values compared to
the milled and injection molded group.

. The 3D-printed materials, except aVC and aPF, and the injection
molded groups, were more susceptible to aging regarding FS
compared to the milled group.

. Aging did not lead to a large decrease in hardness, except for aPP.
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