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ABSTRACT

In the last years, a large number of new biocompatible materials for 3D printers

have emerged. Due to their recent appearance and rapid growth, there is little

information about their mechanical properties. The design and manufacturing

of oral appliances made with 3D printing technologies require knowledge of the

mechanical properties of the biocompatible material used to achieve optimal

performance for each application. This paper focuses on analysing the

mechanical behaviour of a wide range of biocompatible materials using differ-

ent additive manufacturing technologies. To this end, tensile and bending tests

on different types of recent biocompatible materials used with 3D printers were

conducted to evaluate the influence of the material, 3D printing technology, and

printing orientation on the fragile/ductile behaviour of the manufactured

devices. A test bench was used to perform tensile tests according to ASTM D638

and bending tests according to ISO 178. The specimens were manufactured with

nine different materials and five manufacturing technologies. Furthermore,

specimens were created with different printing technologies, biocompatible

materials, and printing orientations. The maximum allowable stress, rupture

stress, flexural modulus, and deformation in each of the tested specimens were

recorded. Results suggest that specimens manufactured with Stereolithography

(SLA) and milling (polymethyl methacrylate PMMA) achieved high maximum

allowable and rupture stress values. It was also observed that Polyjet printing

and Selective Laser Sintering technologies led to load–displacement curves with

low maximum stress and high deformation values. Specimens manufactured

with Digital Light Processing technology showed intermediate and homoge-

neous performance. Finally, it was observed that the printing direction signifi-

cantly influences the mechanical properties of the manufactured specimens in

some cases.
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Introduction

The dental sector is in continuous evolution towards

the use of the latest technological advances [1–5].

Nowadays computer-aided design and manufactur-

ing (CAD/CAM), which includes additive manufac-

turing (AM) techniques, are often used for the digital

workflow in dentistry. Such technologies are used for

the design of dental arches and appliances through

data recording with intraoral scanners (IOS) [6, 7].

Furthermore, IOS was used in [8, 9] to acquire the

dental images, which were designed to realize pros-

thetic dentistry. CAD/CAM technologies have also

been proposed for the evaluation and planning of

surgical interventions and for the design of dental

devices [10–12]. Some of the most common examples

are the design of teeth [13, 14] and orthopaedic

devices [15] and the planning of dental movements

with a high degree of accuracy [16, 17]. Schweiger

et al. showed to what extent 3D printing can be used

in dental laboratories and dental practices at present

[18]. Similarly, 3D printing and AM can be applied to

a wide range of medical applications [19]. This way,

Abid Haleem et al. performed a review of the appli-

cations of 3D printing in bone tissue engineering [20],

Genoa et al. studied the main factors that are critical

for bioprinting in bone tissue engineering [21] and

Daniela et al. proposed a novel synchronized dual

bioprinting approach for mechanically and biologi-

cally improved substitutes for cartilage tissue engi-

neering [22]. Finally, different additive

manufacturing techniques applied in the design,

diagnosis and planning of a locked intramedullary

nail used in the diaphyseal femoral fractures were

studied by Fernandes et al. [23].

The mechanical properties of biocompatible mate-

rials have to be taken into account to properly design

dental devices with 3D printing technology. An

inappropriate choice of material can lead to breakage

or high deformation, causing poor performance of

the manufactured device. In addition, the printing

direction of the device has to be carefully selected

due to its influence on the mechanical properties of

the manufactured part.

CAD/CAM technologies have been boosted in

recent years by the emergence of biocompatible

materials for 3D printing in the dental sector [24]. In

recent times, 3D printing has acquired fundamental

importance in the design of devices and dental

pieces. New biocompatible materials are appearing to

be used with this technology and the accuracy and

speed of the manufacturing process are continuously

increasing. Seven AM categories have been identified

according to the American Society for Testing and

Materials (ASTM) Committee F42 on AM technolo-

gies. These are the following: stereolithography

(SLA), material jetting (MJ), material extrusion or

fused deposition modelling (FDM), binder jetting,

powder bed fusion, sheet lamination, and direct

energy deposition. The following printing technolo-

gies have been used in this paper: Polyjet, Selective

Laser Sintering (SLS), Digital Light Processing (DLP),

and Stereolithography (SLA) [25, 26]. The most

commonly used AM technologies in dentistry

nowadays are SLA and MJ due to the appearance of

novel photopolymer and biocompatible materials

and their high resolution [27–29].

The use of 3D printing is widely extended in the

manufacturing of models for the production of

invisible teeth aligners. In recent years, great advan-

ces have been made in biocompatible materials that

allow the manufacturing of complete functional

devices such as mandibular advancement devices,

mouth guards, surgical splints, hearing aids, and

cutting guides [30]. In this sense, the ASTM has

already set technical standards for a wide range of

applications, designs, materials and processes, ter-

minology, and test methods related to additive

manufacturing. In this paper, tests have been con-

ducted according to general testing ASTM standards

for traction and bending tests. According to these

standards, the anisotropic behaviour has to be con-

sidered to have a better knowledge of the mechanical

characteristics of a material. This anisotropy is espe-

cially important in 3D printing techniques, where

parts are created through the superposition of layers

of material. Therefore, different properties are

expected in each direction.

Materials used in thermoformed invisible splints

have been thoroughly studied. They are well-known

for their mechanical behaviour over time [31–34].

However, this is not the case with new biocompatible

materials for 3D printing. This paper aims to analyse

the behaviour of a wide range of biocompatible

materials used in different additive manufacturing

technologies. To this end, their mechanical properties

for different layer orientations have been determined

using standardised tensile and bending tests. The

analysis of the results can help producers select the
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most suitable material, printing system, and printing

orientation according to the desired characteristics of

the device to be manufactured.

The study of the change of the properties of the

manufactured parts over time depending on the

biocompatible materials utilized and the environ-

mental conditions where they are used is out of the

scope of this paper. It is worth mentioning that there

are many studies referring to the different existing

technologies, their precision in terms of layer thick-

ness, and the influence of post-printing treatments

[35–37]. Several works have also studied the effect of

print orientation in the printing process on the

mechanical properties of manufactured specimens.

[38–40]. However, to the best of our knowledge, there

is no information about the mechanical behaviour of

materials used for the development of dental devices

in which different additive manufacturing technolo-

gies, biocompatible materials, and layer orientation

have been taken into account. These data are of great

interest to researchers to select the most appropriate

material and printing method to manufacture dental

devices.

Materials and methods

In this paper, the main biocompatible materials

existing on the market for 3D printing that can be

used for dental applications have been selected.

Thus, the materials tested in this work were one for

milling technology (PMMA) and eight for different

3D printing technologies: one for Polyjet, two for

Selective Laser Sintering (SLS), three for Digital Light

Processing (DLP), and two for laser-based Stere-

olithography (SLA). These materials are certified

biocompatible in compliance with ISO 10993-1:2010

[41]. This way, selected materials meet the require-

ments for dental applications in terms of cytotoxicity,

sensitivity, and irritation according to this interna-

tional standard. In the case of the milling technology,

the initial workpiece was a cylinder with a diameter

of 12 cm and a thickness of 40 mm. These dimensions

made it impossible to manufacture a specimen in the

thickness direction (Z). Therefore, only specimens

manufactured along the X and Y directions were

studied.

This way, the tested materials were classified

according to their manufacturing technology. Table 1

summarizes the manufacturing technology, printer

model, material commercial denomination and type,

and the denomination throughout the paper of the

materials used to carry out the tests in this work.

The specimens were created with the material

recommended by each manufacturer for their printer.

Manufacturers indicate the printing parameters and

optimize the performance of their printers according

to the materials they supply. The combination of each

printer and material provided specimens that

showed different behaviour. For example, DLP and

SLA are similar 3D printing techniques, although the

former uses a digital projector screen to flash an

ultraviolet light which cures the photopolymer

resins, and the latter a directed laser. However, dif-

ferent mechanical behaviours of the specimens were

observed from the results of the study.

Tensile tests and bending tests were conducted on

a population of specimens of the aforementioned

materials and manufacturing technologies. Tensile

tests were performed following the ASTM D638

standard [42]. Bending tests were conducted accord-

ing to the ISO 178:2019 standard [43], which is

equivalent to ASTM D790 [44]. Differences between

the two directions on the plane of the printer tray, X

and Y, and the perpendicular direction to it, Z, were

evaluated. Therefore, it was necessary to have spec-

imens for each manufacturing direction according to

the X, Y, Z axes. Figure 1 shows three different

positions of a part on the printer tray. The red faces

represent the printing layers in the three previously

mentioned directions during the manufacturing

process.

Five specimens of each material manufactured in

the three printing directions were tested. This way, 30

specimens were tested for each material and 270

specimens should have been tested. However, as

mentioned before, the PMMA specimens could only

be manufactured in the X and Y directions. Further-

more, due to supply problems, specimens manufac-

tured with SLA2 material were not evaluated in

traction tests in the Y printing direction. Conse-

quently, the results obtained with 255 specimens are

included in this paper. As indicated before, speci-

mens were supplied by the printer manufacturers.

This way, specimens were created by the printer

manufacturer with the material supplied and rec-

ommended for their printer. Manufacturers opti-

mized their printer’s performance according to the

indicated materials. The only common parameter in
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all cases was layer thickness, which was equal to

100 lm in all printed specimens.

A test bench designed by this research team was

used to carry out this work. The bench is composed

of a frame with a fixed and a mobile plate. Specimens

were tested as shown in Figs. 2 and 3. The movable

plate is the component used to apply the deformation

to the specimens. The excitation to the parts to be

tested is generated by a hydraulic cylinder controlled

by a servo-valve. This way, a controlled displacement

or force is transmitted to the movable plate. A high

accuracy displacement sensor and a force sensor

were used to measure de elongation and applied

forces, respectively.

Tensile tests

In the tensile tests, a progressively increasing force

was applied to the ends of the specimens by means of

two holder clamps. The lower clamp remained fixed

while the upper one moved at a constant speed of

0.1 mm/min (Fig. 2a). The applied force and the

elongation were continuously recorded with a load

cell and a linear variable differential transformer

(LVDT), respectively. The tensile tests continued until

the specimens broke (Fig. 2b). This way, the stress

that the material could withstand before complete

failure took place was measured.

Three key parameters to analyse material beha-

viour were obtained with these tests:

1. Maximum allowable stress.

2. Stress recorded at the moment of fracture, called

rupture stress.

3. Deformation suffered by the specimen before

fracture.

All the specimens were manufactured according to

the ASTM D638 standard (see Fig. 2c). The dimen-

sions of the specimens are shown inTable 2.

Bending tests

In the bending tests, each specimen was supported at

both ends as shown in Fig. 3a. Next, a progressively

increasing force was applied to the midpoint of the

top face of the specimen, producing continuous

transversal displacement and causing the curvature

of the sample (Fig. 3b). The tests continued until

specimen fracture took place. The force acting on the

material and the displacements of the midpoint were

recorded simultaneously.

The specimens and the supports were manufac-

tured according to the ISO 178 standard (Fig. 3c). The

Table 1 Specimen manufacturing technologies, printer model, materials, and material denomination

Manufacturing

technology

Printer model/milling machine

model

Material (commercial

denomination)

Material type Material

denomination

Polyjet Objet 260 MED 610 Photopolymer Polj

Selective Laser

Sintering

RICOH AM S5500P Ricoh AM S5500P (PA12) Polyamide 12 SLS1

EOS P110 P2200 (P12) Polyamide 12 SLS2

Digital Light

Processing

Voco Solflex 650 V-Print Ortho Methacrylate-based resin DLP1

Voco Solflex 650 V-Print Splint Methacrylate-based resin DLP2

Microlay versus 385 Freeprint Splint Mixture of acrylic/

methacrylic resins

DLP3

Stereolithography XFAB 2500PD DWS DS5000 Acrylic Resin SLA1

Formlab Form 2 Dental LT Clear Acrylic Resin SLA2

Milling Roland DWX-52DC (milling

machine)

PMMA poly methyl methacrylate PMMA

Figure 1 Orientation of the specimens on the print tray.
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thickness (h), width (b) and length (l) of the speci-

mens were 4, 10, and 80 mm, respectively. The

dimensions of the supports and the loading pin were

the following: the length between the supports

(L) was 64 mm, the punch and supporting piece

radius (R1 and R2) were 5 mm and the relief angle

(A) was C 5�.

In this case, four key parameters to analyse mate-

rial properties were obtained:

1. Maximum flexural stress.

2. Stress recorded at failure in bending, called

rupture flexural stress.

3. Flexural modulus.

4. Deformation suffered by the specimens before

fracture in the transversal plane.

Results and discussion

A total of nine materials suitable to be used in the

dental industry were tested. Eight of them are used in

3D printing technologies and one is used in milling

technology. As mentioned before, the specimens

were subjected to tensile and bending tests. Results

are shown next.

Figure 2 Tensile test.

a Specimen in the test bench.

b Rupture of the specimen.

c Specimen measurements.

Figure 3 Bending test. a Specimen in the test bench. b Maximum allowable specimen deflection. c Specimen, supports, and loading pin

measurements.

Table 2 Specimen dimensions for the tensile test according to

ASTM D638-02a

T – Thickness 3.20 mm

W – Width of the narrow section 3.18 mm

L – Length of the narrow section 9.53 mm

WO – Total width 9.53 mm

LO – Total length 63.5 mm

D – Distance between grips 25.4 mm

G – Length of calibrated section 7.62 mm

R – Rounding radius 12.7 mm
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Tensile test results

In these tests, total force applied to the specimens as

well as elongation were recorded. The initial dimen-

sions of the narrow section of each of the specimens

were measured with a Vernier caliper. In addition, it

was verified that all dimensional tolerances were

fulfilled. Figure 4 shows a sample of the results

obtained with a specimen of each material.

The total deformation of the specimens were

recorded in these traction tests, i.e. the change in

distance between grips were measured. These tests

were conducted as an initial evaluation of the speci-

mens. As we did not measure the deformations in the

narrow section, we cannot include the strain in these

figures. On one hand, it can be seen that SLA2 and

PMMA materials had the highest values for allow-

able stress and rupture stress. On the other hand, the

SLS1 material provided lower values for rupture and

maximum allowable stress. Besides, SLS2 showed

great tenacity in all directions, but its maximum

allowable stress was medium–low. Interestingly, the

SLS1 tenacity was high in the X and Y direction but

very low in the Z direction. The average maximum

allowable stress and rupture stress of the specimens

of each material and printing direction as well as the

maximum and minimum values obtained in the tests

are shown in Figs. 5 and 6.

It can be observed that SLA2 and PMMA reached

the maximum allowable stress and rupture stress.

Both materials showed brittle behaviour. There were

no big differences between the three printing direc-

tions. DLP materials showed a quite homogeneous

performance, being slightly better in the Z direction.

Tables 3 and 4 show the average results of maxi-

mum allowable stress and rupture stress obtained in

tensile tests of specimens of each one of the materials

in the three printing directions X, Y, Z as well as their

Figure 4 Tensile test results with a specimen of each material.
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standard deviations (Values are presented as

means ± SD). As mentioned before, no results are

available for the Y-axis of the SLA2 material due to

lack of supply of the specimen and for the Z-axis of

the PMMA material due to the impossibility of pro-

ducing milled specimens in this direction.

Concerning deformation, Table 5 shows the aver-

age elongation at maximum stress (EMS) and elon-

gation at the rupture point (ERP) in the three printing

directions. In brittle specimens, both values are quite

similar, such as in DLP and SLA specimens. As

shown in Fig. 4, the highest elongations were

achieved with the SLS manufacturing technology.

Bending test results

In these three-point flexural tests, total force applied

to specimens as well as deflections of test specimens

at midspan were recorded. With these data, flexural

Figure 5 Average maximum allowable stress for each material in the X, Y and Z printing directions.

Figure 6 Average rupture stress for each material in the X, Y and Z printing directions.

Table 3 Maximum allowable stress (UTS) and standard deviation

(SD) of the tensile test

UTS X [MPa] UTS Y [MPa] UTS Z [MPa]

Polyjet 58.87 ± 1.12 56.03 ± 0.86 35.64 ± 2.06

SLS1 23.94 ± 1.87 23.98 ± 0.60 18.76 ± 1.78

SLS2 43.47 ± 0.16 43.65 ± 0.49 42.79 ± 0.58

DLP1 48.13 ± 2.74 59.09 ± 3.82 59.49 ± 1.20

DLP2 66.12 ± 2.58 59.25 ± 7.20 69.20 ± 1.06

DLP3 52.69 ± 6.05 59.99 ± 2.09 70.48 ± 0.35

SLA1 55.53 ± 0.88 56.48 ± 1.25 57.19 ± 1.60

SLA2 85.44 ± 2.98 – 83.2 ± 11.30

PMMA 88.08 ± 2.58 89.61 ± 1.58 –

Table 4 Average fracture stress (FS) and standard deviation (SD)

of the tensile test

FS X [MPa] FS Y [MPa] FS Z [MPa]

Polyjet 43.16 ± 3.99 40.37 ± 2.66 35.61 ± 2.06

SLS1 14.13 ± 4.25 12.76 ± 3.52 18.37 ± 1.97

SLS2 32.54 ± 0.98 32.36 ± 0.78 33.54 ± 0.71

DLP1 48.13 ± 2.74 59.02 ± 3.83 58.08 ± 0.87

DLP2 66.11 ± 2.59 59.14 ± 7.11 66.27 ± 2.64

DLP3 52.69 ± 6.05 59.99 ± 2.09 69.38 ± 1.17

SLA1 52.89 ± 2.47 53.73 ± 2.22 51.16 ± 3.63

SLA2 85.44 ± 2.98 – 77.42 ± 7.95

PMMA 87.95 ± 2.52 89.47 ± 1.60 –
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stresses and flexural strains were obtained. Figure 7

shows a sample of the results obtained in these flex-

ural tests with a specimen of each material.

Figures 8 and 9 show the average maximum stress

and rupture stress for each of the materials, as well as

the maximum and minimum values obtained in these

tests. The average values and standard deviations are

shown in Tables 6 and 7.

It should be noted that the material with the

highest maximum stress and rupture stress in the

Table 5 Elongation at maximum stress (EMS) and elongation at rupture point (ERP)

EMS X [mm] ERP. X [mm] EMS. Y [mm] ERP Y [mm] EMS Z [mm] ERP Z [mm]

Polyjet 1.092 1.604 1.109 1.729 0.594 0.595

SLS1 2.097 6.876 2.258 9.812 1.393 1.488

SLS2 2.407 5.44 2.338 5.281 2.387 4.935

DLP1 0.873 0.873 1.292 1.32 1.373 1.653

DLP2 1.243 1.251 1.077 1.094 1.24 1.518

DLP3 1.548 1.548 1.819 1.819 2.862 3.334

SLA1 1.296 1.613 1.292 1.636 1.289 1.971

SLA2 1.231 1.241 – – 1.152 1.474

PMMA 1.394 1.43 1.514 1.529 – –

Figure 7 Flexural test results with a specimen of each material.
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bending tests was SLA2 and PMMA, having similar

values in all printing directions. SLS materials

reached low maximum stress values, but rupture did

not take place before maximummeasured strain. This

way, the SLS material again proved to be the most

ductile of all the tested materials.

Figure 10 and Table 8 show the flexural modulus

(FM) of the materials. It can be seen that the SLA2

material provided a high flexural modulus value

regardless of the printing directions. On the other

hand, the SLS1 printing material had the lowest

flexural modulus value of all the tested materials and

printing technologies.

Table 9 shows the bending deformation measured

in these tests. The maximum strain was limited to

15%. In this table, XM, YM and ZM columns include

the deformations measured at maximum stress with

the specimens manufactured in the X, Y and

Figure 8 Average maximum flexural stress for each material in the X, Y and Z printing directions.

Figure 9 Average stress at maximum strain for each material in the X, Y and Z printing directions.

Table 6 Average results of maximum stress and standard

deviation for each manufacturing direction of the specimens

UTS X [MPa] UTS Y [MPa] UTS Z [MPa]

Polyjet 75.38 ± 3.27 72.46 ± 3.84 30.05 ± 2.19

SLS1 33.42 ± 1.52 35.03 ± 1.67 30.09 ± 1.82

SLS2 70.18 ± 0.98 74.08 ± 1.12 73.24 ± 0.43

DLP1 82.81 ± 3.04 85.42 ± 7.34 89.99 ± 6.61

DLP2 79.06 ± 27.52 109.73 ± 3.63 113.61 ± 7.31

DLP3 102.68 ± 7.59 102.74 ± 11.95 109.06 ± 6.11

SLA1 73.89 ± 0.44 81.54 ± 1.74 76.25 ± 13.03

SLA2 129.17 ± 24.42 129.45 ± 13.74 141.97 ± 5.54

PMMA 126.46 ± 2.03 124.26 ± 2.66 –

Table 7 Average results of stress at maximum strain and standard

deviation for each manufacturing direction of the specimens

FS X [MPa] FS Y [MPa] FS Z [MPa]

Polyjet 43.71 ± 4.85 42.19 ± 3.40 30.05 ± 2.19

SLS1 24.39 ± 2.51 27.37 ± 2.08 23.31 ± 0.92

SLS2 50.94 ± 0.61 57.91 ± 6.49 54.99 ± 1.10

DLP1 82.81 ± 3.04 85.31 ± 7.22 87.04 ± 6.86

DLP2 79.06 ± 27.52 109.73 ± 3.63 113.61 ± 7.31

DLP3 101.42 ± 6.56 102.74 ± 11.95 109.06 ± 6.11

SLA1 61.90 ± 10.31 67.41 ± 9.04 68.10 ± 13.14

SLA2 126.88 ± 24.79 119.58 ± 12.99 126.17 ± 7.73

PMMA 126.06 ± 1.93 124.15 ± 2.55 –
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Z printing directions, respectively. Similarly, XR, YR

and ZR are the deformations measured at maximum

strain. It can be seen that the DLP materials had rel-

atively low deformation values in all printing direc-

tions. In contrast, the SLS1 and SLS2 materials had

large deformation values in all printing directions at

maximum stress and rupture stress values. These

materials are among the most ductile ones in the

selected population of specimens. As it was pointed

out before, these materials did not break at maximum

deformation in some tests. It is worth highlighting the

behavior of Polyjet. The maximum strain reached

with this material was very high in the X and

Y printing direction. However, the maximum allow-

able strain in the Z direction was extremely low.

It can be seen that some materials seem to have a

brittle behaviour, while others show a more ductile

behaviour. In ductile materials, there is a significant

deformation before rupturing, which alerts of an

imminent fracture. This way, ductile materials can

prevent pieces from breaking unexpectedly in the

mouth. On the other hand, fragile materials break

suddenly with very little elastic deformation and,

therefore, without prior warning.

A further study of the test results can contribute to

gaining a better insight into these materials. Thus, an

analysis and a discussion of the results obtained from

the conducted tensile and bending tests are carried

out next.

Figures 11 and 12 show the maximum allowable

stress vs flexural modulus and vs the stress at the

maximum strain, respectively, in the bending tests in

the three printing directions. Average values are

marked with a ‘ ? ’ symbol. In brittle materials, both

Figure 10 Flexural modulus for each material in the X, Y and Z printing directions.

Table 8 Average results of the flexural modulus and standard

deviation values for each manufacturing direction of the

specimens

FM X [MPa] FM Y [MPa] FM Z [MPa]

Polyjet 2039 ± 81 1747 ± 38 1707 ± 27

SLS1 967 ± 40 908 ± 39 766 ± 71

SLS2 1863 ± 89 1973 ± 117 1935 ± 129

DLP1 1850 ± 30 1953 ± 29 2092 ± 165

DLP2 2887 ± 202 2854 ± 141 2914 ± 233

DLP3 2433 ± 38 2760 ± 73 2685 ± 90

SLA1 1599 ± 92 1837 ± 42 1803 ± 117

SLA2 3213 ± 570 3069 ± 348 3383 ± 12

PMMA 3071 ± 29 2917 ± 68 –

Table 9 Deformation at

maximum stress (- M) and

maximum strain (- R)

Def. XM [%] Def. XR [%] Def. YM [%] Def. YR [%] Def. ZM [%] Def. ZR [%]

Polyjet 5.66 13.84 6.13 15 1.8 1.8

SLS1 7.56 15 8.17 14.53 8.46 14.13

SLS2 6.84 15 7.17 15 7.28 15

DLP1 6.33 6.33 6.49 6.56 6.91 8.61

DLP2 3.03 3.03 4.92 4.92 4.96 4.96

DLP3 5.86 6.67 4.65 4.65 5.48 5.48

SLA1 7.34 12.18 6.82 11.75 6.08 8.64

SLA2 6.43 7.38 6.06 7.99 6.39 10.33

PMMA 6.76 7 6.83 6.97 – –
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values are quite similar and the average value is

located close to the diagonal of the box. On the con-

trary, the further away from the average value from

the diagonal is, the more ductile the behaviour of the

material is. Furthermore, the length of the axes of the

coloured ellipses represents the standard deviations

of the measured values.

It can be seen that the highest maximum allowable

stresses were reached with SLA2 and PMMA mate-

rials while the lowest values were reported with SLS1

specimens. SLS1, SLS2, Polyjet, and PMMA speci-

mens showed highly repetitive results. According to

these low standard deviation values, devices manu-

factured with this material will show a homogenous

performance. On the contrary, SLA2 and DLP2

showed a higher dispersion of the results in the

bending tests carried out in the X and Y direction. In

these cases, an appropriate design of the devices

taking into account the expected loads on the man-

ufactured parts might reduce the effects of bending

stresses.

Next, Fig. 13 shows strain at yield point vs maxi-

mum strain in the bending tests. Average values

above the diagonal indicate a ductile behaviour of the

materials.

It can be observed that Polyjet in the X and Y di-

rections and SLS2 and SLS1 in all cases showed great

deformation levels, being the most ductile materials.

On the contrary, DLP materials showed lower

admissible strain rates. In most cases, the dispersion

Figure 11 Maximum allowable stress versus flexural modulus.

Figure 12 Maximum allowable stress versus stress at maximum strain.
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of the yield strain values was low. However, high

standard deviation values were observed for the

maximum strain values. This way, SLA1 and DLP3

showed great dispersion in the measured values.

Materials such as PMMA, SLA2 and DLP2 have

intermediate mechanical behaviour compared to the

other materials, making them preferable to manu-

facture dental devices. Results show heterogeneous

behaviour in the tested biocompatible materials.

Regarding the influence of printing direction,

Table 10 shows the relative change in the percentage

of Maximum Allowable Stress (MAS) measured in

the Y and Z directions with respect to the values

obtained in the X direction in the bending tests.

Results suggest that the printing direction influ-

ences the results obtained in some cases. This way,

specimens manufactured with Polyjet and SLS1

showed a degraded performance in the Z direction in

traction tests. On the contrary, DLP specimens

printed in the Z direction provided better results.

Results obtained with SLS2, PMMA and SLA showed

that the mechanical behaviour of the tested speci-

mens was homogeneous regardless of the printing

direction.

Table 11 shows that the estimated flexural modulus

(FM) obtained from the tests is significantly affected

by the printing directions. In some cases, the flexural

modulus in the X direction was the highest one, such

as Polyjet and SLS1. On the other hand, in DLP1,

DLP3 and SLA1, the highest value of the flexural

modulus was measured in the Z direction, being

more than 10% higher compared to the other two

directions.

It can be observed that, in some cases, the printing

direction significantly changes the mechanical prop-

erties of the specimens. This fact might be due to a

poor connection between the printing layers. There-

fore, if a dental splint made of Polijet or SLS1

Figure 13 Yield strain versus maximum strain.

Table 10 Comparison of

maximum allowable stresse s Traction tests Bending tests

100� MASX�MASYð Þ
MAX

100� MASX�MASZð Þ
MAX

100� MASX�MASYð Þ
MAX

100� MASX�MASZð Þ
MAX

Polyjet 4.82 39.46 3.87 60.14

SLS 1 - 0.33 21.64 - 4.82 9.96

SLS 2 - 0.41 1.56 - 5.56 - 4.36

DLP 1 - 22.77 - 23.6 - 3.15 - 8.67

DLP 2 10.39 - 4.66 - 38.79 - 43.7

DLP 3 - 13.85 - 33.76 - 0.06 - 6.21

SLA 1 - 1.71 - 2.99 - 10.35 - 3.19

SLA 2 – 1.78 - 0.22 - 9.91

PMMA - 1.74 – 1.74 –
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materials is printed in the Z-direction, the forces

required for removal of the splint may cause it to

break easily due to retention of the device in the

dental arches. In consequence, it is recommended to

print the devices in a direction in which the device is

not strained to avoid this problem. However, if there

are forces in all directions, the design must be carried

out taking into account the manufacturing direction.

Finally, although the material is the same in some

AM technologies, ‘‘acrylic resin,’’ the manufacturers

use different percentages of compositions according

to the technology used. Therefore, the results

obtained in this paper are related to the materials

provided by the printer manufacturers. However, the

study of the influence of material composition is out

of the scope of this paper.

In summary, when designing an intraoral device, it

is advisable to take into account the efforts to which it

will be subjected and their directions, as well as the

deformations allowed for proper operation. With this

information, the appropriate manufacturing technol-

ogy and material can be selected.

Conclusions

This paper focuses on the influence of the manufac-

turing process and printing direction on the proper-

ties of parts manufactured with a wide range of

biocompatible materials used in dentistry. Specimens

of these materials have been characterized by con-

ducting tensile and bending tests.

From the analysis of the obtained results, it can be

concluded that:

– Specimens manufactured with Stereolithography

(SLA) and milling (polymethyl methacrylate

PMMA) achieved high maximum allowable and

rupture stress values. Particularly, SLA2 showed

a high flexural modulus value in all printing

directions.

– Polyjet printing and Selective Laser Sintering

(SLS) technologies led to force-deformation

curves with low maximum stress and high defor-

mation values.

– The Digital Light Processing (DLP) technology

showed intermediate and homogeneous perfor-

mance compared with the other technologies

regardless of the material used.

– Printing direction significantly influences the

mechanical properties of the manufactured spec-

imens in some cases. This way, specimens man-

ufactured with Polyjet and SLS1 showed a

degraded performance in the Z direction. On the

contrary, the performance of SLS2, PMMA, and

SLA was similar in all printing directions.

Lastly, the final selected combination of biocom-

patible material and printing technology should take

into account the value and direction of the expected

loads on the manufactured devices. In general, the

best materials for this type of application should have

high toughness with a good balance between strength

and elasticity, such as in the case of SLS2 in all

printing directions and DLP3 and SLA2 in the X-di-

rection. It should be noted that a dental device might

not work properly when a permanent deformation

has been caused. This work will contribute to gaining

insights into the best possible combination of printing

technology, printing direction, and biocompatible

material for the manufacture of dental devices. Fur-

thermore, cost and printing times should also be

evaluated to select the most suitable combination of

factors. Future works will focus on evaluating the

change in the properties of the printed parts over

time depending on the materials used and the envi-

ronmental conditions in which they are used. This

work will serve as a baseline to be compared with the

results obtained in long-term testing. Furthermore,

SEM analysis on some of the best-performing mate-

rials for analysing the type of failure, type of defor-

mations and to analyse the microstructure of the

specimens will also be tackled in future papers.

Table 11 Comparison of flexural modulus values

Bending tests

100� FMX�FMSYð Þ
FMX

100� FMX�FMZð Þ
FMX

Polyjet 14.32 16.28

SLS 1 6.1 20.79

SLS 2 - 5.9 - 3.86

DLP 1 - 5.57 - 13.1

DLP 2 1.14 - 0.94

DLP 3 - 13.4 - 10.4

SLA 1 - 14.9 - 12.8

SLA 2 4.48 - 5.29

PMMA 5.01 –
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