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Abstract
With the development of three-dimensional (3D) printing, 3D-printed products 
have been widely used in medical fields, such as plastic surgery, orthopedics, 
dentistry, etc. In cardiovascular research, 3D-printed models are becoming more 
realistic in shape. However, from a biomechanical point of view, only a few studies 
have explored printable materials that can represent the properties of the human 
aorta. This study focuses on 3D-printed materials that might simulate the stiffness 
of human aortic tissue. First, the biomechanical properties of a healthy human 
aorta were defined and used as reference. The main objective of this study was to 
identify 3D printable materials that possess similar properties to the human aorta. 
Three synthetic materials, NinjaFlex (Fenner Inc., Manheim, USA), FilasticTM (Filastic 
Inc., Jardim Paulistano, Brazil), and RGD450+TangoPlus (Stratasys Ltd.©, Rehovot, 
Israel), were printed in different thicknesses. Uniaxial and biaxial tensile tests were 
performed to compute several biomechanical properties, such as thickness, stress, 
strain, and stiffness. We found that with the mixed material RGD450+TangoPlus, it 
was possible to achieve a similar stiffness to healthy human aorta. Moreover, the 
50-shore-hardness RGD450+TangoPlus had similar thickness and stiffness to the 
human aorta.
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1. Introduction
Three-dimensional (3D) printing has been widely used in various fields. The 
technology uses computational 3D imaging software to sort out tomographic data in 
order to produce 3D reconstruction images. This information can be regenerated into 
standard tessellation language (STL) files. In recent years, medical fields such as plastic 
surgery, orthopedics, dentistry, etc. have also begun to apply 3D printing[1-6]. The main 
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procedures in iatrical use can be summarized into two 
steps: modeling personalized geometry from computerized 
tomography (CT) or magnetic resonance (MR) images, 
and then printing as a prosthesis. Existing applications 
in the cardiovascular field mainly focus on education and 
preoperative simulation[7-10]. The aim of these studies has 
been to simulate the shape of human aortas, arteries, or 
valves, rather than their biomechanical properties; thus, 
the majority of printed aortas and arteries are made with 
hard material. There are more than two reasons to explain 
the need for the development of an aortic representable 
syntactic material. First, due to variations in tensile test 
machine measurements, the result from one study is not 
always comparable to another[11]. Considering that the 
aortic wall exhibits biomechanical characteristics such as 
nonlinearity, anisotropy, and low stiffness[11,12], proposing 
a common syntactic material could be helpful to elaborate 
aortic biomechanical experiments[13]. Experiments that 
have been performed with the synthetic material should 
be reproducible and as close as possible to the real aorta. 
Second, computational fluid dynamic (CFD) and fluid-
structure interaction (FSI) analyses have been widely 
applied in the simulation of aortic dilatation or other 
aortic diseases[14-16]. However, a common limitation of 
these studies is the lack of validation, especially for studies 
based on phantoms[17-19]. Building a phantom with an 
aortic representable synthetic material would appear to be 
essential if experiments are to be extended to living aortic 
tissue. A baseline for aortic simulation might be possible 
through an image analysis of the phantom[20]. Such a study 
does not require biocompatible materials. As far as we know, 
very few studies have explored the use of soft materials in 
printing arteries[21-24]. A common soft material used in 

these studies is the rubber-like material TangoFLX930TM 
(Stratasys Ltd.©, Israel). These studies have dealt with the 
pulmonary artery, mitral valve, and cerebral vessels. The 
reported stiffness value in these studies is lower than that 
of the human aorta[11]. The aim of our present study was to 
identify printable materials that could better represent the 
human aorta.

2. Materials and method
2.1. Materials 
A fresh healthy human aorta was obtained from an autopsy 
from the Department of Pathology, University Hospital of 
Dijon, Dijon, France (Figure 1). The patient was 16 years 
old and died from pulmonary embolism at the hospital. The 
patient had no underlying health conditions. With regard 
to Jardé law (French Bioethics law), patient consent was 
waived as autopsy samples are not concerned by bioethical 
regulations. The sample (11 cm in length) corresponded to 
the descending thoracic aortic wall (beginning after the left 
subclavian artery, extending down, and terminating at the 
start of the abdominal aorta), with perforating medullary 
arteries seen as small holes in Figure 1.

The aortic sample was visually separated into the 
medial aortic quadrant (smaller curvature of the aortic 
wall), lateral aortic quadrant (greater curvature of the 
aortic wall), proximal aorta, middle aorta, and distal aorta. 
Six specimens were obtained: one in the medial proximal 
area, two in the medial middle area, one in the lateral 
middle area, one in the medial distal area, and one in the 
lateral distal area.

Several thermoplastic polyurethane and rubber-like 
materials were tested as 3D-printable materials that could 

Figure 1. Healthy aortic sample taken during the autopsy of a 16-year-old boy who died from pulmonary embolism. The orientation of the aorta (medial 
and lateral in blue; proximal, middle, and distal in red) is indicated on the image. Perforating medullary arteries are also seen in the image.



International Journal of Bioprinting Biomechanical properties of 3D printable materialv

Volume x Issue x (2023) https://doi.org/10.18063/ijb.7363

mimic the biomechanical properties of a human aorta. 
These synthetic materials are not biocompatible. Therefore, 
phantoms were used to carry out the biomechanical study 
and simulation. Two groups of materials were tested: 
thermoplastic polyurethane and rubber-like materials.

2.1.1. Thermoplastic polyurethane
Two thermoplastic polyurethane materials, NinjaFlex 
(Fenner Inc., Manheim, USA) and FilasticTM (Filastic 
Inc., Jardim Paulistano, Brazil) were provided by Dijon 
3D Company (Dijon, France). The NinjaFlex material was 
printed at a temperature of 225°C–235°C. Heating plates 
were not required during printing. The printing speed was 
15–35 milliseconds per meter. The MakerBot (MakerBot 
Industries, USA) 3D printer equipped with a Thingiverse 
driver block (MakerBot Industries, USA) was dedicated 
to NinjaFlex printing. The machine was kept at a strict 
horizontal position during the printing process. In order 
to minimize printing errors (within 0.05 mm), the 3D 
printing machine was adjusted by a standard scale. The 
diameter of the original material was 1.75 mm, with 85 
shore hardness (SH). For experimental purposes, different 
thicknesses of NinjaFlex material were printed, ranging 
from 0.2 mm to 1.8 mm in 15 mm × 15 mm squares. Due 
to printing process issues and low thickness managements, 
samples ranging in thickness from 0.2 mm to 0.7 mm were 
excluded in this study. Phantoms from the second material, 
the 85-SH FilasticTM, were printed at a nozzle temperature 
of 220°C–240°C. A heating plate was necessary for 
printing, and the heating stability should be 100°C–110°C. 
During the printing process, the distance between the gear 
and the printing tube was controlled to be constantly less 
than 5 mm. The thickness interval of the material could 
only be controlled within 0.05 mm due to the material’s 
characteristics. Different thicknesses of FilasticTM were 
printed, ranging from 0.5 mm to 0.85 mm in 40 mm × 
40 mm squares.

2.1.2. Rubber-like material (RGD450+TangoPlus)
RGD450+TangoPlus is an advanced rubber-like material 
that can be printed with a smooth surface by ENNOIA 
Company (Besançon, France) using the Connex3TM 
Object500 3D printer (Stratasys Ltd.©, Israel). It is a 
composite material of RGD450 and TangoPlus (Stratasys 
Ltd.©, Israel). Materials of different shore hardness were 
printed and tested (Table 1). Although the size of the 
printed RGD450+TangoPlus specimens was 40 mm  × 
40  mm, the size of the tested RGD450+TangoPlus 
specimens was only 15 mm × 15 mm. Figure 2 shows 
the printed RGD450+TangoPlus specimens. The tested 
specimens maintained directional consistency during 
testing. The direction was fixed according to the biaxial test 
system and was defined as A and B.

2.2. Method
The aortic wall sample from a healthy patient was preserved 
in phosphate-buffered saline during the transfer from the 
autopsy room to the laboratory for tensile experiment. Due 
to the regional differences in biomechanical properties of 
the aortic wall[12], the samples were cut into smaller square 
samples (15 mm × 15 mm) in order to mimic standard equi-
biaxial experiments on aortic tissue. The average thickness 
was measured using an electronic micrometer (Litematic 
VL-50, Mitutoyo®, Japan) before loading. Each aortic 
specimen was labeled according to their circumferential 
and longitudinal directions with respect to the blood flow 
in the aorta. Biomechanical experiments were carried out 
using a biaxial tensile test machine (LM1 Planar Biaxial, 
TA Instruments, USA, Figure 3). The preconditioning was 
set to 10% of the experimental sample length (10 mm), 
with 10 loading-unloading repetitions.

Only uniaxial tests were performed on the thermoplastic 
polyurethane material due to its isotropic behavior during 
the printing process, whereas biaxial tensile tests were 
performed on the healthy human aorta and the rubber-like 
material. All tensile tests were repeatedly performed, and 
surgical hooks were used to secure the connection between 
the sample and the system. Only one result per material 
per thickness was preserved in our study: the one with the 
smoothest stress–strain curve.

The maximum Young’s modulus, also known as the 
elastic modulus, was calculated for the evaluation of sample 
stiffness[25]. The printed material was studied according to 
three parameters: thickness, the maximum value of Young’s 
modulus, and the stress–strain curves. 

3. Result
3.1. Thickness and maximum Young’s modulus
There was a difference between the expected printed 
thickness and the experimentally measured thickness 
(Tables 3 and 4). Nevertheless, the maximum Young’s 
modulus was compared among materials.

3.1.1. Human aorta
The aortic wall had a mean thickness of 1.49 ± 0.34 mm. 
The mean failure stress and maximum Young’s modulus 

Table 1. RGD450+TangoPlus material printed with different 
shore hardness and thicknesses

Thickness of RGD450+TangoPlus material (mm)

70 SH 2

60 SH 2

50 SH 2 2.5 3 3.5

40 SH 2.5 3 3.5 4
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were 0.48 ± 0.09 MPa and 0.91 ± 0.23 MPa, respectively 
(Table 2).

3.1.2. Thermoplastic polyurethane
The thickness, failure stress, and maximum Young’s 
modulus of the tested NinjaFlex material are shown in 
Table 3. There was a noticeable discrepancy between the 
thickness measured in the experiments and the thickness 
set at printing. The maximum difference was observed in 
the NinjaFlex specimen with a nominal 1.7 mm thickness 
(10.12%). On the other hand, the NinjaFlex specimen with 
a 0.9 mm thickness had the smallest difference (1.67%).

As the thickness of the NinjaFlex material increases, its 
failure stress showed a general increasing trend; however, 
its stiffness did not show a steadily increasing trend. 
The maximum Young’s modulus ranged from 8.24 to 
11.90 MPa.

Upon testing the FilasticTM material with different 
thicknesses, the thickness error between the expected 
printing from the manufacturer and the experimental 
measurement was 0.15 ± 0.02 mm. Table 4 shows the 
biomechanical properties of the FilasticTM material with 
difference thicknesses.

Figure 2. Printed RGD450+TangoPlus samples (40 mm × 40 mm) of 40 SH and 50 SH (from left to right: 2.5 mm, 3 mm, 3.5 mm, and 4 mm in thickness).

Figure 3. Biaxial tensile test machine and sample placement. (A) Biaxial tensile test machine (LM1 Planar Biaxial, TA Instruments, USA). (B) Sample 
placement during the test. Abbreviation: LED, light-emitting diode.
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Its failure stress and maximum Young’s modulus 
did not increase with thickness. It displayed a highly 
heterogeneous behavior. With a thickness of 0.65 mm, its 
failure stress and maximum Young’s modulus attained the 
highest value with 2.64 MPa and 23.16 MPa, respectively.

3.1.3. Rubber-like material (RGD450+TangoPlus)
Ten samples of RGD450+TangoPlus were tested with 
the biaxial tensile technique. The expected printed 
thickness values provided by the manufacturer of 
RGD450+TangoPlus material in the 70 SH and 60 SH were 

similar (within 0.03 mm) to the ones measured during 
the experiment. However, the 50 SH and 40 SH materials 
showed errors up to 0.45 mm. Table 5 displays the 
thickness, failure stress, and maximum Young’s modulus 
in both directions (A and B).

As RGD450+TangoPlus was printed for different 
values of stiffness, we showed that the 70 SH was the 
stiffest, whereas the 40 SH was the least stiff. Theoretically, 
materials with the same shore hardness should have the 
same maximum Young’s modulus value regardless of 

Table 2. Thickness, failure stress, and maximum Young’s modulus values in both longitudinal and circumferential directions 

Location Thickness (mm) Failure stress (MPa) Maximum Young’s modulus (MPa)

L C L C

Medial proximal 1.66 0.46 0.45 0.75 0.89

Medial middle 1.72 0.47 0.61 0.72 1.05

1.80 0.46 0.64 0.61 0.98

Medial distal 1.63 0.31 0.36 0.61 0.74

Lateral middle 1.06 0.48 0.55 1.02 1.34

Lateral distal 1.05 0.48 0.56 1.02 1.19

Abbreviations: C, circumferential; L, longitudinal.

Table 3. Biomechanical properties of the NinjaFlex material according to thickness

Expected thickness (mm) Measured thickness (mm) Failure stress (MPa) Maximum Young’s modulus (MPa)

0.8 0.78 1.38 11.90

0.9 0.89 1.33 8.53

1 0.97 1.38 9.75

1.1 1.05 1.13 8.18

1.2 1.11 0.93 8.88

1.3 1.23 1.54 9.87

1.4 1.33 2.49 9.45

1.5 1.40 2.71 10.93

1.6 1.49 2.80 11.24

1.7 1.53 2.83 10.51

1.8 1.67 2.95 10.26

Table 4. Biomechanical properties of the FilasticTM material according to thickness

Expected thickness (mm) Measured thickness (mm) Failure stress (MPa) Maximum Young’s modulus (MPa)

0.5 0.32 2.39 12.65

0.55 0.37 2.37 13.97

0.6 0.45 2.11 21.06

0.65 0.50 2.64 23.16

0.7 0.57 2.38 18.26

0.75 0.62 2.30 12.63

0.8 0.64 2.61 25.37

0.85 0.71 2.53   8.91
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the thickness. However, there was no difference in the 
maximum Young’s modulus between directions A and 
B (p  > 0.05) given a variation of stiffness in the 40 SH 
and 50 SH from 0.70 to 1.05 MPa and 1.04 to 1.25 MPa, 
respectively. 

3.2. Stress–strain curve
The stress–strain and stress–Young’s modulus curves located 
in the lateral middle aorta were computed (Figure 4).

For the NinjaFlex material, the stress–strain and 
stress–Young’s modulus curves, which can represent its 
biomechanical properties, are shown in Figure 5. 

Compared with the healthy aortic wall, a higher 
nonlinearity trend was observed in the printed NinjaFlex 
material. 

The FilasticTM material with different thicknesses was 
also tested. According to Table 4, the least stiff sample, 
which showed a biomechanical behavior close to that of 
the healthy human aorta, was the one with a thickness 

of 0.5 mm. Figure 5 shows graphs of the biomechanical 
properties of this specimen.

Higher stiffness (maximum Young’s modulus) was 
observed in the NinjaFlex material than in the FilasticTM 
material. Furthermore, from a biomechanical point of 
view, both of them showed higher stiffness compared to 
the healthy human aorta.

According to Table 5, the 2-mm-thick 50-SH 
RGD450+TangoPlus material had a similar maximum Young’s 
modulus value as the healthy human aorta. However, it had a 
lower failure stress value than the healthy aorta (Figure 7).

4. Discussion
According to Sherifova and Holzapfel, large variations can 
be observed in tissue strength and failure stress[11] with 
different test machines and experimental setups. In order to 
maintain the consistency of the experiments in this study, 
the experiments were performed using the same machine 
with the same experimental setup. To our knowledge, 

Table 5. Biomechanical properties of the RGD450+TangoPlus material according to different thicknesses and SH 

Shore degree Expected thickness 
(mm)

Measured thickness 
(mm)

Failure stress (MPa) Maximum elastic modulus (MPa)

Direction A Direction B Direction A Direction B

70 SH 2 1.97 0.92 0.82 3.71 3.82

60 SH 2 1.98 0.48 0.57 2.91 2.64

50 SH 2 2.37 0.31 0.26 1.04 1.06

2.5 2.81 0.22 0.20 1.25 1.11

3 3.37 0.21 0.16 1.13 1.09

3.5 3.91 0.22 0.22 1.06 1.06

40 SH 2.5 2.78 0.18 0.15 1.05 0.99

3 3.44 0.16 0.14 0.82 0.95

3.5 4.19 0.17 0.17 0.75 0.70

4 4.49 0.20 0.18 0.74 0.76

Figure 4. Graphs of biomechanical properties of the healthy aortic wall. (A) Strain–stress curve of the healthy aorta. (B) Stress–Young’s modulus curve of 
the healthy aorta. Abbreviations: C, circumferential; E, Young’s modulus; L, longitudinal; MYM, maximum Young’s modulus.
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there is no existing reference of a 3D-printed human aorta 
with acceptable biomechanical properties. Thermoplastic 
polyurethane and rubber-like materials are commonly 
used in 3D-printed artery studies[26]. The aim of our study 
was to obtain a common synthetic material for in vitro 
study. Hence, three different nonbiocompatible materials 

(NinjaFlex, FilasticTM, and RGD450+TangoPlus) were 
tested to identify a material that has similar biomechanical 
properties to that of a healthy human aorta. If we are aware 
of the biomechanical properties of the proposed material 
(such as its maximum Young’s modulus value), and if 
these properties resemble the behavior of the aorta, data-

Figure 5. Graphs of biomechanical properties of the NinjaFlex specimen (0.8 mm in thickness). (A) Strain–stress curve. (B) Stress–Young’s modulus curve. 
Abbreviations: E, Young’s modulus; MYM, maximum Young’s modulus.

Figure 6. Graphs of biomechanical properties of FilasticTM (0.5 mm). (A) Strain–stress curve. (B) Stress–Young’s modulus curve. Abbreviations: E, Young’s 
modulus; MYM, maximum Young’s modulus.

Figure 7. Graphs of biomechanical properties of RGD450+TangoPlus (2 mm, 50 SH). (A) Strain–stress curve. (B) Stress–Young’s modulus curve. 
Abbreviations: E, Young’s modulus; MYM, maximum Young’s modulus.
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acquired CFD modeling on phantoms designed with this 
material would be reinforced and more credible for clinical 
comparisons. Concerning the design of the samples, a 
noticeable difference was found between the expected 
thickness and the one measured experimentally. Among 
the three materials, the FilasticTM material had the smallest 
thickness error (maximum difference of 10.12%), while 
the NinjaFlex had the largest error (maximum difference 
of 33.09%). The thickness error in RGD450+TangoPlus 
samples ranged from 0.85% to 19.57%. According to Chung 
et al., a slower printing speed can reduce thickness error, 
thus achieving higher model accuracy (between computer-
aided design [CAD] models and physical models)[26]. Our 
study showed that thickness error was greater in thicker 
samples and differed between printing materials.

The aortic wall is normally considered anisotropic and 
nonlinear[11,27-32]. All of the three printed materials showed 
a nonlinear behavior. However, since the 3D-printed 
material is synthetic, it is difficult to mimic the anisotropic 
behavior. Although RGD450+TangoPlus showed small 
differences in the value of maximum Young’s modulus 
in directions A and B, the difference between the two 
directions was not statistically significant. 

In other similar studies on the biomechanical 
properties of the human aorta, the range of failure stress 
was found to be between 0.54 MPa and 2.18 MPa[30,33-37]. 
In our study of the healthy aorta, the mean failure stress 
value was 0.48 MPa, with a maximum Young’s modulus 
of 0.91 MPa. Compared with thermoplastic polyurethane, 
RGD450+TangoPlus had by far the closest biomechanical 
properties to the healthy aortic wall (0.28 MPa in stress 
and 1.05 MPa in maximum Young’s modulus). 

5. Conclusion
RGD450+TangoPlus in 50 SH is the most suitable 3D 
printable material (among the three synthetic materials 
tested in this study) to represent a healthy human aorta 
although thermoplastic polyurethane has a lower cost and 
easier setup compared to rubber-like material[26].
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