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Abstract
Surgeons use different medical devices in the surgery, such as patient-specific 
anatomical models, cutting and positioning guides, or implants. These devices must 
be sterilized before being used in the operation room. There are many sterilization 
processes available, with autoclave, hydrogen peroxide, and ethylene oxide being 
the most common in hospital settings. Each method has both advantages and 
disadvantages in terms of mechanics, chemical interaction, and post-treatment 
accuracy. The aim of the present study is to evaluate the dimensional and mechanical 
effect of the most commonly used sterilization techniques available in clinical settings, 
i.e., Autoclave 121, Autoclave 134, and hydrogen peroxide (HPO), on 11 of the most 
used 3D-printed materials fabricated using additive manufacturing technologies. 
The results showed that the temperature (depending on the sterilization method) 
and the exposure time to that temperature influence not only the mechanical 
behavior but also the original dimensioning planned on the 3D model. Therefore, 
HPO is a better overall option for most of the materials evaluated. Finally, based 
on the results of the study, a recommendation guide on sterilization methods per 
material, technology, and clinical application is presented.
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1. Introduction
Additive manufacturing (AM) and three-dimensional (3D) 
printing technologies are revolutionizing manufacturing 
industries by enabling the development of devices and 
products at the point of demand in a unique way. There 
are seven categories of AM technologies according to ISO/
ASTM 52900[1]: (i) vat photopolymerization (VP), which 
includes stereolithography (SLA), digital light processing 
(DLP), and volumetric 3D printing (3DVP); (ii) material 
extrusion (ME), which includes fused filament fabrication 
(FFF) or fused deposition modeling (FDM) and direct 
ink writing (DIW); (iii) material jetting (MJ); (iv) binder 
jetting (BJ); (v) powder bed fusion (PBF), which includes 
selective laser sintering (SLS) and selective laser melting 
(SLM); (vi) directed energy deposition (DED); and 
(vii) sheet lamination.

This revolution has been accelerated due to the 
COVID-19 pandemic and the supply shortages in the 
medical field[2-6], further popularizing the manufacturing 
of patient-specific point-of-care medical device. AM and 
3D printing in healthcare refer mainly to technologies 
focused on generating 3D physical objects to produce 
personalized medical devices (from anatomical models to 
personalized splints, advanced medicines, or implants)[7]. 
The generation of personalized tools for surgical planning 
and medical training models have become the main 
applications of 3D printing technologies[8]. In most cases, 
the process is based on acquired images from a human 
body, typically taken from both computed tomography 
(CT) and magnetic resonance imaging (MRI). An identical 
copy, obtained either from volume rendering (VR) or 3D 
computer-aided design (CAD) models, of the clinical case 
is an advantage for customizing the surgical approach[2,4,9]. 
In this process, customized surgical tools and implants can 
be designed and produced[10-14]. These tools printed with 
AM technologies are being rapidly adopted, but most of 
the materials used for printing the tools were originally 
designed for applications in other (nonmedical) industries.

In medical applications, functional products are subject 
to application-specific mechanical loads, pressure, erosion 
and stress, and are exposed to chemicals and environmental 
factors limited to specific working and storage conditions. 
Additionally, the materials and manufacturing processes 
and the design of parts depend not only on their indication 
of use and the time of usage, but also on the performance 
needed and the physical and chemical conditions they will 
work in. Since May 2017, depending on their indication 
of use and risk, AM medical applications are classified by 
the European Union as Medical Devices regulated under 
the Medical Device Regulation (MDR)[15]. Thus, each 
application is classified according to its risk and time in 

contact with the patient. For example, an anatomical model 
for surgical planning and training is classified as Class I; a 
cutting guide or a positioning guide (that will be in short 
contact with the patient’s mucosa/body) is classified as 
Class IIa, the same as a patient-specific tracheotomy tube. 
An implantable plate will be a Class IIb, and a functional 
implant, such as a knee implant, is classified as Class III.

Although the first 3D printing or AM materials tested 
and validated for medical use have appeared in recent 
years, most of the existing materials are not designed 
and validated to follow the hospital standards and MDR 
compliance, nor are their mechanical properties analyzed 
for the main sterilization processes used in hospital settings, 
taking into account their indications of use[9,16-19]. Thus, it 
is important to understand the effects of these chemical 
and pressure processes and how the mechanical properties 
of 3D-printed parts are affected. All surgical instruments 
are cleaned and sterilized before they are used. In some 
applications, certain sets of materials containing surgical 
aid tools and implants are cleaned and sterilized several 
times per day[20]. The effect of sterilization on mechanical 
behavior and dimensional changes and distortion of 
3D-printed parts is key to understanding its potential 
applications and is the underlying cause of failures[21].

Sterilization process can be performed by two different 
types of known processes[22]: (i) thermal sterilization by 
dry heat or steam, also known as moist heat sterilization 
or autoclave; (ii) low-temperature sterilization, such as 
chemical (with ethylene oxide or hydrogen peroxide) or 
radiation (ionizing or ultraviolet [UV] radiation). Most 
common sterilization methods available in hospitals are 
steam heat sterilization (also known as autoclave [AU]), 
gas plasma (also known as hydrogen peroxide [HPO] 
autoclave), and ethylene oxide[23]. Other sterilization 
techniques have significant disadvantages for their use in 
hospitals. For instance, thermal sterilization by dry heat 
is at this moment banned from hospitals of the European 
Union due to the inactivity on prions[24]. Then, radiation 
sterilization, which is mainly used in the food industry as 
well as in the medical device industry, is not suitable for 
hospitals[24]. Ethylene oxide should be avoided for several 
reasons: (i) it changes the polymer structures; (ii) it causes 
molecular weight loss; and (iii) it generates toxicity on the 
surface of the sample, for example, in polylactic acid (PLA) 
or polyethylene terephthalate glycol (PETG)[25]. Unlike 
the HPO low-temperature sterilization, no toxic residues 
remain on the items that have been sterilized. Additionally, 
this technique is not only effective and safe but also does not 
require any aeration time compared to ethylene oxide[24].

The materials that have been studied so far include: 
(i) PLA[24,26], acrylonitrile butadiene styrene (ABS)[27-30] or 
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thermoplastic polyurethane (TPU)[31] using FDM (a ME 
technology); (ii) DentaGuide (Asiga)[32], Dental Surgical 
Guide Material (Formlabs)[32-34] or Clear V02 (Formlabs) 
using SLA (a VP technology)[35]; and (iii) MED610 using 
MJ technology[33,34]. No data on SLS (a PBF technology) 
have been obtained regarding the effect of sterilization 
methods in terms of mechanical properties, limited to only 
3D printing accuracy[36]. At present, no study has been 
performed to analyze the impact of sterilization in a wide 
range of materials for making surgical planning models 
and surgical guides.

Therefore, the purpose of this study is to evaluate 
the dimensional and mechanical effect of three of the 
most commonly used sterilization techniques in clinical 
settings, i.e., Autoclave 121, Autoclave 134, and HPO, 
on 11 of the most used 3D-printed materials using 3D 
printing technologies, such as FDM, SLA, SLS, and MJ. The 
goal of the present study is to contribute a practical guide 
regarding the materials which may or may not be used for 
each medical application.

2. Materials and methods
This study evaluates the effects of different sterilization 
methods (Autoclave 121, Autoclave 134 and HPO) on four 

different 3Dprinting technologies and 11 common AM 
materials used for the manufacture of 3D-printed surgical 
guides, anatomical models, and other customized medical 
devices. To do so, a literature review and a mechanical 
testing study was performed. Figure 1 shows the schematic 
of the process in this study.

2.1. Materials
All materials used in this study, including the manufacturer’s 
name, city and country of origin, are listed in Table 1.

2.2. 3D printing
In this section, the different AM technologies used are 
described with summaries of the printing parameters 
needed for the manufacture of the 3D-printed samples. 
Two types of samples were manufactured, one for hard 
materials and the other for soft materials, with different 
specimens depending on the mechanical tests to be 
performed. 3D-printed tensile samples following the ISO 
527 type IA were produced for all rigid materials. For elastic 
materials, cylindrical elastic samples (16 mm diameter × 
8 mm height) were printed for Shore hardness test.

2.2.1. Fused deposition modeling
FDM is defined as the continuous deposition of a filament 
over a heat plate layer-by-layer. The PLA, ABS and TPU 

Figure 1. Scheme of the present study.
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samples were manufactured using Epsilon W50 (BCN3D, 
Barcelona, Spain). The printing parameters were the same 
for all materials, i.e., a nozzle diameter of 0.4 mm, a layer 
height of 0.1 mm, an infill of 80%, an infill overlap of 
15%, and a wall thickness of 0.8 mm. The samples were 
manufactured horizontally.

2.2.2. Stereolithography
This process is based on photopolymerization of resins 
using UV laser to create the layers. Each layer is solidified 
in x–y directions and the building platform rises in z 
direction to create the different layers. For the manufacture 
of Surgical Guide, Durable samples, Elastic 50, and Flexible 
80 samples, a Form 3BL (Formlabs, Massachusetts, USA) 
was used at Barcelona Children’s Hospital Sant Joan de 
Déu (HSJD). The samples were manufactured with an 
angle of 20° from the building platform to increase product 
resistance and facilitate postprocessing.

2.2.3. Selective laser sintering
SLS is a process in which the 3D printer uses a laser as both the 
power and heat source to sinter powdered material layer-by-
layer until the 3D object is manufactured. For the manufacture 
of the PA12 samples, a Ricoh AM S5500P was used at CIM 
UPC facilities, which has a layer thickness between 0.08 and 
0.1 mm. The samples were manufactured horizontally.

2.2.4. Material jetting
MJ is based on photopolymerization of material jetted onto 
the printing platform, where it is solidified by UV light 
and the model is built layer-by-layer. For the manufacture 
of the MED610, VERO and Elastic Clear samples, a J5 

printer was used at HSJD. The samples were manufactured 
horizontally.

2.3. Sterilization method
To evaluate the critical effect of sterilization methods 
in 3D-printed, custom-made medical devices used in 
hospitals, three of the most used sterilization processes 
available in clinical settings were selected following 
clinically validated protocols. To compare the effect of the 
different processes, the produced specimens were divided 
into control and study groups. For each material, three 
specimens were printed for each sterilization method, 
and three more specimens were printed as controls. The 
sample size is considered appropriate since the objective 
is to demonstrate the effect of sterilization on each 
material, instead of demonstrating the exact mechanical 
property value of each material (since the mechanical 
property values of each material are already given by the 
manufacturers [Table 2] and several studies have already 
investigated in this regard for each material). Mechanical 
results between studies and manufacturers may vary due 
to different testing methods used.

No sterilization or disinfection process was applied 
to the control sample. The study group samples were 
subjected to three different sterilization procedures, i.e., 
HPO, Autoclave 121, and Autoclave 134, available at a 
sterilization-certified facility at HSJD. All of them were 
performed using machines from Matachana (Italy). Those 
methods are among the most used for the sterilization of 
medical devices. Not all material samples were subjected to 
sterilization methods. The melting limit of each material, 

Table 1. Information about the material and the 3D printing technology

Printing 
technology

Material Vendor City and country of origin Sample Flexible/Elastic Institute responsible 
for printing

SLA Elastic 50 Formlabs Massachusetts, USA Cylindrical Yes HSJD

SLA Flexible 80 Formlabs Massachusetts, USA Cylindrical Yes HSJD

SLA Durable Formlabs Massachusetts, USA Type 1A ISO 527 No HSJD

SLA Surgical Guide Formlabs Massachusetts, USA Type 1A ISO 527 No HSJD

MJ Elastic Clear Stratasys Stratasys, Minnesota, USA Cylindrical Yes HSJD

MJ MED610 Stratasys Stratasys, Minnesota, USA Type 1A ISO 527 No HSJD

MJ VERO Stratasys Stratasys, Minnesota, USA Type 1A ISO 527 No HSJD

FDM ABS Kimya Nantes, France Type 1A ISO 527 No HSJD

FDM PLA Kimya Nantes, France Type 1A ISO 527 No HSJD

FDM TPU/TPE Recreus Alicante, Spain Cylindrical Yes CIM UPC

SLS PA12 3D Systems Hemel Hempstead, UK Type 1A ISO 527 No CIM UPC

Abbreviations: ABS, acrylonitrile butadiene styrene; CIM UPC, Centre CIM of Universitat Politècnica de Catalunya; FDM, fused deposition modeling; 
HSJD, Barcelona Children’s Hospital Sant Joan de Déu; MJ, material jetting; PLA, polylactic acid; SLA, stereolithography; SLS, selective laser sintering; 
TPE, thermoplastic elastomer; TPU, thermoplastic polyurethane
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which depends on its glass transition temperature (Tg), 
can be known from the manufacturing technical file. The 
sterilization methods performed to each material samples 
can be found in Table S1 (Supplementary File).

2.3.1. Hydrogen peroxide
HPO sterilization is a low-temperature chemical 
sterilization process that uses HPO as the sterilant. The 
process involves the following steps:

 (1) Prevacuum phase: Air is removed from the 
sterilization chamber to prepare for the introduction 
of HPO. This phase lasts for 3–5 min.

 (2) Pulse phase: A measured amount of HPO is 
introduced into the sterilization chamber. The HPO 
vaporizes and begins to penetrate and sterilize the 
equipment and contents. This phase lasts for 3–5 min.

 (3) Pressure holding phase: The pressure inside the 
sterilization chamber is maintained for a specified 
period of time to allow the HPO to penetrate and 
sterilize the equipment and contents. This phase lasts 
for approximately 30 min.

 (4) Decontamination phase: The HPO is then neutralized 
and removed from the sterilization chamber. This 
phase lasts for 10 min.

During the HPO sterilization cycle, the temperature 
reaches 60°C, while the maximum pressure reached is 
around 69 kPa.

2.3.2. Autoclave 121
Autoclave 121 (AU121) is a process that uses a temperature 
of 121°C for sterilization. The sterilization process involves 
the following steps:

 (1) Preheating:

• Air removal: The air inside the autoclave is removed 
through a vacuum cycle, which helps to improve 
steam penetration. This stage lasts for 2–5 min.

• Steam injection: Steam is introduced into the 
autoclave and the pressure and temperature begin 
to rise. This stage lasts for 5 min.

 (2) Holding time: The temperature and pressure are 
maintained around 121°C and 2.5–3 atm, respectively, 
for 20 min. This is the time required for the steam to 
penetrate and kill any microbial organisms.

 (3) Depressurization: The pressure inside the autoclave 
is reduced back to atmospheric pressure. This step 
lasts for 10 min.

 (4) Drying: The items inside the autoclave are dried. 
This stage lasts for 15 min.

The maximum pressure reached is 2.5–3 atm, and the 
temperature reached during the cycle is 121°C.

2.3.3. Autoclave 134
Autoclave 134 (AU134) is a process that uses a higher 
temperature for sterilization. The sterilization process 

Table 2. Mechanical properties and methods used according to manufacturer for each material and 3D printing technology used

Parameters Manufacturer Mechanical properties according to manufacturer

Tensile 
strength 
(MPa)

Young’s 
modulus 
(MPa)

Elongation 
at break 
(%)

Glass transition 
temperature (Tg) 
(°C)

Shore 
hardness

Methods

PLA (Manufacturer) Kimya 22.9 2.097   4.2 107 76.8D ISO 527-2/5A/50, ISO 178, ISO 868

ABS Kimya 35.3 1443   9.8 107 70.0D ISO 527-2/5A/50, ISO 178, ISO 868

TPU/TPE (Filaflex 
60A Pro)

Recreus 26 2.5 950 – 63A DIN ISO 7619-1, DIN 53504-S2

PA12 3D Systems 43 1387  14 192 73D ASTM D638, ASTM D790, ASTM D2240

Elastic 50 Formlabs  3.23 1.59 160 – 50A  ASTM D 412-06 (A), ASTM 2240

Flexible 80 Formlabs  8.9 6.3 120 27 80A ASTM D 412-06 (A), ASTM 2240

Durable Formlabs 28 1000  55 – – ASTM D638-14, ASTM D 790-15

Surgical Guide Formlabs 73 2900  12.3 – 67D ASTM D790, ASTM D638

Elastic Clear Stratasys 3–5 – 360–400 – 45A ASTM D-412, ASTM D-395, ASTM D-2240

MED610 Stratasys 50–65 2000–3000 10–20 54 86D ASTM D-638-03-04-05, D-790-04, DMA E

VERO Stratasys 40–55 2000–2500 15–20 54 86D ASTM D-638-03-04-05, D-790-04, DMA E

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, polylactic acid; TPE, thermoplastic elastomer; TPU, thermoplastic polyurethane
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involves the same steps as AU121 but with different 
duration:

 (1) Preheating:

• Air removal: the air inside the autoclave is removed 
through a vacuum cycle, which helps to improve 
steam penetration. This stage lasts for 2–5 min.

• Steam injection: Steam is injected into the 
autoclave and the pressure and temperature begin 
to rise. This stage lasts for 5 min.

 (2) Holding time: The temperature and pressure are 
maintained around 134°C and 2.5–3 atm, respectively, 
for 4–5 min. This is the time required for the steam to 
penetrate and kill any microbial organisms.

 (3) Depressurization: The pressure inside the autoclave 
is reduced back to atmospheric pressure. This step 
lasts for 10 min.

 (4) Drying: The items inside the autoclave are dried. 
This stage lasts for 15 min.

The maximum pressure reached is 2.5–3 atm and the 
temperature reached during the cycle is 134°C.

2.4. Tensile testing
The tensile tests were performed for the rigid materials with 
Instron 4507 at the EEBE-UPC (School of Engineering of 
Barcelona East, a UPC facility) using 3D-printed samples 
following the ISO 527 type IA. Three control tensile tests 
and three tensile tests for each sterilization process and 
each material were performed. Deformation measurements 
were made by Digital Imaging Correlation (DIC) with the 
Vic-Gauge 2D/3D software. It uses optimized 2D and 
3D correlation algorithms for providing the real-time 
displacement and deformation data for mechanical testing. 
This can be seen as a set of virtual strain gauges in which 
data can be obtained for various points and plotted in live 
versus analog load inputs. Then, results were saved for each 
point examined, and complete images stored for analysis in 
both Vic-2D and Vic-3D (Figure S1).

Four digital gauges (rosette gauges) were used for the 
tests, with varying distances between the gauges according 
to the material deformation, and were placed in the test 
zone of the specimen. To take the images and measure the 
deformation, a Basler camera was used. For that, Fujifilm 
lenses of 50 or 35 mm were used and varied according 
to the deformation of the material (because if it deforms 
too much, it comes out of the camera). The samples 
were prepared as per the steps in the following: (i)  a 
visual inspection was made; (ii) with a micrometer, the 
measurements of the specimens were taken (see Table S1 
in Supplementary File); and (iii) to place the gauges and 

ensure high accuracy in the measurement, the specimens 
were painted in white color and the reference point markers 
(“little black dots”) were placed on the specimens to ensure 
contrast and accurate references for scanning. In this way, 
the digital gauges take the initial pattern where they are 
placed, and the spatial reference on the specimen is even if 
there is a lot of deformation.

The painting did not affect the results of the tests since 
the painting was finished before the test was performed; 
therefore, no chemicals from the paint could influence 
the samples. Samples were manually placed on the testing 
machine, and the tests were performed at 3 mm/min speed 
for all the materials.

2.5. Shore hardness
Hardness tests were only performed on soft materials 
with cylindrical specimens because the hardness of these 
materials could vary due to sterilization. The durometer 
always produced the highest value when the hardness of 
rigid materials was being measured. In terms of the Shore 
hardness test, the ATSM D2240—Durometer Hardness 
method was carried out. For that, the Shore durometer 
type A (Baxlo, Instrumentos de medida y precisión S.L., 
Spain) was used for measuring the hardness of the different 
samples. To obtain more accurate results, a stand arm 
was used, and a durometer support was designed and 
fabricated. The hardness value was always measured at the 
same level of the stand arm, and three measurements were 
taken from each sample.

2.6. 3D printing accuracy
For the rigid materials, surface comparison of tensiles 
between the different groups (sterilized and control) was 
performed to analyze the dimensional changes since in 
some tensiles; potential dimensional and geometrical 
deformations were detected once they were subjected to 
sterilization at high temperatures or pressures.

A CT scan of all tensiles was performed using a 1.5 T 
System MR-Philips in HSJD to obtain the 3D digitalized 
model of each printed tensile. Once the CT scan was 
acquired, the resulting DICOM (Digital Imaging and 
Communications in Medicine) images were segmented to 
obtain the STL (Standard Tessellation Language) model 
for each tensile. Using 3-Matic from Materialise®, every 
3D mesh of each sterilized tensile was aligned to a control 
tensile mesh (Figure 2) and the point cloud were compared 
by a point cloud-based analysis.

The point-based evaluation of the 3D cloud meshes 
involved analyzing individual points within the mesh in the x, 
y, and z coordinates. The following steps outline the process:

 (1) Obtain the 3D point cloud mesh data which includes 
the x, y, and z coordinate values for each point.
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 (2) Transform the point cloud data into the desired 
reference frame (e.g., World Coordinate System 
[WCS]) by applying a transformation matrix.

 (3) Compute the distances between the points along the 
x, y, and z axes.

 (4) Determine the average distance between the points.

 (5) Each point in the cloud had an RGB color value 
assigned.

The obtained file in .txt format of each analysis was then 
analyzed to obtain the average distance (see Figure S36).

3. Results
3.1. Mechanical testing of the 3D-printed materials
3.1.1. Polylactic acid
Figure 3 shows the mechanics testing performed on 
the 3D-printed PLA samples, with the group of samples 
sterilized by HPO and the control samples (not sterilized) 
being compared. Overall, it seems that the HPO 
sterilization does not significantly change the behavior of 
the mechanical properties of PLA. Table 3 shows different 
mechanical properties about PLA with different methods. 
Other sterilization methods were not tested with PLA as 
its Tg is lower (Table 2) than the temperature reached in 
AU121 and AU134 sterilization methods.

3.1.2. Acrylonitrile butadiene styrene
Figure 4 shows the mechanics of the 3D-printed ABS 
samples sterilized by HPO and the control samples. The 
effect of HPO sterilization on the ABS samples was not 
significantly different when compared to the control 
samples. The results showed differences below 10% in 
elongation at break (8%) and tensile strength (2.4%) 
between HPO samples and control samples. This means 
that the use of this method is effective for its use in surgical 

planning. Table 4 shows different mechanical properties of 
ABS with different methods.

3.1.3. MED610
Figure 5 shows the mechanics of the control samples and 
3D-printed MED610 samples sterilized by HPO, AU121, 
and AU134. Among the three different sterilization 
techniques, autoclave has a bigger influence on the 
mechanical properties in comparison to HPO. A similar 
tensile strength was found between control samples and 
HPO-sterilized samples (with a difference of 0.64%), 
although there was a major difference when compared 
to both AU121 (17.40%) and AU134 (14.57%), showing 
the AU134 results in higher tensile strength in samples 
compared to the control samples. Table 5 shows different 
mechanical properties of MED610 with different methods. 
It can be noticed that one specimen of AU134 has a 
significant difference with respect to others specimens, 
which can be attributed to a printing defect.

Figure 2. Prealignment between a MED610 control tensile (gray) and a MED610 tensile that was sterilized with AU134 method (blue).

Figure 3. PLA sterilization comparison. Data are represented as mean 
values. N = 3 PLA Control/group; N = 3 PLA HPO/group.

Table 3. Mechanical properties of the 3D-printed PLA

Parameters Mechanical properties

Tensile strength (MPa) Young’s modulus (MPa) Elongation at yield (%) Elongation at break (%)

Control 21.85 ± 0.37 1568 ± 45 0.44 ± 0.74 4.18 ± 1.96

HPO 21.63 ± 1.2204 1408 ± 40 1.37 ± 0.10 4.11 ± 0.58

Data are represented as mean ± SD. N = 3 PLA Control/group; N = 3 PLA HPO/group.
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Figure 4. ABS sterilization comparison. Data are represented as mean values. N = 3 ABS Control/group; N = 3 ABS HPO/group.

Table 4. Mechanical properties of the 3D-printed ABS

Parameters Mechanical properties

Tensile strength (MPa) Young’s modulus (MPa) Elongation at yield (%) Elongation at break (%)

Control 23.01 ± 1.32 1352 ± 53 1.73 ± 0.08 4.35 ± 0.85

HPO 23.57 ± 1.42 1271 ± 23 1.79 ± 0.12 4.73 ± 0.76

Data are represented as mean ± SD. N = 3 ABS Control/group; N = 3 ABS HPO/group.

Figure 5. MED610 sterilization comparison. Data are represented as mean values. N = 3 MED610 Control/group; N = 3 MED610 HPO/group; N = 3 
MED610 AU121/group; N = 3 MED610 AU134/group.
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Table 5. Mechanical properties of the 3D-printed MED610

Parameters Mechanical properties
Tensile strength (MPa) Young’s modulus (MPa) Elongation at yield (%) Elongation at break (%)

Control 26.26 ± 4.30 1375 ± 168 1.92 ± 0.15  8.82 ± 1.90
HPO 26.43 ± 0.82 1341 ± 43 1.92 ± 0.16 12.95 ± 3.55
AU121 21.69 ± 2.71 1201 ± 76 1.93 ± 0.19 12.14 ± 2.10
AU134 30.74 ± 2.75 1380 ± 145 1.33 ± 0.67  6.04 ± 5.55

Data are represented as mean ± SD. N = 3 MED610 Control/group; N = 3 MED610 HPO/group; N = 3 MED610 AU121/group; N = 3 MED610 AU134/group.

Figure 6. VERO sterilization comparison. Data are represented as mean values. N = 3 VERO Control/group; N = 3 VERO HPO/group; N = 3 VERO 
AU121/group; N = 3 VERO AU134/group.

Figure 7. Surgical Guide resin sterilization comparison. Data are represented as mean values. N = 3 Surgical Guide resin Control/group; N = 3 Surgical 
Guide resin HPO/group; N = 3 Surgical Guide resin AU121/group; N = 3 Surgical Guide resin AU134/group.
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Table 6. Mechanical properties of the 3D-printed VERO

Parameters Mechanical properties

Tensile strength (MPa) Young’s modulus (MPa) Elongation at yield (%) Elongation at break (%)

Control 31.32 ± 2.25 1492 ± 175 1.92 ± 0.14 14.16 ± 4.55

HPO 36.07 ± 4.73 1818 ± 224 1.87 ± 0.05 15.38 ± 2.72

AU121 29.16 ± 1.49 1502 ± 254 1.31 ± 1.11 12.29 ± 4.96

AU134 30.26 ± 3.02 1380 ± 137 1.97 ± 0.07 11.69 ± 2.90

Data are represented as mean ± SD. N = 3 VERO Control/group; N = 3 VERO HPO/group; N = 3 VERO AU121/group; N = 3 VERO AU134/group.

Table 7. Mechanical properties of the 3D-printed Surgical Guide resin

Parameters Mechanical properties

Tensile strength (MPa) Young’s modulus (MPa) Elongation at yield (%) Elongation at break (%)

Control 57.60 ± 6.32 2154 ± 278 1.89 ± 0.93 6.23 ± 0.90

HPO 57.23 ± 4.31 2248 ± 726 1.46 ± 0.65 5.45 ± 2.69

AU121 67.01 ± 11.28 2303 ± 140 1.31 ± 0.48 5.48 ± 1.13

AU134 42.34 ± 12.06 3834 ± 952 0.39 ± 0.62 2.04 ± 0.65

Data are represented as mean ± SD. N = 3 Surgical Guide resin Control/group; N = 3 Surgical Guide resin HPO/group; N = 3 Surgical Guide resin 
AU121/group; N = 3 Surgical Guide resinAU134/group.

Figure 8. Durable sterilization comparison. Data are represented as mean values. N = 3 Durable Control/group; N = 3 Durable HPO/group; N = 3 Durable 
AU121/group; N = 3 Durable AU134/group.
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3.1.4. VERO
Figure 6 shows the mechanics of the control sample and 
3D-printed VERO samples sterilized by HPO, AU121, and 
AU134. Both AU121 and AU134 slightly decreased the 
mechanical properties of the tested VERO samples, which 
had a tensile strength of 29.16 ± 1.49 MPa and 30.26 ± 3.02 
MPa respectively, as compared to the 31.32 ± 2.25 MPa of 
control samples tested. The HPO method increased the 
tensile strength by 15% (36.07 ± 4.73 MPa). There were no 
significant differences in tensile strength impact between 
AU121 and AU134; however, AU134 showed a bigger 
impact. Table 6 shows different mechanical properties of 
VERO with different methods.

3.1.5. Surgical Guide resin
Figure 7 shows the mechanics of the control sample and 
3D-printed Surgical Guide resin samples sterilized by HPO, 
AU121, and AU134. Table 7 shows different mechanical 
properties of Surgical Guide resin with different methods. 

HPO sterilization imparted a very small effect on the tensile 
strength of this material, with a difference of 0.64% as 
compared to the control group. The AU121 and the AU134 
methods resulted in a tensile strength difference of 14% 
and 36.04%, respectively. Interestingly, tensile strength was 
increased in the case of AU121 sterilization.

3.1.6. Durable
Figure 8 shows the mechanics of the control sample and 
3D-printed Durable samples sterilized by HPO, AU121, 
and AU134. Table 8 shows different mechanical properties 
of Durable material with different methods. It was found 
that a higher temperature to which the sample is exposed 
caused a bigger drop in the tensile strength. HPO resulted 
in a tensile strength difference of 3.53%, as compared to 
the tensile strength of control sample. The AU121 method 
resulted in a tensile strength difference of 4.47%, which is 
quite close to that of the HPO method. The impact of heat 
was noticed in AU134 method with a bigger difference in 

Table 8. Mechanical properties of the 3D-printed Durable

Parameters Mechanical properties

Tensile strength (MPa) Young’s modulus (MPa) Elongation at yield (%) Elongation at break (%)

Control 18.46 ± 0.36 673 ± 37 15.39 ± 13.27 23.92 ± 0.60

HPO 17.83 ± 0.24 665 ± 54 16.27 ± 14.02 20.16 ± 7.47

AU121 17.67 ± 0.55 685 ± 65 15.98 ± 13.92 25.38 ± 2.86

AU134 15.73 ± 0.09 659 ± 36 20.83 ± 5.43 21.15 ± 5.37

Data are represented as mean ± SD. N = 3 Durable Control/group; N = 3 Durable HPO/group; N = 3 Durable AU121/group; N = 3 Durable AU134/group.

Figure 9. PA12 sterilization comparison. Data are represented as mean values. N = 3 PA12 Control/group; N = 3 PA12 HPO/group; N = 3 PA12 AU121/
group; N = 3 PA12 AU134/group.
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all mechanical properties tested, having a mean decrease of 
17.35% in tensile strength.

3.1.7. PA12
Figure 9 shows the mechanics of the control sample and 
3D-printed PA12 samples sterilized by HPO, AU121, and 
AU134. The HPO, AU121, and AU134 methods directly 
influenced the mechanical properties of the material by 
decreasing the tensile strength of every sample measured. 
Table 9 shows different mechanical properties of PA12 with 
different methods. The HPO method resulted in a mean 
decrease of tensile strength by 8.64%, as compared to the 
control group. However, there was no significant difference 
in tensile strength between the samples sterilized by AU121 
(9.10%), AU134 (10.78%), and HPO (8.64%) methods; the 
difference was less than 2% among the three methods.

3.2. Shore hardness
Table 10 shows the Shore hardness of the 3D-printed 
cylindrical elastic samples. In all cases, sterilization 
increased the hardness of materials, although the effect 
could vary, depending on the material. The Shore 
hardness of Elastic 50 sterilized by HPO or AU121 was 
not significantly different when compared to that of the 
control sample, despite the increases of 2.38% and 3.59% 
for samples sterilized by HPO and AU121. The results also 
showed almost similar effect on TPU sample sterilized by 
HPO, which had an increase of Shore hardness by 1.58%. 
Elastic Clear samples sterilized by HPO and AU121 had 
a similar increase of Shore hardness by 7.35%. The Shore 
hardness of Flexible 80 appeared to be the most affected, 
evidenced by an increase of 15.36% and 7.23% in samples 
sterilized by HPO and AU121, respectively.

3.3. 3D printing accuracy
The result of the comparison of the meshes (between the 
3D-printed samples with and without sterilization) is 
represented by a color map and a histogram showing the 
distance differences in millimeters in all axes between the 
points of each surface mesh (see Figure 11). The mean with 
a confidence interval of 95% and standard deviation of all 
distances was computed. The rest of the images can be seen 
in Supplementary File (Figures S2–S35).

The obtained results are summarized in Table 11. The 
results showed that MED610 tensile samples that were 
sterilized by AU134 were the ones that suffered more 
deformation when compared to the control samples. PA12 
is the most stable and resistant to deformation among the 
tested materials sterilized by all three methods. In general, 
there were more surface and dimensional differences 
between samples sterilized by AU134 and control samples, 
possibly due to the high temperatures and pressures used 
in this sterilization method, despite the shorter duration of 
sterilization. When compared to the control samples, the 
HPO-sterilized samples showed smaller differences in the 
distances.

Finally, a summary of potential applications for each 
material and AM method is provided as a guide (Table 12).

4. Discussion
4.1. Materials and sterilization processes
4.1.1. Thermoplastic materials
According to the experiment results, it can be concluded 
that hard thermoplastic materials such as PLA, ABS, TPU, 
or thermoplastic elastomer (TPE) should be sterilized using 
non–heat-based sterilization methods such as HPO. Other 
studies reached the same conclusion, finding deformation 
when autoclave or dry heat processes were used[27,37,38]. For 
example, in our results, PLA showed similar tensile strength 
and elongation at break in samples sterilized by HPO and 
control samples. Therefore, the use of HPO sterilization is 

Table 10. Shore hardness of the different elastic materials.

Material Shore hardness A

Control HPO AU 121

Mean SD Mean SD Mean SD

Elastic 50 55.67 1.15 57.00 1.00 57.67 1.15

Elastic Clear 25.67 0.58 30.33 1.53 27.67 1.53

Flexible 80 67.33 2.52 72.67 1.15 72.67 1.53

TPU 63.00 1.73 62.00 2.00 – –

Abbreviation: SD, standard deviation; TPU, thermoplastic polyurethane.

Table 9. Mechanical properties of the 3D-printed PA12

Parameters Mechanical properties

Tensile strength (MPa) Young’s modulus (MPa) Elongation at yield (%) Elongation at break (%)

Control 41.10 ± 2.63 1487 ± 48 1.94 ± 0.23 13.58 ± 5.80

HPO 37.83 ± 2.57 1170 ± 246 2.24 ± 0.02 16.48 ± 2.19

AU121 37.67 ± 1.28  990 ± 54 2.11 ± 0.19 16.44 ± 2.96

AU134 37.10 ± 3.17 1021 ± 65 1.92 ± 0.21 10.80 ± 3.51

Data are represented as mean ± SD. N = 3 PA12 Control/group; N = 3 PA12 HPO/group; N = 3 PA12 AU121/group; N = 3 PA12 AU134/group.
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acceptable for its use in surgical planning prototypes. This 
was also confirmed by Oth et al.[24] that HPO is regarded 
as a better alternative than the conventional heat-based 
sterilization processes such as autoclave sterilization. This 
is also confirmed by Told et al.[37] who demonstrated the 
impact of heat-based sterilization and thus recommended 
low-temperature sterilization.

Popescu et al.[39] applied HPO vapor and low-
temperature gas plasma sterilization techniques on the 
3D-printed ABS samples. Based on the obtained results, 
there was no negative effect on the 3D-printed ABS samples 
after the above-mentioned sterilization methods have been 
used. These results are in line with the work of Bosc et al.[40] 
who used Sterrad sterilization process (a combination 

Figure 10. Tissue-material comparison in terms of the elastic modulus.

Figure 11. Surface comparison showing the differences in the distances between the points of each of the tensiles.
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of hydrogen peroxide [H2O2] and low-temperature gas 
plasma) to sterilize ABS surgical guides and analyzed the 
impact of sterilization on mechanical properties. Based on 
their results, it is recommended to use low-temperature 
sterilization for ABS as an alternative to AU121.

It is important to take special care in hollow or thin 
models while defining the printing parameters such as 
infill. With the obtained results, we consider that ABS 
and PLA can be used for the development of custom-
made medical products, such as anatomical models for 
training, visualization and enhanced patient–clinician 
communication, and for the production of certain medical 
devices. It is important to note that biocompatibility is an 
important aspect in the production of medical devices; 
therefore, biocompatibility documentation and testing  
is required.

Despite the evidence on the good performance of 
TPU/TPE materials sterilized by HPO and the studies on 
personal protective equipment used during the COVID 
pandemic[40,41], relevant data on the performance of TPU/
TPE materials in clinical applications remain scarce[42,43]; 
therefore, more studies are needed to decipher the behavior 
of these materials in clinical applications.

4.1.2. Hard liquid resin materials (SLA, MJ)
In general, hard liquid resin materials produced by MJ 
such as MED610 and VERO, or produced by SLA such 
as Durable, Surgical Guide resin, have better behavior 

than thermoplastic materials in heat-based sterilization 
processes. According to our findings, all four materials 
could be sterilized using HPO and AU121 methods. 
This is in line with findings by Török et al.[44] However, 
MJ materials have better heat resistance and could be 
sterilized by AU134 method, as recommended by the 
manufacturer[45], although they may have potential effects 
on tensile strength and elastic modulus. In this work, 
the tensile strength of the MED610 samples sterilized by 
AU121 decreased by around 18%, leading to a decrease in 
Young’s modulus and an increase in elongation at break. 
This differs from the findings of Chan et al.[34], who found 
that MED610 had a tensile strength of about 46.550 MPa, 
but it decreased by 6.5% after sterilization by AU134.

Interestingly, it has been found that sterilizing Surgical 
Guide resin tends to improve the mechanical properties 
of the tensile samples. This is in concordance with Chan 
et al.[34]. It has been shown that the tensile strength slightly 
improved with an amplitude between 2.35% and 11.4%. 
On the other hand, Pop et al.[32] showed a decrease of 
tensile strength in samples sterilized by AU121 and AU134 
methods compared to control samples. However, the 
elastic modulus was higher. The samples were autoclaved 
for around 20 min at 121°C, and 10 min at 134°C. 
These results are also in line with a study by Sharma  
et al.[33].

Table 11. Results of the surface comparison between each group of sterilized tensiles with the control group

Material Comparison Mean with 95% CI (mm) Standard deviation (mm)

ABS Control vs HPO −0.045 0.198

Durable Control vs HPO 0.160 1.044

Control vs AU121 −0.092 0.625

Control vs AU134 0.273 0.779

MED610 Control vs HPO −0.055 0.379

Control vs AU121 0.342 1.254

Control vs AU134 1.684 2.090

PA12 Control vs HPO −0.028 0.192

Control vs AU121 0.042 0.336

Control vs AU134 0.024 0.215

PLA Control vs HPO −0.007 0.165

Surgical Guide Control vs HPO −0.059 0.511

Control vs AU121 −0.126 0.529

Control vs AU134 0.258 0.741

VERO Control vs HPO −0.092 0.306

Control vs AU121 −0.036 0.721

Control vs AU134 0.509 0.905

Abbreviations: ABS, acrylonitrile butadiene styrene; AU, autoclave; PLA, polylactic acid.
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Table 12. Guide to potential applications in accordance with mechanical performance needed and sterilization method recommended

Printing 
technology

Material Vendor Recommended sterilization method 
(based on the mechanicala and 
dimensionalb results of this study)

Manufacturer’s recommended 
sterilization method (if any)

Flexible/
Elastic

Applicationc

HPO AU121 AU134 HPO AU121 AU134

SLA Elastic 50 Formlabs Yes Yes No Yes Yes Yes Yes AM for visualization
AM for training

SLA Flexible 80 Formlabs No Yes No – – – Yes AM for visualization
AM for training

SLA Durable Formlabs Yes Yes No – – – No AM for visualization

AM for training

SLA Surgical 
Guide

Formlabs Yes Yes No Yes Yes Yes No AM for visualization
AM for training
Cutting guides
Positioning guides
MD mucous contact
MD skin contact

MJ Elastic 
Clear

Stratasys Yes Yes No – – – Yes AM for visualization
AM for training

MJ MED610 Stratasys Yes Yes No Yes Yes Yes No AM for visualization
AM for training
Cutting guides
Positioning guides
MD mucous contact
MD skin contact

MJ VERO Stratasys Yes Yes Yes Yes Yes Yes No AM for visualization
AM for training
MD skin contact

FDM ABS Kimya Yes No No – – – No AM for visualization
AM for training
MD skin contact

FDM PLA Kimya Yes No No – – – No AM for visualization
AM for training
MD skin contact

FDM TPU/TPE  Recreus Yes No No – – – Yes AM for visualization
AM for training

SLS PA12  3D Systems Yes Yes Yes Yes Yes Yes No AM for visualization
AM for training
Cutting guides
Positioning guides
MD mucous contact
MD skin contact

aRecommended sterilization depending on the mechanical properties of the present study.
bRecommended sterilization depending on the dimensional changes of the present study.
cDetailed definitions for applications: AM for visualization, family–doctor communication in education and surgical planning; AM for training, 
education and surgical planning simulation; MD mucous contact, medical device prototyping or development for any applications (only materials that 
can be used in contact with mucous are considered); MD skin contact, medical device prototyping or development for any applications (only materials 
that can be used in contact with skin are considered); Cutting guides, materials used in patient-specific products for surgical planning or in surgery 
setting to guide the surgeon in the cutting; Positioning guides, materials used in patient-specific products for surgical planning or in surgery setting to 
guide the surgeon in the positioning of plates, screws, distractors and other implanted or temporary material.
Abbreviations: ABS, acrylonitrile butadiene styrene; AM, additive manufacturing; FDM, fused deposition modeling; MD, medical device; MJ, material 
jetting; PLA, polylactic acid; SLA, stereolithography; SLS, selective laser sintering; TPE, thermoplastic elastomer; TPU, thermoplastic polyurethane.
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Given the biocompatibility and heat-resistance, 
both MED610 and Surgical Guide resins stand as good 
options to produce surgical guides and positioning guides 
in contact with mucous for less than 24 h (following 
biocompatibility testing). MED610 has a good mechanical 
resistance after being sterilized by HPO and AU121, and 
thus, it is a more solid option. This result is in line with 
Gielisch et al.[46] who compared the behavior of polylactide/
polyhydroxyalkanoate (PLA/PHA) surgical guides printed 
by FFF and MED610 guides printed by MJ in fully 
guided dental implant placement before and after steam 
sterilization, and the study found significant deviations in 
angles and accuracy in the PLA/PHA guide as compared to 
the MED610 guide. MED610 and Surgical Guide resin can 
also be used for the production of custom-made medical 
devices to support treatments with materials needing skin 
or mucous contact for less than 24 h[47,48].

VERO and Durable, although do not have 
biocompatibility tested for mucous contact, are good 
alternatives to produce material that do not have to be 
in contact with patients, such as anatomical models and 
material for education and simulation purposes. Durable 
is normally used for low-friction assemblies and impact-
resistant applications; however, very few information 
regarding its biocompatibility and sterilization resistance 
is provided by the manufacturer[49]. VERO is used for the 
production of custom-made bone and tissue simulators, 
such as the case presented by Lioufas et al.[50].

4.1.3. Liquid resin flexible/elastic materials (SLA, MJ)
SLA and MJ flexible materials such as Elastic Clear (MJ) or 
Elastic 50 and Flexible 80 (SLA) are normally used for the 
production of anatomical models mimicking vessels or soft 
tissues[51]. According to the presented results, overall, the 
elastic materials become harder after different sterilization 
methods are applied. This is consistent with Told et al.[37] 
and Fuentes et al.[53]. Although the main application of 
elastic materials is the production of anatomical models 
for surgical training and education, most of them fail in 
mechanically mimicking the behavior of real human tissue 
(Figure 10). Moreover, there is still a lack of mucous-
biocompatible soft materials, which could have an 
important impact on the improvement of patient-specific 
temporary implants, such as stents.

4.1.4. Powder polymeric material (SLS)
Powder polymeric materials printed using SLS technology 
tend to have good resistance to heat. According to this 
work, PA12 could be sterilized following any of the 
studied sterilization processes (HPO, AU121, and AU134); 
although few mechanical properties were affected, their 
minor changes were not found to be significant from 

a practical point of view. This is in accordance with 
previous works[54]. For instance, Msallem et al.[55] found 
that SLS PA12 is the most accurate material and has better 
heat resistance when they compared the mechanical 
performance of a 3D-printed dry human bony mandible, 
made of polyamide (PA) (SLS), White V4 resin (SLA), 
VERO (MJ), PLA (FFF) and four other binder jetting 
materials, sterilized by different methods.

Additionally, it is important to highlight that PA12 
is commonly used in surgical guides because according 
to EN ISO 10993-1, PA12 is a material that is chemically 
and physically durable and biocompatible[56]. However, it 
has a main drawback, which is the dust formed at where 
mechanical friction forces are applied.

PA12 represents a good candidate of hard and 
resistant material for the production of patient-specific 
cutting and positioning guides, as well as custom-made  
medical devices.

4.2. Tissue-material-mimicking comparison
Producing anatomical models is a common application 
of 3D printing in healthcare sector. These models are 
usually used for training, simulation or enhancing the 
comprehension and communication between patients 
and clinicians. However, most of the present 3D-printable 
materials are far from being mechanically comparable to 
the behavior of human tissues and therefore lack a certain 
tactile realism. Figure 10 shows the comparison of different 
data obtained from different research papers[57-62] with the 
mechanical properties of the 3D-printed materials used 
in this work. The Surgical Guide resin material is the best 
material for mimicking hard tissues such as the bone. 
However, the analyzed materials were unable to mimic the 
softness of tissues such as those in liver or heart. This means 
that for these tissues, it is necessary to find softer materials 
which have been previously analyzed by Tejo-Otero  
et al.[62]. Figure 12 shows a comparison of Shore hardness 
between the elastic materials shown in the present paper and 
those in other studies, in which the Shore hardness of soft 
tissue has been investigated[62-65]. The Shore hardness values 
of the elastic materials fall within the range of Shore A, while 
those of the soft tissues fall within the range of Shore 00. 
This implies that, even if the mentioned materials are closer 
to other materials in terms of hardness/softness, they are 
not the best materials used for mimicking soft tissues. This 
shows that in tissue-mimicking applications, other softer 
materials, such as hydrogels or silicones, must be used.

4.3. Contribution of the current work
This current work presents practical testing complemented 
with a literature review, bringing in new insights into 
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the use of the most clinically used sterilization processes 
for the disinfection of the most used AM materials and 
technologies in the hospital settings. Some of the data 
provided herein are not available from the material 
providers at the time of the study, nor published by 
previous research, as can be seen in Table 12. This work 
also provides a practical proposal of potential applications 
of custom-made medical products for each material, 
according to the research conducted on sterilization 
processes and mechanical properties.

As for the limitations of the study, it must be stated 
that the potential effect on mechanical properties and 
thermal behavior of different printing parameters (infill, 
printing direction, etc.) were not investigated in detail, 
nor a thorough study of the mechanical properties of 

each material was conducted. This work intended to 
demonstrate the practical feasibility of the proper use of 
3D-printed materials in common healthcare applications. 
Most of the mechanical properties of each material can be 
found in data sheets provided by each provider.

5. Conclusion
The growing adoption of 3D technologies in medical 
applications necessitates the precise delineation of the 
properties and effects of sterilization and working processes 
in the clinical and hospital settings on each material, as 
well as the limitations in each of their applications. It is 
important to know when and for what purpose we can 
make use of each material and AM technology, and to 
know the effects of temperature, sterilization, chemicals 

Figure 12. Tissue–matevrial comparison in terms of the Shore hardness (ranges 00 and A).



International Journal of Bioprinting Guide about the effects of sterilization on 3D-printed materials for medicine

162Volume 9 Issue 5 (2023) https://doi.org/10.18063/ijb.756

and other agents on the final medical product to decide 
how we should treat them.

This paper can be used as a guide for future studies 
and as a guide for doctors who are starting to use AM 
technologies as well as sterilization methods. There are 
several points that must be highlighted:

 (1) The temperature (depending on the sterilization 
method) and the exposure time influence the 
mechanical behavior of materials. The higher the 
temperature and the longer the exposure time, 
the higher the risk of the mechanical and geometrical 
properties to be affected and the bigger the changes 
from its original form.

 (2) The 3D printing accuracy showed that AU134 and 
AU121 methods have a greater influence on the samples 
compared to HPO method. Therefore, HPO method is 
a better option, depending on the selected material.

 (3) In general, hard liquid resin materials produced 
by MJ such as MED610, or produced by SLA such 
as Surgical Guide resin, and powder polymeric 
materials printed using SLS technology such as PA12 
have better behavior than thermoplastic materials 
produced by ME in heat-based sterilization 
processes; therefore, it is a better option for the 
production of surgical guides. Among these hard 
liquid resin materials, MED610 and specially PA12 
are the strongest candidates.

 (4) The selection of materials, technology, and 
sterilization process to be used depends on the final 
application and its own mechanical and dimensional 
requirements.

 (5) The materials analyzed in this study can mostly 
mimic hard tissues, owing to their comparable elastic 
modulus. However, other materials such as silicones 
or hydrogels are needed for mimicking soft tissues.

For materials whose surface and geometry could be 
potentially affected by the sterilization process, design 
and dimensions of the final parts may play a role in 
manipulating the desired mechanical properties. For 
standardization purposes, the analysis of the present study 
was based on the ISO tensile testing. Nevertheless, future 
work should be focused on the analysis of the impact of 
the design and the sample dimensions of each material to 
be subjected to a sterilization process. For future studies, 
softer materials such as silicones or hydrogels could also be 
included for analysis.
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