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Abstract
Aims  Fused filament fabrication 3D printing with polylactic acid filaments is the most widely used method to generate 
biomodels at hospitals throughout the world. The main limitation of this manufacturing system is related to the biomodels’ 
temperature sensitivity, which all but prevents them to be sterilized using conventional methods. The purpose of this study 
is to define an autoclave temperature-resistant FFF-PLA 3D printing protocol to print 3D fractures biomodels during pre-
operative planning.
Methods and results  Six different printing protocols were established, each with a different infill percentage. Ten distal radius 
biomodels were printed with each protocol and each biomodel was subject to 3D scanning. The biomodels were subsequently 
autoclave-sterilized at 134 °C and subjected to a new scanning process, which was followed by a calculation of changes in 
area, volume and deformity using the Hausdorff–Besicovitch method. Finally, 192 polylactic acid models were produced 
using the printing protocol offering the greatest resistance and were contaminated with 31 common nosocomial pathogens to 
evaluate the effectiveness of sterilizing the model printed using the said protocol. Sterilization resulted in a mean deformation 
of the biomodel of 0.14 mm, a maximum deformity of 0.75 mm, and a 1% area and a 3.6% volume reduction. Sterilization 
of the pieces printed using the analyzed protocol was 100% effective.
Conclusions  The analyzed 3D printing protocol may be applied with any FFF-PLA 3D printer, it is safe and does not signifi-
cantly alter the morphology of biomodels. These results indicate that 3D printing is associated with significant advantages 
for health centers as it increases their autonomy, allowing them to easily produce 3D biomodels that can be used for the 
treatment of fractures.

Keywords  3D printing · Custom made models · Polylactic acid sterilization

Introduction

The use of 3D printing as an aid to preoperative planning 
is one of the major developments of the last decade in the 
field of orthopedic and trauma surgery [1–4]. Its advantages 

include reductions in OR time, easy identification of the 
center of rotation of orthopedic deformities, less frequent 
use of intraoperative fluoroscopy, decreases in bleeding, 
more efficient fracture reduction, and shorter bony union 
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time. In addition, 3D printing has been hailed as a highly 
cost-effective technology [5–10].

For all these reasons, 3D printing is nowadays the sub-
ject of a large number articles in the orthopedic and trauma 
surgery literature [1, 2]. The manufacturing of biomodels 
and custom-made guides is currently the main use of this 
technology, accounting for 83% of publications related to 
3D printing [1].

Of all the 3D printers available in the market, those incor-
porating fused filament fabrication (FFF) technology and 
poly-lactic acid (PLA) filaments are the most widespread. 
These printers are easy to use, safe, economical, reliable and 
can be used by any hospital as they do not generate waste or 
require a dedicated facility [11–15].

The main limitation of FFF technology is related to the 
sterilization of biomodels after they are printed. PLA is a 
heat-sensitive thermoplastic material. Use of low-temper-
ature sterilization with ethylene oxide or vaporized hydro-
gen peroxide, required for biomodels incorporating this 
technology, is much slower and not as affordable to many 
hospitals, which has restricted the use of the technology 
[16, 17]. Moreover, chemical sterilization induces physical 
and chemical changes in PLA, which could result in altera-
tions to the structure and composition of biomodels [18, 19]. 
Studies published on the use of chemical disinfectants do not 
consider these changes, which means that such agents must 
be used with care when sterilizing biomodels [20].

The purpose of the present study is to evaluate the biolog-
ical safety of autoclave sterilization in models printed with 
FFF-PLA technology as well as the autoclaving-induced 
deformation of the biomodels.

Methods

Evaluation of the effects of sterilization 
on the morphology of biomodels

Manufacture of biomodels

A constant printing protocol was defined (Table 1). Six dif-
ferent 3D printing protocols were established, which only 
differed with respect to their infill percentage: Infill percent-
ages ranged from 5% in group 1A to 30% in group 1F (the 
infill percentage in the in-between groups increased pro-
gressively in 5% intervals). Ten PLA distal radius biomod-
els were printed using each protocol (Table 1). They were 
obtained from a CT-scan of a patient with an intact distal 
radius (3D Slicer® Harvard Medical School, MA, USA). 
The modeling was carried out using MeshMixer software 
(Autodesk, CA, USA). The printing parameters were defined 
using Cura software. 

To determine the effects of autoclaving on the morphol-
ogy of biomodels, each biomodel was individually scanned 
prior to being sterilized by 3D scanning (SOL 3D Scanner, 
Scan Dimension® Svanevang, Denmark). Subsequently, they 
were all sterilized in an individual package and, finally, sub-
jected to a new scanning process. 3D models were saved in 
stereolithography file format (.stl) before and after steriliza-
tion to analyze whether sterilization produced any changes 
in their morphology. Morphological alterations were ana-
lyzed based on four parameters: mean deformation across 
the whole area, maximum deformation, changes in the area 
and changes in volume (Fig. 1, green arrow).

The Haussdorf–Besicovitch method was used to evaluate 
the mean and the maximum deformation following a manual 
alignment process (MeshLab, Autodesk, CA, USA) [21], 
based on a protocol previously described in the literature 
[9, 22].

Changes related to the area and volume of the biomodels 
were calculated before and after sterilization using Netfabb 
software (Autodesk, CA, USA); the differences between the 
values were calculated.

Errors calculated using this procedure include both 
errors secondary to autoclaving-induced deformation and 
errors occurred during model alignment. A constant print-
ing and scanning error was allowed for all biomodels. To 
identify errors during the manipulation of biomodels, ten 
pieces were obtained from group 1 (5% infill) and scanned 
twice prior to sterilization (Fig. 1, blue arrow). Morphologi-
cal discrepancies were calculated using the same method. 
As it was the same piece, any differences were attributed 
to an error related to the alignment of the biomodels. This 
value was taken as the minimal expectable error between the 
biomodels before and after sterilization. It was a controlled 
method-related error rather than a deformity resulting from 
the sterilization process.

Table 1   Description of the groups, including infill data and the print-
ing time and PLA filament weight increases resulting from growing 
infill percentages

Printing time and PLA filament weight data refer to the 10 biomodels 
produced with each printing protocol. The images show the internal 
structure differences between group 1A (A) and group 1F (B)

Parameter Infill percentage Printing time 
(min)

PLA 
filament 
grams

GROUP 1A 5% 324 50
GROUP 1B 10% 361 57
GROUP 1C 15% 400 66
GROUP 1D 20% 437 74
GROUP 1E 25% 516 82
GROUP 1F 30% 564 90
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Errors occurring during 3D printing and scanning were 
evaluated jointly by comparing the area and the volume 
of the .stl file obtained from the CT-scan and the .stl file 
obtained after printing and scanning the biomodels prior to 
sterilization (Fig. 1, orange arrow).

Sample sterilization

A total of 192 rectangular models (40 mm × 8 mm × 3 mm, 
Audoesk Fusion 360®) were designed and printed using the 
FFF-PLA system (Eryone Filament PLA White®) with the 
parameters defined in Table 2 and with an infill percentage 
of 30%, which was the highest infill percentage used in our 
study (Cura Ultimaker®, Utrecht, The Netherlands).

A total of 31 nosocomial pathogens commonly found 
in internal fixation hardware were selected. They included 
both gram positive [—Methicillin-resistant Staphylococcus 
aureus (3 strains), Staphylococcus capitis (2 strains), Staphy-
lococcus hominis (3 strains), Staphyloccoccus pasteuri (1 
strain) (3 strains), Corynebacterium striatum (2 strains), 
Corynebacterium jeikeium (1 strain), Enterococcus faecium 
(2 strains), Enterococcus faecalis (2 strains), and Cutibac-
terium acnes (2 strains)] and gram negative [Pseudomonas 
aeruginosa (2 strains) and fungi (—Candida albicans (2 
strains), Candida tropicalis (1 strain), Candida glabrata (2 
strains), Candida parapsilosis (1 strain) and Candida auris 
(2 strains)] organisms.

All pathogens were obtained at the hospital and subse-
quently thawed, cultured in plates with the necessary growth 
media, and identified by MALDI-TOF mass spectrometry 
(VITEK®MS, bioMérieux, Durham, NC).

The sterilization process was evaluated by inoculating 
three PLA pieces in monomicrobial cultures containing the 
stated microorganisms. The cultures were performed in Trip-
tisoja liquid medium (TSB; Biónica Diagnósticos SL). In 

Fig. 1   Explanatory diagram of the methodology used to analyze 
the effects of autoclaving on the morphology of the biomodel. The 
orange arrows show the route followed to analyze errors associated 
with 3D printing and scanning. The green arrows show the route fol-
lowed to analyze overall deformation following autoclaving. The blue 
arrows show the route followed to analyze the errors occurred during 

manual alignment. Manual alignment shows that biomodel alignment 
follows a constant protocol across all comparisons. Automatic align-
ment systems are faster but do not provide any insights into the proto-
col followed to achieve the alignment, which could lead to misleading 
results

Table 2   Description of the printing parameters defined in the protocol

The infill percentage was progressively increased in 5% increments. 
The printer used was Ender 3 (Creality, Shenzhen, China)

Parameter Value

Layer height 0.3 mm
Wall thickness 0.8 mm
Wall line count 2
Top/bottom thickness 1.1 mm
Top/bottom layers 4
Nozzle diameter 0.4 mm
Temperature 220 °C
Print speed 50 mm/s
Horizontal expansión 0 mm
Infill density 5%–10%–15%–

20%–25%–
30%

Infill pattern Gyroid
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total, 186 PLA plates and 6 negative controls with pathogens 
were cultured (Fig. 2).

After a 10 day-long culture, PLA plates were randomized 
into 3 groups: 2A, 2B and 2C (Fig. 2). Group 2A underwent 
sterilization using an autoclave program at 134 °C (2.1 bar, 
8 min’ vacuum time, 12 min’ sterilization time and 10 min’ 
drying time). To evaluate the viability of the pathogen and 
absence of contamination, plates in group 2B were cultured 
in different culture media: Aerobic Columbia Agar (BD 
Columbia Agar with 5% SheepBlood®), Columbia Anaero-
bic Agar, and Sabouraud Agar (BBL Sabouraud Dextrose 
Agar®). Group 2C was used to make crystal violet stains on 
the biofilms formed on the PLA.

Once sterilization was achieved, new cultures were per-
formed in a TSB medium. Culture results were monitored 
continuously from the first 24 h until the end of a 12 months 
period. The result was expressed in terms of a sterilization 
success rate (Fig. 2).

Statistical analysis

Volume, area, and deformity-related differences during the 
sterilization process were subjected to statistical hypothesis 

testing by performing a Student’s t test for paired data when 
values were normally distributed and a Wilcoxon test when 
they were distributed non-normally.

When comparing values between groups, Student’s t test 
was used for independent data when data distribution was 
normal; the Mann–Whitney U test was used for non-normal 
data distributions.

Normality in data distribution was analyzed using the 
Saphiro–Wilk test; distribution was considered normal when 
p value was > 0.05.

The R statistics software (R Project®) was used for the 
statistical analysis with differences being considered statisti-
cally significant when α = 0.01.

The study was approved by the hospital’s ethical 
committee.

Results

Group 1E (25% infill) was the printing protocol showing 
the highest efficiency with respect to autoclave-steriliza-
tion, with a mean deformity of 0.41 mm (SD 0.09 95% CI 
0.34–0.47, p value < 0.01). Group 1F (30% infill) exhibited 

Fig. 2   Diagram showing the methodology used to evaluate the effectiveness of autoclaving for sterilizing 3D biomodels
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0.02 mm less deformation on average, with a final mean 
deformation of 0.39 mm (SD 0.08 95% CI 0.33–0.45, p 
value < 0.01). The mean deformation difference between 
groups 1E and 1F was not statistically significant (p 
value = 0.7, 95% CI − 0.06–0.09), nor were the maximum 
deformation differences between groups 1E and 1F, with 
a mean difference of 0.16 mm [95% CI − 0.73–(0.42) p 
value = 0.56] (Figs. 3, 4).

Differences related to mean and maximum error 
between groups 1D and 1E were statistically significant (p 
value < 0.01), as were the differences between the rest of the 
groups (Figs. 3, 4).

The deformity observed in the printing protocols with 
infill percentages of 20% or less was significantly greater 
than that observed in higher infill percentages. The great-
est deformities were observed in group 1A, with a mean 
deformity of 1.72  mm and a maximum deformity of 
6.21 mm (Fig. 3).

The mean error attributable to image manipulation was 
0.27 mm (SD 0.12 mm 95% CI 0.18–0.36 p value < 0.01). 
The maximum error attributable to image manipulation was 
0.9 mm (SD 0.42 95% CI 0.59–1.2 p value < 0.01) (Figs. 3, 
4).

Sterilization brought about a reduction in the total area of 
biomodels. The smallest area loss was observed in group 1E, 
with a mean area loss of 0.29 cm2 (SD 0.83), which resulted 
in a non statistically significant difference between pre- and 
post-sterilization volumes (p value = 0.19) (Fig. 5).

Findings were similar with respect to the biomodels’ vol-
ume, where alterations were progressively smaller as infill 
percentages increased. The smallest volume alteration was 
observed in group 1F, where volume increased by 0.21 cm3 
(SD 0.58). This alteration did not reach statistical signifi-
cance (p value = 0.37) (Fig. 6). 

The volume of the original 3D image prior to printing 
was 15.805 cm3, while the original area was 38.146 cm2. 
The mean area of the biomodel after undergoing printing 

and scanning (prior to sterilization) was 37.57 cm2, while its 
volume was 15.65 cm3. As a result of printing and scanning, 
the biomodel lost 0.15 cm2 (i.e., 1%) of its area volume. As 
regards volume area, the loss observed was 0.57 cm3, i.e., 
3.6%. Prior to sterilization, there were no statistically sig-
nificant differences between the groups in terms of the vol-
umes or the areas of the biomodels printed (p value < 0.01), 
which means that the printing and scanning error remained 
constant across all the groups.

The mean number of surface points of the biomodel com-
pared in each analysis was 376,732.60.

All cultures from group 2B (n = 62) exhibited monomi-
crobial growth compatible with the previously cultured path-
ogen, which was indicative of the absence of contamination 
and the effectiveness of the inoculation method employed. 
Staining in group 2C (n = 62) demonstrated biofilm forma-
tion across all biomodels, which attested to the correctness 
of the inoculation process.

Following sterilization, no pathogen growth was observed 
in group 2A (n = 62) during the observation process, dem-
onstrating 100% effectiveness of the sterilization process. 
Negative controls (n = 6) did not exhibit signs of growth and 
biofilm staining was negative.

Discussion

Hospital-FFF manufactured 3D biomodels with PLA fila-
ments may be effectively sterilized without significantly 
altering their morphology by means of conventional auto-
claving. To be successful, it is essential to follow the pro-
tocol proposed in Table 2 as well as an infill percentage 
lower than 25%, which will lead to a mean deformation of 
approximately 0.14 mm with a sterilization success rate of 
nearly 100%.

One of the areas where 3D has shown the greatest prom-
ise is that of preoperative planning for fractures [23–25]. 

Fig. 3   Diagram showing the mean and maximum autoclaving-induced deformation. *Statistically significant differences (α < 0.01)
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Indeed, these injuries must be treated urgently, which often 
precludes the use of commercially manufactured biomodels. 
For that reason, to be able to correctly plan for fracture sur-
gery using 3D biomodels hospitals must be autonomous in 
the production of such models.

Following the expiry of patent number US5121329A, 
which belonged to Stratasys until 30 October 2009, FFF 
became much more economical and therefore accessible to 
most hospitals for the manufacture of 3D biomodels.

Autoclaving being the most widely used method for steri-
lization worldwide, Boursier et al. analyzed the effect of 
autoclave temperature on the sterilization of FFF printed 
objects with PLA filaments, obtaining minimum deforma-
tion values [26]. However, the authors did not evaluate the 
effectiveness of the sterilization process or defined the print-
ing parameters they used [26].

Other authors have looked at the effects of autoclave steri-
lization on the strength of 3D printed models [17, 27–29] 

Fig. 4   Box diagram showing mean and maximum deformity values between groups. *Statistically significant differences (α < 0.01)
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in an attempt to evaluate the capabilities of 3D printing for 
the manufacturing of surgical instruments [30]. Nonetheless, 
few studies have analyzed morphological changes, which 
are much more important than strength for the generation 
of biomodels.

3D printed biomodels are considered a custom-made 
medical product and, in accordance with article 30 of Euro-
pean Act 5.5.2017, hospitals are allowed to manufacture 
these products for non-commercial purposes. The main 
barrier to the widespread implementation of 3D models in 

hospitals is not of a legal nature but, rather, it is related to the 
steep learning curve and the safe printing protocols required.

One of the main contributions of this study is that is 
proposes a safe, affordable, and reproducible 3D printing 
protocol (Table 2). Given the availability of an open-access 
software package compatible with the vast majority of pre-
sent-day 3D printers like Cura, this protocol can be applied 
in virtually any hospital in the world, with very basic or 
highly sophisticated 3D printers, to print 3D biomodels dur-
ing the preoperative planning in most of the fractured bones.

Fig. 5   Mean values of the groups, showing the area changes that occurred following autoclave sterilization. In group E, the pre- and post-sterili-
zation area difference was not statistically significant



3908	 J. Ferràs‑Tarragó et al.

1 3

The main limitation of the present study is that is only 
focuses on one parameter, namely infill percentage, of the 
many that can be configured to increase the thermal resist-
ance of biomodels. In some cases, a lower infill percentage 
could be adequate if, for example, the number of external 
layers or the wall thickness were greater, specially in small 
bones whereby the infill area is very small. The reason why 
we focused on infill percentage rather than on some other 
parameter had to do with the fact that infill is the main con-
tributor to mechanical strength in large objects like biomod-
els, whereas wall thickness is a more important factor for 

smaller objects. The infill pattern is another important key 
part in the 3D printed biomodels and the optimal printing 
protocol could be quite different using other infill pattern. 
In our study, we selected the gyroid pattern due to its light-
weight and our experience with it, but other infill patterns 
can be as useful as gyroid pattern with an adequate printing 
protocol. Future studies should analyze combinations of dif-
ferent parameters with a view to increasing thermal resist-
ance. The protocol presented here is an effective alternative 
but by no means the only one. However, it is probably the 
most effective alternative so far reported in the literature.

Fig. 6   Mean values of the groups, showing the volume changes that occurred following autoclave sterilization. In groups E and F, the pre- and 
post-sterilization volume difference was not statistically significant
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Another important limitation of our study is that only 
one kind of filament was used. The properties of the fila-
ment may be slightly different across manufacturers. The 
thermal plasticity properties provided by the different manu-
facturers should be compared to determine the relevance of 
this aspect. The reason why we focused our analysis on the 
PLA filament is that it is economical and easily accessible. 
Moreover, the biomodel used for the study was a normal dis-
tal radius. Morphometric analyses of other body parts could 
yield slightly different results. In an attempt to overcome this 
problem, we have expressed the area and volume changes in 
terms of total initial area and volume values.

Conclusions

The protocol proposed in the present study makes it possible 
for any hospital to access the benefits offered by the technol-
ogy discussed. The study provides a series of guidelines on 
how hospitals should go about the printing work, enhancing 
their autonomy and performing their preoperative planning 
using 3D models to speed up the recovery of their patients.
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