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Abstract: Fused Deposition Modelling (FDM) along with other Additive Manufacturing (AM) processes
are used today in a large number of applications among which those dedicated to the medical field are
focused on manufacturing anatomical models, surgical devices, implants or prostheses. While anatomical
models are mainly manufactured for patient communication, visualization, surgery training, rehearsal or
simulation, there are also 3D printed medical objects that come in contact with the patient body tissues
and fluids. Therefore, in their case sterilization and biocompatibility testing are mandatory steps before
use. In this context, the current paper is studying the influence of sterilization on the compressive strength
of FDM objects, aswell as on their dimensional accuracy. Standard samples for evaluating the compres-
sive strength of FDM objects manufactured from ABS (Acrylonitrile-butadiene-styrene) material were
used. For assessing the dimensional accuracy, a test part was designed, manufactured and sterilized. The
test part was measured before and after sterilization, a comparison with the virtual part being made. The
results of this study can be used by designers as they provide valuable information on how to design 3D
printed parts.

Key words: Fused Deposition Modelling, medical applications, sterilization, compressive strength,
dimensional accuracy.

1. INTRODUCTION AM technology is used in medical field [4] for bdl
ing: anatomical models (for visualization, preopies
planning, surgery simulations and/or rehearsal, icadd
education and training, patient-doctor communicgtio
medical devices used intra-operative (patient-gjpeci
guides, customized devices and surgical tools)]antp
and prostheses, and organs or tissue printinggjatlyrin
the research & development stage).

Along Stereolithography, Laser Sintering and Mgjtin
processes, Fused Deposition Modeling (FDM) is ohe o
the AM processes quite often used in medical applic
tions. In FDM, ABS (Acrylonitrile-butadiene-styrener
PLA (Polylactic acid) filaments of materials ardrexed
through a nozzle (or two nozzles for some FDM ma-
hines) and deposited for forming each layer ofemialt
hese layers are successively added one of theftthe
other until the whole part is built. The nozzle€pdsi-
tion paths are generated by the machine’s softaties
slicing the 3D virtual model of the part. For applions
in which the devices are customized according ® th
" Corresponding author: University "Politehnica” afdbarest, De- patient anatomy, medical scanning data: Computer To

partment of Machine and Production Systems, Splaiul Mography (CT) or MRI (Magnetic Resonance Imaging)

The key advantages offered by Additive Manufactur-
ing (AM) technology in the medical field are: higeo-
metrical complexity of fabricated parts, cost afficcy in
case of manufacturing prototypes or small batchies o
parts, easy product customization based on padieat
tomical data and needs, and direct fabrication artsp
from their three-dimensional virtual model withorg-
quiring the design and use of tooling, gauges xdufes
[1]. Also, AM capability to build porous structutes
multi-materials parts or open-cellular foams makes t
technology appropriate for tissue engineering a&ppli
tions [2].

AM limitations are related mostly to the still litad
range of usable materials. Moreover, the mechanical
properties, surface finish and accuracy of AM paaslid
be inferior to those machined or moulded, therefuie
able only for some categories of medical devicés [3
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taking place at a temperature higher tht50he tem-  different building orientation [10L3], to the best of our
perature influence over the mechanical and geoocadtri knowledge, no data are available regarding thecefié
properties of plastic medical devices should beestiv  low-temperature sterilization over the compressive
gated and known before their design, manufactusimgy  strength of ABS parts manufactured using FDM prsces
use.

In this context, this paper is studying the infloerof 2 MATERIALSAND METHOD
low-temperature gas plasma sterilization processhen
mechanical properties (more exactly, on the consves 5 1 Tegt part design
strength) of ABS FDM parts and on their dimensional

accuracy. The research results are useful for dessgn Test part for compression testing. Cylindrical test
knowing whether or not certain features are sgation- ~ Parts (20 mm diameter, 20 mm height) were buikBS

stable. And thus, the designers can properly attept Material on Mojo 3D Printer (Stratasys Inc.), irotari-
design of devices to the medical application specif €Ntations (with cylinders axis along and perperidican
constraints. A test part containing different tyjpégeo- I)h;%u"d'ng direction -z axis) using a slice height of
metric features placed in diverse positions/oritoms, ' Georprgt.ric benchmark part. Test parts developed b
having small to medium dimensions was modeled andd.ff h part. ”p includ pl' | y
manufactured. Using an industrial CT system, trs te flerent researchers [145]. usually Include multiple

' AN features representing certain geometrical charatitey.
part was measured before and after sterilizatiah the

X X These features have various sizes, are differeninted
reconstructed virtual parts were compared withuite  rgative to the direction of build and are placediiverse

tual part. positions relative to the AM machine workspace. iThe
main function is to allow the evaluation of onemore
1.2, Literaturereview characteristics: geometrical dimensioning and toler

Literature survey showed a small number of inde-iNg (GD&T), repeatability, surface quality, capatyilto
pendent researches on this subject. In the majofity manufacture thin walls or overhang features, spbbnr
applications, information provided by AM materiaiop freeform surfaces, sloipes of different angles, baipato
ducers are employed 6], medical grade resins, pow- manufacture small sizes features, etc. These paes
ders or filaments usually being recommended for use ~ called geometric test parts and are used to "eteaine

There are several types of sterilization processesgeometrical quality of the features generated bgréain
gamma irradiation, electron beam irradiation, dasipa, ~ Machine” [16]. _
X-ray or ethylene oxide gas sterilization, steamdoy There are also test parts developed for assestiag "
heat sterilization. Each of them has advantagesdisid ~Mechanical properties of features or geometrieergen
advantages, and influences differently the stelinb- ~ ated by a certain AM machine” [16] — called mecbahi
ject. Reports are showing modifications in colatppor ~ Penchmark parts, as there are test parts manugachy
mechanical properties (strength or rigidity). varying the process parameters (layer style buldin

Perez et al. [7] studied the influence of five eliint ~ Process parameters settings, building orientatédo,),
sterilization techniques over the mechanical bedragf ~ designed to improve existing processes or to alioev
standard test parts manufactured from nine FDM rate characterization and testing of new AM materials —
als. Sterility testing was also performed for eawiterial ~ Which are called process test parts.
and sterilization method. The results showed tbat- | In this study, a geometrical benchmark part was de-
temperature sterilization methods are not detemgini Signed (100 mmx 100 mmx 32 mm) so that to include
significant mechanical damages over the plastic FDMgeometrical features such as cylinders, hollowncgrs,
parts, in the same time ensuring the required lisgeri slots, thin walls and slope walls, all with smail ie-
conditions. The compressive and tensile strengtstest ~ dium dimensions, usually encountered in the design
ilized FDM parts were not analyzed in this paper. surgical guides or other medical devices [17]. Fegli

Sterilization process was investigated also infg8]  Presents the virtual test part. Table 1 lists ypetand
determining if sterile parts can be built from arsterile ~ number of features, as well as their nominal direnss
filament of PLA material. The interest for this &ymf This benchmark part was designed not to contain fea
material is given by its extensive use in FDM psxcby  tures which need support structures®(dhgle rule) and
the low-cost 3D printers. The results showed ndy on to be easy to measure.
that PLA parts can be sterilized, but also that 3k
printed process can produce itself, due to the pigit- 2.2, Sterilization process
essing temperature, sterile parts. Test parts manufactured from ABS material were

Firnstahl et al. [9] analyzed the deformation ¢ést  subjected to low-temperature hydrogen peroxide gas
model surgical guide after steam pressure steidizdor plasma sterilization using a Sterrad system fronteGo
two types of materials: PA 2200 (Selective Lasente3i  tina Clinical Hospital in Bucharest. Autoclave diea-
ing process) and VisiJet Chrystal (for jet-printipppc-  tion (also available at Colentina Clinical Hospital
esses). The maximum measured error was 0.5 mm foBucharest) proved an inappropriate solution as teg
thin wall cylinders. The authors suggested, asgiesi perature will heavily deform/melt the plastic parts
rule, not to prescribe walls with less than 1 minkhess The standard cycle for gas plasma sterilizatioB5s
if steam pressure is applied as sterilization nettho minutes long and involves wrapping the part in a-sy

Although the mechanical properties of FDM parts thetic package, placing it in a vacuum chamber and
were investigated for different parameter settiagd for  bringing to 60 C temperature.
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Fig. 1. Geometrical benchmark part.
Table1
Benchmark part features nominal dimensions
Feature Number Position Dimensions
of features
A. Parallelepipeds 2 1 with sides parallel withndy axes 100 mmx 100 mmx 10 mm
1 with sides perpendicular on x and
axes 70 mmx 70 mmx 7 mm
B. Cylinder 1 Vertical axis 100 mm diametex 7mm height
C. Hollow cylinders 3 Vertical axis, placed aloxgxis Dext4 mm, O, 2 mmx 8 mm height
Deyxt4 mm, O 2.5 mmx 8 mm height
Deyt5.5 mm, Oy 3 mmx 8 mm height
D. Inclined hollow cylin- 3 Axis at 60 in respect toy plane Dex4 mm, D, 2 mmx 8 mm height
ders Dex4 mm, Dy 2.5 mmx 8 mm height
Dey5.5 mm, Oy 3 mmx 8 mm height
E. Cylinders 8 4 along axis Diameters 1.5 mm, 2 mm, 2.5 mm, 3
4 alongy axis mmx 10 mm height
F. Slots 2 At 45in respect to x and y axes 40 mmx 1.27 mmx 17 mm
G. Holes 4 along axis Diameters 1.5 mm, 2 mm, 2.5 mm, 3
4 alongy axis mm x 5 mm depth
H. Inclined holes 3 8070, 60 (in respect toxy plane) 2 mm diametex 2 mm depth
I. Slope walls (inside) 8 2020, 3¢, 40, 5¢, 60, 7, 8C° 7-10 mmx 4 mm
(with respect toy plane)
J. Thin walls (outside) 4 With longer side alongxis 1.5,2,2.5, 3 mm 16 mmx 7 mm
K. Inclined thin walls With longer side aloygaxis 80, 70, 60, 50 x 2 mm (top side)
L. Central counterbored 1 In the center of the part 10 mmx 24 mm, 15 mnmx 10 mm
hole
M. Pocket At 48 with respect tox andy axes 7 mm depth
N. Thin walls (inside) 8 4 alongaxis 1.37 mmx 7 mm depth
4 alongy axis
O. Round edges 2 Exterior, At %4&ith respect tox and 10 mm radius
y axes
2.3. Testing and measur ement processes 3. RESULTS

Compressive strength testing. Instron testing equip-
ment up to 100 kN capacity was used in the experisne Figures 2 and 3 present stress-strain curves fior co
Dimensional accuracy. Measurements are made be- pression stress load for ABS sterilized and noriligted
fore and after test part (Fig. 6) sterilizationngsa Nikon parts, with parallel and perpendicular buildingedtions.

XT H 225 - an industrial CT scanner in combinatvaith Figures 4 and 5 present a comparison of compressive
VG Studio Max software. The following scanning pa- 9 P 'p ”p
strength for parallel and perpendicular samplesijlizted

rameters were used: beam energ%20 kV, beam cur- c
rent— 170pA, power— 20.4 W. and non-sterilized.



154 D. Popescu et al. / Proceedings in Manufacturing Systems, Vol. 11, Iss. 3, 2016 / 151-158

Measurements were performed on part surfaces in or Stress-strain compression curve - ABS parallel
der to evaluate the differences from the nominat.pa T ST P T [ D1 N
The values in these points are expressed ys coordi- i i i i i P i
nates along the deviation value whidve( [mm]). The o I N I S A A5 it S S i
color code for the deviation is the following: gnee if — ; : i = i : :
the deviation value is around 0, blumegative deviation — &= ---- ___...-- ""r/ / e
(measured dimensions are smaller than the nomina’s T / : : : .
value) and red — positive deviation (measured dgiuers Bl P,-*-"’ b S O P :
are larger than the nominal value). g ; ; : § § : : !

Figure 7 is a screenshot from the measurement soft E ol { ________ L . . Lo .
ware showing the measurements taken in a sectitmeof % | i i : i i : : E
part. Figure 8 presents theolor map for the non- s | o
sterilized test part. Using part sections, the 3Bual S i i i i i i i i
models of the test part before and after steribratvere i i i i i i i i
reconstructed and superposed on the nominal par * // """ A T T Hi FA .
(Fig. 9). Figure 10 presents an image of the measent / i i i i : : | :
process on the Nikon CT scanner. o ! — - —

Strain g, [%]

Stress-strain compression curve - non-sterilized ABS Fig. 4. Stress-strain curve for ABS parallel sample (green—

70 emepieqeepeee JRR— S qmempme R I S : 5S ré
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(green— ABS perpendicular, red — ABS parallel).
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Stress-strain compression curve - sterilized ABS . . .
P Fig. 5. Stress-strain curve for ABS perpendicular sample

o r _______ r '''''''' ' ________ 1 '''''''' 1 ______ j r i (green— sterilized ABS, red — non-sterilized ABS).
é : ! : T é
N = .
S R et = LIRS LA O 0 A
A B A
= i ; ; i a a a a
e L [N SR ORI I [T IO DRNRON N l__.l._.] TS TR IO SR
= /[ i i a i i i i
& : i ; i ! : i i
8 = : i : i : : : :
a / i ' ' i ? ? ? i

Strain g, [%]

Fig. 3. Stress-strain curve for sterilized ABS sample (green
ABS perpendicular sample, red — ABS parallel sample). Fig. 6. 3D printed test part.
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Fig. 9. Nikon industrial CTscanne.

DISCUSSIONS

Compressive strength. Based on te results, the com-

pressivestrength of ABS parts was calculated in f
cases:

1.

Non-sterilized sample sterilization:

a. Sample oriented with axis parallel with buildi
direction (z axis).

b. Sample oriented with axis perpendicular wi
building direction (z axis).

Sterilized sample:

c. Sample oriented with axis parallel with buildi
direction (z axis).

d. Sample oriented with axis perpendicular v
building direction £ axis).

As mentioned, in thetirature values for compressi

strength of sterilized part could not be found. lwer,
there are references to researches in which theres-
sive strength of ABS part is measured for rastegiesnof
45° (as is also the case of samples)

For instance, Ziemaet al. [18] reports a value of
24.46 MPa for the compressive strength, \et al. [19]
reports a value of 28.4 MFar samples built with axi
along z axis. Ahn[10] repors a value of 27 MPa for
samples built with axis parallel wilz axis and 30 MPa
when cylinderaxis is perpendiculato z axis. Thus, the
values determined in our tests correspond to thiee
reported in literature.

In Fig. 10 the yield stresmriatiors for the two ABS
samples perpendicular and paral to z axis, sterilized
versus non-sterilizedre presente. It can be observed
that for parallelsterilized specimens a significarn-
crease of yielded stresscur:, but with minor geometri-
cally modifications while for perpendicular sample t
yielded stressemains almost ¢he same value. This can
be explained byhe fact sterilization (heating at ° fol-
lowed by cooling at room temperature) is like atneen
process, removing tension from the part and imp@
its compressive strength.

Thus, if possibleaccordingto the experiment results
of this paperthe manufacturing recommendation is
orient the part so that to be built with the zosebjectec
to compression during use, perpendicto z axis build-
ing direction.

60 =

48,54 H Parallel

47.48

50 o

W Perpandicular

35.37

Non -Sterilized

Starilized

ABS
Fig. 10. Variation of yield stres.

Some of the measured values for thetest part, before and after sterilization process Teblez
Feature Nominal value | Beforesterilization | Deviation % | After sterilization | Deviation %
Slots—set 1 (N) 1.37 1.151 15.98 1.418 -3.5
(alongx axis) 1.37 1.161 15.25 1.406 -2.63
1.37 1.147 16.27 1.385 -1.09
1.37 1.133 17.3 1.37 0
Holes—set1 (G) 0.75 0.561 25.2 0.746 0.53
(alongx axis) 1 0.819 18.1 0.958 4.2
1.25 1.096 12.32 1.212 3.04
15 1.365 9 1.469 2.07
Holes- set 2 (G) 0.75 0.577 23.07 0.68 9.33
(alongy axis) 1 0.791 20.9 0.944 5.6
1.25 1.067 14.64 1.207 3.44
1.5 1.335 11 1.454 3.07
Slots (F) (along axis) 1.27 1.32 -3.94 1.26 0.788
alongy axis 1.27 1.34 -5.51 1.243 2.12
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Dimensional accuracy. After manufacturing, several
dimensions of the ABS test part were measured anTl
compared to the nominal values in different sectioh ]
virtual test part was reconstructed based on thysighl
test part and deviation values were calculatedureig 2]
12a shows the color map (+/-0.27mm) for the test part
before sterilization, while in Table 2, column 3rs® of
the measured values are presented. The color maipefo
non-sterilized test part showed mostly positiveialéans
in comparison with the nominal part. (4]

The second measurement process was performed on
the same test part, but this time after low-temioeea [5]
sterilization process (Fig. 18, The color map is smaller
+/-0.20 mm showing that the sterilized part dimensi
are closer to the nominal part in comparison whb t
case when the part was not sterilized. Table 2janl4,
presents some of the measured values from thdizsdri
part (slots, holes). During the post-processing [ar
support structure removal, the 0.75 mm diametes pin
broke and therefore they could not be measured.

For the non-sterilized part, the largest negatieeiat
tions of the nominal part were measured on theobott
horizontal plane surface of the pocket M (see Eignd
Table 1). The horizontal surfaces of the paraliplegp
base were built with positive deviation values a1l
mm. For the sterilized part (Fig. 11), the largdsvia-
tions were noticed on the same pocket, but alsthen
inclined hollow cylinders. Positive variations wene-
ticed on the plane surface of the parallelepipestba

Figure 12 shows comparative color maps for steril-
ized and non-sterilized test part. At the cornefrshe
parallelepiped base, the deviation values are maxim
negative in comparison to the nominal part. Howgirer
general, the sterilized part has dimensions clésehe
nominal part.

(3]

(6]

(7]

(8]

(9]
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