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Abstract: Additive manufacturing has introduced a great step in the manufacturing process of
consumer goods. Fused Deposition Modeling (FDM) and in particular 3D printers for home desktop
applications are employed in the construction of prototypes, models and in general in non-structural
objects. The aim of this new work is to characterize this process in order to apply this technology in
the construction of aeronautical structural parts when stresses are not excessive. An example is the
construction of the PoliDrone UAYV, a multicopter patented, designed and realized by researchers at
Politecnico di Torino. For this purpose, a statistical characterization of the mechanical properties of
ABS (Acrylonitrile Butadiene Styrene) specimens in compression tests is proposed in analogy with
the past authors” work about the tensile characterization of ABS specimens. A desktop 3D printer,
including ABS filaments as the material, has been employed. ASTM 625 has been considered as
the reference normative. A capability analysis has also been used as a reference method to evaluate
the boundaries of acceptance for both mechanical and dimensional performances. The statistical
characterization and the capability analysis are here proposed in an extensive form in order to
validate a general method that will be used for further tests in a wider context.

Keywords: Fused Deposition Modeling (FDM); 3D printing process; mechanical and dimensional
properties; compression tests; Acrylonitrile Butadiene Styrene (ABS); statistical process control;
compression modes

1. Introduction

Unmanned Aerial Vehicles (UAVs) or Remotely-Piloted Vehicles (RPVs) are a group of airplanes
and helicopters that can fly autonomously or remotely controlled. Nowadays, most scientists and
technicians are writing the rules to integrate in a yet crowded airspace the new subject, which
potentially can cause severe damages to civilian airplanes [1,2] or can violate the privacy of people [3].
The Italian Authority for Civil Aviation regulates the capability of such aircraft in relation to the
VLOS (Visual Line Of Sight) operations, and it limits the MTOW (Maximum Take Off Weight)
to 25 kg (approximatively 50 Ibs) [4]. The Civil Authority also defines the differences between
critical operations (above people or in ATZ (Aerodrome Traffic Zone)) and no-critical operations
(e.g., no-crowded areas). The market of so-called drones has had a enormous growth due to their
simplicity of piloting, low cost and expansion of the applications from package delivering to farming
or monitoring [5]. Nowadays, the most diffused type of RPVs is the multi-rotor, a sort of helicopter
with three, four, six or eight arms which can hover above a place and can have vertical take-off
and landing. Different applications (e.g., patrol, package delivering, aerial photography) usually
require different types of multi-copters forcing the end-user to have in its disposal several machines.
In order to reduce the cost of maintenance and purchase, the multipurpose and modular drone called
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PoliDrone has been patented as an innovative solution [6], which allows reconfiguring the machine
in different ways changing the number of arms and propellers and the geometry of the vehicle.

In order to emphasize the diffusion of this platform, Fused Deposition Modeling (FDM) has
been chosen as the construction technique to allow anyone with a 3D desktop printer to construct a
prototype in a fast and economical way [7]. Using a low-cost building technology, it is possible to
build each part of the flying machine at home reducing the spare parts” cost and the supply chain
management; see the comparison with a drone factory such as Parrot or DJI. The model of part
replacements and improvements on the main frame will be delivered as reported in [8]. A render
of the prototype, which successfully flew for the first time on 4 July 2016, can be seen in Figure 1.
PoliDrone is a multipurpose modular drone with adjustable arms produced via the FDM additive
manufacturing process [9]. The combination of only eight basic constituent elements used in different
ways and number allows 12 different configurations. These configurations are 3-, 4-, 6- and 8-arm
configurations with the possibilities of single rotor, double rotor or system rotor + inflatable element
per arm. This idea is completely new if compared with other modern drones proposed in [10-13].

v’

Figure 1. Render of PoliDrone, a multipurpose and modular UAV.

The first PoliDrone prototype has been produced, via the 3D FDM printing process, using PLA
(PolyLacticAcid) for all of the elements [9]. PLA is a green and recyclable material. It is quite easy
to print. The main aim of the project is the construction of a second prototype with a total weight
(including a pay load of 0.5 kg) less than 2 kg. In this way, we can take advantage of the facilities
provided by the ENAC (Ente Nazionale Aviazione Civile or National Authority for Civil Aviation)
regulation. In order to obtain this aim, three main steps must be followed. The first step is the
definition of a new geometry for the prototype where some parts are redesigned. The second step
is the use of a new material in combination with the FDM technique: ABS (Acrylonitrile Butadiene
Styrene) in place of PLA. ABS is lighter than PLA (better specific properties), and it does not have
deterioration of its properties through time (PLA has deterioration). However, the FDM printing
process is not so easy if combined with the use of ABS [14,15]. The third step is the appropriate
Finite Element (FE) analysis of the prototype and the relative structural optimization. In order to
perform such an analysis, the ABS properties must be known. We know the properties of the ABS
filament, but after the FDM process, such properties change and become unknown. We need these
properties in order to perform a correct FE analysis. ABS has been chosen due to its good mechanical
properties combined with a reduced weight. In order to design and optimize the primary structure of
the multi-copter, knowing the applied loads, it is mandatory to have the material properties with
a statistical level of confidence. This feature is necessary because during the extrusion process,
there are several machine parameters that can influence the mechanical properties of the finished
pieces [14]. Moreover, for a flying product, not only the mechanical properties are requested, but
also the dimensional capabilities of the machine must be investigated in order to design the correct
machine drawing, allowing perfect joints between different subparts [15].
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It is important to notice that ABS can be polymerized in varying proportions and that the
manufacturing process and machine precision can influence its properties. In general, three different
directions (1,2,3) of building are possible in the case of the FDM 3D printing process. For each
building direction, the raster orientation can also be selected (e.g., +45°/—45° in our study cases).
For these reasons, a complete characterization is necessary for each building direction. In order to
have a first satisfactory ABS characterization, a possible and general work plan could be:

Tensile characterization for building Direction 1 for the specimen production
Compressive characterization for building Direction 1 for the specimen production
Bending characterization for building Direction 1 for the specimen production
Tensile characterization for building Direction 2 for the specimen production
Compressive characterization for building Direction 2 for the specimen production
Bending characterization for building Direction 2 for the specimen production
Tensile characterization for building Direction 3 for the specimen production
Compressive characterization for building Direction 3 for the specimen production
Bending characterization for building Direction 3 for the specimen production

The tensile characterization for the first building direction has been performed by the same
authors in [16]. Some preliminary information about the compressive characterization for the first
building direction has already been proposed in [17]. The complete and exhaustive compressive
test for ABS specimens built in Direction 1 is the topic of this new work. Interesting studies and
characterization tests of structural elements including ABS and produced via additive manufacturing
have been proposed in [18-22].

A capability study focused on the compression analysis of specimens built with a Sharebot NG
3D Printer will be presented. Furthermore, a capability analysis on the dimensional properties,
which measures the dimensional characteristics of the same specimens, will also be performed.
The proposed statistical theory is based on the the Six Sigma Process.

2. The Compression Test

The aim of this experimental campaign is to determine the compressive properties of ABS
specimens produced with the FDM technique implemented in a home desktop Sharebot NG printer
with a single extruder. The reference standard for the determination of the compressive properties
of plastic materials (reinforced or not) is the ASTM D695 [23]. In the case of isotropic materials, at
least five specimens must be tested. For this reason, nine specimens have been employed in the
present test.

This standard proposes two types of specimen, depending on the properties to be determined.
When compressive strength is desired, the specimens must have the form of a right cylinder or
prism where the length is twice its principal width or diameter. However, when compressive elastic
modulus and offset yield-stress data are investigated, the geometrical dimensions of the specimens
are expressed in terms of the slenderness ratio. The slenderness ratio is defined as the ratio between
the length of a column of uniform cross-section and its least radius of gyration (0.25-times the
diameter for specimens of a uniform circular cross-section or 0.289-times the smaller cross-sectional
dimension for specimens of a uniform rectangular cross-section). The proposed slenderness ratio
should be in the range from 11:1 to 16:1. The second kind of specimen, with a rectangular section, has
been chosen for the present study of the compressive properties. The reasons have been explained
in Section 2.1.

2.1. Specimen Characteristics

The specimen proposed by the standard evolves along a principal direction. Figure 2 shows two
of the three different possible building directions. The first one would be preferable, being coherent
with the direction chosen in the tensile test performed by the authors in [16]. However, the choice
of a circular cross-section specimen creates some differences in the printing process, and the fused
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material needs an appropriate support. For this reason, a support material basin could be planned as
shown in Figure 3.

For the first printing direction, the support material does not completely adhere, and the
specimens separate from the printing floor. For the second building direction, there are some
difficulties, such as the small contact section between the specimen and the floor and the presence
of high vibrations. These vibrations induce the separation of some specimens during the printing
process. For all of these reasons, square cross-section specimens have been chosen here. The contact
area of a square section is greater than that of a circle section with the same principal dimensions.
Therefore, this type of specimen provides a greater adhesion. The dimensions were set to have a
slenderness ratio, close to the lower values (from 11:1 to 16:1) proposed in the previous section, which
avoids similar issues to the ones previously mentioned. The use of a square cross-section allows the
use of the same printing direction employed for the tensile ABS characterization proposed in the
work [16]; this direction and the specimen are indicated in Figure 4.

Figure 2. Possible building directions for ABS cylindrical specimens used in compression tests. First
printing direction on the left and second printing direction on the right.

Figure 3. The support material basin for the construction of ABS cylindrical specimens along the first
printing direction.
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12,70 44

Figure 4. First printing direction and dimensions of the employed specimen with a square section.

2.2. Printing Parameters

The mechanical properties of 3D printed pieces are influenced by several printing parameters.
These values must be chosen before generating the file containing the instructions to be followed
by the printer. In the case of specimens for compression tests, Ahn et al. [24] examined only the
building direction as a printing parameter, determining that a specimen with a building direction
transverse to the compression direction would have shown a higher compressive strength. Since
the influence of the other parameters was not investigated in the literature, it was chosen to set the
printing parameters consistently with the tensile test already performed in [16]. Hereinafter, these
parameters will be presented, together with their numerical values chosen by the authors. A specific
explanation for each of these parameters can be found in [16]:

e Bead/Raster width: It is related to the nozzle gap as it represents the transverse dimension of
the extruded bead. The nozzle size of the Sarebot NG is 0.35 mm [25]. Therefore, this fixed value

was set.
o  Perimeters: It represents the peripheral beads to be deposited. Two perimeter walls were used in

the present work.
o Air gap: It is used to set the distance between two adjacent deposited beads in order to specify

the internal infill density, which was set to 100%. The aim is to obtain solid specimens without

overlapping beads.
e Bed temperature: The print plane was heated to 90 °C to prevent the deformation of specimens

after a quick cooling.

e Build temperature: ABS is commonly extruded in a temperature range between 220 °C and
250 °C. Therefore, a nozzle temperature of 245 °C was set here.

e Raster orientation/angle: When the fill-pattern is rectilinear, it indicates the orientation angle
of the filling beads. Crisscross specimens were here printed with a lamination sequence of
45°/—45°.

o Layer height: it measures the vertical dimension of each extruded bead. It was set to 0.2 mm.

2.3. Test Setup

Before starting the experimental campaign, it is compulsory to measure the width and thickness
of each specimen to the nearest 0.01 mm, at several points along its length, recording the minimum
value of the cross-sectional area. The length of each specimen must be also measured. Beyond the
specific reasons for which such measurements are made, they can be useful in determining some
“best practices” for the design phase to ensure the dimensional compatibility of the pieces to be
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printed, taking into account the errors introduced in the printing process. The measurements shown
in Table 1 were made using a Burg Wachter PRECISE PS 7215 digital caliper, whose measuring range
and accuracy are 150 mm and 0.01 mm, respectively [26]. Thickness and width values refer to the
smallest section. The first specimen has been discarded because it has not given satisfactory results.

Table 1. Dimensional experimental data for the nine produced ABS specimens.

Specimen 2 3 4 5 6 7 8 9 10 Nominal  Mean  StDev

X dimension (mm) 12.70 1273 1274 1272 1283 1273 1271 1276 12.79 12.70 12.75 0.04157
Y dimension (mm) 1272 1274 1271 1278 1278 1278 1274 1274 1279 12.70 12.75  0.02958
Length (mm) 4389 4386 43.82 4370 43.81 43.67 4373 43.62 4379 44.00 43.77  0.09071
Weight (g) 6923 6880 6.857 6926 6950 6956 6954 6.955 6.987 7.806 6.932  0.04090

Note: Nominal values (Nominal), mean values (Mean) and Standard Deviation (StDev).

Figure 5. Artisan QTest10 [27] testing machine during an experimental tensile test.

An MTS QTEST 10 testing machine [27] (see the example in Figure 5 proposed for the tensile test)
was used; each specimen was placed between an upper and a lower planar support taking care of the
fact that the surfaces of the compression tools were parallel with the end surfaces of the specimen and
aligning the center line of its long axis with the center line of the machine. As the common testing
machines can be controlled in speed or in load, the standard requires that the test takes place in speed
control, with a constant speed of the movable support of 1.3 mm/min. It is also suggested to increase
the speed after the yield point, but only if the machine has a weighing system with rapid response
and the material is ductile. However, it was preferred to maintain constant the load application
speed for simplicity. In the specific case of this testing machine, the absolute position is that of the
upper support.

3. Numerical Analysis

The raw stress-strain curves for the nine selected specimens are shown in Figure 6 where the
compression behavior of each specimen is provided.

All of the proposed specimens show the common linear-elastic region, followed by a non-linear
zone. Until about the proportional limit, the specimens show no macroscopically appreciable
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deformations. Subsequently, a first bulge of the central section appeared, followed by a progressive
buckling of the specimen. Figure 7 shows the different modes of deformation that can occur in a
compression test.

The various modes shown in Figure 7 can be summarized as follows [28,29]:

1. typical buckling mode: it happens when the ratio between the sample length and its width
exceeds five;

2. shearing mode: it may happen when the ratio between the sample length and its width is
about five;

3. double barreling mode: it may happen when the ratio between the sample length and its width
exceeds two and friction is present at the contact surfaces;

4. Dbarreling mode: it happens when the ratio between the sample length and its width is less
than two;

5. homogenous compression mode: it happens when the ratio between the sample length and its
width is between 2.0 and 1.5;

6. compression instability mode.

The tested specimens have a slenderness ratio of 12 (as will be calculated in Section 3.2). The ratio
between the length and the width is 3.5. For this type of specimen, the standard [23] does not provide
for the use of a support jig to avoid the buckling of the specimen. Even if the ratio between the
length and the width is 3.5, all of the specimens, after an initial deformation, which can be assumed
as Mode 4, moved to the typical buckling mode. After reaching a maximum stress value in buckling
mode, all of the specimens started to break up into zones with fibers subjected to tensile and shearing
stresses. Figure 8 details the deformation evolution during the compression test. Figure 9 shows a
typical broken specimen where fibers subjected to tensile and shearing stresses are mentioned.

3.1. Post Processing According to ASTM 695

Each datum collected from the compression test has been treated according to ASTM 695
(technically equivalent to the ISO 604) [23] in absence of a specific normative for FDM 3D printed
objects. ASTM 695 norms collect the standard methods of test for the compressive properties of rigid
plastics, un-reinforced or reinforced, including also composites, when loaded in compression at low
uniform rates. Each of the stress-strain curves shows in the linear-elastic region a horizontal tangent
point, spacing two sections with slightly different slopes. This toe region is an artifact caused by the
take up of slack and alignment or seating of the specimen. As it does not represent a property of
the material, it was compensated drawing a continuation of the linear region of the curve until the
zero-stress is reached and considering the intersection of this straight line with the strain axis as the
correct zero strain point. The compressive properties that can be determined by this experimental
campaign are:

o Compressive modulus of elasticity: The coefficients of the linear regressions based on
point-by-point increasing ranges of values were averaged. This procedure had as the starting
point the one next to the graph change of slope and as the ending point the one at which the new
regression coefficient differed by more than 5% from the averaged one.

o Compressive proportional limit: From the previously found modulus of elasticity, it was possible
to identify the stress value, which differed by more than 5% from the expected value; this was
conventionally identified as the proportional limit

e Maximum compressive stress: It was calculated by dividing the maximum load by the minimum
cross-sectional area value. However, as all of the specimens suffered buckling, it is not advisable
to take account of these values as compressive strength, and it will be necessary to repeat the test
with more stubby specimens in accordance with the standard. The results are reported in any
case to be thorough.
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Figure 6. Raw stress-strain curves for the nine produced specimens.
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Figure 7. The possible deformation modes in a compression test.

Figure 8. The behavior of the fourth specimen during the compression test.

Fibers subjected to
tensile stresses

Fibers subjected to
shearing stresses

Figure 9. Condition of the fourth specimen after the compression test.
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The application of corrections to the the linear portion of the stress-strain curve was not
necessary in this work. The plots for each of the nine specimens are presented in Figures 10-18.
Table 2 gives the collected results already shown in Figures 10-18.

Stress—Strain compression curve — Specimen n°2
45 ; : : : ‘

o, [N/mm?]

XX

10 Egomp = 881 N/mm? 1
o '=352PN/mm?
max 2
5 o =25.40 N/mm 1
pro
o]
0 . . . . .
0 0.1 0.2 03 0.4 0.5

Figure 10. Actual stress-strain curve for the produced Specimen 2.

Stress—Strain compression curve — Specimen n°3
45 T T T T T

o [N/mm?

XX

10 E__ =879 Nimm? ,
comp 2
6 =34.13 N/mm
max 2
5 6 =26.17 Nmm' 4
pro o
0 v L L L L L
0 0.1 0.2 0.3 0.4 0.5

XX

Figure 11. Actual stress-strain curve for the produced Specimen 3.

Stress—Strain compression curve — Specimen n°4
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comp 2
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max >
5 o =28.96 N/mm 4
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0 . . . . .
0 0.1 0.2 0.3 0.4 05

Figure 12. Actual stress-strain curve for the produced Specimen 4.
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Stress—Strain compression curve — Specimen n°5
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Figure 13. Actual stress-strain curve for the produced Specimen 5.

Stress—Strain compression curve — Specimen n°6
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Figure 14. Actual stress-strain curve for the produced Specimen 6.
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Figure 15. Actual stress-strain curve for the produced Specimen 7.
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Stress—Strain compression curve — Specimen n°8
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Figure 16. Actual stress-strain curve for the produced Specimen 8.

Stress—Strain compression curve — Specimen n°9
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Figure 17. Actual stress-strain curve for the produced Specimen 9.
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Figure 18. Actual stress-strain curve for the produced Specimen 10.
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Table 2. Mechanical experimental data for the compression test of the 9 produced specimens.

Specimen 2 3 4 5 6 7 8 9 10 Mean  StDev

E (MPa) 881 879 805 711 825 721 821 835 768 805.1 61.31
Omax (MPa) 3521 3413 3539 3636 4200 3755 4085 3811 3795 3751 2.608
Opro (MPa) 2540 2617 2896 29.07 29.86 30.64 2946 2829 2849 2849 1.697

Note: Mean values (Mean) and Standard Deviation (StDev).

3.2. Compression Critical Load

The critical load is defined as the maximum load that a column can bear while staying
straight. As before buckling, the specimens show no macroscopic deformations, it was interesting
to investigate the theoretical value of the compression critical load to verify that it is higher than the
proportional limit. As the slenderness ratio of a column increases, the critical load first follows the
parabolic Johnson formula, then the hyperbolic Euler one [30]; the transition point can be expressed in
the form of the slenderness ratio, imposing the tangency between the two curves [30]. The slenderness

ratio can be calculated as:
[5. 2
A= < li > _ 27m2E )
Pg trans Oy

where [, is the effective length, p, the radius of gyration, E the tensile elastic modulus and o
the tensile maximum stress (it is obtained from past authors” work [16] where it is clear how the

maximum tensile stress is very close to the tensile yield stress; this last stress has not been calculated
in [16]).

The specimens will be analyzed as approximating pinned-pinned columns. Therefore, the
effective length coincides with the real one, making A coincide with the slenderness ratio defined
at the beginning. Taking into account the ABS tensile elastic modulus and the maximum stress
found in [16], this formula leads to a slenderness ratio of 36.98. As the specimens’ slenderness
ratio (calculated as é—") is 12, they can be interpreted as intermediate length columns, so the Johnson
parabolic transition formula should be used:

(‘TyA)z

Jor =0 ™ 42F -

@

This calculation, using a maximum tensile stress of 35.47 N /mm? in place of the yield stress (see
the past authors’ work [16]), gives a critical stress of 33.60 N /mm?, which is slightly higher than the
proportional limit and lower than the compressive strength. This feature means that all specimens
collapsed for buckling reasons. However, results for elastic modulus E and proportional limit Tpro
are valid. On the contrary, new specimens with a different A value must be produced to obtain a
higher value for the critical stress in order to correctly identify the maximum compressive stress.
In Equations (1) and (2), the employed Young modulus E = 2458 N /mm? is the mean value obtained
in the tensile test performed in [16]. This choice has been made because it is more conservative for
the calculation of o,,. The tensile test in [16] proposed a proportional limit equal to 27.79 N /mm?
(mean value).

3.3. Statistical Analysis

As already done for the tensile properties determined in [16], the mechanical and dimensional
experimental values are here evaluated for compressive tests setting up a capability analysis. Since
the mechanical properties and the geometrical values (in the sense of the printing deviations from the
nominal values) are determined, the capability analysis is implemented to determine the upper and
lower limits of these quantities, which can limit in a statistically stable way the experimental values.

As a precondition, it is necessary to verify if the investigated quantities could be approximated
with a normal distribution. The Anderson-Darling hypothesis test [31,32] measures how well
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the data follow a particular distribution considering the values of two indices, which are the AD
(Anderson-Darling statistic) and the p-value. For a specific set of data and a number of different
distributions, the better fit is obtained for the smaller value of AD. The probability index should be
as high as possible. A reference a value of 0.05 or 0.1 usually allows excluding or considering a
certain distribution.

A goodness of fit test is set up for all of the experimental quantities shown in Tables 1 and 2.
These results are given in Tables 3 and 4. It is necessary to verify if the Anderson—Darling statistic of a
certain distribution was substantially smaller than the ones of the others and that, simultaneously, the
correspondent p-value is higher than the reference value. The normal distribution does not always
seem to be the best fit. However, both the indices allow its use. This analysis is discussed in detail in
the next section.

Table 3. Individual distribution identification for the compression modulus of elasticity, the
compressive stress at rupture omax and the compressive proportional limit Opro-

Goodness of Fit Test Compression Modulus Omax Tpro

AD p-Value AD p-Value AD p-Value
Normal 0.310 0.487 0.280 0.552 0.432 0.234
Box—Cox transformation 0.261 0.614 0.188 0.865 0.424 0.245
Lognormal 0.339 0.410 0.251 0.649 0.480 0.172
3-Parameter lognormal 0.348 — 0.207 — 0.460 —
2-Parameter Exponential ~ 0.839 0.068 0.467  >0.250 1.256 0.015
Weibull 0.297 >0.250 0.429 >0.250 0.261 >0.250
N3-parameter Weibull 0.297 0.487 0.250 >0.500 0.239 >0.500
Smallest extreme value 0.297 >0.250 0.474 0.221 0.236 >0.250
Largest extreme value 0.477 0.218 0213  >0.250 0.683 0.062
Gamma 0.367 >0.250 0.288 >0.250 0.494 0.228
Logistic 0.319 >0.250 0.279 >0.250 0.393 >0.250
Loglogistic 0.344 >0.250 0.258 >0.250 0.434 0.228
3-Parameter Loglogistic 0.319 - 0.209 — 0.393 —

Table 4. Individual distribution identification for the width, the thickness, the length and the weight
of the produced specimens.

Goodness of Fit Test Width: X Dimension  Thickness: Y Dimension Length Weight
AD p-Value AD p-Value AD p-Value AD p-Value

Normal 0.439 0.223 0.574 0.097 0.191 0.855 0.474 0.179
Box—Cox transformation ~ 0.424 0.245 0.575 0.096 0.090 0.858 0.461 0.195
Lognormal 0.437 0.227 0.573 0.097 0.191 0.853 0.478 0.175
3-Parameter lognormal 0.149 - 0.646 — 0.225 - 0.507 -
Exponential - - - - 4112  <0.003  4.086  <0.003
2-Parameter exponential ~ 0.285 >0.250 0.798 0.079 0.821 0.073 1.279 0.013
Weibull 0.685 0.061 0.712 0.049 0196  >0250 0357  >0.250
3-Parameter Weibull 0.235 >0.500 0.627 0.092 0215 >0.500  0.355 0.346
Smallest extreme value 0.688 0.060 0.712 0.049 0196  >0.250 0355  >0.250
Largest extreme value 0.237 >0.250 0.564 0.133 0.291 >0.250  0.674 0.066
Gamma 0.460 >0.250 0.645 0.094 0.225  >0.250  0.509 0.214
3-Parameter gamma - — - - 1.071 - 2.801 -
Logistic 0.381 >0.250 0.619 0.062 0227  >0.250  0.461 0.197
Loglogistic 0.379 >0.250 0.619 0.062 0.228  >0250  0.464 0.194
3-Parameter loglogistic 0.151 — 0.619 — 0.227 — 0.461 —

4. Results

This section proposes the results for the capability analysis. Such an analysis has been performed
for the three investigated mechanical properties and for the dimensional characteristics, including
also the weight of the produced specimens.
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4.1. Capability Analysis for Mechanical Properties

In this section, the mechanical properties are investigated. The quantities which are taken into
account are those presented in Section 3.1: the compression elastic modulus (E), the compression
proportional limit (¢p) and the compression strength (o). The sample was composed by
10 specimens, but the first one was used as a sacrificial specimen to understand the machine
operation. Therefore, the experimental values of the nine employed specimens are reported in Table 2.
The analysis is carried out by means of the control chart, the probability plot and the capability
analysis, which are proposed for each quantity.

The first line of Table 2 shows the experimental collected values for the Young modulus E.
The probability plot in Figure 19 shows that the average value of the overall sample is equal to
805.1 N/mm?, and the standard deviation is 61.31. The Anderson-Darling statistic value is equal
to 0.310, which is not the smallest one among the considered distributions. However, being the
p-value equal to 0.487, it is considerably higher than the threshold one (see Table 3). Therefore,
the normal distribution can be considered a good fit for this set of data. Indeed, the data seem
to follow approximately a straight line. The lower limit is 553.11 N/mm?, and the upper limit is
1057.11 N/mm?. To identify the upper and lower limits delimiting in a statistically stable way the
percentage corresponding to the Sigma Level 4, a P (Process Performance Adjusted for Process Shift
index) equal to 1.33 was imposed; this would lead to a more conservative approach as it takes into
account the long term variability, generally higher than the short one. However, as may happen while
working with a small data sample size, P appeared to be lower than the corresponding C (Process
Capability Adjusted for Process Shift index). Therefore, in this case, a Cp; equal to 1.33 was imposed.
This feature results in a lower limit equal to 553.11 N /mm?; at least 99.38% of the specimens will have
a higher compression modulus of elasticity. The I-MR (Individuals (I) chart and Moving Range (MR)
chart) chart presented in Figure 19 shows that the process is globally stable and performs inside of
the limits of acceptance of the Sigma Level 4.

The experimental collected values for the compressive stress at rupture oy, are given in the
second line of Table 2. The overall sample mean is 37.51 N/mm?, while the standard deviation is
2.608. From the probability plot in Figure 20, it can be deduced that the normal distribution can
approximate this set of data well, as the Anderson-Darling statistic is 0.280 and the p-value is 0.552
(see Table 3). The capability report shows that the boundary limits for a P, index equal to 1.33
are 27.1056 MPa and 47.9096 MPa. The graph is quite symmetrical, although the left part is more
populated. This capability analysis has been proposed anyway even if the critical load is smaller than
the compression stress at rupture ¢;,,x. This study has been reported only to be thorough.

The compressive proportional limit 0y, is the last investigated mechanical characteristic. The
experimentally-collected values are shown in the third line of Table 2. As can be seen in the probability
plot of Figure 21, the data seem to follow a straight line, except for the the two smaller values. Indeed
the Anderson-Darling statistic and the p-value suggest that the normal distribution approximates
the difficulties of this dataset (see Table 3). The process capability report in Figure 21 underlines an
important variability of this quantity, characterized by an average value of 28.49 MPa and a standard
deviation of 1.697. The boundary limits were identified in 21.7012 MPa and 35.27 MPa imposing a Ppk
index (Process Performance Adjusted for Process Shift index) equal to 1.33. The last graph of Figure 21
shows that, except for the first two specimens, the process is stable and inside of the boundaries.
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Figure 19. Probability plot, process capability report and I-MR chart (Individuals (I) chart and Moving

Range (MR) chart) for the Young modulus E of the nine produced specimens.
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Figure 20. Probability plot, process capability report and I-MR chart (Individuals (I) chart and Moving

Range (MR) chart) for the maximum stress at rupture (¢yqx) of the nine produced specimens.
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Figure 21. Probability plot, process capability report and I-MR chart (Individuals (I) chart and Moving

Range (MR) chart) for the stress at proportional limit (¢p0) of the nine produced specimens.
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4.2. Capability Analysis for Dimensional Characteristics

In this section, the dimensional characteristics are investigated. Four quantities are taken into
account: the X dimension and the Y dimension of the smallest section, the overall length and the
weight (which shows the variability of the amount of extruded material). The sample was composed
by nine specimens; all of the experimental values are given in Table 1. The analysis is carried out by
means of the control chart, the probability plot and the capability analysis, which are presented for
each of the four considered quantities.

The nominal value of the X dimension is 12.70 mm. The average real value is 12.75 mm,
with a standard deviation of 0.04157. From the probability plot of Figure 22, it can be seen that
the measurements seem to be shifted towards values higher than the nominal value. As the
Anderson-Darling statistic is not so low and the p-value is 0.223, the normal distribution shows some
difficulties in approximating this data distribution (see Table 4). However, the average percentage
error on the X axis is just 0.4%, and this information can be introduced as a re-scaling factor. The lower
and upper limits, delimiting the specimens’ percentage corresponding to the Sigma Level 4, were
identified, respectively, imposing a Pp; equal to 1.33, in 12.58 mm and 12.9112 mm. This approach
takes into account the long-term variability, and it is, therefore, conservative, as it leads to a Cpk equal
to 1.35.

The Y dimension parameter allows evaluating the printer’s behavior along the Y axis. As for
the X dimension, the nominal value is 12.70 mm. The average value is also 12.75 mm, as can be
seen in the probability plot of Figure 23. This figure shows that also in this direction the printer
manifests an average percentage error of 0.4%. However, the collected values do not follow a normal
distribution, as can be seen from the extremely low p-value (see Table 4). Furthermore, the largest
number of measures tends to be focused on values of 12.74 mm and 12.78 mm. It is therefore advisable
to repeat the study on this axis, to better understand this behavior, trying to identify the possible
existence of external effects. A P, value (Process Performance Adjusted for Process Shift index) of
1.33 was imposed, leading to a lower specification limit of 12.635 mm and an upper specification
limit of 12.8716 mm. The capability histogram in Figure 23 shows an equally-spaced distribution.
The in-plane performance of the printer seems to have the same percentage deviations from the
nominal ones. However, further analysis should be carried out to identify the sources of the random
behavior manifested in the Y dimension before taking into account a scale factor when the printing
instructions are sent to the printer. The printer’s behavior in the printing peripheral areas should also
be deepened, as the specimens, having small dimensions, were always printed in the central area.

The length of the specimens allows evaluating the out-of-plane behavior of the printer.
The design value is 44.00 mm. The probability plot of Figure 24 shows that the real dimension is
always smaller than the nominal one. The average real value is 43.77 mm with a standard deviation of
0.09071. In this case, the process seems to be stable and controlled, as the Anderson-Darling statistic
is significantly low, and the p-value is 0.855 (see Table 4). The capability histogram reveals that the
process is well centered on the average value; indeed a lower specification limit of 43.4036 mm and an
upper one of 44.1276 mm lead to similar P, and C indices, respectively 1.33 and 1.40. The average
error introduced in the printing process can be evaluated in —0.5%. This information is stable, and it
can be used as a re-scaling factor with confidence. However, also in this case, the printer’s behavior
in printing peripheral areas should be studied.

The capability analysis on specimens’ weight is made to determine how the amount of extruded
material varies during the process. The specimen’s volume was evaluated through its nominal
dimensions; it should be equal to 7096.76 mm?3. The density of ABS filament declared by the vendor
is 0.0011 g/mm?. Therefore, a weight of 7.806 g is expected. Values shown in the last line of Table 1
indicate that the printer underestimated the amount of material to be extruded; indeed an average
value of 6.932 g was found. This is consistent with what was found in the previous authors” work
about the tensile characterization of ABS [16]. The behavior reported in Figure 25 is quite random, as
the values do not seem to follow the straight line. Therefore, the Anderson-Darling statistic is low,
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and the p-value is just over the reference value (see Table 4). However, the lower limit is 6.769 g, and

the upper limit is 7.095 g.
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Figure 22. Probability plot, process capability report and I-MR chart (Individuals (I) chart and Moving

Range (MR) chart) for the X dimension of the nine produced specimens.
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Figure 23. Probability plot, process capability report and I-MR chart (Individuals (I) chart and Moving
Range (MR) chart) for the Y dimension of the nine produced specimens.
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Figure 24. Probability plot, process capability report and I-MR chart (Individuals (I) chart and Moving
Range (MR) chart) for the length of the nine produced specimens.
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Figure 25. Probability plot, process capability report and I-MR chart (Individuals (I) chart and Moving

Range (MR) chart) for the weight of the nine produced specimens.
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5. Conclusions and Further Developments

The tensile properties of ABS specimens, printed with a desktop 3D printer, were studied in [16].
In order to fully characterize the mechanical properties of 3D-printed ABS, further analyses are
necessary. One of these further analyses, here proposed, is the study of the compressive properties.
A capability analysis, to evaluate if the 3D printing process is adequately stable for the self-production
of flying components, has also been performed. A Sigma Level of 4 is chosen, so the lower limits for
compressive elastic modulus, proportional limit and maximum stress were identified in 553.11 MPa,
21.7012 MPa and 27.1056 MPa, respectively. The found proportional limit and maximus stress are
consistent with the compressive strength found in [24]. Being sufficiently conservative, these values
can be used with confidence as input for a structural analysis. It is interesting to note that the
critical load value is consistent with the experimental evidence. As stated before, the specimen
shows some macroscopically appreciable deformation at a load level higher than the proportional
limit. The ideal critical load resulted in being higher than the proportional limit. It is advisable to
repeat the compression test with more stocky specimens (in order to avoid the buckling mode), to
correctly evaluate the compressive maximum stress here wrongly calculated as 27.1056 MPa. This
experimental campaign can be completed with the bending test and with the repetition of tensile,
compressive and bending tests for the other two printing directions.
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