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Abstract

This paper characterizes the flexural properties of relatively slender structural members
(beams) manufactured using a FDM-based 3D printer. The primary goal is to assess the
influence of infill properties on flexural rigidity through a parametric investigation. Infill
percentage, infill orientation, and member thickness provided the parametric variation. The
beams were tested by three-point bending, free vibration, and buckling. The tests showed
that flexural rigidity varied linearly with infill percentage over most of the range considered,
but fell off quickly below 10% infill. The optimal infill percentage that maximized specific
flexural rigidity (flexural rigidity to length density) of the beams was determined to be

between 10% and 20%.
Keywords: flexural rigidity, infill, FDM, PLA, 3D printing

1. Introduction

Aerospace and automotive industries seek to minimize weight while maintaining strength.
Engineers design structural members to efficiently use materials, such as in wide flange
beams and iso- and ortho-grid stiffened panels. Cellular structures attainable via additive
manufacturing (or 3D printing) present a way to minimize the use of material and achieve a

high strength-to-weight ratio [1]. 3D printing provides an opportunity to reduce weight with
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smaller losses in strength (or stiffness) by tailoring the internal matrix [2]. In recent years, 3D
printers have become widely available, expanding the opportunities to use 3D-printed parts
in a variety of applications [3, 4]. For example, custom orthoses and prostheses provide one
such opportunity for extensive use of additive manufacturing processes [5, 6]. The motivation
of this paper arises from the need to better understand the capabilities (and limitations) of
3D printing to fabricate structural members subject to flexure (e.g., unmanned aerial vehicle
components [7]). As such, the (elastic) flexural properties and structural efficiency of 3D-
printed members are of interest. In this study, the characterization and assessment of the
effect of infill properties (percentage and orientation) on the flexural properties of polylactic
acid (PLA) specimens manufactured with fused deposition modelling (FDM) technique are
examined. A background on related studies seeking to characterize mechanical properties of
3D-printed parts is presented below. Additional background is available in Refs. [8, 9, 10].
Most previous studies that characterize 3D-printed specimens focused on tensile testing
[10]. Zhou et al. [11] examined the ultimate tensile strength and the modulus of elasticity
for different infill densities and patterns. They concluded that 20% infill with a triangular
pattern had the highest strength to weight for the tested infill percentages of 20%, 50%,
and 80%. Gurrala and Regalla [12] studied the impact of infill density and print directions
on ultimate tensile strength and volumetric shrinkage. They found that optimal strength
occured at the highest infill density, and that the print directions for optimal strength and
volumetric shrinkage were different. Smith and Dean [13] investigated the tensile elastic
modulus and ultimate tensile strength of solid 3D-printed specimens. They found that
tensile properties depended on print orientation and were 30% to 53% weaker than published
bulk material properties. Wittbrodt and Pearce [14] examined the ultimate tensile strength
for different colors and print temperatures of PLA. They concluded that material color does
effect tensile strength and that care must be taken to select the optimal print temperature for
each color [14]. Chacén et al. [15] studied the impact of build orientation, layer thickness,
and feed rate on tensile properties, as well as bending properties. They saw significant
differences in tensile and flexural strengths and concluded that build orientation and layer

thickness both have a significant impact on tensile and flexural strength [15].
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Tensile tests of 3D-printed specimens do not transfer well to flexural properties, so re-
cent studies have focused specifically on flexural testing. Virgin [16] examined the flexural
properties of 3D-printed specimens with respect to print orientations and density settings.
He used three-point bending, free vibration and buckling tests to determine the flexural
modulus of each specimens. The lower density settings showed decreased flexural modulus
values. Virgin also notes that print orientation can effect the flexural modulus by up to 25%
with the on-edge orientation being the strongest [16]. Other studies have also concluded
that specimens printed on-edge demonstrate better mechanical properties [15, 17]. Luzanin
et al. [3] examined the maximum “flexural force” (the lateral force applied to a flexural
member) for various layer thicknesses, deposition angles, and infill percentage. They con-
cluded that layer thickness has the largest impact on ultimate flexural force. Motaparti
et al. [17] investigated the impact of other printer settings such as raster angle and air gap
on flexural properties. They found that negative air gaps between layers increased flexural
yield strength and that flexural yield strength varied with raster angle [17].

While the above mentioned studies sought to characterize the influence of various printing
parameters (e.g., build orientation, layer thickness, raster angle) on the mechanical proper-
ties of 3D-printed parts, a major focus of this study is on infill percentage. As previously
mentioned, Luzanin et al. [3] examined the influence of infill percentage, determining that
the impact of infill percentage over the range of 10 to 30% was not statistically significant.
However, they did not examine flexural rigidity in the elastic range or over the full range
of possible infill percentages. Alvarez et al. [18] investigated the effect of infill percentage
on tensile strength and impact resistance, showing that higher infill percentage resulted in
better (greater) strength at the expense of increased print time.

This study aims to determine the most efficient infill properties for 3D-printed flexible
structural members [19, 20]. The main emphasis is to characterize the effect of infill per-
centage on elastic flexural behavior (in terms of flexural rigidity, EI) taking into account
the weight of the fabricated specimens (in terms of mass per unit length, m). The flexural
rigidity, EI, of the specimens was determined through three-point bending and free vibra-

tion tests, with buckling tests for comparison and confirmation. The results are presented
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Figure 1: Beam cross section dimensions.

in terms of specific flexural rigidity, £1/m, to quantify the efficiency (stiffness-to-mass) of
each infill design. While a direct comparison of theory and experiment relies on accurate
measurements and appropriate values of geometrical and material properties, the important
concept developed is how flexural properties are influenced by changes in infill properties in

a comparative sense.

2. Theoretical background

2.1. Flexural rigidity and infill percentage

The flexural rigidity of a beam is a function of the second moment of area (/) and
the elastic modulus (F). For the theoretical model, the elastic modulus is assumed to be
constant. The second moment of area of the beam is a function of infill percentage (p),
size (width w and thickness t), and the dimensions of the non-solid interior (winsn X tinfin);
see Fig. 1. The specimens were tested about their weak axis perpendicular to the z-axis
of the print orientation. The printer settings (Section 3.1) were chosen such that the cross
section was symmetric. At any given cross section, a smeared (infill) stiffener technique
[21] is assumed such that the center portion has approximately the infill percentage worth
of area, i.e., pWiugn tingn. The infill generally consists of one pattern through the thickness
(from top to bottom) of the central cavity and therefore affects only the linear (width) term
in the second moment of area, but not the cubic (thickness) term. The second moment of

area of the composite cross section (shell 4+ smeared infill) is given by
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From this equation, it can be seen that I depends linearly on the infill percentage p. The
flexural rigidity of the beam is given by

3 3
wt Winfilinan

Bl = B — (1—p) B0 2)

The theoretical mass per unit length, denoted m, also scales linearly with the infill percent-
age:

m = plwt — (1 — p)winntingn] (3)

where p is the material density. The specific flexural rigidity is defined as the ratio of the

flexural rigidity to the mass per unit length, or

EI Et? [1— (1 — p)(winsin/w) (insin/1)°
m 12p [ 1= (1 = p)(winsn/w)(tisn/?)

(4)

This expression is used in subsequent sections to quantify the stiffness-to-weight of the cross
section under varying infill percentage.
Consider the two limiting cases: p = 1 (solid) and 0 (hollow). For the solid case, the

specific flexural rigidity is
EI
m

_ E¢?
C12p

p=1
which is independent of the width of the beam because both EI and m grow linearly in w

for a solid beam. For the hollow case, the specific flexural rigidity is

Et? {1 — (Winsn /W) (tinsin /£)?

EIl
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m

=
The term in brackets is greater than or equal to unity for applicable ranges of wi,ay/w and
tinin/t, i.e., € (0,1]. Therefore, it is advantageous in terms of specific flexural rigidity to use
a hollow section (wiuan = 0 or tiuan = 0). Furthermore, for 0 < p < 1 the specific flexural
rigidity is bounded from above by (EI/m)|,—o and from below by (E1/m)|,=1, monotonically
decreasing therebetween, as shown later.

The flexural properties defined above play a key role in the three test methods used in the
experimental portion of the study—three-point bending, free vibration, and buckling—as

described here.



2.2. Three-point bending

The maximum deflection of the center of a simply-supported beam under a mid-span
point load F' is given by
FL?

Amax = 5
A48F1 5)

where Lgpay is the span length of the beam. The maximum deflection depends on the flexural
rigidity E'I of the beam, but not mass per unit length, m, because the load F' is applied
(quasi-)statically.

2.3. Free Vibration

The natural vibratory frequencies of a cantilevered beam can be determined based on
the geometry and material properties of the beam. The fundamental frequency of the beam

(in Hz) is given by [22]
1.875° |EI (©)
(27) L2 m

free

fi=

where Ly is the free length of the beam, and the term under the radical is the specific
flexural rigidity. This equation assumes a perfectly clamped end and uniform ET/m over

the free the length of the specimen.

2.4. Buckling
The critical buckling load of an axially loaded strut is given by Euler’s formula:

Bl
(KL)? (7)

Pcr:

where L is the total (unsupported) length of the strut and K is the column effective length
factor. The simplest (Euler) buckling case corresponds to pinned boundary conditions, for
which K = 1. Note that Euler’s formula (Eq. (7)) assumes a perfectly flat strut with no load
eccentricity, which is difficult, if not impossible, to achieve experimentally. Like three-point

bending, the critical buckling load depends on E'I, but not m.



3. Materials and methods

3.1. Test specimen design and fabrication

The aim of this study is to analyze the influence of the infill percentage and infill ori-
entation on the flexural properties of 3D-printed parts. The test specimens were designed
to be used in all three test procedures. They were therefore designed to be quite flexible
with nominal dimensions of L = 177.8 mm, w = 25.4 mm, and ¢ = 2.55 mm (thin) or 3.825
mm (thick). The selection of these thicknesses is discussed below. The test specimens were
printed out of PolyLite PLA [23] with a consumer grade FDM printer (Taz 6, LulzBot,
Loveland, CO). G-codes to control the process of fabricating the parts were generated in
the accompanying software (Cura LulzBot Edition, v2.6.66) from Stereo lithography (STL)
files.

The test specimens were manufactured with varying infill percentage and infill orien-
tation, while keeping the other printing parameters constant (see Table 1). The specimen
thicknesses were chosen to maintain symmetry of the cross section; i.e., so that the solid
bottom and top layers had the same nominal thickness (0.6375 mm). Printing specimens
with a smaller bottom layer height showed a lower quality surface finish on the bottom,
so the manufacturer’s recommended value (0.425 mm) was used. Specimens were printed
individually in identical orientations at the same location on the bed of the printer.

The main parameter of interest was the infill percentage of the beams. Infill percentages

of 0, 5, 10, 15, 20, 30, 50, 70, and 100 % were considered for the thin beam, whereas, for

Table 1: Values of the fixed print parameters.

Parameter, units Value Parameter, units Value
Layer height, mm 0.2125 Bed temperature, °C 60
Initial layer height, mm 0.4250 Nozzle temperature, °C 205
Solid bottom layers 2 Nozzle size, mm 0.5
Solid top layers 3 Material diameter, mm 2.85
Line width, mm 0.5 Infill pattern grid




Figure 2: Infill orientations: (a) +45°/—45° and (b) 0°/90°.

the thick beam, infill percentages were considered only between 0 and 30 %. This reduced
range of infill densities was selected to adequately resolve the optimal infill density in terms
of specific flexural rigidity (Section 4.3). The specimens were printed with a grid infill
pattern (the default infill pattern in Cura, as well as many other printers, e.g., MakerBot
and Stratasys). Additional tests were conducted with the thin beam using the solid setting
as opposed to 100 % infill and with infill percentages of 15, 20, and 30 with a different infill
orientation (see Fig. 2). The default infill orientation for the printer is +45°/—45°. An infill
orientation of 0°/90° was tested as an alternative.

The full test matrix is shown in Table 2. Specimen 3 serves as the baseline case, as it
was fabricated with the default infill properties. Five test specimens were printed for this
baseline case (later to be identified as 3, 3b, 3¢, 3d, and 3e), whereas only one of each of the
other specimens was printed.

The dimensions of the fabricated specimens were measured to compare the experimental
results to the theoretical model. All of the specimens were an average of 0.3 mm thicker
than the nominal value. This is equivalent to a 12% increase for the thinner beams and 8%
for the thicker beams. Across all of the specimens, the width and length were on average
0.5% larger than the nominal values.

For the PLA used, the manufacturer lists the Young’s modulus and bending modulus
as 2.636 £ 0.330 and 3.283 £ 0.132 GPa, respectively [23]. The published bending modulus
(3.283 GPa) was used for calculating the theoretical flexural rigidity and specific flexural
rigidity presented in Section 4.



3.2. Test Methodologies

3.2.1. Three-point bending tests

The lateral stiffnesses of the test specimens were determined using three-point bending

tests [24]. The test setup is shown in Fig. 3(a). Each specimen was centered on a 3D-printed

loading apparatus comprised of lower supports and a loading nose midway between the

Table 2: Test specimens. Specimen 3 is the baseline case; specimen 8 was printed solid; specimens 1-14

were printed prior to printing specimens 15-19.

Specimen Infill properties Nominal
No. Percentage (%)  Orientation  thickness (mm)
1 10 +45° /—45° 2.550
2 15 +45°/—45° 2.550
3 20 +45°/—45° 2.550
4 30 +45° /—45° 2.550
5 50 +45°/—45° 2.550
6 70 +45°/—45° 2.550
7 100 +45°/—45° 2.550
8 - - 2.550
9 15 +45° /—45° 3.825
10 20 +45°/—45° 3.825
11 30 +45°/—45° 3.825
12 15 0°/90° 2.550
13 20 0°/90° 2.550
14 30 0°/90° 2.550
15 5 +45°/—45° 2.550
16 5 +45°/—45° 3.825
17 0 +45° /—45° 2.550
18 0 +45°/—45° 3.825
19 10 +45° /—45° 3.825
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Figure 3: (a) Photograph of three-point bending test setup. (b) Representative force-deflection relations for

thin specimens with varying infill percentages in orientation 1; +45°/—45° infill orientation.

supports. The same PLA that was used for the specimens was used for the loading apparatus,
which was designed to be sufficiently rigid (compared to the flexible specimens) to ensure the
load-deflection data was not affected. The supports and nose had cylindrical surfaces with
radii of 5 mm. The support span (Lspan) was 101.6 mm. The apparatus was incorporated
into an Universal Testing Machine (5543, Instron, Norwood, MA), which applied a gradual
load through the loading nose. The resulting deflection of the specimen at its midpoint was
recorded throughout each test. Each specimen was deflected at a rate of 0.1667 mm/s for a
total deflection of 5 mm. Each specimen was tested twice, once in the upwards facing position
(orientation 1) and once in the downwards facing position (orientation 2). Representative
force-deflection curves are shown in Fig. 3(b) for the thin specimens (17, 15, and 1-7) in
orientation 1. The slope of the force-deflection curve gives the effective lateral stiffness,
A8FEI / Lspan (see Eq. (5)), which was used to determine the flexural rigidity EI. Eq. (5)
assumes small deflections, so the slope of the force-deflection curve was fitted using a straight
line over the first 0.4 mm of deflection. The fitted lines are shown in Fig. 3(b) by the dashed
lines. Fitting to the small deflection region ensures that nonlinearities associated with “large
deflection” do not artificially raise or lower the experimentally determined flexural rigidity;

see for example the reduction in stiffness (softening) in the 0% infill case.
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Figure 4: (a) Photograph of free vibration test setup. Representative free vibration time series (b) and fast

Fourier transform (c) for specimen 3.

3.2.2. Free vibration tests

The natural frequencies of the test specimens were determined using the free vibration of
a cantilevered beam [25] (see Fig. 4(a)). A laser (ILD1302-200, Micro Epsilon, Ortenburg,
Germany) was used to measure the position of the beam at 750 samples per second. The
clamped length of the beam was 25.4 mm, so the free length of the beam (L) was 152.4
mm. The beams were initially displaced at their tips and then released, and the free vibration
data was recorded. The beams were very lightly damped, so the natural frequency was not
significantly impacted by damping. Fig. 4(b) shows a typical time series from a test of
specimen 3. To determine the fundamental natural frequency fi, the fast Fourier transform
(FFT) of the time series was calculated. Fig. 4(c) shows the FFT of the representative time
series (Fig. 4(b)). The vibrations of the beams died out quickly limiting the resolution of the
FFT. A Gaussian function was used to interpolate the FF'T in close proximity to the peaks to
improve resolution and to more accurately determine the fundamental frequency [26]. Each
beam was tested at least twice, once with each end clamped. Once the natural frequency
was determined, Eq. (6) was used to calculate the specific flexural rigidity. To determine
the flexural rigidity, the specific flexural rigidity was multiplied by the length density, which

was determined by dividing the measured (total) mass by the nominal length.
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Figure 5: (a) Photograph of buckling test setup. (b) Representative compressive load versus end shortening

(axial deflection) relations for specimen 3.

3.3. Buckling tests

Buckling tests were used to confirm the results of the three-point bending and free
vibration tests rather than directly characterize the flexural properties of the specimens. The
method of this investigation followed generally the simple buckling test procedure by Virgin
[16]. The test setup is shown in Fig. 5(a). The same universal testing machine that was
used for the three-point bending tests was used for the buckling tests. To approximate Euler
buckling and allow the entire length of the specimen to buckle, custom fixtures (pictured
in Fig. 5(a)) were designed and 3D printed. The fixtures were designed to approximate
frictionless pin connections. These load fixtures were attached to the load frame using clevis
pins and were aligned to reduce load eccentricities.

Each specimen was set into the load fixture, and the load head was brought to just
contact the specimen with a sufficiently small load (< 5 N) to hold the specimen in the
test apparatus. The load test was then initiated using a constant displacement rate of 0.05
mm/s until a displacement of 1.5 mm was reached. The applied load and corresponding end
shortening (axial deflection) were collected; representative compressive load-end shortening
curves are shown in Fig. 5(b). Each specimen was tested a second time in an inverted orien-
tation. The axial load measured at an end shortening of 1.5 mm (approximately 0.84% axial

strain) was used to estimate the buckling load P.,. These experimentally measured buckling
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Figure 6: Theoretical and experimental beam masses; +45°/—45° infill orientation.

loads were then compared to estimates calculated with Eq. (7) assuming the flexural rigidity
found from the three-point bending tests and the free vibration tests. The assumption of

boundary conditions for this calculation (i.e., selection of K) is discussed later (Section 4.6).

4. Results and discussion

4.1. Mass

The mass of each beam was measured with a scale that read to 0.1 mg. The measured
masses scaled linearly with infill (see Fig. 6). The theoretical (total) masses were calculated
based on the nominal cross section of the specimens and the published density of 1.21 g/cm?
(23], using Eq. (3) times the printed length. The average measured density based on the
measured mass and nominal cross section across all of the beams was 1.27 g/cm?, but showed
some variation with thickness and infill percentage. The differences in masses could be due
to the extra material on the ends of the specimens where a sold perimeter is printed or

variation in the actual print dimensions.

4.2. Flexural rigidity

Fig. 7 shows the flexural rigidity for the (a) thin beams and (b) thick beams, including
the theoretical predictions. Experimental flexural rigidity estimates were obtained for two

testing orientations for both the three-point bending and free vibration tests. The flexural
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Figure 7: Flexural rigidity of (a) thin and (b) thick beams (445°/—45° infill orientation) determined from

three-point bending tests and free vibration tests.

rigidity is plotted against the infill percentage. The theoretical lines were calculated based
on the nominal dimensions of the specimens and Eq. (2). The flexural rigidity of the beams
varied fairly linearly with infill percentage except for the lowest infill percentages (< 10%).

The results of the two methods showed good agreement. The stronger orientation of the
three-point bending tests were consistently the stiffest (highest ET). The weaker orientation
of the free vibration tests was generally the most flexible (smallest ET) of all of the tests.
Note that the two orientations for the three-point bending and free vibration tests are not
directly comparable because the two orientations represent flipping the specimen around
different axes in different test apparatuses.

The theoretical rigidity was consistently higher than the experimental results, but sim-
ilar trends are observed. The vertical shift in the data is believed to be primarily due to
uncertainty in the elastic modulus of the material [23]. As previously noted, the flexural
modulus from the manufacturer’s data sheet was used for the theoretical calculation, but
using the published Young’s modulus would have given 20% lower flexural rigidity estimates,
matching better the experimental results. Another potential source of discrepancy may be
related to the testing apparatuses not perfectly capturing the ideal conditions assumed in
theory. For example, the fixity at the clamped end for the free vibration tests was not

perfectly fixed, artificially lowering the stiffness.
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The slight difference in slope and the convergence of the experiments and theory at 100%
infill in Fig. 7(a) could be caused by error in the internal dimensions of the beam; nominal
infill properties were assumed for the theoretical calculations. For the free vibration tests,
the convergence could also have been caused by the additional solid mass at the end of the
beam (note the solid perimeters in Fig. 2).

For the three-point bending tests, the first test orientation consistently produced higher
estimates of E'I. This could be due to print asymmetries through the beam thickness in
combination with compression-tension asymmetry in the FDM PLA [27]. Also, the surface
roughness on the first and last layers were different, which could have altered the friction
between the specimen and the supports for the two orientations, effecting the boundary
conditions. Lastly, the specimens were slightly cambered (~0.2 mm) due to warping; ori-
entation 1 (2) was cambered up (down), slightly increasing (decreasing) the unsupported
length making the beam more flexible (stiff).

For the free vibration tests, the second test orientation generally produced lower esti-
mates of EI. All specimens had the same defect (see Fig. 8) from the printer, which likely
contributed to the discrepancy between the two orientations for the specimens. The defect
affects the natural frequency through reducing both mass in orientation 1 and stiffness in
orientation 2. These two effects compound to lower the natural frequency in the second

orientation and therefore the apparent flexural rigidity.

4.3. Specific flexural rigidity

The specific flexural rigidity, or the flexural rigidity FI divided by the length density
m, of the specimens was also investigated. Fig. 9 shows the dimensional specific flexural
rigidity (EI/m) plotted against infill percentage. The theoretical results were determined
using the nominal dimensions of the beam and Eq. (4). As with the flexural rigidity, the
experimental specific flexural rigidity values are all lower than the theoretical values. The
trend of the experimental specific flexural rigidity values matches the shape of the theoretical
specific flexural rigidity for the higher infill percentages (> 20% for thin beams, > 10% for
thick beams). At lower infill percentages, however, the specific flexural rigidity falls off. The
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Figure 9: Specific flexural rigidity of (a) thin and (b) thick beams (4+45°/—45° infill orientation).

measured mass scaled fairly linearly with the infill percentage (Fig. 6), so the deviation in
specific flexural rigidity from theory occurs due to the difference in flexural rigidity (see Fig.
7). The optimal stiffness-to-mass ratio is given by the infill percentage that produces the
highest specific flexural rigidity. For the thin beams (Fig. 9(a)), the optimal infill percentage
is in the range of 10 to 20%; for the thick beams (Fig. 9(b)), the specific flexural rigidity is
highest at 10% infill.

Fig. 10 shows EI/m normalized by the specific flexural rigidity at 0% infill, (E1/m),—o,
versus infill percentage. For the experimental results, the value of (EI/m),—o was determined
by fitting a quadratic to the experimental specific flexural rigidity results (Fig. 9). For the
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Figure 10: Specific flexural rigidity normalized to 0% infill case and projected 0% infill of (a) thin and (b)
thick beams (+45°/—45° infill orientation) determined from three-point bending tests and free vibration

tests determined from three-point bending tests and free vibration tests.

thin beams, infill percentages greater than or equal to 20%; for the thick beams, infill
percentages greater than or equal to 10% were used to fit the quadratic. The normalized
EI/m results (Fig. 10) show better agreement between the theory and experiments for both
specimen thicknesses as compared to the dimensional E1/m results (Fig. 9). This is because
the normalized EI/m effectively eliminates the influence of the material’s elastic modulus
E. The specific flexural rigidity of the thin and thick specimens follow different trends on
the normalized plot because the effect of specimen thickness is nonlinear (see Eq. (4)) and

therefore not removed by normalizing the data.

4.4. Effect of other infill parameters

Fig. 11 shows the flexural rigidity for the thin beams with two different infill orientations
versus the infill percentage for the (a) three-point bending tests and (b) free vibration tests.
The data for the 0°/90° infill orientation falls within the same range as the data for the
+45°/—45° infill orientation indicating that the infill orientation has a negligible impact on
the flexural rigidity of the specimens. The free vibration results show a tighter grouping with
the two infill orientations. When considering only the same test orientation, the three-point
bending results were consistent between the two infill orientations. The theoretical flexural

rigidity values were calculated based on the nominal dimensions and Eq. (2). The similarity
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Figure 11: Flexural rigidity for +45°/—45° and 0°/90° infill orientations for (a) three-point bending and
(b) free vibration. All results for +45°/—45° infill orientation (Fig. 7(a)) are shown in light gray.

in the experimental results with two different infill orientations indicates that a smeared
stiffener model [21], as opposed to a discrete stiffener model, is appropriate.

Likewise, the infill orientation had little effect on the specimen masses. The total masses
of specimens 2 (12), 3 (13), and 4 (14) were measured to be 8.900 (8.828), 9.225 (9.254),
and 9.859 (9.888) g, showing that the masses for the two orientations were fairly consistent.

The 100% infill grid pattern beam (specimen 7) showed higher flexural rigidity than the
solid beam (specimen 8); see Table 3. This is partially attributed to specimen 7 being 3.5%
thicker than specimen 8. Note, however, that a 3.5% increase in thickness for a (nominally)
solid beam should translate to a 11% increase (1.035%) in flexural rigidity, but only a 5.5%
increase in flexural rigidity is realized on average. The full gain in flexural rigidity was not
achieved because the 100% infill specimen was not truly solid. Even though specimen 8
was thinner, it weighed 1.7% more than specimen 7, so specimen 7 also had higher specific
flexural rigidity; see Table 4. This indicates that a specimen printed with 100% infill has a

better stiffness-to-mass ratio than using the solid print setting.

4.5. Discussion of repeatability

For both the three-point bending tests and free vibration tests, specimen 3 was retested
an additional five times in each orientation to determine the amount of random deviation

in the trials. The mean flexural rigidity (and coefficient of variation) determined from the
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five three-point bending tests was 87.1650 kN-mm? (0.0280) in orientation 1 and 93.0153
kN-mm? (0.0114) in orientation 2; the calculated flexural rigidity of all five trials for each
orientation fell within 3.5% of the mean. The mean flexural rigidity (and coefficient of
variation) determined from the five free vibration tests was 90.3835 kN-mm? (0.0198) in
orientation 1 and 85.9433 kN-mm? (0.0183) in orientation 2; the calculated flexural rigidity
of all five trials for each orientation fell within 2.2% of the mean. The low coefficients of
variation indicate that the testing of a specimen is repeatable for a given orientation. The
orientation, however, had a non-negligible influence on the determined flexural rigidity, as
previously discussed.

The four duplicate specimen 3 (specimens 3b-3e) were fabricated and tested to assess
the repeatability of the 3D printing process. The mean flexural rigidity (and coefficient of
variation) for these four specimen were determined from three-point bending tests to be
86.7207 kN-mm? (0.0279) in orientation 1 and 91.0487 kN-mm? (0.0150) in orientation 2
and from free vibration tests to be 88.5343 kN-mm? (0.0197) in orientation 1 and 83.8914

Table 3: Flexural rigidity of 100% infill and solid specimens.

ET (kN-mm?)
Specimen
Three-Point Bending Free Vibration
No.
Orientation 1 Orientation 2 Orientation 1 Orientation 2
7 106.7 117.0 111.7 110.7
8 101.2 112.4 108.0 101.7
Table 4: Specific flexural rigidity of 100% infill and solid specimens.
EI/m (m*/s?)
Specimen
Three-Point Bending Free Vibration
No.
Orientation 1 Orientation 2 Orientation 1 Orientation 2
7 1.332 1.461 1.394 1.382
8 1.243 1.380 1.326 1.248
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Figure 12: Buckling load P, of (a) thin and (b) thick beams (4+45°/—45° infill orientation) determined from
buckling tests in orientations 1 and 2. Predicted P., using Eq. (7) based on flexural rigidities determined
from three-point bending and free vibration tests (Fig. 7) for effective length factors K = 1 (pinned) and

K = 0.9 (semi-rigid) are shown for comparison.

kN-mm? (0.0189) in orientation 2. For all of the prints of specimen 3 (specimens 3 and
3b—3e), the flexural rigidity was within 3.9% for the three-point bending tests and 3.4% for
the free vibration tests of the mean for a given orientation. The mean flexural rigidity for
specimens 3b—3e is lower than the flexural rigidity of specimen 3 in all test configurations.
This may be due to aging effects [28] resulting from inconsistent time between fabrication
and testing for specimen 3 and specimens 3b—3e; specimens 3b—3e were printed in succession
and tested the next day, whereas specimen 3 had been printed approximately 6 weeks prior.
This aging effect, however, was less influential than the testing orientation for both test

methods.

4.6. Buckling results

As previously noted, the buckling tests were used to confirm the results of the three-point
bending tests and free vibration tests. Fig. 12 shows the critical buckling load determined
from the buckling tests. The experimentally determined P,. are superimposed on estimates
based on Eq. (7) assuming the flexural rigidity values found from the three-point bending
and free vibration tests (Fig. 7). Two values for the effective length factor were used in
evaluating Eq. (7): K = 1.0 (pinned) and 0.9 (semi-rigid). Assuming pinned boundary
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conditions (K = 1), the measured buckling loads overestimate the values predicted based on
the other two test methods. While the buckling test setup (Fig. 5(a)) was designed to mimic
pinned connections, perfect (frictionless) pin connections cannot be achieved experimentally.
Taking K = 0.9, a better match to the three-point bending and free vibration test data is
observed.

Less variability with test orientation was observed for the thin beams (Fig. 12(a)) than
for the thick beams (Fig. 12(b)). This may be attributed to the edges of the beam not
being perfectly square due to warping (see Fig. 13); the specimen were slightly shorter on
the side in contact with the print bed (first layer), which produced a load eccentricity on
the specimens through the longer edge (last layer). This eccentricity was larger for the thick
beams having a more significant effect on the experimentally determined buckling loads.

To assess the repeatability of the buckling tests, specimen 3 was tested five times; the
corresponding load-deflection curves are shown in Fig. 5(b). Note that, while the load path
varied with specimen orientation, the estimated buckling load (determined at 1.5 mm of
end shortening) was repeatable; the mean buckling load (and coefficient of variation) for
the five tests in orientations 1 and 2 were 36.2 N (0.0039) and 35.7 N (0.0049), respectively.
Similar to the other test methods, the four duplicate specimen 3 (specimens 3b—3e) were
tested five times as well to characterize the repeatability of the 3D printing process. Fig.
14 show the compressive load-deflection curves for all fifty buckling tests of these nominally
identical specimens and orientations. The mean estimated buckling load for all fifty tests is

34.9 N with a coefficient of variation of only 0.0208, indicating a high level of repeatability.
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Figure 14: Repeatability of buckling tests: Compressive load versus end shortening curves for specimens 3,

3b, 3¢, 3d, and 3e in orientations 1 and 2.

5. Concluding remarks

3D-printed cellular structures have the potential to increase the efficiency of load-bearing
structural members, conserving material without much loss of stiffness. The objective of this
study was to investigate the impact of key infill parameters—percentage and orientation—
on the flexural properties of PLA specimens built on a consumer-grade 3D printer (Lulzbot
Taz 6). This paper compared and contrasted flexural properties—flexural rigidity E1 and
specific flexural rigidity E'/m—determined from three-point bending tests and free vibra-
tion tests, as well as buckling tests for validation. Based on the results, the optimal infill
percentage for maximizing the stiffness-to-mass of 3D-printed structural members is around
10 to 20%. However, it is recommended to use a slightly higher infill in order to safely avoid
the drop off in flexural rigidity at the lowest infill percentages. The infill orientation had a
negligible effect on the experimentally determined flexural rigidity, indicating that a smeared
stiffener approach used to predict the second moment of area (I) is reasonable. However,
the results also indicated that the smeared stiffener approach is not effective at the lowest
infill percentages. Given the uncertainty in elastic modulus (FE) for 3D printed structures,
care should be taken in comparing theoretical calculations and experimental results. Better
agreement between theory and experiment was observed when the effect of E' was eliminated

(through normalization). This study considered only bending about the weak axis perpen-
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dicular to the build direction. The results are not directly applicable to bending around the
vertical print axis because, at lower infill percentages, the second moment of area about the

vertical axis varies significantly along the length of the beam.
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