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Abstract: Although the architectural design parameters of 3D-printed polymer-based scaffolds—po-
rosity, height-to-diameter (H/D) ratio and pore size—are significant determinants of their mechanical
integrity, their impact has not been explicitly discussed when reporting bulk mechanical properties.
Controlled architectures were designed by systematically varying porosity (30-75%, H/D ratio (0.5—
2.0) and pore size (0.25-1.0 mm) and fabricated using fused filament fabrication technique. The influ-
ence of the three parameters on compressive mechanical properties —apparent elastic modulus Eapp,
bulk yield stress oy and yield strain ey—were investigated through a multiple linear regression analy-
sis. H/D ratio and porosity exhibited strong influence on the mechanical behavior, resulting in varia-
tions in mean Eapp of 60% and 95%, respectively. oy was comparatively less sensitive to H/D ratio over
the range investigated in this study, with 15% variation in mean values. In contrast, porosity resulted
in almost 100% variation in mean oy values. Pore size was not a significant factor for mechanical be-
havior, although it is a critical factor in the biological behavior of the scaffolds. Quantifying the influ-
ence of porosity, H/D ratio and pore size on bench-top tested bulk mechanical properties can help
optimize the development of bone scaffolds from a biomechanical perspective.

Keywords: polymer scaffolds; 3D printing; height:diameter ratio; porosity; pore size; mechanical
properties

1. Introduction

Porous scaffolds to guide and stimulate tissue growth are increasingly considered a via-
ble option in bone tissue engineering applications. Optimal osteogenic signal expression and
subsequent differentiation of cells seeded on the scaffold are influenced by physical scaffold
parameters such as mean porosity, pore size and pore interconnectivity and mechanical pa-
rameters such as strength and elastic modulus of the fabricated bulk structure [1-4]. Porosity
and interconnectivity ensure migration, attachment proliferation and differentiation of cells
in the scaffold and flow for nutrient transport and waste evacuation [5]. Similarly, scaffold
macro-pore size is an important variable affecting the ability of bone scaffolds to accommo-
date cell ingrowth and new bone formation [5-8]. Although an ideal scaffold pore size for
efficient bone regeneration has yet to be determined, studies have reported viable pore sizes
ranging from 100 pm up to 1200 pum [7,9-15].

Different types of scaffold architectures have been implemented over the last several
decades, which can be classified according to their macro-porous configuration: single
random porous domain, single regular porous domain and multi-domain porous [16].
The main limitation of single random porous domain scaffolds, for example sponge-type
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scaffolds, is that seeded cells cannot migrate into the interior regions of the scaffold. Ad-
ditive manufacturing (AM), also known as rapid prototyping, has emerged as a powerful
technique to address the limitation of single random porous domain scaffolds by creating
scaffolds with a single macropore domain of regular morphology, such as orthogonal ar-
rays of channels [17]. Hence, the lack of inter-connectivity presented in random pore struc-
tures is removed and flow of nutrients through the internal architecture can be facilitated.
Another advantage of AM, in contrast to conventional and subtractive fabrication, is the
fabrication of tissues, organs and medical devices with complex shapes and multiple ma-
terials [18]. Fused filament fabrication (FFF), which is based on heating thermoplastic fil-
aments to their fusion point in order to fabricate a structure in a layer-by-layer process, is
a popular AM method [19]. The resolution of FFF theoretically supports a minimum fea-
ture size of 100 um [20]. In addition, FFF is generally inexpensive and therefore, together
with the described advantages, the most commonly used polymer-based three-dimen-
sional (3D) printing method for bone tissue scaffolds.

From a mechanical perspective, the bone scaffold structure should have sufficient
mechanical strength to withstand normal physiological loading during the bone regener-
ation phase [21-23]. Furthermore, the stiffness of the scaffold must be tuned according to
the mechanical properties of the surrounding tissue—i.e., to enable load-sharing condi-
tions for optimal bone growth without overloading the nascent bone. This macro-mechan-
ical requirement is typically assessed by conducting quasi-static compression tests on fab-
ricated test specimens to determine elastic modulus (measure of bulk stiffness) and yield
stress (bulk mechanical strength). Specimens used for compression testing are fabricated
with the same architectural design parameters of porosity and pore size as the bone scaf-
fold. However, these mechanical test specimen requirements give rise to several issues.

Firstly, the strength and stiffness are often bulk values, i.e., they are based on an as-
sessment of bulk stress computed as overall applied compressive force over bulk cross-
sectional area. The bulk cross-sectional area is based on the overall specimen footprint and
typically does not account for the internal porous structure of the specimen, which signif-
icantly alters the effective cross-sectional area. Consequently, the elastic modulus is an ap-
parent elastic modulus and can vary depending on the designed porosity or pore size. For
3D printed scaffolds, there is additional variability across specimens fabricated to achieve
the same designed porosity and pore size due to the limitations of precision of the 3D
printing process.

Secondly, the accuracy of compression testing results for trabecular bone and biomimetic
cellular solid structures is strongly affected by the presence of end-artifacts [24]. End-artifacts
can broadly be classified into two categories: specimen-platen interface conditions and
structural end-artifacts [25]. End-artifacts distort results more strongly in shorter speci-
mens compared to taller specimens. To standardize the mechanical characterization of
porous scaffolds, international standards of traditional polymer based-materials have
been widely adopted by several research groups [26-28]. For instance, the American So-
ciety for the Testing of Materials’” (ASTM) ASTM D695 standard for compressive proper-
ties of rigid plastics defines the standard test specimen for strength measurements to be
in the form of a prism or cylinder whose aspect-ratio, defined as height/diameter (H/D),
is a minimum of 2/1 [29]. Nevertheless, scaffolds studies often report compression test
results with lower H/D ratios—as low as 0.15 [30-34]. Although this H/D ratio may be
sufficient to meet minimum requirements for the continuum assumption and is adequate
for biological experiments to assess cell toxicity, proliferation and adhesion, it may result
in an inaccurate characterization of mechanical property.

While studies have recognized these issues on a qualitative basis, their impact, espe-
cially from a biomechanical perspective, has neither been thoroughly quantified nor ex-
plicitly discussed when reporting mechanical properties of bone scaffolds. Hence, a better
quantitative understanding and awareness of the influence of porosity, pore size and H/D-
ratio on bone scaffold mechanical properties is needed to optimize the development of
these scaffolds for tissue engineering. Therefore, in this study, controlled bone scaffold
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architectures were designed by systematically varying three parameters: porosity, H/D
ratio and pore size, and 3D printed with FFF. The influence of the three parameters and
their interactions on scaffold mechanical properties such as Elastic modulus, Yield stress
and Yield strain were investigated through a multiple linear regression adjustment by a
stepwise multiple linear regression model.

2. Materials and Methods

Porous mechanical test specimens were fabricated with a commercial 3D printer in
deliberate combinations of pore size, porosity and H/D ratio. To assess the impact of the
parameters on the mechanical properties—apparent elastic modulus, yield stress and
yield strain—a stepwise multiple linear regression model-based study was conducted.

2.1. Material and 3D Printing of Scaffold Test Specimens

Mechanical test specimens were fabricated with commercially acquired polylactic
acid (PLA) 1.75 mm diameter filament using a desktop FFF 3D printer (Mbot Grid II+,
Hangzhou, China) at 210 °C and 60 mm/s printing speed [35]. The printing parameters
are listed in Table 1.

Table 1. Fabrication parameters for 3D printing of scaffold test specimens.

Extrusion temperature (°C) 210
Bed temperature (°C) 24
Nozzle diameter (mm) 0.4
Layer thickness (mm) 0.15

Extrusion speed (mm/s) 60
Travel speed (mm/s) 90
Printing direction (°) 0 and 90

2.2. Scaffold Test Specimen Design and Fabrication Process

Mechanical test geometries were based on common scaffold designs to compare with
published studies and followed the ASTM D695 standard for mechanical characterization of
polymers. The mechanical testing specimens were cylindrical with a constant diameter, D, of
10 mm. Inner architectures were designed following the procedure delineated in Figure 1
by varying three main parameters: (1) Height (H/D ratio), (2) Porosity and (3) Pore size.
Each parameter had three levels: low, medium and high, as explained below:

1.  Height, H: A “low” height value of 5 mm represented a 1/2 H/D ratio (D = 10 mm) and is
commonly used in biological assessment. End-effects, as defined by St. Venant’s princi-
ple, tend to be significant in these geometries. To minimize influence of end-effects,
ASTM D695 defines an H/D ratio of 2/1. Accordingly, a “high” height value of 20 mm
was defined in this study. To effectively compare the mechanical behavior and the influ-
ence of the end effects, a “medium” height value of 10 mm was additionally defined rep-
resenting an H/D ratio of 1/1. Thus, the respective H/D ratios were 0.5, 1.0 and 2.0.

2. Porosity: Scaffold designs generally mimic the porosity of bone tissue. Low porosity
structures such as cortical bone range between 5-30% porosity, while cancellous bone
porosity is mostly in the range of 75-95% [36]. In this study, a “low” porosity level close
to 30% and a “high” level near 75% were defined. The “medium” porosity was 50%.

3. Pore size: In the current study, pore sizes from 0.25 to 0.5 mm were defined as the
“low” level. Pores from 0.5 mm until 0.75 mm were “medium” level and pore sizes
from 0.75 to 1.00 mm were the “high” level.
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Figure 1. Scaffold test specimen geometrical design process to match theoretical values of porosity,
heights and pore size: (A) the first layer was designed, the region of interest (ROI) of the struts that
are created with a width (SW), length (SH) and a height (PH), as denoted by red lines. PS corre-
sponds to the pore size and is equal to the pore height (PH). (B) A second layer is added by rotat-
ing the first one by 90° and placing it on top of it, a circumference with diameter (CD) is designed
and everything outside it is removed producing (C). (D-F) The remained part is duplicated along
the cylindrical principal axis (z-axis) as required for the specimen height. The final specimen ge-
ometry with length of 5, 10 or 20 mm was exported for 3D printing as a STL file.

Figure 2 summarizes the different combinations of pore size and porosity for a repre-
sentative specimen height of 10 mm. The designed scaffolds were printed for each condition
in the horizontal printing plane, where orientation of the fibers and their bonding was en-
hanced over other planes [37]. Table 2 summarizes the experimental design with the scaffold
design combinations. Based on the combination of parameters —six specimens each with three
levels for each of the three factors (6 x 3%) —a total of 162 specimens were fabricated.

Table 2. Scaffold test specimen geometries, constant diameter of D =10 (mm).

Parameters Levels: Low Medium High
Porosity (%) ~30 ~50 ~70
Height (mm) 5 10 20
0.25-0.50 0.50-0.75 0.75-1.00

Pore size (mm)
H/D ratio 0.5 1.0 2.0
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Figure 2. Scaffold test specimen geometries: specimens with different inner architectures were
created due to the combinations between pore size and porosity. (A) Representative specimen
design of 10 mm height with a H/D ratio of 1.0, is shown for the different combinations of porosity
and pore size. (B) Actual printed samples based on (A).

2.3. Morphology Characterization

Diameter and height of each printed specimen were recorded as a mean of three
measurements for each dimension, as measured with a set of calipers. Scaffold porosity
was measured with a buoyancy scale following the Archimedes method [38]. In this case
ethanol, with density of 0.789 g/mL was used as the liquid with known density at room
temperature of 22 °C. Porosity was calculated based on the formula:

Porosity =1 - {(Wa = Ws)/(V x 0)} (1)

where: Wa is the dry weight measured before the immersion; Wi the submerged weight
acquired in the balance; V the overall volume; and o the porosity of the displaced liquid.

The porosity, as calculated based on Equation (1), was the experimentally measured
porosity of the 3D-printed specimens. The theoretical, design porosity —i.e., either 30%,
50% or 75% —was confirmed based on the CAD model as the effective volume of the scaf-
fold material (total volume of the struts) divided by the bulk volume (H x 7 x D/4) of the
cylinder. Differences between the experimentally measured porosity and the design po-
rosity were then expressed as percentages.

Following porosity measurements, specimens were dried and stored for subsequent
evaluations. Optical measurements were performed to measure the specimen pore size
with digital pictures acquired by an optical microscope (Leica, Leica Camera AG, Wetzlar,
Germany). Furthermore, micro computed tomography (micro-CT) scans were conducted



Polymers 2022, 14, 5017

6 of 15

to verify the inner structure of the samples (Figure 3). Images were acquired in an Easy-
Tom micro (Rx Solutions, Boynton Beach, FL, USA) using a configuration of voltage of 90
kV and current of 200 uA, frame rate of 2 fps. Each scan of 360° took 20 min to achieve a
resolution of 10 pm. First, the software X-Act (Rx Solutions, Boynton Beach, FL, USA) was
used to preprocess the images to generate a dataset of layers along the z axis of the scan
volume. These images were analyzed in VG Studio and compared with the designed CAD
for printed irregularities. The samples were imaged by placing them in a low-density ma-
terial to avoid undesired rotation of the specimen while scanning.
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Figure 3. Qualitative evaluation of the accuracy of a printed specimen geometry versus theoretical
CAD design: A comparison between the CAD model (grey) and the acquired volume with micro CT
data (blue). (A) A cross-sectional plane at the midpoint along the horizontal plane showing the
inner correlation; (B) along central vertical plane; (C) along the vertical plane with a small angle of
rotation; and, (D) Isometric view of micro CT data (blue) and CAD model (grey) overlayed.

2.4. Scaffold Test Specimen Mechanical Property Characterization

Compression tests were performed at room temperature on a universal materials
testing machine (Test Resources, Shakopee, MN, USA) at a fixed, quasi-static speed of 1.27
mm/min following the standard ASTM D695 [39]. Specimens were placed in the center of
the plate and a preload of 50 N was applied. The test was conducted until specimen nom-
inal strain was at least 30% strain. Bulk stress and strain were computed as:

Bulk stress: 0 = ——; bulk strain: & = > )
CSApuik Lo

where: F = force applied at the crosshead; CSAbui = nominal cross-sectional area; d = cross-
head displacement; Lo = initial length (height) of the specimen.
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Hooke’s Law of elasticity in elastic solids was applied to calculate apparent elastic mod-
ulus as follows: ¢ = Eappxe; where o is the bulk compressive stress, Eapp the apparent elastic
modulus and ¢ the bulk strain. Apparent elastic modulus, Eapp, was found by linear regression
of stress—strain data from the linear segment of the test data, generally between 0 and 2%
strain. The Yield stress and Yield strain were determined with a 1% offset strain [40].

2.5. Data Analysis

Statistical analysis was performed using R (version 3.6.3) [41]. Results were expressed as
means and standard deviations and, in all cases, the level of significance was set at ot = 0.05.
First, Spearman’s coefficients [42] were calculated to determine the correlation between the
response variables and the possible explanatory variables (Height, Porosity and Pore Size).
Next, effects of Height, Porosity and Pore Size were assessed based on a Mann-Whitney-Wil-
coxon Test to identify statistically significant effects on the response variables. Based on the
results obtained in the Mann-Whitney-Wilcoxon Test for each explanatory variable, a multiple
linear regression model was developed by using the measured experimental values of the ex-
planatory variables and their respective interactions. The linear model was:

Y = (Height) x 1+ (Porosity) x 2+ (Pore size) x 33+ (Height:Porosity) x 34+ (Porosity:Pore size) x 85+ Intercept 3)

where Y are the response variables, namely, Eapp, Yield Stress and Yield Strain. 3i are the
coefficients of the regression model associated with the variable i, namely, Height, Poros-
ity, Pore size and their respective interactions.

Subsequently, in order to determine which variables contributed to the multiple linear
regression model, a step-wise regression algorithm by the forward method [43] was applied
to define the influence of the independent variables. Normality assumptions inherent to the
multiple linear regression model were verified with the Kolmogorov-Smirnov test [44].

3. Results
3.1. Scaffold Test Specimen Morphology Characterization

The 3D printed scaffold test specimens had consistent and uniform bulk dimensions
(height and diameter), with low standard deviations and errors. The variation in height
(H) across the three H/D ratio groups was <2%, while the variation in diameter (D) was
less than 6%. Given the low variation in the bulk dimensions, H/D ratio was maintained
as a categorical variable with three levels (H/D =0.5, 1.0 and 2.0) for the statistical analysis.
The variability between design and printed structures was verified by superimposing the
micro CT-based volume of the printed scaffold onto the CAD model. (Figure 3).

In contrast, variation in the internal architecture of the printed samples, represented
by porosity and pore size, was much larger than was found for the bulk dimensions. For
example, compared to low and medium porosity, specimens with high porosity (75%) had
a larger error, with 10-50% percent errors between the measured and theoretical porosity.
The medium porosity (50%) samples had smaller errors, 11-21%. Samples with low po-
rosity (30%) generally had the lowest error, 0-8%, except for an atypical error of 27% for
the medium pore size sub-group (0.75 mm). The “low” pore size sub-group (0.50 mm) had
the biggest percent error of 46-50%, followed by the “medium” size (0.75 mm) with 19-
20% and the “large” size (1 mm), 10-11%. As a result, porosity and pore size were treated
as continuous variables in subsequent statistical analyses.

3.2. Scaffold Test Specimen Mechanical Property Characterization

Apparent elastic modulus, Eapp, was positively correlated with specimen H/D ratio
and 20 mm height specimens (largest H/D ratio = 2.0) had, on average, the largest Eapp,
which decreased progressively for the 10 mm and 5 mm height groups. Yield strain, on
the other hand, exhibited a strong negative correlation. Specimen H/D ratio did not influ-
ence the bulk Yield stress (Table 3, Figure 4D).
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Table 3. Design parameters and specimen measured morphology and mechanical properties. De-
signed pore sizes were Low (L): 0.25-0.50 mm, Medium (M): 0.5-0.75 mm and High (H): 0.75-1.00
mm. Actual pore size was considered as a continuous variable in the statistical analysis. Apparent
elastic modulus (Eapp), yield stress (o) and yield strain (ey) were determined from compression test
data. Measurements from 3D printed scaffold test specimens were based on six replicates and re-
sults are expressed as mean + standard deviation.

Design Parameters Measured Morphology and Mechanical Properties (1 = 6)
Height Porosity Pore size Porosity (%) Eapp (MPa) oy (MPa) gy (%)
5 30 L-M-H 30.57 +1.40 659.77 £39.25 3293 +6.25 6.03+1.08
50 L-M-H 54.69 +7.84 393.48+106.94 16.74+5.62 5.10+0.41
75 L-M-H 54.82 +12.6 361.03 +139.91 17.35+£8.66  5.57 +0.60
10 30 L-M-H 33.80 +3.38 802.87 £99.06  27.39+540 4261041
50 L-M-H 54.53 +7.22 515.64 +134.45 16.33+£5.09 3.76+0.14
75 L-M-H 55.97 +11.9 423.73+143.24 1431+648 4.15+0.52
20 30 L-M-H 29.94 +2.04 1086.85+85.69  31.95+4.49 3.74+0.35
50 L-M-H 54.31 +7.43 586.79 +159.47  13.19+4.30 2.96+0.34
75 L-M-H 55.67 +11.5 522.31 +187.85 13.79£6.60 3.29+0.56
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Figure 4. Mechanical properties of the scaffold test specimens: (A) Stress—strain curves showing the
average and standard error for all the samples grouped by height. (B) Elastic modulus versus poros-
ity for three specimen heights. (C) Yield strain versus porosity for three specimen heights. (D) Yield
stress versus porosity for three specimen heights. Grey, shaded bands in (A) represent the standard
error.

Pore size, as an independent variable, did not have a significant effect on Eapp of the
specimens in this configuration; however, porosity did have an effect. At the highest levels
of porosity, Eapp decreased, as expected with porous structures. Yield stress values also
decreased with increase in porosity, while Eapp and yield stress were strongly negatively
correlated with porosity. Yield strain exhibited a mild negative correlation (Figure 4C).
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Apparent elastic modulus and yield stress were related to porosity with an exponen-
tial decay, aeb* (Figure 4B and 4D, respectively). Yield strain was linearly related to poros-
ity (Figure 4C). The normalized modulus (apparent elastic modulus divided by the mate-
rial elastic modulus versus porosity curves) are overlayed with published curves in Figure
5 according to ASTM standard D696. A summary of the measurements from the morphol-
ogy and mechanical property characterization can be found in Table 3.

1.0 :
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Figure 5. Standardized modulus (measured elastic Modulus Ep divided by the material modulus
Eo) versus the porosity for three specimen heights. Data from the current study is overlayed with
published curves [45-52].

3.3. Multiple Linear Regression Analysis

Statistical analyses were performed to evaluate the correlation between the different
parameters. Spearman correlation was used to obtain the nonparametric measure of rank
correlation. This correlation describes how well the relationship can be defined using a
monotonic function. Table 4 shows Spearman correlation coefficients between the inde-
pendent variables (Height, Porosity and Pore Size) and the response variables (Eapp, yield
stress and yield strain). Out of the three response variables, height exhibited the highest
correlation with yield strain (-0.761) followed by Eapp (0.501) and negligible correlation
with yield stress (0.043). Porosity was highly correlated with both Eapp (-0.859) and yield
Stress (-0.912), but had a low correlation with yield strain (-0.269). Finally, pore size was
not strongly correlated with any of the three response variables, the highest coefficient
being -0.204 for yield stress.

Table 4. Spearman correlation coefficients between the study variables.

Independent Variables Response Variables
Height Porosity Pore Size Eapp Yield Stress  Yield Strain

Height 1 -0.113 0.009 0.501 -0.043 -0.761
Porosity - 1 0.255 -0.859 -0.912 -0.269
Pore size - - 1 -0.178 -0.204 -0.135
Eapp - - - 1 0.784 -0.112
Yield Stress - - - - 1 0.481

Yield Strain - - - - - 1

Table 5 shows the step-wise statistical analysis results, with models for the response
variables (Eapp, yield stress and yield strain) based on the specimen parameters (height,
porosity and pore size). The model successfully explained up to 96% of the variation in
both apparent elastic modulus (Eapp) and yield stress. For Eapp, porosity was the principal
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parameter (R?=73%), followed by height (R2=19%). For yield stress, the principal parameter
was porosity (R?=94%), which explained almost all the variation in yield stress. Finally, the
model explained only up to 72% of the variation in yield strain, which was mainly repre-
sented by the height (R? = 60%), with porosity accounting for the remaining 12%.

Table 5. Step-wise statistical analysis with models for the three response variables. Coefficient of
determination (R?), coefficient of the regression model associated with the variable ((3i) and p-
value (p-value) are listed for each of the variables and their interactions, were p-value < 0.0001: ****; p-
value < 0.001: ***; p-value < 0.01: **; p-value < 0.05: *; p-value >= 0.05: NA (does not contribute to the
model).

Y X R? Bi p-Value
Eapp (MPa) Intercept 817.31 <0.0001 xRAE
Height 0.19 43.36 <0.0001 e
Porosity 0.73 -8.92 <0.0001 e
Pore size NA NA NA
Height:Porosity 0.04 -8.92 <0.0001 ok
Porosity:Pore size NA NA NA
Final Model: Eapp = (Height) x 1+ (Porosity) x B2+ (Height:Porosity) x s+ Intercept
Yield Stress (MPa) Intercept 52.93 <0.0001 i
Height 0.02 -0.19 <0.0001 e
Porosity 0.94 -0.67 <0.0001 i
Pore size 0.003 2.49 0.002 *
Height:Porosity NA NA NA
Porosity:Pore size NA NA NA
Final Model: Yield stress = (Height) x 31+ (Porosity) x 32+ (Pore size) x B3+ Intercept
Yield Strain Intercept 0.07 <0.0001 ok
Height 0.60 -1.40x10°  <0.0001 e
Porosity 0.12 -2.76 x10#  <0.0001 i
Pore size NA NA NA
Height:Porosity NA NA NA
Porosity:Pore size NA NA NA
Final Model: Yield strain = (Height) x 1 + (Porosity) x B2+ Intercept

4. Discussion

One hundred and sixty-two 3D-printed scaffold test specimens with controlled ge-
ometries were fabricated to systematically evaluate the variation in the mechanical re-
sponse of 3D structures obtained based on variations in H/D ratio, porosity and macro-
pore size. Combined, these parameters resulted in almost a six-fold variation in the full
range of apparent elastic modulus and bulk yield stress values— from 189 MPa to 1220
MPa and from 7 MPa to 41 MPa, respectively.

Results from the statistical analysis can help us understand how the parameters
tested in this study affect mechanical properties.

4.1. Elastic Modulus

In Table 5, the Eapp is well represented with the proposed model (R? of 96%) with
porosity as the principal influencing parameter (R?of 73%), similar to findings in literature
[18,53-57]. The negative [3i suggests that the increase of porosity reduced the stiffness of
the samples with a fi of —8.92 per percentage increase in porosity.

H/D ratio had a relatively smaller influence on the Eapp (R?0f 19%) within the model, but
a higher sensitivity on the samples with a value of {8i of 43.46. Moreover, the model also re-
vealed an interaction or mild confounding effect between the height and porosity. For exam-
ple, specimens with high porosity (negative influence on Eapp), but high H/D ratio (positive
effect on Eapp) exhibited elastic modulus values close to specimens with low porosity and low
H/D ratio (Figure 4B). A sensitivity study was carried out on the intercept value of the model
to extrapolate the response of a solid sample. The model, driven by height with null porosity
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and thus null pore size, showed an Eapp of 1034, 1251 and 1684 [MPa]—a variation of almost
60% —purely due to changes in specimen height between 5 mm (H/D = 0.5), 10 mm (H/D =
1.0) and 20 mm (H/D = 2.0), respectively. These values are consistent with those reported pre-
viously with the same configuration [20], which serves as a further validation of the model.
The change in Eqy for each different height essentially represents the effect of the H/D ratio in
the mechanical response [35,58]. Thus, although the influence of the specimen H/D ratio on
the elastic modulus relative to specimen porosity may be smaller, it is still significant and must
be taken into account while comparing across studies.

Finally, neither the range of pore sizes nor its interaction with the other variables
(height and porosity) had a significant effect on Eapp (p > 0.05), which is consistent with
literature [18,54-57,59].

4.2. Yield Strain

Compared to elastic modulus the relative influence of H/D ratio and porosity on yield
strain were more or less reversed. The regression model had a lower predictive strength, pre-
dicting variation in the yield strain with an R2of 72%. H/D ratio was the principal influencing
parameter (R2of 60%). The influence of porosity was relatively smaller (R?of 12%). Although
the influence of these parameters on yield strain has been noted in past studies [35,58],
this study quantifies these effects in a model where the sensitivity is minimum for both
parameters, with 8i=-0.0014 for height and (= -0.000276 for porosity. Hence, for a given
material, neither the inner architecture, nor the H/D ratio changes affected the yield strain
substantially, with a consistent value of 0.07. Furthermore, the pore size did not have a
significant influence on the mechanical responses of the proposed model, as has also been
shown in the literature [3].

4.3. Yield Stress

Finally, similar to apparent elastic modulus, yield stress and its variations are also
represented well by the model (R?= 96%). However, porosity variations could explain
most of the variations in yield stress (R? of 94%) and with a low representation by the
height (R? of 2%). The i shows that yield stress was inversely correlated with these pa-
rameters, a trend consistent with previous studies [18,55-57,59]. Notably, however, yield
stress was the only response variable, where pore size displayed a significant influence (p
< 0.05); nevertheless, the influence within the model was low (R2< 1%).

The yield stress findings can be understood as essentially a product of Eapp and yield
strain. Further, Eapp is strongly correlated with yield stress, while it is poorly correlated
with yield strain (Figure 6). Both Eapp and yield strain are strongly negatively influenced
by porosity, resulting in an extremely strong negative effect of porosity on yield stress.
On the other hand, while Eapp was positively affected by specimen H/D ratio (Figure 7A),
yield strain was negatively affected (Figure 7B), essentially cancelling out the effect of
specimen height on the yield stress (Figure 7C). Consequently, yield stress appeared less
sensitive to variations in specimen H/D ratio.
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Figure 6. Correlation between mechanical properties of the scaffold test specimens: (A) Yield
Stress with respect to Apparent Elastic modulus and (B) Yield Strain with respect to Apparent
Elastic modulus. Lines represent a linear fit with R? (%) being the coefficient of determination.
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Figure 7. Mechanical analysis of the scaffold test specimens with respect to the H/D ratio: (A) Apparent
Elastic modulus, (B) Yield Strain and (C) Yield Stress. Data are presented as notched box plots. Boxes
represent the second and third quartile around the median, which is represented by the thick horizontal
line within the block. Whiskers represent 100% of the data within each group, including outliers.
Notches represent a 95% confidence interval (Clnoteh) of the median and extend to [+1.58 x
IQR/((1)°%)]. IQR = interquartile range between first to third quartile and “n” = number of non-
missing observations within the group. Non-overlapping notches represent significant differences
[60,61].

5. Conclusions

Within the context of the three factors investigated together in the current study, H/D
ratio and porosity of the fabricated structures had a strong influence on the mechanical
properties commonly used to understand the mechanical behavior of these structures,
namely apparent elastic modulus, yield strain and yield stress. Thus, when comparing
across studies, for example, between printing techniques or even choosing candidate pol-
ymer materials for printing scaffolds, it is important to note the differences in the H/D
ratios as well as porosities of the specimens used in the respective studies. Particularly for
porosity, the variations in actual porosity of the fabricated specimens with respect to the
designed value may also be significant enough to influence the reported mechanical prop-
erties. Depending on the specific mechanical property in consideration, either porosity or
H/D ratio may have a dominating influence on the results; nevertheless, variations in both
should be taken into account. Although H/D ratio appeared to significantly influence the
stiffness (elastic modulus) and yield strain, yield stress did not seem sensitive to this factor
within the specific range of H/D ratios investigated in this study. Thus, yield stress could
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potentially be a benchmark mechanical property for comparisons across studies for spec-
imens with different heights, as the height does not have a high effect on yield stress. On
the other hand, if the samples have different porosity but the same height, the yield strain
is a suitable result variable for comparisons.

Author Contributions: Conceptualization, A.A. and ].F.V.; methodology, ] .C.R., A.A. and ].F.V.; soft-
ware, ] I.CR, A.A. and ].F.V,; validation, ] .C.R.,, A.A. and ].F.V,; formal analysis, ] LC.R, CT.A., A.A.
and J.F.V,; investigation, ] .C.R., A.A. and ].F.V; resources, A.A. and J.F.V ; data curation, ] .C.R., A.A.
and J.E.V.; writing —original draft preparation, ]L.C.R,, A.A. and J.F.V.; writing—review and editing,
JLCR, CT.A, CM, H-LP, A A and ].F.V,; visualization, ] .C.R., A.A. and ]J.F.V_; supervision, A.A.
and J.F.V,; project administration, A.A. and ].F.V.; funding acquisition, A.A. and J.E.V. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by “Agencia Nacional de Investigacién y Desarrollo” (ANID)
from the Government of Chile, through the Research Project FONDECYT Inicio” No. 11170957.
J.LC.R. thanks “Universidad Adolfo Ibafiez” for providing funding for doctoral studies by “Beca de
Excelencia FIC-EMPA”.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study can be made available on request
from the corresponding author.

Acknowledgments: The authors are grateful for the support made available through the Research
& Development Agreement between UAI and Empa for Joint Supervision of UAI doctoral students.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Kasten, P.; Beyen, L; Niemeyer, P.; Luginbiihl, R.; Bohner, M.; Richter, W. Porosity and pore size of p-tricalcium phosphate
scaffold can influence protein production and osteogenic differentiation of human mesenchymal stem cells: An in vitro and in
vivo study. Acta Biomater. 2008, 4, 1904-1915. https://doi.org/10.1016/j.actbio.2008.05.017.

Khatiwala, C.B.; Peyton, S.; Putnam, A. Intrinsic mechanical properties of the extracellular matrix affect the behavior of pre-
osteoblastic MC3T3-E1 cells. Am. ]. Physiol. Cell Physiol. 2006, 290, 1640-1650. https://doi.org/10.1152/ajpcell.00455.2005.
Mygind, T.; Stiehler, M.; Baatrup, A.; Li, H.; Zou, X; Flyvbjerg, A.; Kassem, M.; Biinger, C. Mesenchymal stem cell ingrowth
and differentiation on coralline hydroxyapatite scaffolds. Biomaterials 2007, 28, 1036-1047. https://doi.org/10.1016/j.biomateri-
als.2006.10.003.

Vivanco, J.; Aiyangar, A.; Araneda, A.; Ploeg, H.-L. Mechanical characterization of injection-molded macro porous bioceramic
bone scaffolds. ]. Mech. Behav. Biomed. Mater. 2012, 9, 137-152. https://doi.org/10.1016/j.jmbbm.2012.02.003.

Hutmacher, D.W. Scaffolds in tissue engineering bone and cartilage. In The Biomaterials: Silver Jubilee Compendium; Williams,
D.F., Ed.; Elsevier Science: Oxford, UK, 2000; pp. 175-189. https://doi.org/https://doi.org/10.1016/B978-008045154-1.50021-6.
Van Bael, S.; Chai, Y.C.; Truscello, S.; Moesen, M.; Kerckhofs, G.; Van Oosterwyck, H.; Kruth, J.-P.; Schrooten, J. The effect of
pore geometry on the in vitro biological behavior of human periosteum-derived cells seeded on selective laser-melted Ti6 Al4V
bone scaffolds. Acta Biomater. 2012, 8, 2824-2834. https://doi.org/10.1016/j.actbio.2012.04.001.

Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474-5491.
https://doi.org/10.1016/j.biomaterials.2005.02.002.

Abbasi, N.; Hamlet, S.; Love, R.M.; Nguyen, N.-T. Porous scaffolds for bone regeneration. J. Sci. Adv. Mater. Devices 2020, 5, 1-9.
https://doi.org/10.1016/j.jsamd.2020.01.007.

Flautre, B.; Descamps, M.; Delecourt, C.; Blary, M.C.; Hardouin, P. Porous HA ceramic for bone replacement: Role of the pores
and interconnections—Experimental study in the rabbit. ] Mater. Sci. Mater. Med. 2001, 12, 679-682.
https://doi.org/10.1023/A:1011256107282.

Galois, L.; Mainard, D. Bone ingrowth into two porous ceramics with different pore sizes: An experimental study. Acta Orthop.
Belg. 2004, 70, 598-603.

Gauthier, O.; Bouler, J.-M.; Aguado, E.; Pilet, P.; Daculsi, G. Macroporous biphasic calcium phosphate ceramics: Influence of
macropore diameter and macroporosity percentage on bone ingrowth. Biomaterials 1998, 19, 133-139.
https://doi.org/10.1016/S0142-9612(97)00180-4.

Cheung, H.Y.; Lau, K.T.; Lu, T.P.; Hui, D. A critical review on polymer-based bio-engineered materials for scaffold develop-
ment. Compos. Part B Eng. 2007, 38, 291-300. https://doi.org/10.1016/j.compositesb.2006.06.014.

Eggli, P.S.; Muller, W.; Schenk, R.K. Porous hydroxyapatite and tricalcium phosphate cylinders with two different pore size
ranges implanted in the cancellous bone of rabbits. A comparative histomorphometric and histologic study of bone ingrowth
and implant substitution. Clin. Orthop. Relat. Res. 1988, 232, 127-138.



Polymers 2022, 14, 5017 14 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Schek, R.M.; Wilke, E.N.; Hollister, S.J.; Krebsbach, P.H. Combined use of designed scaffolds and adenoviral gene therapy for
skeletal tissue engineering. Biomaterials 2006, 27, 1160-1166. https://doi.org/10.1016/j.biomaterials.2005.07.029.

Hollister, S.; Lin, C.; Saito, E.; Schek, R.; Taboas, J.; Williams, ].; Partee, B.; Flanagan, C.; Diggs, A.; Wilke, E.; et al. Engineering
craniofacial scaffolds. Orthod. Craniofacial Res. 2005, 8, 162-173. https://doi.org/10.1111/j.1601-6343.2005.00329.x.

Buckley, C.T.; O’Kelly, K.U. Fabrication and characterization of a porous multidomain hydroxyapatite scaffold for bone tissue
engineering investigations. J. Biomed. Mater. Res. Part B Appl. Biomater. 2010, 93, 459-467. https://doi.org/10.1002/jbm.b.31603.
Moradi, M.; Aminzadeh, A.; Rahmatabadi, D.; Hakimi, A. Experimental investigation on mechanical characterization of 3D
printed PLA produced by fused deposition modeling (FDM). Mater. Res. Express 2021, 8, 035304. https://doi.org/10.1088/2053-
1591/abe8f3.

Bobbert, F.; Lietaert, K.; Eftekhari, A.; Pouran, B.; Ahmadi, S.; Weinans, H.; Zadpoor, A. Additively manufactured metallic
porous biomaterials based on minimal surfaces: A unique combination of topological, mechanical, and mass transport proper-
ties. Acta Biomater. 2017, 53, 572-584. https://doi.org/10.1016/j.actbio.2017.02.024.

Kelly, C.N.; Miller, A.T.; Hollister, S.; Guldberg, R.E.; Gall, K. Design and Structure-Function Characterization of 3D Printed
Synthetic ~ Porous Biomaterials for Tissue Engineering. Adv. Healthc.  Mater. 2018, 7, e201701095.
https://doi.org/10.1002/adhm.201701095.

Baier, R.V.; Raggio, ].I1.C.; Arancibia, C.T.; Bustamante, M.; Pérez, L.; Burda, I.; Aiyangar, A.; Vivanco, J.F. Structure-function
assessment of 3D-printed porous scaffolds by a low-cost/open source fused filament fabrication printer. Mater. Sci. Eng. C 2021,
123, 111945. https://doi.org/10.1016/j.msec.2021.111945.

Vivanco, J.F.; Slane, ].; Aiyangar, A. Multiscale Biomechanical Characterization of Bioceramic Bone Scaffolds. In Experimental
Methods in Orthopaedic Biomechanics; Academic Press: Cambridge, MA, USA, 2017; pp. 201-216. https://doi.org/10.1016/B978-0-
12-803802-4.00013-5.

Pioletti, D.P. Biomechanics in bone tissue engineering. Comput. Methods Biomech. Biomed. Eng. 2010, 13, 837-846.
https://doi.org/10.1080/10255841003630660.

Zadpoor, A.A.; Malda, J. Additive Manufacturing of Biomaterials, Tissues, and Organs. Ann. Biomed. Eng. 2017, 45, 1-11.
https://doi.org/10.1007/s10439-016-1719-y.

Keaveny, T.M,; Pinilla, T.P.; Crawford, R.P.; Kopperdahl, D.L.; Lou, A. Systematic and random errors in compression testing of
trabecular bone. J. Orthop. Res. 1997, 15, 101-110. https://doi.org/10.1002/jor.1100150115.

Aiyangar, AK,; Vivanco, J.; Au, A.G.; Anderson, P.A.; Smith, E.L.; Ploeg, H.L. Dependence of anisotropy of human lumbar
vertebral trabecular bone on quantitative computed tomography-based apparent density. J. Biomech. Eng. 2014, 136, 091003.
https://doi.org/10.1115/1.4027663.

Abidin, Z.; Fadhlurrahman, I.G.; Akbar, L; Putra, R.U.; Prakoso, A.T.; Kadir, M.Z.; Astuti, A.; Syahrom, A.; Ammarullah, M.L;
Jamari, J.; et al. Numerical Investigation of the Mechanical Properties of 3D Printed PLA Scaffold 2022. In Proceedings of the
5th FIRST T1 T2 2021 International Conference (FIRST-T1-T2 2021), Palembang, Indonesia, 20-21 October 2021.
https://doi.org/10.2991/ahe.k.220205.015.

Pagano, C.; Rebaioli, L.; Baldi, F.; Fassi, I. Relationships between size and mechanical properties of scaffold-like structures.
Mech. Adv. Mater. Struct. 2020, 28, 1812-1817. https://doi.org/10.1080/15376494.2019.1709675.

Singh, R.; Kumar, R.; Singh, M. On compressive and morphological features of 3D printed almond skin powder reinforced PLA
matrix. Mater. Res. Express 2020, 7, 025311.

ASTM D695; Standard Test Method for Compressive Properties of Rigid Plastics 1 Standard Test Method for Compressive
Properties of Rigid Plastics. ASTM International: West Conshohocken, PA, USA, 2015.

Gregor, A,; Filova, E.; Novak, M.; Kronek, J.; Chlup, H.; Buzgo, M.; Blahnova, V.; Lukasova, V.; Bartos, M.; Necas, A.; et al.
Designing of PLA scaffolds for bone tissue replacement fabricated by ordinary commercial 3D printer. ]. Biol. Eng. 2017, 11, 31.
https://doi.org/10.1186/s13036-017-0074-3.

Tamaddon, M.; Blunn, G.; Tan, R,; Yang, P.; Sun, X.; Chen, S.-M.; Luo, J.; Liu, Z.; Wang, L.; Li, D.; et al. In vivo evaluation of
additively manufactured multi-layered scaffold for the repair of large osteochondral defects. Bio-Design Manuf. 2022, 5, 481—
496. https://doi.org/10.1007/s42242-021-00177-w.

Al-Barqawi, M.O.; Church, B.; Thevamaran, M.; Thoma, D.J.; Rahman, A. Design and Validation of Additively Manufactured
Metallic Cellular Scaffold Structures for Bone Tissue Engineering. Materials 2022, 15, 3310. https://doi.org/10.3390/ma15093310.
Soleyman, E.; Rahmatabadi, D.; Soltanmohammadi, K.; Aberoumand, M.; Ghasemi, I.; Abrinia, K.; Baniassadi, M.; Wang, K.;
Baghani, M. Shape memory performance of PETG 4D printed parts under compression in cold, warm, and hot programming.
Smart Mater. Struct. 2022, 31, 085002. https://doi.org/10.1088/1361-665X/ac77cb.

Kilian, D.; von Witzleben, M.; Lanaro, M.; Wong, C.S.; Vater, C.; Lode, A.; Allenby, M.C.; Woodruff, M.A.; Gelinsky, M. 3D
Plotting of Calcium Phosphate Cement and Melt Electrowriting of Polycaprolactone Microfibers in One Scaffold: A Hybrid
Additive Manufacturing Process. J. Funct. Biomater. 2022, 13, 75. https://doi.org/10.3390/jfb13020075.

Baier, R.V.; Raggio, ].I.C.; Giovanetti, C.M.; Palza, H.; Burda, I; Terrasi, G.; Weisse, B.; De Freitas, G.S.; Nystrom, G.; Vivanco, J.F,;
et al. Shape fidelity, mechanical and biological performance of 3D printed polycaprolactone-bioactive glass composite scaffolds.
Mater. Sci. Eng. C 2021, 134, 112540. https://doi.org/10.1016/j.msec.2021.112540.

Hajiali, F.; Tajbakhsh, S.; Shojaei, A. Fabrication and Properties of Polycaprolactone Composites Containing Calcium Phosphate-
Based Ceramics and Bioactive Glasses in Bone Tissue Engineering: A Review. Polym. Rev. 2018, 58, 164-207.
https://doi.org/10.1080/15583724.2017.1332640.



Polymers 2022, 14, 5017 15 of 15

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Ziemian, C.; Sharma, M.; Ziemi, S. Anisotropic Mechanical Properties of ABS Parts Fabricated by Fused Deposition Modelling.
In Mechanical Engineering; InTech: London, UK, 2012. https://doi.org/10.5772/34233.

Ho, S.T.; Hutmacher, D.W. A comparison of micro CT with other techniques used in the characterization of scaffolds. Biomateri-
als 2006, 27, 1362-1376. https://doi.org/10.1016/j.biomaterials.2005.08.035.

Raheem, Z. Designation: D695-15 Standard Test Method for Compressive Properties of Rigid Plastics 1 Standard Test Method for Com-
pressive  Properties of Rigid Plastics 1 2019; ASTM International: West Conshohocken, PA, USA, 2019.
https://doi.org/10.1520/D0695-15.

Ashby, M.; Shercliff, H.; Cebon, D. Materials: Engineering, science, processing and design. Mater. Today 2010, 13, 67.
https://doi.org/10.1016/s1369-7021(10)70042-0.

Liviano, D.; Pujol, M. Andlisis Cuantitativo con R: Matemidticas, Estadistica y Econometria; UOC: Barcelona, Spain, 2017.

Pirie, W. Spearman Rank Correlation Coefficient. In Encyclopedia of Statistical Sciences; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2004. https://doi.org/10.1002/0471667196.es52499.

Zhang, Z. Variable selection with stepwise and best subset approaches. Ann. Transl. Med. 2016, 4, 136.
https://doi.org/10.21037/atm.2016.03.35.

Cayuela, L. Modelos Lineales: Regresion, ANOVA y ANCOVA. 2014. Available online: https://tauniversity.org/sites/de-
fault/files/modelos_lineales_regresion_anova_y_ancova.pdf (accessed on 16 November 2022).

Choren, J.A.; Heinrich, S.M,; Silver-Thorn, M.B. Young’s modulus and volume porosity relationships for additive manufactur-
ing applications. ]. Mater. Sci. 2013, 48, 5103-5112. https://doi.org/10.1007/s10853-013-7237-5.

Hashin, Z. The elastic moduli of heterogeneous materials. J. Appl. Mech. Trans. ASME 1960, 29, 143-150.
https://doi.org/10.1115/1.3636446.

Hasselman, D.P.H. On the Porosity Dependence of the Elastic Moduli of Polycrystalline Refractory Materials. ]. Am. Ceram. Soc.
1962, 45, 452-453. https://doi.org/10.1111/j.1151-2916.1962.tb11191 .x.

Herakovich, C.T.; Baxter, S.C. Influence of pore geometry on the effective response of porous media. J. Mater. Sci. 1999, 34, 1595-
1609. https://doi.org/10.1023/A:1004528600213.

Maitra, A.K.; Phani, K.K. Ultrasonic evaluation of elastic parameters of sintered powder compacts. ]. Mater. Sci. 1994, 29, 4415—
4419. https://doi.org/10.1007/BF00376263.

Rice, R.W. Evaluation and extension of physical property-porosity models based on minimum solid area. . Mater. Sci. 1996, 31,
102-118. https://doi.org/10.1007/BF00355133.

Spriggs, R.M. Expression for Effect of Porosity on Elastic Modulus of Polycrystalline Refractory Materials, Particularly Alumi-
num Oxide. J. Am. Ceram. Soc. 1961, 44, 628-629.

Ledbetter, H.M.; Lei, M. Datta, S.K. Elastic Properties of Porous Ceramics. MRS Proc. 1988, 142, 3041-3048.
https://doi.org/10.1557/proc-142-275.

Torres-Sanchez, C.; Al Mushref, F.R.A.; Norrito, M.; Yendall, K.; Liu, Y.; Conway, P.P. The effect of pore size and porosity on
mechanical properties and biological response of porous titanium scaffolds. Mater. Sci. Eng. C 2017, 77, 219-228.
https://doi.org/10.1016/j.msec.2017.03.249.

Torres-Sanchez, C.; McLaughlin, J.; Fotticchia, A. Porosity and pore size effect on the properties of sintered Ti35Nb4Sn alloy
scaffolds and their suitability for tissue engineering applications. J. Alloys Compd. 2018, 731, 189-199.
https://doi.org/10.1016/j.jallcom.2017.10.026.

Guarino, V.; Causa, F.; Ambrosio, L. Porosity and mechanical properties relationship in PCL porous scaffolds. ]. Appl. Biomater.
Biomech. 2007, 5, 149-157. https://doi.org/10.1177/228080000700500303.

Zhao, H,; Li, L,; Ding, S.; Liu, C.; Ai, J. Effect of porous structure and pore size on mechanical strength of 3D-printed comby
scaffolds. Mater. Lett. 2018, 223, 21-24. https://doi.org/10.1016/j.matlet.2018.03.205.

Alaboodi, A.S.; Sivasankaran, S. Experimental design and investigation on the mechanical behavior of novel 3D printed bio-
compatibility polycarbonate scaffolds for medical applications. J. Manuf. Process. 2018, 35, 479-491. https://doi.org/10.1016/j.jma-
pro.2018.08.035.

Guo, T.; Holzberg, T.R.; Lim, C.G.; Gao, F.; Gargava, A.; Trachtenberg, J.E.; Mikos, A.G.; Fisher, ].P. 3D printing PLGA: A quan-
titative examination of the effects of polymer composition and printing parameters on print resolution. Biofabrication 2017, 9,
024101. https://doi.org/10.1088/1758-5090/aa6370.

Chen, H.; Han, Q.; Wang, C.; Liu, Y.; Chen, B.; Wang, J. Porous Scaffold Design for Additive Manufacturing in Orthopedics: A
Review. Front. Bioeng. Biotechnol. 2020, 8, 609. https://doi.org/10.3389/fbioe.2020.00609.

McGill, R, Tukey, JW. Larsen, W.A. Variations of box plots. Am. Stat. 1978, 32, 12-16.
https://doi.org/10.1080/00031305.1978.10479236.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2015.



