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ABSTRACT
In order to widen the areas of application of poly (lactic acid) (PLA), there has been
a multiplicity of experiments. This study attempts to develop mathematical models
for predicting the mechanical properties of PLA to reduce the number of experimental
runs and material wastage. The melt-cast method produced unreinforced PLA samples
with different slenderness ratios (λ) in triplicate using. The samples were subjected to a
compression test to obtain the mechanical properties captured at three main points on the
stress-strain curve: yield, ultimate stress, and fracture. Regression models were developed
from the data obtained at the three points, and their validity was examined by testing them
against the previous relevant experimental studies from various authors. The coefficient
of determination (R2) and coefficient of correlation (ρ) was also examined for each model
to establish their degree of correctness further. Analyses show that the developed models
give reasonable approximations of some of the properties examined. The mass (M) and
the modulus of elasticity (E) were the most accurately predictable properties with [R2, ρ]
of [99.97%, 0.9998] and [91.55%, 0.9568], respectively. Results also show that apart from
the melt-cast method, the compressive modulus of PLA (both circular and rectangular
cross-sections test samples) produced via injection molding and fused filament fabrication
can be predicted with near accuracy using the model developed in this study. This study
gives researchers the tools needed to avoid
ARTICLE INFO
material wastage by having close-to-real
Article history:
values of the mechanical properties of PLA
Received: 18 October 2021
Accepted: 16 December 2021
through prediction before carrying out any
Published: 20 April 2022
experiment.
DOI: https://doi.org/10.47836/pjst.30.3.02
E-mail addresses:
abraham.aworinde@covenantuniversity.edu.ng (Abraham Aworinde)
titus.ajewole@uniosun.edu.ng (Titus Ajewole)
olakunle.kayode@uniosun.edu.ng (Olakunle Olukayode)
joseph.dirisu@covenantuniversity.edu.ng (Joseph Dirisu)
* Corresponding author
ISSN: 0128-7680
e-ISSN: 2231-8526

Keywords: Compressive modulus, fused deposition
modeling, processing technologies, regression models,
sample size effect, slenderness ratio

© Universiti Putra Malaysia Press

Abraham Aworinde, Titus Ajewole, Olakunle Olukayode and Joseph Dirisu

INTRODUCTION
Polylactide has become a widely applied biopolymer. Several studies have reported its
application in cardiovascular devices (Hadasha & Bezuidenhout, 2018), skeletal tissues
(Aworinde et al., 2020a; Ferrer et al., 2018), drug delivery (Li et al., 2018; Tyler et al.,
2016), commodities and specialties (Malinconico et al., 2018), sensing (Tajitsu, 2017),
and automotive (Bouzouita et al., 2017). Its application is gaining an incredible increase in
biomedical recently (Aworinde et al., 2020a; Aworinde et al., 2021a; Deepthi et al., 2016;
Wang et al., 2016). Its future applications abound because of its propensity to replace many
materials in the near future (Anderson & Shenkar, 2021; Cooper, 2013). It is consistent
that, unlike synthetic polymers, biopolymers are generally environmentally benign (Abioye
& Obuekwe, 2020; Adegbola et al., 2020; Mansour et al., 2020) and possess structural
applications. For instance, a recent consideration has been given to PLA as a replacement for
metals as internal bone fixation to avoid problems such as hardware pain, elastic modulus
mismatch, temperature sensitivity, and others. Another emerging application of PLA is in
the renewable energy field. Wind energy is one of the green energy sources already on a
commercial scale and is expected to expand in the future. When the turbine structures reach
their end of service life, their fabrication materials must be recyclable to be totally green.
The turbine blades are made up of thermosetting fiber-reinforced polymers, which are very
difficult to recycle because of the materials’ nature and complex composition (Rahimizadeh
et al., 2019). A study considered thermal and mechanical recycling methods in reclaiming
glass fibers from end-of-life wind turbine blades (Rahimizadeh et al., 2020). It was reported
that short glass fibers from blades of decommissioned wind turbines were recovered and
mixed with a polylactic acid (PLA) matrix through a double extrusion process to prepare
novel composite filaments for Fused Deposition Modeling (FDM).
Successful applications of PLA in various fields require that test samples of different
configurations be obtained and tested in the laboratory before it is made available for endusers. In other to obtain these various test samples, a number of processing techniques are
employed. These techniques include electrospinning, melt electro-writing, melt casting,
and solvent casting (Aworinde et al., 2018; Gbenebor et al., 2018a; Jamshidian et al., 2010).
The tests samples produced by the techniques mentioned above have been subjected to
tests such as hydrophobicity (Aworinde et al., 2020b; Sundar et al., 2021), morphology
(Taleb et al., 2021), rheology (Fang & Hanna, 1999; Rokbani & Ajji, 2018), and thermal
(Taleb et al., 2021). Of all the tests carried out on PLA, its mechanical properties appear to
be its most evaluated property (Adeosun et al., 2016; Akpan et al., 2019; Aworinde et al.,
2019; Aworinde et al., 2020c; Aworinde et al., 2020a; Aworinde et al., 2021b; Brischetto
& Torre, 2020; Deepthi et al., 2016; Wang et al., 2016). The mechanical test becomes
necessary whenever PLA is applied as a load-bearing structure by the rule of thumb. The
load-bearing samples vary in thickness, length, and shape, as shown in Table 1 and Figures
1-3, depending on the applications.
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(b)
(c)
(a)
Figure 1. Compression sample of unreinforced PLA: (a) before testing (b) buckled after testing (c) fractured
after testing (Barkhad et al., 2020)

Figure 2. Tensile test samples of PLA composites (Farah et al.,
2016)

Figure 3. Compression samples
from a laser-cut, 3D printed PLA
(Rodrigues et al., 2016)

Table 1
Variations in the sizes of the mechanical test sample
Reference
(Aworinde et al., 2020a)
(Akpan et al., 2019)
(Brischetto & Torre,
2020)
(Abbas et al., 2017)
(Barkhad et al., 2020)
(Gbenebor et al., 2018b)
(Oksiuta et al., 2000)
(Farah et al., 2016)

Method of sample
Sample’s
production
cross-section
Melt casting
Electrospinning
Fused deposition
modeling
Fused deposition
modeling
Injection molding
Electrospinning
Extrusion
Hot press

circle
Rectangle
Rectangle
Rectangle
circle
Rectangle
n/a
n/a

Type of
mechanical
sample
Cylinder
Fiber mat
Rectangular
prism
Rectangular
prism
Cylinder
Fiber mat
Dog bone
Dog bone

Type of
mechanical
test
Compression
Tensile

2.24
n/a

Compression

10.90

Compression

6.92

Compression
Tensile
Tensile
Tensile

8.36
n/a
n/a
n/a

λ

The compression test is one of the most frequently performed mechanical tests for
obtaining the mechanical properties of PLA. Generally, the compression test has several
advantages over other mechanical tests. Aside from the fact that various properties can be
obtained from its result, compression test samples are very easy to fabricate. In addition,
there is no limit to the extent to which the stress/strain relationship can be obtained since
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the test sample is usually loaded between two relatively rigid flat platens (Figure 4),
which removes the possibility of any constraints in movement until the specimen fractures
(Williams & Gamonpilas, 2008). Studies show that the simplicity and versatility of the
compression test have attracted researchers to its usage in determining the mechanical
properties of PLA and PLA composites (Abbas et al., 2017; Aworinde et al., 2020a; Barkhad
et al., 2020). This study, therefore, attempted a means of minimizing material and time
wastage by providing regression models that predict some of the properties of PLA, which
are obtainable via compression test.
MATERIALS AND METHOD
Polylactide (PLA) with an overall lactide purity ≥ 99.5% and monomer’s molecular weight
of 144 g/mol was purchased from NatureWorks, USA. It was pre-dried in an oven at 50
o
C for 6 hours to eliminate the possible moisture content to forestall viscosity degradation
and possibly significantly impact the mechanical properties (Lawrence et al., 2001). The
moisture-free PLA was then processed using melt casting and mold pressing at the pouring
temperature of 210 oC. Solid cylinders with a constant diameter of 13.28 mm and arithmetic
progressively varying heights according to Equation 1 were developed. In Equation 1, l n
is the length of an nth term of a sample while a is the starting length, i.e., 9.4 mm. c is the
positive constant difference between any two successive lengths, and n denotes the nth term.
Three samples were produced for each length. Care was taken to keep all lengths within
the prescription of ASTM D695 to avoid buckling during the mechanical test. However,
there was chipping off of some samples during testing (Figure 4), which possibly impacted
the linearisation of the mechanical properties.
							

(1)

The masses of the samples (triplicate) of each length were measured. The samples were
afterward subjected to a compression test using a double column Instron universal testing
machine with model number 3369 (equipped with Bluehill software for data acquisition)
located at the Centre for Energy Research and Development (CERD) at Obafemi Awolowo
University, Ile-Ife in Nigeria. The samples were axially loaded as stipulated by ASTM D695
and used in many studies (Abbas et al., 2017; Aworinde et al., 2020a; Bakar et al., 2003).
The mean values of the masses, and all the compressive mechanical properties examined
via experiment, were reported. The moduli of elasticity were obtained using MATLAB
R2019a (9.6) to find the slope within the elastic region. Table 2, in addition to the mass,
lists the compressive mechanical properties obtained from the test. These properties were
considered at three main regions on the stress-strain curve (i.e., yield, ultimate or maximum
stress, and break) to account for the responses of the samples when loaded in compression.
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Sample
chipped off
during testing

Sample did not
chip off during
testing

(a)

(b)

Figure 4. Chipping off of samples during compression test: (a) no chipping (b) sample chipped off

Mathematical functions were generated for each property to examine their dependence on
the slenderness ratio, λ. The coefficient of determination, R2, was also generated for each
property to establish the proportion of the variance in these properties that can be predicted
from the independent variable, λ.
RESULTS AND DISCUSSION
Table 2 displays the mechanical and the physical (i.e., mass) properties. The values of R2
are also shown in Table 2. The R2 values show that the dependence of all the examined
properties on the independent variable, λ, was supported by at least 70% of the experimental
data. Mass, modulus of elasticity, compressive extension at the break, ductility, compressive
extension at maximum compressive stress, and compressive strain at maximum compressive
stress were related to the λ and had 99.97%, 91.55%, 93.66%, 97.38%, 93.14% and 94.38
% degree of predictability, respectively, using the experimental values obtained in this
study. Compressive stress and load at break were 84.79% predictable. Compressive stress
and load at maximum compressive stress were 79.29% predictable, compressive stress and
load at yield were 71.29% predictable. In comparison, energies at maximum compressive
stress and break had 77.98% and 74.23% predictive extent of accuracy, respectively.
Figure 5 shows changes in length and mass as a function of the slenderness ratio. The
length is not the focus here; hence it was not modeled since it was a predetermined factor
(Equation 1) and not one of the study’s outputs. Mass (M), on the other hand, was modeled
by Equation 2. The model showed a fairly linear relationship. The R2 value of 99.97% and
coefficient of correlation of 0.9998 imply a reasonable degree of accuracy of values that can
be predicted by Equation 2. The implication of Equation 2 is that the approximate amount
of mass of PLA can be reasonably predicted, given λ. It would, in turn, help to know the
Pertanika J. Sci. & Technol. 30 (3): 1771 - 1787 (2022)
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Table 2
Mechanical and physical properties of Polylactide obtained from the compression test and direct measurement
Mechanical and physical properties

Unit

Maximum compressive stress
Compressive strain at maximum compressive stress
Energy at maximum compressive stress
Compressive load at maximum compressive stress
Compressive extension at maximum compressive stress
Compressive stress at break
Compressive load at break
Compressive strain at break, i.e., ductility
Compressive extension at break
Energy at break
Compressive stress at yield
Compressive load at yield

MPa
%
J
N
mm
MPa
N
%
mm
J
MPa
N

Modulus
Mass

MPa
g

Symbol
Symbol

EE
MM

R2

0.7129

correlation (ρ)
0.7075
-0.7419
0.7472
0.7075
0.6182
0.7933
0.7933
-0.8024
0.6067
0.7308
0.4492
0.4492

0.9155
0.9997

0.9568
0.9998

0.7929
0.9438
0.7798
0.7929
0.9314
0.8479
0.8479
0.9738
0.9366
0.7423
0.7129

financial implication of the mass needed for a known λ to be produced for a compression
test. Although melt blending and injection molding processes have been copiously used to
fabricate PLA and its composites (Aworinde et al., 2020a; Mofokeng et al., 2012), these
processes have not been developed like fused deposition modeling (FDM) in terms of
parametric modeling.
							

(2)
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Figure 5. Samples’ mass and length as affected by the slenderness ratio
1776

Pertanika J. Sci. & Technol. 30 (3): 1771 - 1787 (2022)

12

14

0

M (g)

l (mm)

35

Predicting the mechanical properties of PLA

Mechanical Properties at Yield
Figures 6 and 7 capture the mechanical properties of the samples at yield. Figure 6
summarizes the stress-strain responses of the samples to the compressive load within the
elastic region. Equations 3 to 5 are the polynomial functions intended for predicting the
elastic modulus (E), compressive load (Fy), and compressive stress (σy), respectively. These
properties are the responses of the axially loaded PLA samples within the region where
the deformation was only elastic. For example, with Equation 3, the modulus of elasticity
could be predicted with 91.95% accuracy using a polynomial regression model of order one.
							

(3)

										

(4)

										

(5)

The examination of Equation 3 shows some degree of reliance in the light of other
studies. Our previous work, for instance, with λ equal to 2.2 for an unreinforced sample
of PLA, conforms with the model in Equation 3 (Aworinde et al., 2020a). Equation 3 also
reasonably approximates the compressive modulus of elasticity of 3D printed PLA (with
λ = 12.6) reported by other researchers (Brischetto & Torre, 2020). Another study equally
corroborates the validity of Equation 3 (Barkhad et al., 2020). The study reports E = 1.75
GPa for unreinforced PLA (with λ = 8.36), while Equation 3 gives E = 1.94 GPa for the
same value of λ. The validity of Equation 3, as further proven by its coefficient of correlation
(ρ) of 0.9568, established a stately model for predicting the modulus of elasticity without
any experimental setup and material wastage, given a known value of λ. Interestingly, λ
can be easily determined without any recourse to experimental trials. Table 3 summarises
the correlation between experimental reports and predicted values by the regression model
of Equation 3. The small differences between the experimental and the predicted values
could be due to the formation of pores/voids in the fabrication
( )method (i.e., melt casting),
especially as the sample’s size increased.
Figure 7 shows the compressive load ( ) and strength ( ) at yield. The load at yield
heralds the onset of plastic deformation. After the load at yield, the load value ceases to
λ
( ) ) load and strength
travel in a straight line. Both properties( (i.e.,
at yield) have the same
curve pattern. Equations 4 models the relationships between λ and( ,) while Equation 5
models the relationships between λ and( λ ). The sixth (6th) order that approximates these
relationships shows that the polynomial regression models may not( be) very reliable and
that the relationships may not truly exist.λThe correlation coefficient (Table 2) that linearly
λ
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relates
( () )and( )to λ was 0.4492, indicating a weak correlation. It implies then that, unlike
what was obtainable in the prediction of M and E, the linear relationships that connect( )
λ( not
and( ()to)λ may
) be properly predicted by the regression models of Equations 4 and
( )
5. However, Figure 7 shows that the same variational pattern exists between λ and( )and
λ
λ
between λ and( ).
( )λ
Table 3
λ
Extent of the accuracy of Equation 3 in the light of experimental reports
λ
Method
of sample
production

Reference
(Aworinde et al.,
2020a)
(Barkhad et al.,
2020)
(Brischetto & Torre,
2020)

Sample’s
crosssection

Type of
mechanical
test

λ

Modulus
from
experiment

Modulus
from
Equation 3

Melt casting

cylinder

Compression

2.24

522.18 MPa

550.84 MPa

Injection
molding

cylinder

Compression

8.36

≈1750.00 MPa 1937.82 MPa

FDM

rectangle

Compression

10.90

2093.00 MPa
(100%*)

2513.46 MPa

* = Infill Density
3500
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Figure 7. Predictive model of compressive load and stress at yield by slenderness ratio
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Mechanical Properties at Ultimate Compressive Strength (UCS)
Figures 8-10 show the variations of the mechanical properties of PLA relative to the λ
at maximum compressive strength, i.e., ultimate compressive stress (UCS). Figure 8 and
Equations 6 and 7 detail the effect of λ on the compressive load (
) and compressive
stress (
) of PLA at UCS.
, which is the load that produces
, is usually not
the subject of many experimental reports.
, however, has been reported for various
materials (Akpan et al., 2019; Aworinde et al., 2020a; Brischetto & Torre, 2020; Gbenebor
et al., 2018b), being the maximum stress any material can withstand before breaking. The
values of R2 (79.29%) and the coefficient of correlation (0.7075) show that the obtained
regression model (Equation 7) is a little reliable. In the light of experimental reports, Table
2 shows the extent of accuracy of the regression model for the prediction of
and the
values obtained from various research reports.

										

(6)

(
)
										
(7)
(
)
(
)
) at the maximum compressive stress in
The strain (
) and the extension (
Figure 9 and the energy (
) at maximum compressive stress in Figure 10 are usually
(
)
(
)
not the subjects of intense discussion when it comes to the mechanical properties of PLA.
( the energy
)
Figure 10 depicts
absorbed by the samples when the stress is maximum. It also
describes the work done by the uniaxial compressive load as the compressive stress reaches
the maximum value. As shown in Table 2, the correlation coefficient between λ and(
)is
negative. It implies a decrease in λ as(
)increases and vice versa. The extent of reliability
(
)
of Equations 8, 9, and 10 are 94.38%, 93.14%, and 77.98%, respectively (Table 2). The
(
)
(
)
regression models at maximum compressive stress were evaluated at degree 6 polynomial
)
functions. This degree substantially( impacted
their degree of accuracy (Sun et al., 2014;
Ye & Zhou, 2013), as seen in Table 4.
(8)

										

(9)

										

(10)
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Table 4
Extent of the accuracy of Equation 7 in the light of experimental reports
Reference
(Abbas et al.,
2017)
(Aworinde et al.,
2020a)
(Barkhad et al.,
2020)

Method
of sample
production

Type of
mechanical
test
Compression
3D printing
test
Compression
Melt casting
test
Injection
Compression
molding
test

Sample’s
crosssection
rectangle
circle
circle

Ultimate
strength from
the experiment

Ultimate
strength from
Equation 7

6.92

27.5 Mpa (65*)

27.38 MPa

2.24

24.75 MPa

44.04 MPa

8.36

≈58 MPa

24.06 MPa

λ

* = Infill Density

Compressive load at Maximum Compressive stress…
(N)
Maximum Compressive stress (MPa)

6000

45
40
35
30

4000

25

3000

20

2000

15
10

1000
0

σUCS (MPa)

FUCS (N)

5000

5
2

4

6

8

10

12

14

0

λ

Figure 8. Dependence of compressive load and stress at UCS on slenderness ratio
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0.8
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2
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1
0
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2

4
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8

10

12

λ

Figure 9. Pattern of compressive strain and extension at UCS as affected by slenderness ratio
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λ

Figure 10. Energy at UCS as affected by the slenderness ratio

Mechanical Properties at Break
Five properties were evaluated at the break. Figure 11 shows the compressive load ( ) and
compressive stress ( ) with their regression models in Equations 11 and 12, respectively.
In Figure 12, compressive strain ( ) and extension ( ) are displayed, while Equations
13 and 14 model their data. Finally, the variation of energy at the break with λ is shown
in Figure 13 with its corresponding regression model in Equation 15.
										

(11)

										 (12)
										

(13)
(14)
(15)

The most relevant mechanical properties at fracture are usually , also known as
ductility, and Ub. Also known as fracture energy, Ub has been researched to expand the
application of PLA (Noori, 2019) as it directly reflects the crack resistance of any material
(Xu et al., 2018). Also, several reports have been on the ductility of PLA, which detail the
outcome of various fabrication methods and the attendant effects on ductility (Adeosun et
al., 2016; Akpan et al., 2019; Aworinde et al., 2019). In consonance with various studies,
PLA was brittle (Nagarajan et al., 2016; Song et al., 2014). A study reported the ductility
of melt-cast PLA with λ=2.24 to be 13.71% (Aworinde et al., 2019), while Equation 14
Pertanika J. Sci. & Technol. 30 (3): 1771 - 1787 (2022)
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gives the ductility of the same sample size as 17.61%. Table 2 shows that Equation 14 is
97.38% reliable with a coefficient of correlation of 0.8024, which implies a strong inverse
relationship between sample size and ductility. As a result of this inverse relation, increased
ductility leads to decreased strength (Lascano et al., 2019).
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Figure 11. Compressive load and stress dependence on slenderness ratio
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Figure 12. Compressive strain and extension at fracture as affected by slenderness ratio
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Figure 13. Energy at the break due to the growth in sample size
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CONCLUSION
Regression models for predicting the mechanical properties of uniaxially compressed
poly(lactic acid) samples have been developed in this study. The study was targeted
toward fine-tuning experiments to manage time and resources effectively. Out of all the
models developed, regression models for predicting the mass and the modulus of elasticity
are the most accurate. The modulus of elasticity’s regression model agrees well with
the experimental results from the various relevant studies. The study revealed a strong
correlational and causal relationship between the slenderness ratio of PLA and the mass
of the sample. If the mass of PLA needed for an experiment can be reasonably predicted,
the cost of the material can be estimated without any trial-and-error or experimental setup.
Also, the study showed that the compressive modulus of elasticity of PLA could be predicted
with about 92% accuracy with a known value of the slenderness ratio. In addition, the
model for predicting the elastic modulus of PLA samples fabricated via melt casting (as
shown in this study) can also predict the compressive modulus of PLA samples obtained
via fused deposition modeling (FDM) and injection molding processes. Besides, the
models developed in this work can be used to build software that predicts the mechanical
properties of PLA obtainable from compression tests, which will help minimize the number
of experimental runs, thereby cutting down on time, money, and material wastage.
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