
The total rubber production worldwide in 2019
amounted to over 28.8 million tons, of which 13.6 mil-
lion tons of natural rubber and 15.2 mil lion tons of
synthetic rubber (www.statista.com). Rubber prod-
ucts are used for various industrial applications, the
most important in terms of volumes being tyres (ac-
counting for about 70% of the total production), fol-
lowed by other non-tyre automotive applications (such
as seals, hoses, belts, anti-vibration mounts for about
13%) industrial applications (8%), footwear (7%) and
other applications (2%). In most cases, for a good
balance of mechanical strength and wear resistance,
rubber products require a vulcanization process with
sulfur (most common), peroxide or metal oxides,
which ultimately leads to crosslinked polymers. This
makes effective recycling and reuse of the scraps gen-
erated during the production of parts and rubber prod-
ucts at the end-of-life (EOL) a quite challenging issue
(https://doi.org/10.1515/9783110644142). The main
current EOL options for tyres are represented by
i) stockpiling, ii) landfilling, iii) civil engineering ap-
plications (i.e. retention walls), iv) energy recovery (in-
cineration), v) retreading, and vi) recycling or reuse.
Despite the fact that in Europe and the USA the re-
covery rate of scrap tyres is around 90%, around
4 billion EOL tyres are still disposed in landfills and
stockpiles worldwide and this amount will increase
up to 5 billion by 2030 (https://doi.org/10.1016/j.aiepr.
2022.08.006). In addition to the associated loss of
valuable resources, stockpiles of waste tyres may also
cause environmental problems due to the potential
fire hazard and the proliferation of insects caused by
water stagnation. Rubber recycling consists of the re-
covery of materials, converting rubber waste into an
economically useful form that is achieved through a
shredding process. For tyres, the removal of steel,
fibres, and other non-rubber components is also re-

quired. Crumb rubber can be used for the production
of rubber-modified-asphalt, playground surfaces, ar-
tificial turfs, insulating panels, and in small quantities
(less than 20 wt%) mixed with virgin rubber for man-
ufacturing of new products.
Reuse is the preferable EOL option since the material
is returned to its original application, thus creating a
virtual circularity in the materials used. Nevertheless,
the reuse of rubber is an obstacle due to the cross -
linked nature of rubber products.
Therefore, intense research efforts have been con-
ducted in the last 50 years to find efficient devulcan-
ization methods (https://doi.org/10.1016/j.resconrec.
2018.02.016). In an ideal situation, the breakage of
the sulfur-carbon or the sulfur-sulfur bonds is induced
to obtain a polymer that can be handled and vulcan-
ized similarly to virgin rubber. The principal devul-
canization strategies include chemical, ultrasonic, mi-
crowave, biological and thermo-mechanical methods
(https://doi.org/10.3390/ma13051246). A successful
devulcanization allows the use of higher amounts of
recovered rubber mixed with virgin rubber (https://
doi.org/10.1002/pen.25615) or in brittle thermoplas-
tic matrices to improve their fracture toughness
(https://doi.org/10.1007/s10924-020-01717-8). Re-
markable progress in the next ten years is expected
in both chemical and thermo-mechanical devulcan-
ization methods.
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1. Introduction
Natural fibers are environmentally favorable due to
their low density, renewable nature, low cost, and bio -
degradability. Natural fibers such as kenaf, banana,
jute, pineapple leaf fiber (PALF), hemp, sisal etc. are
reinforced with polymer matrices to form polymer
composites [1–7]. Polymer composites have found
enormous applications in the field of automobiles

and are found to be more effective [8–15]. Natural
fibers have many advantages, but they also have cer-
tain disadvantages, such as lower mechanical prop-
erties, high moisture absorption rate, uneven shapes
with varied diameters, fiber and matrix incompati-
bility when compared to synthetic fibers [16–27].
A blend of natural/natural, natural/synthetic and syn-
thetic/synthetic fibers in the same composite material
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Abstract. Hybridization of natural and synthetic fibers in a single composite material can be made by several means, and
one of the best methods is the intra-ply in which both fibers are woven within a single layer. Through hybridization, the ad-
vantages of one type of fiber can improve the limitations of the other. Further the blending of natural and synthetic fibers
leads to the fabrication of composites with higher mechanical performance. Hence, this work focuses on the fabrication of
intra-ply Kevlar and hemp fiber reinforced epoxy hybrid composites with different weaving patterns such as plain weave,
basket weave, and twill weave type. Yarns were woven by handloom technique to make intra-ply Kevlar and hemp fiber
mats, and the composites were fabricated by compression molding. The water absorption, thickness swelling, and solid par-
ticle erosion characteristics of the composites were examined. The results of the experiments showed that the hemp fiber
composites exhibited the least resistance (8.45% change in absorption and 4.34% change in thickness) towards the absorption
and swelling, whereas pure epoxy (0.67% change in absorption and 0.31% change in thickness) and Kevlar (2.67% change
in absorption and 1.67% change in thickness) composites possessed higher resistance. The absorption and swelling perform-
ance of all other hybrids was found to be in between the hemp and Kevlar composites hence proving the effectiveness of the
hybridization. Further, Taguchi’s experimental design results indicated that the basket weave type hybrid composites had a
minimal erosion rate for 2 minutes of exposure duration and an impact angle of 90°. The morphological analysis of the
eroded surfaces of composites revealed the presence of micro cavities, broken fibers, crater formation, and microcracks.
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is called hybridization. Inter-ply and intra-ply are the
two distinct kinds of hybridization where two or
more layers placed in a homogeneous reinforcement
are called inter-ply and two fibers integrated into one
layer are called intra-ply hybrid composites. Com-
posites using intra-ply are also referred to as intra-
yarn [28–34]. Synthetic fibers, including carbon,
Kevlar, and glass are employed in high-strength ap-
plications [35–41]. The advantages of synthetic
fibers over natural fibers include their higher me-
chanical qualities, reduced moisture absorption, and
compatibility with the polymer matrices [42–48].
They are frequently utilized in automobile applica-
tions such as engine covers and sports car compo-
nents [49–54]. However, the cost of these compos-
ites is extremely high. On the other hand, natural
fibers are extremely cost-effective [55–60]. Hy-
bridized synthetic and natural fiber composites are
created to compensate for the inadequacies of natural
fiber-based polymer composites and synthetic fiber-
based polymer composites [61–66]. Although the
natural/synthetic fiber reinforced combination has
more economical and cost-effective, it reduces the
moisture absorption properties and enhances the
properties of the composites [67–71].
Recently, polymer matrix composites have replaced
metallic components in several applications. How-
ever, because the epoxy matrix is fragile, they are
vulnerable to eroding wear. Numerous studies have
examined the erosion wear behavior of polymer ma-
trix composites to solve the disadvantages and im-
prove the erosion resistance of polymer matrix com-
posites. It is critical to investigate the erosion wear
resistance of polymer matrix composites before they
may be employed in a range of applications, partic-
ularly in the aerospace and automotive industries
[72–80]. Gupta et al. [75] explored the influence of
erosion wear performance on bamboo fiber-rein-
forced epoxy composites. It was revealed that com-
posites with 40% bamboo fiber reinforcement have
higher erosion resistance than composites with the
10, 20, and 30% of fiber loadings. Researchers found
that the bamboo fiber reinforced epoxy composites
with red mud filler added possess stronger erosion
resistance compared to glass fiber reinforced epoxy
composites [76]. The influence of erosion character-
istics of composites made from lantana camara fiber
and epoxy matrix was investigated experimentally
[77]. According to the findings, increasing fiber load-
ing and impact velocity results in higher composite

erosion rates. Mohanta and Acharya [78] examined
the erosion behavior of luffa cylindrica fiber and glass
fiber reinforced epoxy hybrid composites. The result
showed that all laminate stacking sequences have an
erosion rate that increases with impact velocity and
peaks at an impact angle of 60°. This demonstrates the
semiductile behavior of the luffa cylindrica fiber and
glass fiber reinforced epoxy hybrid composites. Sim-
ilarly, the investigation of hybrid Kevlar fiber and
pineapple leaf fiber reinforced epoxy composites
demonstrated a maximum erosion rate at 60° of im-
pact angle, which implies a semi-ductile nature [79].
Statistical techniques are frequently employed to en-
hance the quality of a process. In an experiment with
multiple variables, the user can select and assess the
effect of each possible variable according to these
statistical methodologies. In the instance of erosion
rate, the experimental erosion technique is an illus-
tration of a method where numerous control param-
eters interact to affect the performance output. The
Taguchi’s design involves using a robust design of
tests to reduce the variability in a process. The
method’s predominant goal is to ensure high-quality
of products at a cheap cost [80–83]. Vigneshwaran
et al. [84] reported the Taguchi experimental design
for erosion wear characteristics of sisal fiber and red
mud filler reinforced epoxy hybrid composites. It
was found that the erosion loss in the composites
was mostly determined by the red mud particle, ero-
dent velocity, and erodent feed rate. In another work,
Johnson et al. [72] examined the erosion behavior of
Sansevieria Cylindrica fiber-reinforced vinyl ester
composites using Taguchi design. From the Taguchi
experimental results, the optimal erosion process pa-
rameter was discovered from the data.
The effects of moisture absorption properties on a
hybrid of flax-hemp-epoxy composites were studied
by Saha et al. [85]. The results showed that hybrid
composites absorbed the least amount of water when
compared to pure hemp and pure flax composites.
The effects of Kevlar fiber and cocos nucifera sheath
hybridization reinforced with epoxy matrix compos-
ites were examined [86]. The results showed that
composites with a higher percentage of (75 wt%)
Kevlar had improved water absorption capabilities.
Behera et al. [87] investigated the Luffa-coir-epoxy
hybrid composites, and they concluded that the hy-
brid composites showed higher moisture resistance
than pure composites. Yahaya et al. [88] examined the
moisture absorption behavior of kenaf-kevlar-epoxy
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hybrid composites. In comparison to other hybrid
compositions, hybrid composites with higher Kevlar
fiber content exhibited lower water absorption and
thickness swelling.
Many investigations have been performed on the
swelling, absorption, and erosion properties of nat-
ural-synthetic fibre reinforced inter-ply hybrid com-
posites, however, research on intra-ply hybrid com-
posites is limited when compared with inter-ply
hybrid composites [52, 79]. Hence, in this research,
the moisture absorption, swelling, and erosion per-
formance of intra-ply hybrid Kevlar and hemp fiber
reinforced epoxy matrix composites with different
weaving patterns such as plain (1×1), twill (2×2),
and basket (3×3) were studied.

2. Materials and methods
2.1. Materials
The hemp and Kevlar fibers were procured from Go
Green Products in Chennai, Tamil Nadu. The matrix
materials, epoxy resin (LY556) and hardener (HY951)
were supplied by Vasavibala Resins Pvt ltd., Chen-
nai, Tamil Nadu. Table 1 lists the mechanical prop-
erties of fibers and matrix used in this study.

2.2. Methods
2.2.1. Fabrication of woven fabric mats
The Kevlar and hemp fibers were weaved using hand-
loom technique. Pure kevlar (K) and hemp (H)

woven fabric mats were prepared by weaving sepa-
rate kevlar and hemp fibers. On the other hand, the
kevlar and hemp fibers were inserted in warp and
weft direction to obtain the intra-ply 1×1 plain
(KH1), 2×2 twill (KH2) and 3×3 basket (KH3) type
woven fabrics. The same quantity of Kevlar and
hemp yarn were used for the weaving of different
woven fabrics with the varied design of weaving pat-
terns. Figure 1 and Figure 2 depicts the pure and
intra-ply woven fabrics employed in this research.

2.2.2. Preparation of composites
The pure composites and intra-ply hybrid compos-
ites were fabricated using a compression moulding
machine. The woven fabrics with a thickness rang-
ing from 0.9 and 1.1 mm were placed on a steel
mould having a size of 300×300×3 mm. A 10:1 ratio
of epoxy resin to hardener was used to fabricate the
composites. The mould cavity was filled with 3 lay-
ers of woven fabrics, and then the matrix was poured
and spread along the cavity. Air bubbles were care-
fully eliminated during the fabrication of composites
using a roller. Finally, the mould was closed and
compressed at a pressure of 200 bar for 12 hrs at
room temperature. After removing the mould from
the compression moulding machine, the laminates
were subjected to post curing at 110 °C for about
15 minutes. The cured composites were then cut as
per ASTM standards for of testing.

2.3. Characterization
2.3.1. Moisture absorption test
The developed Kevlar-hemp fiber-reinforced epoxy-
based hybrid composites were tested for water ab-
sorption behaviour as per the ASTM D 570 standard.
Three composite specimens in each composition
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Table 1. Mechanical properties of fibers and matrix.

Mechanical properties Hemp
fiber

Kevlar
fiber Epoxy References

Density [g/cm3] 1.50 1.76 1.16 0[9],
[10],
[13],

[88–90]

Tensile strength [MPa] 550–900 4500 31
Young’s modulus [GPa] 70 250 4
Elongation  at break[%] 1.6 3.3 5.0

Figure 1. Pure woven mats a) Kevlar (K), b) Hemp (H).



were soaked in distilled water at room temperature.
Composite specimens were weighed initially prior
to soaking in distilled water. After soaking in dis-
tilled water, the weight of each specimen was meas-
ured every 24 hours until a constant weight was
reached. The percentage of moisture absorbed for
each composite sample was determined using the
Equation (1) [21, 25, 79, 104]:

Percentage of water absorbed [%] =

(1)

where Wf is the final weight and Wi is the initial
weight of the composite specimen.

2.3.2. Thickness swelling test
The Kevlar-hemp fiber reinforced epoxy hybrid com-
posites were measured for thickness swelling behav-
iour according to the ASTM D 570 standard. Three

specimens were measured for each composition, and
the average value was reported. The initial thickness
of the specimens was weighed before immersion in
pure water. After 24 hours, the specimens were taken
out of pure water and were scrubbed gently using a
soft tissue paper in order to remove the water particles
on the surface of the specimen before being measured
on a digital vernier scale. The specimen’s secondary
thickness was then measured every 24 hours for sev-
eral days until a constant thickness value was reached.
Based on Equation (2) [21, 25, 79, 104] the percent-
age of thickness swelling behaviour was estimated.

Percentage of thickness swelling [%] =

(2)

where Tf represents the final thickness of the com-
posite specimen, Ti is the initial thickness of the
composite specimen.
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Figure 2. Intra-ply woven mats a) plain weave (KH1), b) twill weave (KH2), c) basket weave (KH3).



2.3.3. Erosion test
An air jet erosion machine (R-470 DUCOM) was
utilized to perform the erosion wear test. Figure 3
depicts the machine used to carry out the erosion
test. Figure 4 shows the composite specimens having
dimensions of 25×25×3 mm used for the erosion
wear test in accordance with ASTM G76 standards.
The erosion test process variables and their levels
are listed in Table 2. The erosion wear rate was esti-
mated from the Equation (3) [74, 79, 84, 102]:

2.3.4. Taguchi’s design of experiment
The Taguchi technique was employed to examine the
effects of erosion process factors on the Kevlar-
hemp-epoxy hybrid composites with various weav-
ing patterns. The Minitab 17 software was used for
this Taguchi analysis. The significance of the control
elements on output parameters was designed using
Taguchi experimental design. The experiment was
carried out using a conventional Taguchi L27 (3^3)
design. The chosen control variables were weaving
patterns, impact angle, exposure time and working
levels (Table 2). To study the erosion process param-
eters at the working conditions in a typical full fac-
torial test, 33 = 27 runs were taken [78]. The exper-
imental values are then used to estimate signal-to-
noise (S/N) ratios. Regarding the S/N ratio for a low

wear rate, ‘smaller is better.’ Equation (4) was used
to compute the S/N ratio [91]:

(4)

where n denotes the number of observations, y is the
observed data.

3. Results and discussions
3.1. Moisture absorption properties
Figure 6 illustrates the moisture absorption properties
of Kevlar-hemp-epoxy hybrid composites. It can be
seen from Figure 6 that the absorption property of the
intra-ply hybrid composites showed a linear increase
during the first several days of soaking in water. This
may be due to the quick penetration of water into the
composites through the hydrophilic hemp fiber. As
the soaking days increased, the intra-ply hybrid com-
posites’ ability to absorb water declined until they
were saturated. The pure Kevlar composites had the
lowest water absorption percentage of 2.6% after
30 days of soaking among all types of composites.
On the other hand, pure epoxy resin composites pos-
sessed the lowest water absorption percentage
(0.67%). In contrast to fiber-reinforced composites,
epoxy resin restricts water absorption by creating a
matrix that is water-resistant. Moreover, specimens
of pure hemp fiber reinforced composites had the
highest moisture absorption percentage of 8.4%,
higher than all other composites. This could be attrib-
uted to the hydrophilic nature of the hemp fiber. The
various weaving patterns affected the moisture ab-
sorption behaviour of hybrids. Results showed sub-
stantial differences in water absorption behaviour be-
tween kevlar-hemp-epoxy hybrid composites with
various weaving patterns. Nevertheless, hybrid com-
posites of the basket weave type (KH3) showed

/ logS N n y10
1 2=- /
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Figure 3. Air jet erosion tester used in the study.

Erosion wear rate [g/g] (3)
Erodent feed rate time

Specimen weight before wear Specimen weight after wear
$

=
-

Table 2. Erosion process variables and working levels.
Erosion process variables Symbols Operating levels

Impingement angle [°] A 30, 60, 90
Erodent size [µm] ES 50
Exposure duration [min] B 2, 4, 6
Erodent [–] E Alumina powder
Weaving [–] C 1, 2, 3
Erodent feed rate [g/min] EFR 3.3
Impact velocity [m/s] IV 100



exception of JKJK type hybrid composites, had better
water absorption resistance [94].
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Figure 4. Erosion test specimens.

Figure 5. Specimen holders with various impact angles.

minimum water absorption of 4.4%. Alternatively, 
hybrid composites of plain weave (KH1) demonstrat-
ed a maximum water absorption of 5.3%. The twill 
weave type (KH2) hybrid composites were observed 
with an intermediate water absorption value of 4.8%. 
Following are the order of the examined composites 
increased water absorption percentages: Hemp > 
KH1 > KH2 > KH3 > Kevlar > Epoxy. The findings 
showed that, with the exception of hemp fiber com-
posites, pure Kevlar, pure epoxy, and intra-ply 
Kevlar-hemp hybrid composites have better water ab-
sorption capabilities. Similar research was conducted 
on hybrid composites with jute and empty fruit bunch 
reinforced epoxy matrix, and they discovered that hy-
brid composites had better water absorption charac-
teristics than pure composites [92, 93]. Another study 
that examined the hybrid of jute/Kevlar/epoxy com-
posites concluded that all hybrid composites, with the

Figure 6. Water absorption behaviour of various composite
specimens.



3.2. Thickness swelling properties
Figure 7 illustrates the findings from an investigation
into the effect of thickness swelling behaviour of
various Kevlar-hemp hybrid and pure composites.
From the Figure 7 it can be observed that the thick-
ness swelling of composites was increased with an
increase in the soaking days. According to the re-
sults, the basket weave type KH3 hybrid composites
(1.76%) and pure Kevlar composites (1.67%) pos-
sessed lower thickness swelling behaviour. This
could be ascribed to the influence of the hybridiza-
tion in which the hydrophobic Kevlar fiber restricted
the moisture absorbance and hence resisted the
swelling of the composites. A similar trend was also
seen in the twill weave type KH2 (2%) and plain
weave KH1 composites (2.3%), respectively. How-
ever, the pure hemp fiber reinforced epoxy compos-
ites exhibited higher thickness swelling behaviour
(4.3%). It might be because of the existence of polar
groups and hydrogen bonding, that natural fiber-
based composites had lower water resistance. In this
occurrence, moisture formed in the cell walls of com-
posites made of natural fibers [95–97].
In contrast, pure epoxy matrix showed the least
(0.3%) swelling behaviour. This is due to the hydro -
phobic nature of epoxy resin [93]. All composites
exhibited a swelling behaviour in the following se-
quence: Hemp > KH1 > KH2 > KH3 > Kevlar >
Epoxy. A study done earlier on Kevlar-PALF-Epoxy
hybrid composites exhibited a similar trend [79]. The
effect of moisture absorption and swelling charac-
teristics of hybrid composites with lyocell and basalt
fiber-reinforced with acrylated epoxidized soybean
oil were examined [98]. The results found that hybrid

composites with basket weave type showed lower
moisture absorption and thickness swelling.

3.3. Erosion experiment
3.3.1. Effects of different impact angle
The angle between the particle’s trajectory and the
degraded surface right before impact is referred to
as the angle of impact [99]. The erosion experiment
was carried out for different impact angles 30, 60,
90° by varying the exposure time of 2, 4, and 6 min
at a constant velocity and feed rate of 100 m/s and
3.3 g/min, respectively. Figure 5 shows a sample
holder with various impact angles. The erosion rate
of the composite specimens under varied impact an-
gles is shown in Figure 8. Different process vari-
ables and operation levels had an impact on the ero-
sion rate of the composite specimens. The findings
demonstrated that the epoxy matrix exhibited a
maximum erosion wear rate of 9.0909·10–4 g/g than
all other composites at an impact angle of 60°. Sim-
ilarly, among the composites, pure hemp fiber com-
posites showed a maximum erosion wear rate of
7.5757·10–4 g/g at 60° impact angle. The lowest ero-
sion rate of 1.0101·10–4 g/g was observed for pure
Kevlar fiber reinforced composites at 90° impact
angle. This could be attributed due to the good bond-
ing between the fiber and matrix. For basket weave
type (KH3) and plain weave type (KH1) composites,
the minimum and maximum values of erosion wear
rate were found to be 1.0606·10–4 and 4.5454·10–4 g/g
at impact angles of 90 and 60°. If the maximum ero-
sion rate ranges from 15 to 30°, it is ductile in nature,
while it goes above 90° it is brittle in nature [100–
102]. In our research, the maximum erosion wear
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Figure 7. Thickness swelling characteristics of various hy-
brid composite specimens.

Figure 8. Impact angle versus erosion rate of various hybrid
composite specimens



rate was 60° impact angle. Hence it is semi-ductile
in nature. After 2 minutes of exposure, the erosion
rate significantly expanded from 30 to 60° of impact
angle while declining slightly to 90° impact angle for
all composite specimen types. Similarly, numerous
researchers have reported the erosion behaviour of
Kevlar-PALF fiber reinforced epoxy hybrid compos-
ites and hence concluded that 60° of impact angle was
found to have the maximum wear rate, suggesting
the composites’ semi-ductile nature [79]. Dalbehera
et al. [103] investigated the erosion performance of
hybrid with jute and glass fiber epoxy matrix com-
posites and the results concluded that semi-ductile
character of the composites is shown by the maxi-
mum erosion wear rate at 45 to 60° impact angles.

3.3.2. Effects of different exposure time
Exposure time is known as a measurement of cumu-
lative exposure to an erosive or abrasive environ-
ment [99]. Erosion experiments for several impact
angles (30, 60, and 90°), impact velocity 100 m/s,
constant erosion feed rate of 3.3 g/min and the im-
pacts of varied exposure intervals (2, 4, 6 minutes)

were examined. Figure 9 illustrates the exposure du-
ration and rate of erosion at different impact angles.
The epoxy matrix and hemp composites showed the
maximum rate of erosion between the different im-
pact angle and exposure times. Moreover, the kevlar
composites exhibited a minimum erosion rate of
1.0101·10–4 g/g at an impact angle of 90° with an
exposure time of 2 min. The highest rate of erosion
4.6666 ·10–4 g/g in hybrid composites was attained
for plain weave (KH1) composites at 90° impact
angle and 2 minutes exposure duration. Furthermore,
the basket weave type (KH3) hybrid composites
showed the lowest rate of erosion (1.0606·10–4 g/g)
at 90° impact angle with 2 minutes of exposure. The
findings suggest that, aside from pure Kevlar com-
posites, every hybrid composite had improved ero-
sion properties than non-hybrid composites.

3.3.3. Effects of different weaving patterns
Results showed that basket weave type (KH3) had
greater erosion resistance at all exposure times and
impact angles than all other weaving types of intra-
ply Kevlar-hemp-epoxy hybrid composites. This
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Figure 9. a) Erosion wear rate as a function of exposure duration at an impact angle of 30° of various hybrid composite spec-
imens. b) Erosion wear rate as a function of exposure duration at an impact angle of 60° of various hybrid composite
specimens. c) Erosion wear rate as a function of exposure duration at an impact angle of 90°.



could be attributed to the effect of the hybridizing
where the hydrophobic Kevlar fiber dominated the
hybrid composites. However, plain weave type
(KH1) composites with various exposure times and
impact angles demonstrated poor wear resistance be-
haviour. For plain weave type patterns, the highest
wear rate was seen at an impact angle of 60° and var-
ious exposure time. This might be due to manufac-
turing flaws that result in the creation of micro voids
in the composite specimens. Moreover, the twill
weave type (KH2) displayed the middle of the wear
resistance behaviour for all weaving designs. This is
a result of the woven fabrics strong adhesion to the
twill Kevlar and hemp fibers. The order of wear re-
sistance to erosion at various composite weaving
patterns was basket weave type (KH3) > Twill
weave type (KH2) > plain weave type (KH1).

3.4. Taguchi method
The influence of different control variables on the
rate of erosion wear of the Kevlar-hemp-epoxy hybrid

composites was investigated through the analysis of
experiments using Taguchi method. Using 27 differ-
ent combinations of the control parameters, experi-
ments were run in accordance with the Taguchi analy-
sis design. There were three levels, three factors, and
27 experimental runs in the Taguchi L27 (33) orthog-
onal array. Table 3 lists the erosion rate and accom-
panying S/N ratios. The MINITAB 17 software was
used to analyse the rate of erosion wear for Kevlar-
hemp hybrid epoxy composites. The erosion wear
rates mean signal-to-noise ratio was found to be 
–5.6854 dB.
The effects of different variables on the Signal to
Noise ratio and mean of erosion wear rate are graph-
ically depicted in Figures 10 and 11. The interaction
plot of exposure time, impact angle, and various
weaving patterns on the Kevlar-hemp fiber rein-
forced epoxy intra-ply hybrid composites are also
shown in Figures 12 and 13. Both figures make it
simple to comprehend how various control elements
affect erosion wear rate. Additionally, Table 4 shows
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Table 3. L27 Experimental design.

Experimental run Impact angle
[°]

Exposure duration
[min] Weaving patterns Erosion wear rate

[·10–4 g/g]
S/N ratio

[dB]
1 30 2 1 4.0404 –12.1285
2 30 4 1 3.4393 –10.7294
3 30 6 1 3.4141 –10.6655
4 60 2 1 4.5454 –13.1514
5 60 4 1 4.4949 –13.0544
6 60 6 1 4.4454 –12.9582
7 90 2 1 3.9393 –11.9084
8 90 4 1 4.6666 –13.3800
9 90 6 1 3.5151 –10.9188

10 30 2 2 1.9191 –5.6620
11 30 4 2 1.3636 –2.6937
12 30 6 2 1.1111 –0.9151
13 60 2 2 2.1212 –6.5316
14 60 4 2 1.9595 –5.8429
15 60 6 2 1.5656 –3.8936
16 90 2 2 1.5656 –3.8936
17 90 4 2 1.3636 –2.6937
18 90 6 2 1.2121 –1.6708
19 30 2 3 1.2121 –1.6708
20 30 4 3 1.1110 –0.9143
21 30 6 3 1.0606 –0.5110
22 60 2 3 1.2360 –1.8404
23 60 4 3 1.2121 –1.6708
24 60 6 3 1.0101 –0.0873
25 90 2 3 1.0606 –0.5110
26 90 4 3 1.1111 –0.9151
27 90 6 3 1.3636 –2.6937



the S/N ratio values. According to these results, the
weaving pattern characteristic has the greatest impact

on the erosion wear rate for Kevlar-hemp-epoxy
intra-ply hybrid composites. The remaining control
variables, such as exposure time and impact angle,
only slightly affect the erosion wear rate.
The highest and lowest erosion rates for each exper-
imental factor are shown in Figure 11. This investi-
gation led to the conclusion that the control factor
combination A3B1C3 resulted in the prepared sam-
ple’s erosion rate to be the lowest. The basket type
weave pattern, 90° impact angle, and 2 posure time
were found to have the lowest erosion wear rates of
hybrid composites.

3.4.1. ANOVA regression analysis
In this work, an effort has been made to identify the
ideal control factor values for the lowest erosion wear
rate. For single-objective optimization, the connec-
tion between the rate of erosion wear and control
variables must be quantified. The analysis of variance
(ANOVA) findings for the erosion rate at a 5% level
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Figure 10. Mean erosion rate and erosion parameter main
effect chart.

Figure 11. S/N ratio and erosion parameter main effect chart.

Figure 12. Erosion rate and process parameter interaction chart.

Table 4. Signal-to-noise (S/N) ratio response table.

Level Impact angle
[°]

Exposure time
[min]

Weaving
patterns

1 –5.009 –6.366 –12.099
2 –6.559 –5.766 –3.755
3 –5.398 –4.924 –1.202
Delta 1.460 1.443 10.898
Rank 2.000 3.000 1.000



of significance are shown in Table 5. According to
the findings, exposure time (p = 0.278) impingement
angle (p = 0.674) had a less significant impact on the
erosion rate. They also contribute less percentage
significantly to the rate of erosion 1.01 and 0.15%,
respectively. The weaving patterns exhibit a higher
level of significance (p = 0.000) and a greater impact
(79.96%) to the erosion wear rate. Regression analy-
sis had utilized to calculate the theoretical erosion
rate for using MINITAB software, yielding the fol-
lowing regression Equation (5):

Erosion wear rate = 5.366 + 0.00209·Angle –
– 0.0817·Time – 1.451·Weaving (5)

The erosion wear rate for Kevlar-hemp-epoxy hybrid
composites is compared in Table 6 with theoretical
and experimental results, with the percentage error
being within an acceptable range of 0 to 20%.

3.4.2. Confirmation test
The confirmation test is the last step in the process
of designing an experiment. The goal of the confir-
mation test is to confirm the outcomes of the analyt-
ical phase. In the confirmation experiment, a fresh
set of factor settings A3B1C3 is utilised to accurately
predict the erosion rate. Taguchi analysis can be used
to calculate a predicted value and the erosion wear
rate’s S/N ratio. The wear rate is predicted using the
Taguchi approach employing a new predicted pa-
rameter of A3B1C3, and the S/N ratio is discovered
to be –0.5177 dB. As stated in Table 7, an experi-
ment was conducted utilising the combination factor
A3B1C3, along the outcomes which had been com-
pared to the results predicted. This created model
seems to be able to predict erosion rate with accura-
cy. There is a 1.31% error in the S/N ratio of erosion
rate. Nevertheless, the error can be decreased if the
number of measurements has risen. As a result, the
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Figure 13. S/N ratio and process parameter interaction chart.

Table 5. Results of an ANOVA on the erosion wear rate.

Source Degree of
freedom

Sequential
sum of square

Percentage of contribution
[%]

Adjacent sum
of square

Adjacent
mean square F value p value

Regression 3 38.4639 81.12 38.4639 12.8213 32.94 0.000
Angle 1 0.0705 0.15 0.0705 0.0705 0.18 0.674
Time 1 0.4809 1.01 0.4809 0.4809 1.24 0.278
Weaving 1 37.9126 79.96 37.9126 37.9126 97.40 0.000
Residual error 23 8.9525 18.88 8.9525 0.3892 – –
Total 26 47.4164 100.00 – – – –



Taguchi method of estimating the outcome measures
were based on input variables.

3.5. Morphological analysis of eroded surfaces
In this investigation of eroded composite, the eroded
surface failure mechanism of intra-ply hybrid com-
posite samples was observed by using the SEM
(scanning electron microscope, performed with a
Tescan Vega3 SEM) analysis. Figure 14 illustrate the
eroded surfaces of plain and twill weave type intra-
ply hybrid composites at 30 and 60° impact angle of
2 min exposure time. It clearly demonstrates the
local loss of matrix material from the surface caused
by eroded particles. Fiber breakages can also be seen
on the damaged surfaces. Further on the surfaces of
composite, micro cavities are also formed. This
could have occurred as a result of compressive
stresses developing on the composite’s surface due
to alumina particle indentation. Fibers were also bro-
ken as a result of the impact. After the breaking of
the fibers, they become detached from the surface,
resulting in the creation of cavities.
Figure 15 shows the same microscopy image at a high-
er magnification, revealing the grooves and broken
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Table 6. The outcome of experimental and theoretical com-
parison.

Ex No.

Erosion wear
rate for

theoretical
values, Eth
[·10–4 g/g]

Erosion wear
rate for

experimental
values, Eex
[·10–4 g/g]

Error
[%]

1 3.923670 4.0404 –2.88906
2 3.631670 3.4393 5.59330
3 3.338459 3.4141 –2.21554
4 4.595870 4.5454 1.11036
5 4.644404 4.4949 3.32607
6 4.245426 4.4454 –4.49845
7 4.005559 3.9393 1.68201
8 4.324726 4.6666 –7.32598
9 3.790715 3.5151 7.84088

10 1.930504 1.9191 0.59422
11 1.306870 1.3636 –4.16028
12 1.156426 1.1111 4.07937
13 2.156237 2.1212 1.65176
14 1.873137 1.9595 –4.40740
15 1.616926 1.5656 3.27836
16 1.519159 1.5656 –2.96632
17 1.506693 1.3636 10.49374
18 1.115448 1.2121 –7.97392
19 1.317426 1.2121 8.68954
20 0.975359 1.1110 –12.20890
21 1.090915 1.0606 2.85827
22 1.150493 1.2360 –6.91808
23 1.148959 1.2121 –5.20920
24 1.158748 1.0101 14.71618
25 1.040781 1.0606 –1.86861
26 1.309881 1.1111 17.89051
27 1.184637 1.3636 –13.12430

Table 7. Confirmation tests for erosion wear rate.

Optimal control variables Percentage
errorPrediction Experiment

Operating levels A3B1C3 A3B1C3

1.31%Erosion rate
[·10–4 g/g] 1.0909 1.0606

S/N ratio [dB] –0.5177 –0.5110

Figure 14. Eroded surfaces of a) plain (KH1) and b) twill (KH2) type woven fabric composites.
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Figure 15. Eroded surfaces of a) plain (KH1) and b) twill (KH2) type woven fabric composites at higher magnification.

Figure 16. Eroded surfaces of basket (KH3) weave composites at higher magnification. a) 27×, b) 1240×, c) 2190×.



fibers clearly. Figures 16a and 16b displays a mi-
croscopy image of intra-ply hybrid Kevlar/hemp
epoxy composite with a basket type weaving pattern
at 90° of impact angle and 2 min exposure time. Local
matrix removal occurred here as well, but the creation
of cavities was smaller. Fiber breakage and matrix
removal are also reduced, as shown in Figure 16c.
This could have happened because the addition of
Kevlar fiber good bonding between the woven fab-
rics of the composites, limiting the impact of eroding
the surface. As a result, the resistance of the com-
posites improves.
In comparison to Figure 14, Figures 16a and 16b de-
picts the same microscopy image at a higher magni-
fication, revealing the creation of smaller and fewer
grooves. Table 8 represents the eroded surface fail-
ure mechanism of hybrid composites using SEM
analysis.

4. Conclusions
The effect of swell thickness, water absorption, and
erosion property in intra-ply composites with Kevlar-
hemp fiber reinforced epoxy matrix has been investi-
gated experimentally. The following observations are:
▪ The moisture absorption and thickness swelling

of hybrid composites showed greater resistance
than hemp composites and epoxy matrix com-
posites.

▪ The basket weave composites exhibited mini-
mum absorption of moisture of 4.8% and thick-
ness of swelling of 1.7%. Although, Kevlar com-
posites had minimum water absorption of 2.6%
and swelling thickness of 1.6% percentages.

▪ The basket weave composites and kevlar com-
posites were discovered to have increased ero-
sion resistance behaviour among all types of com-
posites with a variety of control parameters.

▪ In comparison with our previous study of Kevlar-
PALF-epoxy hybrid composites, the Kevlar-
hemp-epoxy hybrid composites have better
erosion resistance properties. Moreover, the min-

imum erosion wear rate of Kevlar-hemp-epoxy
hybrid composites is 1.0606·10–4 g/g.

▪ The Taguchi design analyses revealed that the hy-
brid composites’ optimal control parameters were
90° impact angle and 2 minute exposure time for
a basket type weaving pattern.

▪ ANOVA results showed that weaving types con-
tributed more significantly while impact angle
contributed less significantly.

▪ According to the results of the confirmation test,
the improved parameter can offer superior resist-
ance to erosion on the hybrids of Kevlar-hemp-
epoxy composites.

▪ From the SEM study of eroded surfaces, it was
evident that the fiber breakages, micro cavities,
crater formation, small grooves were the failure
mechanisms of material removal for the intra-ply
hybrid composites.

Based on the literature and the investigations carried
out so far by the researchers, there is a necessity to
detect the defects in the intra layers in the hy-
bridized composite materials for the performance
improvement, and this could be seen as a future per-
spective.
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1. Introduction
Poly(lactic acid) (PLA) and poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV) are biodegradable
polymers produced from non-petrochemical and sus-
tainable resources with the largest global production
amongst biopolymers. PLA is an aliphatic ho-
mopolymer produced via ring opening polymerisa-
tion of lactide or via polycondensation of lactic acid
[1–3]. The methyl side group and the short repeat
unit make PLA slow to crystallise and intrinsically
a brittle polymer [4]. In addition, PLA has poor im-
pact-energy absorption and barrier properties to
aroma, oxygen, and water vapour compared to other
widely used thermoplastics for packaging applica-
tions [5]. For these reasons, PLA is typically blended

with other biopolymers and additives, such as nucle-
ating agents, before processing.
PHBV is the copolymer of polyhydroxy butyrate
(PHB) with hydroxy valerate (HV), a subset of poly-
hydroxyalkanoates (PHAs). In contrast to PLA, which
is produced via chemical synthesis, PHAs can be pro-
duced from algae or bacteria [6–8]. PHBV has poor
tensile strength but excellent gas barrier properties and
an impact strength four times greater than PLA [9–
12]. Because the mechanical and barrier properties of
PLA and PHAs can complement one another, many
researchers have investigated the properties and be-
haviour of PLA/PHA blends at various polymer and
additives ratios as a cost-effective method to benefit
from the superior properties of each polymer in the
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blend [13]. One of the caveats of polymer blending is
that improving one property could sometimes result
in the deterioration of another [14, 15].
Researchers have investigated the PLA-PHBV blend
with and without incorporating compatibilisers. In
practice, the absence of a compatibiliser results in
the break-up, dispersion, and coalescence of the minor
polymer phase in the major phase [16–19]. This be-
haviour is attributed to the low interfacial adhesion
between two polymer phases. The in situ reactive ex-
trusion method has improved the miscibility and com-
patibility between PLA and PHBV [20]. Researchers
have reported a synergistic elongational increase in
the PLA/PHBV ratio from 70/30 to 95/10 percent
[21–24]. This synergistic effect has often been ad-
dressed as an unusual blend behaviour that resulted
in elongational increases up to 1056% (from 4.8 to
50.7%) [21].
Among the literature, Zhao et al. [24] reported an in-
crease of about 250% in the strain at the break at the
PLA/PHBV ratio of 85/15 and about 50% at the
PLA/PHBV ratio of 70/30 compared to pristine PLA.
Noda et al. [25] reported that the addition of 10 wt%
PHA to PLA increased the elongation of the blend by
100% and attributed this behaviour to the presence
of the amorphous phase in the blend. They further
discuss that the deformation mechanism is different
within this region compared to the rest of the blend
ratio. The failure points are localised without prop-
agating to sudden sample failure. Nanda et al. [26]
found a 110 and 250% increase in elongation at break
at PLA/PHBV 60/40 and 70/30, respectively. Although
the biggest elongational increase happened in the
synergistic region, the elongation at break of all sam-
ples processed at the same screw speed (150 rpm)
was reported to be higher than that of the pristine
polymers. In another study, Ma et al. [23] found that
the incorporation of 10 to 30% PHBV into PLA sig-
nificantly increased the ductility of PLA. They report
that at the PLA/PHBV ratio of 80/20, the increase of
elongation at break is 5750% (from 4 to 230%). Han
et al. [27] also blended 5 to 30% PHBV with PLA
and reported a 317% increase of elongation at break
in PLA/PHBV 80/20. This value is 57 times greater
than that of PLA. And again, with the linear increase
of PHBV content in the blend, the elongation at break
decreased. Gérard  et al. [21] reports similar results
and an increase of 204 and 50.7% at the 90/10 and
80/20 ratios, respectively. Liu et al. [28] also noticed
the elongation increase in the 70/30 to 90/10 region,

with the 80/20 having a 500% increase compared to
pure PLA. In more recent studies, researchers have
incorporated PLA and PHBV with other polymers
and additives [29–31], which makes the synergistic
region non-conclusive to the effect of PLA and
PHBV polymers only. However, an outlier elonga-
tional increase at high PLA content can be seen. The
decrease in tensile strength due to the addition of
PHBV content within the synergistic elongational re-
gion of the PLA-PHBV blend reported in the litera-
ture is between 5 to 10% compared to pristine PLA
[26, 32].
The elongational increase and relative tensile strength
stability within the synergistic region promise further
investigation, specifically for flexible packaging ap-
plications. At the time of writing this paper, we have
not found any journal article specifically investigat-
ing the synergistic elongational region in PLA/PHBV
blend with a systematic ‘Design of Experiments ap-
proach. In this research, a mixture design has been
defined within the PLA/PHBV ratio of 70/30 to 90/10
to count for the interactive effect of each blend com-
ponent. A plasticiser and epoxy functionalised styrene
acrylate (ESA) chain extender were added to the
blend to enhance the elongation at break further and
improve the melt strength.

2. Materials and methodology
2.1. Materials
To improve the miscibility of PLA and PHBV, the
polymer grades with a minimum difference between
their melting temperatures were selected. For PLA,
Ingeo™ Biopolymer 2003D (melt flow rate (MFR),
6 g/10 min, 210°C, 2.16 kg) with Tm = 160°C was
supplied from NatureWorks (Minnesota, USA). For
PHBV polymer, ENMAT™ Thermoplastics Resin
Y1000P (MFR = 8–15 g/10 min, 180 °C, 2.16 kg)
was supplied from TianAn Bio polymer (Ningbo,
China). For the ESA chain extender, Joncryl ADR
4468 was provided by BASF, Singapore. Triethyl cit-
rate (TC) plasticiser (C12H20O7) with a molecular
weight of 276.28 g/mol (CAS-No 77-93-0) was sup-
plied by Sigma Aldrich (Milwaukee, USA). All ma-
terials were consumed as received.

2.2. Methodology
The candidate batches to proceed further to blown
film extrusion were chosen based on exhibiting the
highest values of elongational viscosity and elonga-
tional strain.
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As mentioned earlier, a synergistic effect between the
blend constituents at PLA/PHBV ratios of 70/30 to
90/10 is expected; hence the mixture design statistical
analysis was employed to analyse the interactive ef-
fects of each mixture component on different prop-
erties of the blends. Mixture design is typically
utilised when the only intended variable in the man-
ufacturing of one mixture is the content ratio of its
constituent, and other factors that could contribute to
the manufacturing, e.g., process temperature, process
time, etc., remain unchanged. Hence in mixture de-
sign, responses only depend on the relative propor-
tion of components. Minitab software was used to
generate the material proportions of all testing batch-
es (Table 1).
Twelve different batches were manufactured based on
mixture design. In addition, three batches with pris-
tine PLA to PHBV ratios of 70/30, 80/20, and 90/10
(A70, A80, A90) with no plasticiser and chain ex-
tender were manufactured to draw a comparison with
other samples containing plasticiser and chain exten-
der. Extreme vertices design was chosen with a linear
constraint of 0.82 < PLA + PHBV < 0.95 and quad-
ratic model type. In quadratic models, if, for exam-
ple, A, B, and mixture components, the model will
calculate the linear as well as the AB, AC, and BC
relationships. Extreme vertices of the constraint de-
sign space using the XVERT algorithm were gener-
ated, as shown in Figure 1. Using Piepel’s CONAEV
algorithm, the centroid points can be calculated up
to the specified degree.

The Cox response trace plots were used to examine
the effect of each component on the response. The
trace curves depict the impact of changing a compo-
nent’s value along an imaginary line connecting the
reference blend and the vertex. The following were
considered when interpreting the response trace plots:
● The steeper the response traces, the greater the ef-

fect on the response.
● Components were analysed relative to the refer-

ence mixture.
● Longer response traces are indicative of the com-

ponents with larger widths (upper and lower
bounds), and shorter response traces are indicative
of the components with the smaller width.

● The total influence of a component is determined
by the component’s range as well as the steepness
of its response trace.

● The total influence is determined by the difference
in response between where the effect direction
point in the component is at its lower bound and
the effect direction point where the component is
at its upper bound.

● Components with response traces that are nearly
horizontal have almost no effect on the response.

● Components that have similar response traces
have a similar impact on the specified response.

In this analysis, all residuals were standardised. A
residual is a difference between a fitted value (ŷ) and
its corresponding observed value (y); in other words,
it identifies how accurately a model describes the vari-
ance in the observed data. To obtain the standardised
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Table 1. The weight percent materials of testing batches
based on mixture design.

Weight percent of component

Batch PLA PHBV Triethyl citrate ESA
1 83.8 8.2 5.0 3.0
2 76.8 8.2 15.0 0.0
3 73.8 8.2 15.0 3.0
4 66.5 28.5 5.0 0
5 63.5 28.5 5.0 3.0
6 85.5 8.2 5.0 1.3
7 85.5 8.2 6.3 0
8 85.5 9.5 5.0 0
9 57.4 28.5 14.1 0

10 57.4 27.6 15.0 0
11 57.4 28.5 11.1 3.0
12 57.4 24.6 15.0 3.0

A70 70.0 30.0 0 0
A80 80.0 20.0 0 0
A90 90.0 10.0 0 0

Figure 1. Matrix of simplex design plots in amounts.



residual, the value of the residual was divided by the
estimation of its standard deviation. The standard-
ised residuals less than –2 or greater than 2 are gen-
erally considered large.

2.2.1 Sample manufacturing
Extruding filaments
Virgin PLA and PHBV pellets were dried at 90°C for
3 hours, and the moisture content was recorded to be
less than 0.025% (250 ppm). PLA, PHBV, and ESA
proportions were premixed and fed to the extruder
through the hopper section. TC was proportionally
and continuously fed to the extruder through a tube
attached to a multi-syringe-equipped liquid pump
(Cole-Parmer, IL, USA) equipped with a 60 ml sy-
ringe. Each batch was extruded via a co-rotating twin
screw extruder (Brabender, Duisburg, Germany) with
an L/D ratio of 40:1, screw diameter of 25 mm,  a ro-
tation speed of 75 rpm (delivering a varying torque
of 9.5 to 10 N·m) and a temperature profile of 160–
180–185–190–185–180°C from feeding to metering
zone and utilising a 4-mm die. The extrudates that
were in the form of filaments were cooled down via
a downstream air-cooling line and then wound to a
filament spool. For further mechanical characterisa-
tion, samples of adequate lengths were separated in
filament form. The rest of the filaments were pel-
letised via a pelletiser (Labtech, Samut Prakan, Thai-
land) to produce samples for rheological studies.

2.2.2. Rheology studies
The rheological behaviour of manufactured batches
was studied via a dual-barrel capillary rheometer
(Rheo-Tester 2000, Göttfert, Buchen, Germany). An
isothermal test was conducted at 180°C with varying
apparent shear rates of 100, 200, 500, 1000, 2000,
5000, 6000, and 9000 s–1. Barrels were equipped
with two capillary dies with 30 and 10 mm lengths
and an equal hole diameter of 1 mm. Two pressure
transducers capable of 500 and 1000 bar read the die
pressures during the test, and the results were record-
ed by Göttfert’s proprietary software WinRheo in
real time. Each batch was tested twice, and the re-
sults were averaged.
Apparent shear stress (τa) was calculated based on
Equation (1), where R is the radius of the capillary,
L is the capillary 1 length (30 mm), and P1 and P2
are the pressure readings from capillary 1 (30 mm)
and capillary 2 (10 mm), respectively:

(1)

By dividing the apparent shear stress by the apparent
shear rate (γa), the apparent viscosity (ηa) can also
be calculated [33] (Equation (2)):

(2)

Based on Bagley correction [34], the corrected shear
stress can be calculated as shown in Equation (3):

(3)

The Rabinowitsch correction was then used to ac-
count for the effect of the non-Newtonian behaviour
of molten polymers in the corrected shear rates.
Based on this correction, a power-law correlation be-
tween γa and τw (Equation (4)) is drawn. The pseudo
plasticity index (n) can then be determined as the
slope of a double logarithmic plot of τw versus γa
(Equation (4)):

(4)

The Rabinowitsch correction can then be incorpo-
rated into values of γa, and then the true shear rate
(γ·w) can be calculated as in Equation (5), and the true
viscosity (ηw) as in Equation (6):

(5)

(6)

The Cogswell Equations, Equations (7), (8), and (9),
were used to calculate the elongational viscosity of
the manufactured batches [35]:

(7)

(8)

(9)

where σE denotes the average extensional stress, and
the extensional viscosity (ηe) was calculated via ex-
tensional strain (ε·).

P

2 R
L
1

ax =

a
a

ah c
x

=

P P

2 R
L

1 2
wx =

-

kw a
nx c= o

n
n
4
3 1

w ac c=
+o o

w
w

wh c
x

= o

n P8
3

1 2Ev = +Q V

n P3
4

1 2

2
a af
h c

=
+

o
o

Q V

e
Eh f
v

= o

H. Pouriman et al. – Express Polymer Letters Vol.17, No.4 (2023) 373–389

376



2.2.3. Differential scanning calorimetry (DSC)
Thermal analysis was conducted via a differential
scanning calorimeter (Q1000™, TA Instruments,
DE, USA) at standard mode with a heat/cool/heat
cycle. The temperature profile was programmed to
cover –50 to 200°C, with the starting temperature of
ambient temperature, heating and cooling rate of
20 K/min, and nitrogen gas purging rate of
50 ml/min. Perforated aluminium pans were used to
rid the samples of possible trapped moisture in the
first heating cycle. All samples have equal weights
of 10±0.1 mg. The melting temperature (Tm), glass
transition temperature (Tg), the onset of crystallisa-
tion temperature, and the enthalpy of fusion from
recorded thermographs were calculated via the
DSC’s proprietary software.

2.2.4. Mechanical properties characterisation
Tensile strength and elongation at break
Tensile strength and elongation at break tests were
conducted via a universal tensile testing machine (In-
stron 5567, Instron, Massachusetts, USA). Single-bol-
lard-type grips were used to hold the filament samples
in place. The gauge length of all samples was set to
5 mm and the crosshead speed to 50 mm/min. The
gauge length increment was measured and recorded

via a high-precision camera. The tensile strength
measurements were automatically calculated via
Bluhill software, proprietary software for Instron,
by reading directly from the testing machine. At least
five specimens were tested for each testing sample,
and the results were averaged.

3. Results and discussion
3.1. Mathematical model analysis
The measured results for tensile stress, elongation at
break, glass transition temperature, and enthalpy of
fusion are presented in Table 2. To determine the ac-
curacy of the models and whether the regression as-
sumptions are met, the plot of residuals vs percent,
fitted value, frequency, and observation order was
drawn. Probing the residual plots can determine
whether the ordinary least square assumptions are
met. If these assumptions are met, unbiased coeffi-
cient estimates with a minimum difference are pro-
duced by the ordinary least square regression. Resid-
ual plots are shown in Figures 2 to 5.
The generated fitted values for tensile stress, elon-
gation at break, glass transition temperature, and the
onset of crystallisation temperature versus the devi-
ation from reference blend in proportion are depict-
ed in Figure 6. Before individual analysis of each
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Table 2. Results from mechanical properties tests, thermal analysis, and cost estimation for mathematical model analysis.

σu         is the ultimate tensile stress,
σb          is the tensile stress at the break,
ε           is the elongation at the break,
Tg         is the glass transition temperature,
Tc          is the onset of cold crystallisation temperature,
Tm         is the temperature at the melting point,
ΔHfus    is the enthalpy of fusion

Sample
name PLA PHBV Plasticiser ESA Cost

[NZD/kg]
σu

[MPa]
σb

[MPa]
ε

[%]
Tg

[°C]
Tc

[°C]
Tm

[°C]
ΔHfus
[J/g]

1 0.838 0.082 0.050 0.030 10.2 46.80 35.8 54 50.67 51.28 142.5 16.68
2 0.768 0.082 0.150 0 13.4 33.70 29.1 196 39.61 44.68 140.4 21.86
3 0.738 0.082 0.150 0.030 14.6 5.44 5.0 190 36.26 43.62 135.1 35.47
4 0.665 0.285 0.050 0 10.3 45.90 41.6 53 53.21 53.01 171.6 31.52
5 0.635 0.285 0.050 0.030 11.5 44.30 36.5 164 48.07 52.32 167.5 29.23
6 0.855 0.082 0.050 0.013 9.5 45.70 32.9 113 51.08 54.61 142.9 20.06
7 0.855 0.082 0.063 0 9.5 38.60 29.3 135 51.16 52.98 144.5 12.84
8 0.855 0.095 0.050 0 9.1 52.10 38.2 52 53.03 54.69 168.4 13.70
9 0.574 0.285 0.141 0 14.3 34.30 34.0 189 38.05 45.90 165.1 31.74

10 0.574 0.276 0.150 0 14.6 34.20 33.8 199 38.34 42.98 167.2 33.10
11 0.574 0.285 0.111 0.030 14.2 34.70 31.2 206 43.79 45.66 167.0 30.66
12 0.574 0.246 0.150 0.030 15.6 27.40 27.1 197 40.15 43.54 165.4 33.73

13/A70 0.700 0.300 0 0 8.2 45.90 42.7 52 60.50 60.17 171.9 26.04
14/A80 0.800 0.200 0 0 7.6 52.50 51.5 54 59.85 60.95 170.5 21.66
15/A90 0.900 0.100 0 0 6.99 49.60 49.3 51 59.95 60.87 149.7 12.80



response, a common trend that could be identified
among all responses is that PLA and TC components
have the longest response range (upper and lower
bounds); therefore, the highest total effectiveness,
and ESA has the shortest range, hence the lowest total

effectiveness. The total efficiency of PLA relative to
other components is high with respect to its range and
steepness, albeit the PLA graph isn’t the steepest one
in any of the responses. TC for the specified responses
may be the most effective component in the blend
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Figure 2. Residual plots for tensile stress at break. a) Normal probability plot, b) versus fits, c) histogram, d) versus order.

Figure 3. Residual plots for elongation at break. a) Normal probability plot, b) versus fits, c) histogram, d) versus order.



due to its steep presence in all response graphs and
an extended range of upper and lower bounds.
It can be seen from the tensile stress response plot
(Figure 6a) that PLA and PHBV have a similar

response trace but at a different range. With the pro-
portional increase of these components, the tensile
stress increases and then decreases. PHBV with a
steeper presence denotes higher effectiveness among
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Figure 4. Residual plots for glass transition temperature. a) Normal probability plot, b) versus fits, c) histogram, d) versus
order.

Figure 5. Residual plots for enthalpy of fusion. a) Normal probability plot, b) versus fits, c) histogram, d) versus order.



the two thermoplastics but at a lower range. The TC
plasticiser with the steepest line among all compo-
nents indicates a continuous decline in tensile stress
with its proportional addition to the blend. This be-
haviour can be explained by the function of most
plasticisers in the polymer blend. TC molecules with
low vapour pressure and molecular weight place
themselves among polymer molecules, providing a
lubricating effect between polymer chains. This
leads to an increase in chain mobility, hence facili-
tating molecular separation at higher stress loads.
The ESA chain extender’s low range and short upper
and lower bounds indicate its low total effectiveness.
The increase of ESA content proportional to other
blend components slightly decreases and then in-
creases the tensile stress. ESA chain extender is used
in trace contents in the mixture and here shows, it
does not have a significant interactive effect with
other components in terms of tensile stress.

As shown in Figure 6b, PLA has the longest re-
sponse trace for the elongation at break response. 
The proportional increase of PLA content in the 
blend leads to a rapid and almost linear decrease of 
the elongational strain of the samples from around 
220 to 100%. The high brittleness of PLA can ex-
plain this direct correlation between PLA content 
and elongational strain. In contrast, as expected, the 
addition of TC led to a linear increase of elongational 
strain in the samples indicating a non-interactive ef-
fect of plasticiser with respect to the increase of other 
blend components. PHBV and ESA content show a 
reversed interactive effect on the blend. An increase 
in PHBV slightly decreases the elongational strain 
from 140 to 120% and then back to about 150%. 
PHBV has the lowest response range and the most 
temperate slope between all components. This indi-
cates that PHBV content is not a significant contrib-
utor but has a synergistic effect on the elongational
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Figure 6. Cox response trace plots for a) tensile stress at break, b) elongation at break, c) glass transition temperature and
d) the onset of crystallisation.



strain of the compound. ESA content with high ef-
fectiveness (steep trace line) at a short response
range has a counter effect with PHBV content. It ini-
tially increases the strain rate from 80 to 120% at a
rapid rate and then declines. These interactive effects
justify the importance of mixture design analysis and
call for an optimisation study when different prop-
erties are to be reached simultaneously.
For the glass transition temperature (Figure 6c), all
components show an almost linear response trace
signifying a direct relationship with their proportion-
al content increase. The increase of PLA and PHBV
contents leads to an increase in the Tg. However,
PLA has a more significant effect where the effect
of PHBV is subdued. The direct correlation between
the increase in TC content and the decrease of Tg can
be explained as the main functionality of plasticisers
in polymer blends, which is to place itself between
polymer chains. This affects the intensity of the sec-
ondary bonding forces between the polymer chains,
decreasing the glass transition temperature, among
other effects. ESA chain extender, albeit with low
total effectiveness, acts as a plasticiser in glass tran-
sition temperature response.
The response trace graphs from the onset of crys-
tallisation temperature (Tc) (Figure 6d) are closely
similar to the Tg graphs except for the chain extender

content. The increase of ESA content shows an in-
teractive effect in the blend with a sudden rise and
fall of Tc. Although, in this case, the effect of the
chain extender is not significant compared to the
total effectiveness of other contributors, it can be
concluded that ESA could be used in optimum con-
tents to have a maximised Tc response.
The matrixes of cost per material of components
were visualised by drawing surface response plots
for the main contributing components, as presented in
Figure 7. ESA chain extender was omitted from the
plots due to its trivial contribution to the overall cost.
In surface plots, the mixture components are repre-
sented in x and y-axes, the cost on z-axes, and the
response on the meshed surface. Overall, it can be
concluded that the cost of manufacturing the range
of these mixture compositions is highly dependent
on the price of PLA and, after that, PHBV, then the
plasticiser. This conclusion could change based on
the selection of different grades of materials, the year
of production, and the market price.
Multiple variables often must be considered when a
compound is designed for a real-time application.
For this study, the optimisation goals were to lower
the cost and increase the elongation at break and the
apparent elongational viscosity. The weight and im-
portance of responses were equally distributed. The
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Figure 7. Matrix of surface response plots for the cost [NZD/kg] for a) PHBV-PLA, b) plasticiser-PLA and c) plasticiser-
PHBV



collected experimental results were used for sensi-
tivity analysis to find the optimal responses and com-
pound values. The goal, the target, and the lower and
the higher values of the mentioned properties are pre-
sented in Table 3. The tensile stress values were omit-
ted from the optimisation because the tensile stress
results were within the desired range.
Individual desirability was calculated for each re-
sponse. The optimal values were generated when the
maximum composite desirability of 0.363988 was
reached. The optimal calculated component content
and the predicted responses are presented in Table 4.
The results of embedding these values in the response
optimisation plot are shown in Figure 8. Red vertical
lines represent optimal compositions. One can con-
trol how the changes affect the response by adjusting
the variable settings.

3.2. Mechanical properties
The yield stress, ultimate tensile stress, and tensile
stress at break follow almost a similar trend from
one sample to another, which is quite different from
the strain at break. These two results were separated
into different figures, as presented in Figure 9 and
Figure 10. The deepest dive in the tensile properties
among samples happen as proceeding consecutively
from sample 1 to sample 3. The PHBV content among
these three samples is identical, and the PLA content
is nearly identical. Hence the decrease in stress is
attributed to the increase of the plasticiser content
from samples 1 to 3. However, from samples 2 to 3,
the plasticiser content is constant. Hence it could be
concluded that in sample 3 the ESA content act as a
plasticiser. This could also indicate that sample 3
could contain excess ESA that has not reacted with
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Table 3. Optimisation parameters.

Table 4. Predicted optimal component compositions for a targeted response setting.

Goal Lower Target Upper Weight Importance
Elongation at break [%] Maximum 100 500 500 1 1
Cost [NZD/kg] Minimum 10 10 15 1 1
ηe at γa Maximum 1400 3660 3660 1 1

Component Percentage Predicted response Value Desirability
PLA 57.40 Elongation at break      [%] 206.83 0.267076
PHBV 30.00 Cost                              [NZD/kg] 13.67 0.266246
Plasticiser 11.36 ηe at γa 2932.68 0.678175

Figure 8. Response optimisation plot.



the terminal hydroxyl and carboxylic acid groups in
PLA and PHBV polymer chains. Samples 2 and 3
both have significantly higher percent elongation at
breaks, corroborating the plasticising effect of TC
and ESA.
From sample 4, the tensile stress properties are back
to a 40 to 50 MPa range again, and then it declines
as proceeds to sample 7. It is understandable that in
sample 4, the lack of ESA [36] and the lower TC
contents [11] leads to a more brittle blend, possess-
ing a percent elongation at break of only 50% with
high tensile stress properties among all samples. It
is also interesting to see that sample 4 and sample 1
can withhold almost the same ultimate tensile stress
(about 46 MPa) while containing completely differ-
ent component proportions. This could be of interest
in a practical application where cost optimisation is
necessary. Sample 5, similar to sample 4 in polymer
and plasticiser composition, has only the addition of
ESA content. As discussed earlier, the excess (or un-
reacted) ESA content can act as a plasticiser in the
blend, increasing the ductility while reducing the
tensile stress of the compound relative to the sam-
ple 4 values.
Samples 6 and 7 possess equal contents of PLA and
PHBV and varying contents of TC and ESA. In these
two compounds, the PLA content is higher than sam-
ples 4 and 5 by around 20 to 25%, projecting a slightly
different synergistic effect on their tensile properties.
As a result, samples 6 and 7 have lower tensile stress
than 4 and 5. Another characterisation of the blend
that could be identified from the results can be seen
in the contrasting results of samples 7 and 3. In sam-
ple 3, the tensile stress, ultimate tensile stress, and
yield stress all have nearly the same value, whereas,
in sample 7, the tensile stress sits about 25% lower
on the stress axes than ultimate tensile and yield

stress. This is indicative that sample 3, under axial
stress, does not enter plastic deformation; hence the
material experiences a continuous elastic stretch
from the onset until the breaking point. However,
samples 7 (as well as 4, 5, 6, and 8) experience plas-
tic deformation, presenting different values of yield
stress and tensile stress at break.
Sample 8 shows similar results to sample 4. They
both have some of the highest tensile properties and
low (about 50%) strain at break among all. These
two samples have equal plasticiser and chain exten-
ders and varying polymer contents. The higher PLA
content explains the higher yield stress in sample 8.
It also becomes apparent that sample 4 experiences
a shorter elastic deformation than sample 8. There is
not much compositional difference between sam-
ple 9 and sample 10. These compositions were math-
ematically generated to take account of all plausible
interactive effects incurred by variation of composi-
tion content. Sample 9 has only 1% more PHBV con-
tent (less plasticiser content) in its composition. This
slight material difference manifests its effect in a 10%
increase in elongation at the break of sample 10.
zilar condition in comparison, except here, with the
presence of an ESA chain extender. Sample 12 pos-
sessed 4% less PHBV content and was replaced by
plasticiser. As a result, sample 12 have about 10 MPa
lower tensile stress, ultimate, and yield stress than
sample 10 and 9% lower strain at break. It could also
be concluded that sample 12 experienced a lower
plastic deformation than sample 11.
Samples A90, A80, and A70, contain no plasticiser
nor chain extender and a PLA/PHBV ratio of 90/10,
80/20, and 70/30, respectively. The first noticeable
result from these compositions is the higher values
of tensile stress (in the 45 to 55 MPa region) and low
elongation at break (in the 50% region) among all
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Figure 9. Tensile stress, yield, and ultimate tensile stress of
the filament-like extruded samples.

Figure 10. Elongation at break of the filament-like extruded
samples.



samples. The strain at break remains almost the same
as proceeding consecutively from A70 to A90. This
indicates that if no additives are used, the incorpo-
ration of even up to 30% PHBV content in a blend
with PLA cannot reduce the rigidity of the blend and
increase its ductility. The tensile strength properties
show a nonlinear relationship between PHBV con-
tent and tensile strength; hence a synergistic effect
is identified. The synergistic effect is manifested in
sample A80 as it possesses a higher stress value than
A70 and A90.

3.3. Thermal properties
The melting temperature of pristine PLA and PHBV
used in the sample compositions were separately
measured to be 150.2 and 175.1°C, respectively. The
lower melting temperature values of PLA explain the
lower Tm values of samples 1, 2, 3, 6, and 7, as these
samples contain the largest contents of PLA. This
applies to sample A90 as well. The rest of the sam-
ples have a Tm in a narrow range of 165 to 172 °C,
indicating the trivial effect of TC and ESA on the
melting behaviour of the compounds.
As can be seen in Figure 11, a range of enthalpy-of-
fusion values is obtained for the samples, indicating
that a different crystalline structure is formed for
each mixture composition. PLA has a slow crystalli-
sation rate [37]. Therefore, when a sample containing
PLA content goes through the manufacturing process
and then cools down to environment temperature, its
PLA content holds a lower ΔHfus than the PLA ma-
terial before the process. This is because the lactide
polymers need a longer time to arrange and form
crystal lamellae [38].
In this test, the thermal properties were calculated
from the second heating cycle of the DSC thermo-
graphs. Therefore, PLA polymer contents had a

narrow window to fully crystallise. The lower degrees
of crystallinity and slow crystallisation rate results
in the formation of shorter crystal structures in
processed PLA compared to processed PHBV. This
incurs lower enthalpy of fusion values. Therefore,
this could be associated with the lower ΔHfus values
of samples 1, 7, 8, and A90 due to their high PLA
contents. This trend is followed by samples 2, 6, and
A80 for having proportionally higher PLA contents.
It can also be deduced that the presence of a chain
extender can result in the formation of new and larg-
er crystal structures. This can be seen in comparing
the enthalpy of fusion in sample 3 with samples 9
and 10. Sample 3 contains 16% higher PLA contents;
hence it is expected to present lower ΔHfus values
than samples 9 and 10. But on the contrary, it has a
higher value. This could be associated with the ESA
content that is absent in samples 9 and 10 and pres-
ent in sample 3. ESA is a multifunctional component
that can react with the terminal carboxylic acid and
hydroxyl groups in polyesters [39]. This extends the
polymer chains, which increases the polymer’s mo-
lecular mass. The molecular mass increase ensues
under different conditions in molecular arrangement
conditions when the polymer is being cooled. There-
fore, a larger crystal structure could be formed.
All the glass transition temperatures (Tg) and the
onset of crystallisation temperatures (Tc) in Figure 11
are indicative of PLA because PHBV has a Tg and Tc
in the range of –10 to 20°C [40], and these two poly-
mers are immiscible. Tg and Tc have almost the same
value in samples A70, A80, and A90. These samples
contain only polymers and no additives. Compared
with the rest of the samples, this means the addition
of plasticiser and chain extender has a higher effect
on changing the glass transition and crystallisation
temperature of PLA. Samples 2, 3, 9, 10, 11, and 12
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Figure 11. Thermal properties of the rod-like extruded sam-
ples obtained by differential scanning calorimetry.

Figure 12. Thermograms of all samples from the second
heating cycle obtained from DSC test.



specifically have the lowest Tg and Tc among all sam-
ples due to the highest plasticiser contents. Figure 12
shows the behaviour of thermograms near the glass
transition region of each sample in their second heat-
ing cycle.

3.4. Rheology studies
Figure 13 depicts the rheology graphs obtained from
the different blends. A non-Newtonian behaviour is
observed for all samples; in other words, shear vis-
cosity decreases with the increase of the shear rate.
To further investigate the results, first, the pristine
blends were assessed to identify whether the increase
of PHBV content directly relates to the decrease of
shear viscosity. As seen in Figure 13, it cannot be
concluded that the increase of PHBV leads to a lower
shear viscosity at any given shear rate value because
the shear viscosity values of the A70 blend stand be-
tween the A80 and A90. The polymer chains typically
stretch out in the machine direction during the pro-
cessing stage due to the existing shear stress in the
barrel and slide on one another. At this stage, the mo-
lecular structure and presence of additives or other
blend components affect the chain mobility, hence af-
fecting the shear viscosity of the blend. This syner-
gistic effect has been reported by other researchers
working with different grades of PLA and PHBV.
The synergistic rheological interaction between PLA
and PHBV in a pristine blend (only at the PLA/PHBV
ratio of 90/10, 80/20, and 70/30) is once more pro-
nounced in Figure 14. This time it can be seen that
with the increase in extensional strain rate, the A70
blend shows higher extensional viscosity values,
specifically when the strain rate is in the 3.11·107 to
5.00·108 s–1 range. This means that at identical pro-
cessing conditions, the A70 blend at the given strain

rate could provide a more stable bubble as extension-
al viscosity directly affect bubble stability in the
blown film extrusion process. Generally, the higher
the extensional viscosity, the more stable the bubble.
However, for every polymer, extensional viscosity
needs to reach a point from which the bubble could
be formed (if the polymer is capable of being blown),
and this value changes with the change in strain rate.
If a blend’s extensional viscosity is below the bubble
formation viscosity, the bubble stability would not
be a concern.
One reason batches 2, 3, 10, and 12 were chosen to
be blown to films was their highest values of exten-
sional viscosities among all manufactured blends.
Figure 15 provides a better understanding of the
change in shear viscosity with the increase in shear
rate. It can be seen that sample 3, followed closely
by sample 12, presents the highest extensional vis-
cosities among the blends along the shear rate axes.
Sample 12 also offers the highest extensional viscos-
ity at any given extensional strain rate (Figure 16).
This was expected because both of these samples
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Figure 14. The extensional viscosity vs. extensional strain
rate graph of pristine PLA/PHBV blends with a
PLA to PHBV ratio of 90/10, 80/20, and 70/30.

Figure 13. Comparison of shear thinning behaviour of pris-
tine PLA/PHBV blends with a PLA to PHBV
ratio of 90/10, 80/20, and 70/30.

Figure 15. Comparison of the shear thinning behaviour of
the chosen blends made into blown films.



contained an ESA chain extender, contrary to the
other two samples. The primary application of using
chain extenders is to increase the melt viscosity in
polymer blends. This, as explained earlier, is
achieved by the reaction of the chain extender with
the terminal –OH functional groups in PLA and
PHBV polyesters, extending the chain length and
hence restricting the molecular mobility of the poly-
mers. Samples 3 and 12 have equal percent contents
of ESA (chain extender) and TC (plasticiser), but sam-
ple 3 has lower PLA content. It can be concluded that
in the manufacturing of blown films, in processing
conditions, when the strain rate is below 1.0·109 s–1,
the blend with the lower PLA content could offer
better bubble stability where the chain extender and
plasticiser are equal proportions.

Batch 10 brings about some complexity to Figure 16.
The only difference between batches 10 and 12 is
ESA content. One can conclude that the lack of a
chain extender in sample 10 results in plummeting
extensional viscosity at very early values of strain
rates. This is visible as the ηe values of sample 10
stack up on the ηe = 0. This is, of course, not the case,
but it appears this way when the extensional strain
rate is logarithmically plotted. This rheological be-
haviour could also mean that the increase of exten-
sional viscosity is more dependent on the chain ex-
tender content (in this case, the presence and lack
thereof of ESA) than the PLA content. This is de-
duced from the direct comparison of sample 2 and
sample 10. PHBV polymer, due to having high de-
grees of crystallinity, has a low extensional viscosity
at any given strain rate. Literature also shows that
PHBV could not be blown into the film when not
blended with another polymer with higher extension-
al viscosity and melt stress values. This means that
PHBV percent content in a polymer blend acts as a
bottleneck in the blown film extrusion process, given
that other blend constituents have extensional vis-
cosity and melt stress values higher than the point
the bubble forms (depending on the processing tem-
perature and screw speed).
To have a clear view of how the shear thinning be-
haviour of all mixture formulations compares with
one another, a summary of the elongational viscosity
vs. apparent shear rate of all samples is presented in
Figure 17.
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Figure 16. The extensional viscosity vs. extensional strain
rate graph of the chosen blends that were made
into blown film.

Figure 17. Summary of the differences in shear thinning behaviour of all blends compared with one another.



4. Conclusions
PLA and TC contents have the highest, and ESA con-
tent has the lowest total effectiveness in the blends.
ESA content shows a nonlinear and interactive effect
in responses as its linear content increase leads to the
sudden rise and fall of crystallisation temperature,
elongation at break, and tensile stress. The optimal
values for the lowest cost and highest extension at
break and the elongational viscosity were reached at
PLA/PHBV/plasticiser/chain extender content of
0.574/0.3/0.113/0.012 wt%. The sample with the
highest PLA content possessed the highest tensile
stress. Also, the unreacted ESA content can act as a
plasticiser in the blend, increasing the ductility and
reducing the tensile strength of the compound. Fi-
nally, it cannot be simply concluded from rheology
studies that the increase of PHBV leads to a lower
shear viscosity at any given shear rate because the
shear viscosity values of the A70 blend stood be-
tween the A80 and A90. This substantiates the syn-
ergistic effect of the PLA/PHBV blend in this range.
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1. Introduction
Several manufacturing techniques for instant casting,
forging, welding, and forming have been used for
decades. However, industries are now shifting their
focus toward additive manufacturing (AM) because
of its ability to manufacture lightweight and structur-
al designs [1, 2]. Currently, AM has been employed
to fabricate numerous engineering components using
polymers and metallic materials. Vat photopolymer-
ization, material jetting, material extrusion, sheet
lamination [3, 4], direct energy deposition binding
jets, and powder bed fusion [5–10] are examples of
commercially applied AM processes.
Among the processes, fusion deposition modeling
(FDM) is widely used to create three-dimensional
(3D)-printed structures using thermoplastic fila-
ments [11]. FDM provides manufacturing with
greater autonomy to control mechanical properties
[12]. These properties are easy to alter by changing

some parameters, such as the extrusion and printing
bed temperature, printing speed [12–15], resolution
of the extruded layer, infill density, and pattern [15,
16]. This makes FDM more suitable for fabricating
lattice structures. Polylactic acid (PLA) and acry-
lonitrile butadiene styrene (ABS) are abundantly
available commercial polymeric materials [17–21].
These polymers are well known for their high me-
chanical strength, better printability at a low cost,
and biodegradable nature for PLA, which make them
suitable candidates for lattice structure fabrication
using FDM [22–25].
In recent years, researchers have fabricated traditional
structures and analyzed their compression properties.
Dalaq et al. [26] fabricated a triply periodic minimal
surface (TPMS) of the Schwarz structure, diamond
rhombic, Schoen, Neovius, and Fischer–Koch types
using Tango- and Vero-plus material and evaluated the
mechanical properties under uniaxial compression.
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They concluded that the Schwarz primitive showed
the best mechanical properties because of least
debonding under static loading [26]. Honeycomb
structures using thermoplastic polyure thanes were
manufactured by Bates et al. [27] They concluded
that the energy absorption ability of these structures
depended on the strain rate and cell orientation of the
structure under the static compression load. Li et al.
[28] proposed truss, conventional honeycomb, and re-
entrant honeycomb structures and evaluated their
bending behavior. Owing to the localized stress con-
centration in the truss and conventional honeycomb
structures, they showed an early catastrophic failure.
Hence, the energy absorption and mechanical prop-
erties were less than that of the re-entrant structure
Abueidda et al. [29] printed Schwarz, Schoen, and
Neovius structures with poly amide-12 and evaluated
their compressive strength, modulus, and energy ab-
sorption with static loading. The Neovius structure
provided the highest results because it retained the
geometrical structure until the compression ended
[29]. Cubic, octet, and Isomax structures were char-
acterized by quasi-static bending and dynamic low-
velocity impact. The Isomax with cubic meta sand-
wich beam provided the highest energy absorption
under bending as well as impact [30]. Al-Ketan et al.
[31] evaluated the mechanical properties of the strut
base, skeletal-TPMS, and sheet-TPMS structures
under uniaxial static compression, and the high rela-
tive density of the sheet-based TPMS structures out-
performed that of the other structures. Another report
by Abueidda et al. [32] evaluated the mechanical
properties of the gyroid surface structure under a uni-
axial static test and demonstrated that the highest rel-
ative density absorbed the highest amount of energy
under static compression. Similarly, octet structures
composed of PLA were found to absorb more specific
energy at a higher relative density under quasi-static
compression [33]. Evidently, most studies were per-
formed using static loading compression, and none
has yet used dynamic compression yet, particularly
not with sinusoidal displacement for the characteri-
zation of the proposed structures.
Most studies have focused on traditional TPMS and
octet structures, and for these structures, relative
density is the most effective criterion for good ener-
gy absorption. However, if a greater number of strut
arrangements are provided in the loading direction,
the energy absorption ability of the structure may
also be enhanced. Carbon organic framework (COF)

compounds have some unique two-dimensional and
3D atom arrangements that can be used as inspiration
for designing novel structure arrangements because
they can provide more struts in the loading direction
[34–37]. These COF-inspired structures fabricated
using FDM with PLA and ABS have never been re-
ported. The main aim of this study is to fabricate the
proposed COF-inspired structures printed with hard
materials (PLA and ABS) and characterize the effect
of these structure arrangements on the energy absorp-
tion ability of the materials under static and dynamic
sinusoidal cyclic loading compression.

2. Experimental procedure
2.1. Design of structures
The design concept for the new type of structure was
inspired by the COF compounds shown in Figure 1.
The major advantage of COF-inspired structures is
their ability to change the density of unit cells with-
out changing in diameter, and all inspired structures
can provide more struts in the loading direction.
The lattice structures are either strut or surface-based
and show stretch or bending domination behaviors
[2]. COF compounds have an umpteen type of atomic
arrangements that can be used to fabricate both types
of structures. The first structure (S1) was drawn from
the sp2 carbon conjugate COF. This compound can
provide the stretch domination behavior (Maxwell
number (M) = 5) by dividing the load on the two
struts. The S2 and S3 structures were adopted from
the boronic ester and tetrathiafulvalene COFs. These
arrangements were selected because they can provide
the bending domination behavior (M = –6 for S2 and
M = –12 for S3). To compare the strut-based structure
with surface-typed structures, periodic surface-based
structures (SS) were designed by mimicking the ze-
olitic imidazolate framework (ZIF-8). The SS can pro-
vide better foam-like properties. Another reason for
the selection of these COF compounds was their print-
ability with the FDM printer. All unit cells of the in-
spired structures carry loads, as shown in Figure 2.
Solidworks 2019 (SP5, Dassault Systèmes, Vélizy-
Villacoublay, France) was used to illustrate the CAD
files of the structures. The structures were formed
according to the hybrid connection approach as out-
lined in Figure 3. A unit cell of 10×10×10 mm was
formed in two manners: with an external connector
and with self-connection. This approach can control
the density of the unit cell without changing the di-
ameters of the struts. The external connector made
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the unit cell denser, whereas self-connection made
the unit cell more porous. Unit cells were repeated
in the 3D space to form 40 × 40 × 40 mm [35] struc-
tures. All unit cells were connected with the surfaces
in the 3D structure. The diameter for the struts was
selected to be 3.00 mm, which is the minimum di-
ameter that prints at an acceptable quality. Similarly,
the SS was printed with a 3.00 mm shell.

2.2 Manufacturing samples
All printing filament materials: ABS (PA-756,
POLYLAC®, Chimei Corporation, Tainan, Taiwan)
and PLA (4032D, IngeoTM, NatureWorks, Minnesota,
USA; having D-lactic content of 1.4%), were pur-
chased from XYZ Printing Company, Taipei, Taiwan,
with a diameter of 1.75 mm. The CAD drawing of

these samples was saved in STL format and sliced
using Ultimaker Cura 4.13 software (Ultimaker B.V.,
Massachusetts, USA). The G-codes, generated with
Cura, were sent to the 3D printer (Ender-3 Max, Cre-
ality 3D technology corporation limited, Shenzhen,
China) with a nozzle diameter of 0.4 mm. Table 1
lists the optimized printing parameters.

2.3. Morphology of structures
To verify the printing quality and layer adhesion of
the manufactured samples, one unit of each type of
structure was examined randomly under an optical
microscope (SV-55, Sage Vision, Pennsylvania,
USA). For further investigation of the quality of fab-
ricated structures, the higher magnification images
were captured by a scanning electron microscope
(SEM, 6390 LV, JEOL, Tokyo, Japan). As all the
samples were non-conductive, hence, before keeping
them inside the SEM chamber, the platinum coating
was applied by using an automatic spin coater (JFC-
1300, JEOL, Tokyo, Japan).

2.4. Energy absorption characterization
under static loading

Uniaxial quasi-static compression was performed
with a universal testing machine (MTS 810, Capacity
100 kN, MTS Systems Corporation, Minnesota,
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Figure 1. Unit cells inspired by the different carbon organic frameworks, along with final structural arrangements.

Figure 2. Direction and distribution of the load in the struts
and shell-type unit cells under the compression
loading.



USA) to obtain the energy absorption capacity. All
samples were compressed until failure. Here the
meaning of failure is till the structure is delaminated
or compressed to half of its depth. Compression
plates were polished with oil to avoid samples stick-
ing during compression. The test was conducted ac-
cording to ASTM D1621 with a steady crossed-head
speed of 3 mm/min under room temperature condi-
tions [38]. All samples were compressed in the print-
ing direction. To minimize biasing in the experiment,
all structures were fabricated in large quantities, and
three units of each structure were randomly tested.
The energy absorption was calculated from the area
under the load-displacement curve with OriginPro
2021 software (OriginLab Corporation, Northamp-
ton, USA). The value of the specific energy absorp-
tion (SEA) was calculated according to Equation (1)
[39, 40]. Furthermore, the load-displacement data
was converted into stress and strain to calculate the
modulus. For further comparison purposes, these
values were also normalized by relative density (ρ–),

which normalized the effect of materials and struc-
tural density. The relative density is defined as the
ratio of structural density to the parent material den-
sity and is calculated as per Equation (2) [41]. The
modulus per unit relative density is called relative
modulus. Similarly, initial peak stress and energy ab-
sorbed per unit relative density is known as the rel-
ative initial peak stress and relative energy absorp-
tion, respectively.

(1)

where w is the mass of the sample in grams, F is the
compression force and dδ is the displacement.

(2)

where ρ is the structural density, calculated with the
ratio of the mass of the structure to the volume of the
structure and ρs is the density of the parent material.
The density of ABS and PLA was taken at 1.05 and
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Figure 3. Unit cell assembly approach and final structure dimension.

Table 1. Optimized printing parameters used for manufacturing structures with FDM.

Material Nozzle temperature
[°C]

Printing speed
[mm/s]

Heating bed temperature
[°C]

Layer height
[mm] Infill density Infill pattern

ABS 235 20 100 0.2 10% Cubic
PLA 190 20 045 0.2 10% Cubic



1.24 g/cm3, respectively, from the literature [22].
Table 2 provides the mass of each sample, the mate-
rial volume of the structures (calculated with Solid-
works 2019), and structural and relative densities.

2.5. Dynamic compression
Because the structures were brittle and hard, sustain-
ing the structures for repeated cycles was difficult.
Hence, to perform the repeated compression, the
cyclic displacement was required to be below the first
peak point in the load-displacement curve during stat-
ic testing. Moreover, during static testing, the dis-
placement value of the first peak was considered to
decide the range of the dynamic displacement. The
displacement was given in the form of a sinusoidal
wave using the same machine used for static com-
pression. The range of the sinusoidal displacement

was from 30 to 50% of the displacement value of the
first peak for each load-displacement curve of a stat-
ic test. The range was selected after many trial ex-
periments to prevent the plate and sample from de-
taching during the cycle. The cyclic test was per-
formed only on samples that provided higher energy
absorption in the static test. Ten cycles were applied,
and the 10th cycle was considered for further calcu-
lations. The sin wave displacement was generated at
three different frequencies, and all structures were
tested at frequencies of 0.1 Hz (low), 1.0 Hz (base),
and 4.0 Hz (high). The dynamic elastic recovery
(DER) ratio of the area under the unloading curve to
the loading curve was calculated for each 10th cycle
along with the hysteresis work (the area enclosed by
the cyclic curve).

3. Results and discussion
3.1. Surface integrity of the 3D-printed

structure
To determine the integrity of the extruded layers, all
samples were enlarged under an optical microscope.
As observed in Figure 4, all layers were well con-
nected and aligned. This shows that the quality of
the 3D-printed structures was appropriate for com-
pression testing. None of the samples demonstrated
any visible type of void under extrusion, void crack-
ing, or printing misalignment. For further verification,
the samples were magnified under SEM. As can be
seen from the SEM images, the extruded layers are
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Table 2. Mass, volume, and relative density of FDM printed
structures.

Material Sample Mass
[g]

Volume
[cm3]

Structure
density
[g/cm3]

Relative
density, ρ–

[–]

ABS

S1 24.9 35.7 0.70 0.66
S2 16.2 21.4 0.75 0.72
S3 28.9 41.5 0.69 0.66
SS 19.0 24.2 0.78 0.74

PLA

S1 29.0 35.7 0.81 0.66
S2 19.0 21.4 0.89 0.72
S3 33.6 41.5 0.81 0.66
SS 22.6 24.2 0.93 0.75

Figure 4. Layer integrity and quality of the extruded layers under high magnification SEM a) ABS, b) PLA.



firmly fused together at the interface without any
delamination. At 200× magnification, the structure
looks similar to an image captured by a light micro-
scope. Further magnified to 300 times, the interface
between the layers is still well bonded, and there are
no microcracks and microvoids on the surface of the
layer. This indicates that the print quality is fully up
to standard and the sample is well-qualified for fur-
ther testing. However, the interlayer adhesion strength
of the samples needs to be tested under a universal
testing machine.

3.2. Specific energy absorption under static
loading

All structures exhibited different SEAs and initial
peak values in load-displacement curves despite
being composed of the same materials. Figure 5 de-
picts the load displacement of the S1 structures. Both
material structures provided similar fluctuating curves

regardless of the material. The PLA structure absorbed
4.71 J/g energy, whereas the ABS structure absorbed
1.99 J/g. The SEA for the PLA structure was 58%
more than that of the ABS structure. The S1 structures
(ABS and PLA) exhibited dominating stretching.
Both structures experienced a cross-shear failure
until the first curve, but this failure was more severe-
ly pronounced in the ABS structure owing to the de-
lamination of the layers. The first peak for the PLA
was higher than that of ABS because, until the first
peak in the PLA structure, only some cracks were
evident, in contrast, with ABS, the delamination had
already started. After the first peak, the PLA struc-
ture showed cross-shear failure, which caused the
large drop in the curve. However, subsequently, the
structural part below the shear line exhibited resist-
ance to the subsequent load. Therefore, the structure
could sustain and carry the additional load. Owing
to this, the PLA structure showed the second peak.
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Figure 5. Load-displacement curve of S1 structure for ABS and PLA materials along with failure images at the different
stages of static displacement.



After the second peak, one more cross-shear failure
occurred, causing the second peak drop. After this
point, the structure had already failed, but the debris
of the structure carried the additional load from the
bottom of the second peak and fully densified until
the end.
For the ABS structure, after the first peak, the curve
drop was a straight line because of the fatal delami-
nation. Subsequently, the remaining structure was
able to carry the load, thereby showing the second
peak, but the structure failed with delamination. After
the second drop in the peak, the next curve was caused
by the debris of the structure. The delamination of
the printed layer was the primary reason for the poor
performance of the S1 structure with ABS.
A similar tendency was observed for the S2 structure,
as shown by Figure 6, where the PLA structure had
an of 6.87 J/g, which was 78% higher than that of the
ABS structure, which was 1.51 J/g. However, the
structures showed no fluctuations in the curve after
the first peak. The ABS structure had broken from
the bottom side until the first peak, whereas the PLA
structure showed only some cracking, which caused
a higher first-peak value for the PLA structure than
that of the ABS structures. After the first peak, the

ABS structure was fully delaminated and could barely
sustain until the 20 mm displacement owing to a
complete debonding of the printed layer, whereas the
PLA structure demonstrated a layer collapse.
For the S3 structures, as shown in Figure 7, regard-
less of the materials, both structures (ABS and PLA)
showed the highest SEAs with 15.16 and 10.07 J/g
for PLA and ABS, respectively. However, PLA still
absorbed 34% more specific energy than the struc-
tures composed of ABS. These structures carried the
load with a bending domination behavior in both ma-
terials. From the failure images, cracking and delam-
ination started in the ABS structures until the first
peak, whereas the PLA structure exhibited no signs
of delamination. As the displacement progressed, the
cracks formed in more areas in the ABS structure,
whereas PLA deformed with collapsing layers. At
the 20 mm displacement, the ABS structure showed
a delamination failure, whereas the PLA structure
failed by only a layer collapse. Here, layer debond-
ing was also the cause of less energy absorbed by the
ABS-printed structures.
Similarly, for the SS structures, the energy absorp-
tion was 6.29 and 3.16 J/g for the PLA and ABS
structures, respectively. The SEA for PLA was still
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Figure 6. The load-displacement curve of S2 structure for ABS and PLA materials, along with failure images at the different
stages of static displacement.



50% higher than that of ABS. As shown in Figure 8,
the structural effect provided the bending domination
behavior. From the failure images until the first peak,
the PLA structure failed because the bottom layers
collapsed, but ABS had already delaminated severely.
The PLA structure showed mostly layer-collapsing
failures with small cracks. Hence, it was able to ab-
sorb more energy. In this case, the ABS structure
demonstrated poor energy absorption because of the
delamination. A small fluctuation was observed at the
end of the ABS curve caused by the instability of the
delaminated structure during compression.

To analyze the unit load required for unit displace-
ment, the specific elastic constant of all structures
was calculated from their respective load-displace-
ment diagrams, as shown in Figure 9. The S3 struc-
ture had the highest specific elastic constant among
all the PLA structures, followed by the S2 and SS
structures, regardless of the material, and the S1
structure had the lowest specific elastic constant for
both materials. Comparing the materials, the PLA
structure had higher specific elastic constant values
than those of the ABS structures. The poor interlayer
adhesion for the ABS structure led to lower specific
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Figure 7. Load-displacement curve of S3 structure for ABS and PLA materials along with failure images at the different
stages of static displacement.

Figure 8. The load-displacement curve of SS structure for ABS and PLA materials, along with failure images at the different
stages of static displacemen.



elastic constant values. As the S3 structure with PLA
had the highest specific elastic constant, it required
the highest amount of force to deform and could ab-
sorb more compression energy than the other struc-
tures. For the PLA structures, the energy absorption
tendency agreed with the specific elastic constant
value, but the early delamination for the ABS struc-
tures caused a deviation of the stiffness tendency
from the energy absorption values.
The structural effect on the materials was also con-
firmed by the specific modulus and specific initial
peak stress values calculated from the stress-strain
curve, as shown in Figure 10. Table 3 lists the spe-
cific values of the respective structures. The struc-
tures showed different specific moduli and specific
initial peak stresses. From this, a single material
could provide several specific modulus and initial
peak stress values depending on its structural
arrangement. The failure mode of the structures would
be the critical criterion for structural performance.
The S3 structure with PLA had the highest SEA and

specific initial peak stress. Because the failure was
purely dominated by layers collapsing for PLA, the
same structure with ABS showed lower energy ab-
sorption and modulus values because of delamina-
tion. The S2 structure had the highest modulus for
the PLA structure, but later little delamination in the
structure caused lower energy absorption than S3 in
the later stage. The S1 structure showed the lowest
specific modulus for both material structures be-
cause of the diagonal shear failure.
For further comparisons, all values were normalized
with the relative density of the respective structures.
Table 4 lists the relative modulus, relative initial
peak stress, and relative energy absorption. All struc-
tures with ABS showed lower values when com-
pared with the structures with PLA. Structure S3
with PLA absorbed the highest relative energy and
showed the highest relative modulus and the highest
relative initial peak stress. All other structures S1,
S2 and SS provided lower values when compared
with the S3 structure of PLA. The cause of the higher
performance of the S3 structure with PLA was also
described on the base of failure mode, which was a
complete layer-wise collapsing failure. All other
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Figure 9. Specific elastic constant under static load calculat-
ed from the load-displacement diagrams.

Figure 10. Stress-strain curves of the structures under the static loading. a) ABS, b) PLA.

Table 3. Specific modulus and specific initial peak stress
under static loading.

Structures
Specific modulus

[MPa/g]

Specific initial peak
stress

[MPa/g]
ABS PLA ABS PLA

S1 1.45±0.06 1.53±0.70 0.10±0.01 0.19±0.02
S2 5.10±0.21 6.89±0.62 0.17±0.02 0.26±0.03
S3 3.14±0.03 5.26±0.99 0.27±0.03 0.40±0.06
SS 3.48±0.08 3.47±0.54 0.16±0.01 0.22±0.02



structures, showed little delamination in the case of
PLA structures and severe delamination was ob-
served with ABS structures.
Overall, from Figures 5 to 8, the load-displacement
curve for the ABS structures was lower in all cases.
The root cause of the poor performance of the ABS
structures was the delamination of the printed layers
under compression. The dominant failure mode for
ABS structures was cracking, followed by fatal de-
lamination, which was less pronounced in PLA struc-
tures. The S3 structures with PLA absorbed the high-
est energy because the mode failed purely from col-
lapsing layers. Hence, for a good 3D printed structure,
better interlayer adhesion is highly necessary. In a
general case, ABS is stiffer than PLA, but the struc-
tural effect reversed the nature of the materials. All
structures absorbed different amounts of energy and
showed different elastic moduli and initial peak
stresses, regardless of the material, which indicates
that a material can have a wide energy absorption ca-
pacity range under compression loading that can be
altered by changing the structural arrangement. That
is, the structure and its integrity can determine the
mechanical energy absorption capacity of the con-
stituent materials. For ABS, FDM fails to achieve
good layer adhesion, which can be attributed to the
rapid consolidation reducing the interfacial layer ad-
hesion ability. However, it is not as pronounced as
in the case of crystalline PLA.

3.3. Energy absorption by structures under
dynamic displacement

The PLA structure outperformed ABS structures be-
cause of better inter-layer adhesion. Hence, only
PLA structures were selected for dynamic cyclic
compression. Figure 11 shows the 10th load displace-
ment cycles of each structure at the base frequency
(1.0 Hz). The other cycles had similar enclosure
shapes; hence, for the other two frequencies, only
the DER and hysteresis work are reported in Table 5
for the 10th cycle.

As presented in Table 5, PLA showed different DER
values for all frequencies, because of the structural
effect. Hence, the DER of the materials could be de-
termined by structural arrangement. Here, the struc-
tures were first tested at the base frequency of 1.0 Hz.
At this frequency, the S3 structure showed the lowest
DER, whereas the SS structure provided the highest
DER of 96.12%. The S1 and S2 structures had DERs
of 92.31 and 95.63%, respectively. DER generally in-
dicates the amount of recovery that occurs after
cyclic loading. A higher dynamic recovery means a
higher energy-releasing ability, and vice-versa. The
S3 structure stored the highest hysteresis work, which
indicates that this structure had a higher ability for
storing energy than that for release. Moreover, the
SS structure was able to release energy better than all
other structures and could store only 0.08 J of hys-
teresis work. By comparing the SS and S2 structures,
the difference in DER was 0.50%, and the hysteresis
works were the same.
When testing at the low frequency (0.1 Hz), all struc-
tures followed the same tendency as with the base
frequency in terms of DER and stored hysteresis
work. The lowest DER and highest hysteresis work
were provided by the S3 structure. The SS structure
had the best DER of approximately 96.52% with the
lowest hysteresis work of 0.07 J. The S2 and S1
structures had DERs of 94.48 and 93.31% with hys-
teresis works of 0.09 and 0.17 J. At this frequency,
the S3 structures had similar behaviors as those ob-
served at the base frequency. Comparing all struc-
tures at 1.0 and 0.1 Hz, all structures demonstrated
similar DERs, hence, the frequency change did not
significantly affect the DER or the hysterics work at
a larger scale to differ with a small range.
On testing all structures at the high frequency
(4.0 Hz), the S3 structure showed the lowest DER
again, along with the highest hysteresis work at
1.48 J. The SS structures had a DER of 97.13%,
which was the highest among all structures. The S2
and S1 structures had the second and third best
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Table 4. Relative modulus, relative initial peak stress, and relative energy absorption of structures under static loading.

Structures
Relative modulus

[MPa]
Relative initial peak stress

[MPa]
Relative energy absorption

[J]
ABS PLA ABS PLA ABS PLA

S1 54.70±2.22 67.14±0.55 3.81±0.03 8.17±0.29 74.98±4.08 206.67±2.50
S2 114.84±3.35 181.76 ±0.58 3.85±0.05 6.92±0.04 33.73±0.66 180.81±0.39
S3 137.50±1.18 267.84±0.63 11.60±0.14 20.13±0.05 440.40±2.02 772.35±0.06
SS 88.08±2.55 104.38±0.06 4.01±0.02 6.61±0.06 79.89±0.38 192.25±0.25



DERs of 96.81 and 93.46%, respectively. At this fre-
quency, the DER of all structures was the highest
compared with the DER responses at 0.1 and 1.0 Hz. 
At all frequencies, the S3 structure had the lowest
DER but the highest hysteresis work absorbed. The
cause of the high value of hysteresis work absorp-
tion could be explained based on the free volume of
the structures. The S3 structure consisted of the most
material, thereby having the lowest free volume. The
struts were close to each other, which provided bet-
ter support for the applied loading. Less free space
for the movement of struts in S3 enabled it to sustain
a high loading but made its elastic recovery poor.
Similarly, the S1 structure had the second heaviest

structure and more free volume than the S3 structure.
Owing to the higher free volume, the structure could
recover more because of a better release of energy;
hence, less hysteresis work was observed than with
S3. The S2 structure had the lowest amount of ma-
terial among the strut-type structures. The additional
free volume in the S2 structure provided more move-
ment space for the structures while loading. Because
of the additional free space, the struts in the S2 struc-
ture were able to recover better for all frequencies.
The S2 was the best in terms of DER among the
strut-type structures.
The SS structure had shell unit cells. The space for
movement inside shell is more, which means more
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Figure 11. 10th load displacement cycle of each structure under dynamic loading at the base frequency (1.0 Hz). a) S1, b) S2,
c) S3, d) SS.

Table 5. DER and hysteresis work of PLA structures under dynamic loading.

Structures
Frequency 0.1 Hz Frequency 1.0 Hz Frequency 4.0 Hz

DER
[%]

Hysteresis work
[J]

DER
[%]

Hysteresis work
[J]

DER
[%]

Hysteresis work
[J]

S1 93.31 0.17 92.31 0.19 93.46 0.20
S2 94.48 0.09 95.63 0.08 96.81 0.08
S3 80.45 1.14 79.62 1.91 85.94 1.48
SS 96.52 0.07 96.12 0.08 97.13 0.07



free space for the movement of shells. The free vol-
ume of the SS structure enabled them to reach the
highest DER with the lowest hysteresis work absorp-
tion. For a structure, the free volume is a significant
factor in determining the DER and hysteresis work
absorption at all frequencies. Here, the S3 structure
is recommended for better energy absorption appli-
cations. The SS structure is recommended for appli-
cations requiring a quicker recovery under dynamic
loading conditions. The S3 and SS structures had
large DER and hysteresis work differences but a small
difference was observed in the DER and hysteresis
work when these structures were individually com-
pared at different frequencies. Hence, the DER and
hysteresis work was more pronounced with the struc-
tural change rather than the frequency change.

3.4. Effect of frequency on the structural
damping ability

The damping ability of the structures was calculated
from the lag (δ) between the dynamic load and dis-
placement curves, as shown in Figure 12. The tan-
gent of the lag (tanδ) indicates the damping ability
of the structures. Table 6 provides the average tanδ
of the 10 cycles and the tanδ of the strut-structures

(S1, S2, S3) and SSs. For strut-based structures, as
the frequency was increased from 0.1 to 4.0 Hz, the
tanδ increased for the S1, S2, and S3 structures. The
S3 structure had the highest tanδ, indicating that this
structure had a more viscous nature and provided the
lowest DER because it could dissipate the energy as
hysteresis work. The SSs had the lowest tanδ, which
shows that these structures had a more elastic nature
and highest DER.
By comparing the frequency effect, based on the vis-
coelastic nature of materials [42], materials become
brittle at high frequencies and viscous at low fre-
quencies. However, owing to the structural effect,
strut-based structures (S1, S2, and S3) showed a
more viscous nature at a high frequency. This indi-
cates that the nature of the material could be changed
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Figure 12. Load-time-displacement diagrams for S1 structures under dynamic loading at a) 0.1 Hz, b) 1.0 Hz, and c) 4.0 Hz.

Table 6. Average tanδ of 10 cycles at different frequencies
(0.1, 1.0, 4.0 Hz).

Structures
tan δ·10–2

0.1 Hz 1.0 Hz 4.0 Hz
S1 2.13 2.43 3.82
S2 2.05 2.99 3.82
S3 3.36 3.61 3.82
SS 1.93 2.43 1.05



by changing the material arrangement in the struc-
tures. The structural effect can also be justified by
the ability to transmit vibration out of the system. The
high tanδ indicates a higher damping property. The
many interconnected struts composing the structures
helped transmit the vibration out of the structures. At
the lower frequency, the struts moved slowly; thus,
less vibration was transmitted out of the structures and
caused less vibration isolation. Therefore, a low tanδ
was obtained at the high frequency because the fast
movement of the struts made the structures transmit
more vibration out. The surfaces of the SSs could not
provide as much movement as the struts, obtaining a
low tanδ at the higher frequency. All structures com-
posed of struts could be applied at the higher frequen-
cy vibration damping, but the SS structure composed
of the surface is better suited for lower frequency vi-
brational damping applications.

3.5. Comparison of failure mode and energy
absorption results 

For the S3 structure, PLA absorbed the highest
amount of energy because of the full layer collapsing
failure. The upper and lower layers started deform-
ing, and this deformation traveled toward the center
layer without delamination and ended with densifi-
cation of the structure without layer debonding dur-
ing the entire compression period. A comparison of
the S3 failure mode with the octet structures with
PLA studied by [43] showed that the collapsing de-
formation of the unstable layer caused the post-yield
fluctuation behavior. Hence, the energy absorption
was approximately 87% less than that of the S3
structure with PLA. This shows that stability in layer
collapsing is essential for structure deformation. An-
other study reported a re-entrant circular auxetic

honeycomb structure [44] from PLA material,
demonstrating non-uniform cross X-like failure dur-
ing compression. Moreover, owing to this type of
failure, the oscillation formed into a stress-strain
curve, and the highest SEA was reported at only
2.2 J/g, which is far less than that of the S3 structure.
Similarly, another study [35] with a hexagonal open
cell structure composed of PLA showed that the best
stress-strain curve was obtained with a structure with
a layer collapsing failure. These results agree with the
cause of the highest energy absorption observed for
the S3 structure. The cross failure by the S1 structure
for both materials is undesirable, and this also agrees
with the deformation behavior explained by [44].
Other structures, S2 and SS, showed minimal delam-
ination with PLA and were severely delaminated
with the ABS material which caused the poor SEA
results for ABS. This result agrees with [26], which
stated that the structure with little debonding had the
highest mechanical properties. Comprehensively, the
layer collapsing mode with a stable manner is the
best deformation mode for 3D-printed structures,
whereas debonding always reduces the performance
of these types of structures.
To analyze the improvement of the purposed struc-
ture, the result of the energy absorption of bending-
dominated S3 structures was compared with the re-
sults published in the literature, as listed in Table 7
for ABS and PLA.

4. Conclusions
● The structural effect changed the energy absorp-

tion of the materials (PLA and ABS). A material
can absorb different amounts of energy under com-
pression, which can be determined by structural
arrangements.
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Table 7. Percentage improvement in energy absorption of S3 (ABS and PLA) structures compared with previously reported
FDM fabricated structures.

Structure Material Energy absorbed
[J/g]

Improvement
[%] References

Honeycomb

ABS

5.43 46 [22]
Hexagonal re-entrant 2.82 72 [41]
Tet oct vertex centroid 2.63 74 [45]
Body center cube-V 0.49 95 [46]
Biomorphic cellular 1.50 85 [47]
Modified octet

PLA

4.50 70 [43]
Bi-graded honeycomb 13.62 10 [48]
Hexagonal prism 10.50 30 [49]
Kelvin foams 11.90 21 [50]
Neovius surface 10.42 31 [51]



● For FDM-manufactured structures, interlayer ad-
hesion plays the main role in energy absorption
under compression. ABS could not provide better
layer adhesion; hence, delamination caused it to
absorb less energy than the PLA structures.

● The results show that the energy absorbed by the
S3 structure of PLA is the highest, which is
15.16 J/g, the specific strength of the first peak is
the highest, which is 0.40 MPa/g, and relative
modulus is the highest, which is 267.84 MPa.

● The free volume of the structures resulted in a
quick recovery after dynamic loading.

● Under dynamic compression, changes in frequen-
cy were less effective for the DER, but the struc-
tural change effect was more pronounced on the
DER and hysteresis work.

● The SS structure has the best dynamic elastic re-
covery of 97.13% at 4.0 Hz, while S3 shows the
best hysteretic work at 1.91 J.

● All strut-based structures demonstrated a viscous
nature at a high frequency, whereas a more elastic
nature was observed in the SSs.

● The bending-dominated (S3) structures are rec-
ommended for civil engineering applications,
such as in load bearing, SS has the highest DER;
hence, they can be used for applications requiring
quick recovery after loading.
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1. Introduction
Ionic liquids (ILs) exhibit unique properties such as
good thermal stability, negligible vapor pressure,
high ionic conductivity, and wide electrochemical
window. These properties make their corresponding
polymers, poly(ionic liquid)s (PILs), promising ap-
plication in the field of fuel cells, lithium batteries,
supercapacitors, and other electrochemical devices
[1, 2]. As solid polymer electrolytes in lithium-ion
batteries, PILs have been proposed to address the
safety issues caused by the leakage of conventional
liquid electrolytes [3]. At the same time, light-re-
sponsive materials have gained increasing attention
as noninvasive, remote, and precise control over
their properties can be achieved [4]. These conduc-
tive materials with photoresponsive electrochemical
properties display potential applications in optical

memories and bio-imaging, photodetectors, photo-
controlled electronic circuits, and other fields [5–8].
Introducing light-sensitive groups to PILs appears as
an attractive strategy for developing novel smart ma-
terials. Several studies indicated that the combina-
tion of light-responsive molecules and ILs could
endow ILs with controllable ionic conductivity. For
example, imidazolium-based ILs containing light-
sensitive anions of trans-ortho-methoxycinnamic
acid displayed a ~130% increase in ionic conductiv-
ity under 3 h light irradiation in aqueous solutions
[9]. Azobenzene-based ILs exhibited reversible tun-
able ionic conductivity under UV/visible light irra-
diation with a maximum conductivity modulation of
10.7% [10]. From the view of practical application,
PILs are more attractive candidates used as solid
electrolytes when compared to ILs because of their
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mechanical stability and improved processability.
However, few light-responsive PILs with control-
lable ionic conductivity have been reported [11, 12].
Recently, Sumitani et al. [11] synthesized a light-ac-
tive PILs containing a ruthenium sandwich cation
and a polymeric anion and found that the ionic con-
ductivities of those PILs were reversibly tuned by
alternately using light and heat due to a coordination
structure transformation. Nie et al. [12] incorporated
imidazolium containing diarylethenes (DAEs) in a
poly(ethylene oxide) backbone and investigated the
light-induced conductivity manipulation of the ob-
tained PIL systems. Upon UV/visible light irradia-
tion, the imidazolium containing DAEs switched
from a ring-open isomer (having delocalized positive
charge) to a ring-closed state (having localized pos-
itive charge). In this case, the interaction between
mobile anions and DAE-based cations was regulat-
ed, and accordingly, the ionic conductivity was re-
versibly adjusted.
Light-sensitive PILs have shown great potential for
the fabrication of smart solid electrolytes. Simple
synthesis, high reversibility and desirable conduc-
tivity modulation need to be considered for design-
ing and developing light-sensitive PILs. Coumarin
and its derivatives are widely used as photorespon-
sive component because of their high-efficiency re-
versilibities, excellent biocompatibilities and poten-
tials for dimer formation via visible light [13].
Coumarin derivatives undergo [2+2] cycloaddition
when irradiated with a 320~365 nm UV light, while
the formed cyclobutane structures can be cleaved
when exposed to a ~280 nm light. Incorporating
coumarin groups into PILs (COU-PILs) enables the
transition between crosslinking and decrosslinking
among their chains upon irradiation with different
light sources, which will cause the change in ion trans-
port behavior through a polymer matrix.
In this work, we designed a photosensitive PIL-based
solid electrolyte to achieve reversible conductivity
modulation. The photosensitive COU-PILs were pre-
pared by a simple radical polymerization of quater-
nary ammonium-type IL monomer containing
coumarin groups ([DMAEMA-COU]+[Br]–), and
subsequently an anion exchange reaction (Figure 1).
Since these COU-PILs themselves could hardly form
a robust film, they were generally blended with poly -
vinylidene fluoride hexafluoropropylene (PVDF-
HFP) to improve mechanical strength of the blend
film [14]. The reversible change in ionic conductivity

of the obtained coumarin-containing PIL solid elec-
trolytes (COU-PIL SE) film was investigated in de-
tail. It was shown that the ionic conductivity of
COU-PIL SE films was manipulated with high-effi-
ciency reversibility when irradiating these films with
alternative 365 and 254 nm light. The results indicate
a novel insight into the fabrication of smart photo-
controllable devices and wearable photodetectors.

2. Experimental
2.1. Materials
7-Hydroxycoumarin (99%) was purchased from
Meryer Chemical Technology Co., Ltd. (Shanghai,
China) 2-(Dimethylamino)ethyl methacrylate
(DMAEMA) (99%), azodiisobutyronitrile (AIBN)
(99%), and butylated hydroxytoluene (BHT) were
obtained from Macklin Inc. (Shanghai, China). 1,3-
Dibromopropane (99%), lithium bis(trifluoro -
methane sulfonimide) (LiTFSI) (99%), potassium
carbonate (K2CO3) (99%), and magnesium sulfate
(MgSO4) (99%) were supplied by Aladdin Chem-
istry Co. Ltd. (Shanghai, China). Polyvinylidene di-
fluoroethylene hexafluoropropylene (PVDF-HFP)
(Mw ~455 000 g/mol) was purchased from Sigma-
Aldrich (St. Louis, USA). The monomer of DMAE-
MA was passed through a column of the neutral alu-
minum oxide in order to remove the added inhibitors.
Solvents, including dichloromethane (DCM), ace-
tone, methanol, dimethyl formamide (DMF), and di-
methyl sulfoxide (DMSO), were of analytical grade
and were used without further purification.

2.2. Characterization
The chemical structure of products was identified by
1H and 13C nuclear magnetic resonance spectrometry
(NMR) using a BruckerAvance II DMX spectrome-
ter (Bruker, Germany) operating at 400 MHz. Ener-
gy-dispersive X-ray spectroscopy (EDX) was used
to determine the element content of COU-PILs with
field-emission scanning electron microscopy (Hi-
tachi SU8010, Japan). Fourier transform infrared
(FTIR) spectra were collected at room temperature
using a Nicolet Avatar 370 spectrometer (Thermo
Nicolet Co., USA) in the range of 4000–400 cm–1.
The glass transition temperature (Tg) was obtained
with a differential scanning calorimeter (DSC, TA
Q2000, TA Instruments, USA) at temperatures rang-
ing from –50 to 180°C. Samples (5–10 mg) were en-
capsulated in standard aluminum pans, heated/cooled
at a rate of 10 °C·min–1 under N2 protection, and the
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data during the first cooling were analyzed. Dynamic
mechanical analysis (DMA) was conducted with a
dynamic mechanical analyzer (Q800, TA Instru-
ments, America) at a fixed frequency of 1 Hz over a
temperature range of 20–150 °C with a heating rate
of 5°C·min–1. The mechanical properties of samples
were measured on a QL-5 instrument (OBT Testing
Equipment, Jinan, China) at room temperature with
a stretch speed of 2 mm/min. 
The reversible photoresponse of the coumarin-con-
taining PIL system was assessed using UV-Vis ab-
sorbance spectroscopy on a UV-Vis spectrophotome-
ter (UV-2600, Shimadzu, Japan) at the scan speed of
200 nm·min–1. An initial spectrum in the unexposed
state was collected, and the sample was then irradi-
ated with 365 nm UV light for different periods of
time. The UV-Vis spectra were recorded until the
equilibrium state was reached, followed by exposure
to 254 nm UV light for different periods of time.
The ionic conductivity (σ) of the COU-PIL SE film
was tested by impedance spectroscopy measure-
ments with a CHI660D electrochemical workstation
(Shanghai Chenhua Instrument, Shanghai, China).
The films were sandwiched between two stainless
steel (SS) plate electrodes. The spectra were record-
ed in the frequency range of 0.01 Hz–1 MHz with
an alternating current (AC) amplitude of 5 mV. The
σ values of the films were calculated according to
Equation (1):

(1)

where R and L are the bulk resistance and film thick-
ness, respectively, and S is the area of the steel elec-
trode. The power of 365 and 254 nm light was 3 and
15 W, respectively.

2.3. Synthesis of 7-(3-bromopropyloxy)
coumarin

The synthetic route of 7-(3-bromopropyloxy)
coumarin was shown in Figure 1, and the exact ex-
perimental process was conducted according to pre-
vious methods [15]. 1,3-Dibromopropane (10 g,
50 mmol) and K2CO3 (10 g, 72 mmol) was dissolved
in 50 ml acetone in a 200 ml round-bottom flask and
started to reflux at 50 °C. Next, 7-hydroxycoumarin
(810 mg, 5 mmol) was added dropwise to the ob-
tained mixture within 30 min and refluxed for an ad-
ditional 2 h. After the reaction was complete, the
acetone was evaporated, and the mixture was parti-
tioned between 100 ml DCM and water. The DCM
layer was collected, and the water was extracted
twice with 100 ml DCM; then, the combined DCM
layers were dried with MgSO4. After drying, the
product 7-(3-bromopropyloxy) coumarin was ob-
tained (orange powder, yield: 82%). 1H NMR
(400 MHz, CDCl3) δ: 7.64 (d, J = 9.5 Hz, 1H), 7.38
(d, J = 8.3 Hz, 1H), 6.88–6.81 (m, 2H), 6.26 (d, J =
9.5 Hz, 1H), 4.18 (t, J = 5.8 Hz, 2H), 3.61 (t, J =
6.4 Hz, 2H), 2.36 (p, J = 6.1 Hz, 2H). 13C NMR
(101 MHz, CDCl3) δ: 161.9, 161.1, 155.9, 143.4,
128.9, 113.3, 112.9, 112.8, 101.6, 101.5, 66.0, 64.8,
32.0, 29.6.

2.4. Synthesis of quaternary ammonium-type
IL monomer ([DMAEMA-COU]+[Br]–)

7-(3-Bromopropyloxy) coumarin (1.558 g, 5.5 mmol),
DMAEMA (786 mg, 5 mmol), polymerization in-
hibitor BHT (22 mg, 0.1 mmol), and 15 ml acetone
were added into a 100 ml round bottom flask and
were mixed by vigorously stirring. The reaction was
carried out at 50 °C for 24 h under a nitrogen atmos-
phere. The resultant product was thoroughly washed

RS
Lv =
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Figure 1. Schematic for the synthesis of photosensitive quaternary ammonium-type poly(ionic liquid)s (PILs) containing
coumarin groups, poly([DMAEMA-COU]+[TFSI]–).



with acetone at least 3 times and dried under vacuum
at 40 °C for 24 h. The obtained [DMAEMA-
COU]+[Br]– is a pale yellow powder with a yield of
69%. 1H NMR (400 MHz, D2O) δ: 7.79 (dd, J = 9.5,
2.0 Hz, 1H), 7.41 (dd, J = 8.8, 2.0 Hz, 1H), 6.83 (dt,
J = 8.7, 2.3 Hz, 1H), 6.73 (d, J = 2.4 Hz, 1H), 6.17
(dd, J = 9.5, 2.0 Hz, 1H), 6.06 (s, 1H), 5.63 (d, J =
1.8 Hz, 1H), 4.65–4.47 (m, 2H), 4.23–4.02 (m, 2H),
3.79 (dd, J = 6.3, 3.5 Hz, 2H), 3.71–3.47 (m, 2H),
3.19 (d, J = 2.0 Hz, 6H), 2.37–2.20 (m, 2H), 1.82 (d,
J = 1.9 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ:
166.4, 161.8, 160.7, 155.8, 144.8, 135.9, 130.1,
127.2, 113.2, 113.2, 113.1, 101.8, 66.1, 62.5, 61.9,
58.6, 51.2, 22.6, 18.4.

2.5. Synthesis of
poly([DMAEMA-COU]+[Br]–)

Poly([DMAEMA-COU]+[Br]–) was prepared via
free radical polymerization (Figure 1). IL monomer
[DMAEMA-COU]+[Br]– (2.203 g, 5 mmol), initia-
tor AIBN (44.1 mg, 0.27 mmol), and methanol
(20 ml) were added into a three-necked flask. After
the mixtures were completely degassed, the reaction
was conducted at 65 °C for 24 h under a nitrogen at-
mosphere. Since poly([DMAEMA-COU]+[Br]–)
was insoluble in methanol, the precipitation would
appear upon polymerization. After polymerization,
the obtained products were washed with methanol
3 times and then dried under vacuum at 40 °C for
24 h. Poly([DMAEMA-COU]+[Br]–) (yield: 80%) is
yellow powder. 1H NMR (400 MHz, DMSO-d6) δ:
7.97 (s, 1H), 7.60 (s, 1H), 6.90 (s, 2H), 6.25 (s, 1H),
4.85 (s, 2H), 4.18 (s, 2H), 3.42 (s, 1H), 3.29 (s, 1H),
2.28 (s, 2H), 1.00 (s, 3H). 

2.6. Synthesis of
poly([DMAEMA-COU]+[TFSI]–)

Poly([DMAEMA-COU]+[TFSI]–) was prepared via
an anion exchange reaction. LiTFSI (3.445 g) and

poly([DMAEMA-COU]+[Br]–) (4.406 g) were dis-
solved in 50 ml DMSO, and the solution was stirred
at room temperature for 12 h, followed by extraction
with excessive deionized water. After drying at 80°C
for 48 h under vacuum, the poly([DMAEMA-
COU]+[TFSI]–) was obtained (yellow powder, yield:
89%). As shown in Figure 2, energy-dispersive X-ray
spectroscopy (EDX) revealed that there was no Br–

remaining in poly([DMAEMA-COU]+[TFSI]–), in-
dicating a complete anion exchange reaction.

2.7. Preparation of coumarin-containing PIL
solid electrolyte films

In order to prepare photosensitive polymers, coumarin
groups were introduced to quaternary ammonium-
type poly(ionic liquid)s (PILs). The obtained PILs
were denoted as COU-PILs. Since these COU-PILs
themselves could hardly form a robust film, they are
normally blended with PVDF-HFP, widely used solid
electrolyte materials for improving mechanical
strength [16, 17]. In this work, the COU-PIL SE films
were prepared by blending COU-PILs, PVDF-HFP,
and LiTFSI, as shown in Figure 3. The COU-PILs,
namely, poly([DMAEMA-COU]+[TFSI]–) and
PVDF-HFP, were dissolved in DMSO, and the
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Figure 2. EDX spectra of poly([DMAEMA-COU]+[TFSI]–).

Figure 3. Preparation of the COU-PIL SE film.



blending ratio by weight of COU-PILs to PVDF-
HFP was varied from 10/90 to 50/50. Then, LiTFSI
(20% of the total weight) was added to the mixture.
After complete dissolving, the resulting solution was
cast onto a polytetrafluoroethylene (PTFE) plate
with a casting knife. The obtained film was further
dried in a vacuum oven at 80 °C for 48 h. The thick-
ness of the COU-PIL SE films is 200±20 μm.

3. Result and discussion
3.1. Effect of COU-PILs/PVDF-HFP blending

ratio on ionic conductivity and
mechanical properties

A series of COU-PIL SE films were prepared by
varying the COU-PILs/PVDF-HFP blending ratio
while keeping the LiTFSI content unchangeable in
order to explore the effect of COU-PILs content on
film properties. The effect of COU-PILs content on
the ionic conductivity of COU-PIL SE films is pre-
sented in Figure 4a. As expected, the ionic conduc-
tivity of the COU-PIL SE film increased with in-
creasing COU-PILs content. As shown in Figure 4b,
on the other hand, the tensile strength of the COU-
PILs SE film decreased while the tensile strain in-
creased as increasing COU-PILs content. This seemed
reasonable because COU-PILs themselves have low
mechanical strength and even could hardly form a
robust film. For example, the film with COU-PILs/
PVDF-HFP blending ratio of 50:50, displayed the
highest ionic conductivity but lower mechanical
properties (tensile strength: 1.86 MPa, Young’s mod-
ulus: 15.38 MPa) among those SE films. However,
this mechanical property was still better than the
conventional PEO electrolyte films and other solid
electrolyte films reported in the literature [18, 19].

By considering ionic conductivity and mechanical
property comprehensively, the COU-PIL SE film
with the COU-PILs/PVDF-HFP blending ratio of
50:50 was used for the next investigation.

3.2. Structural photo responsiveness of
COU-PIL SE film

The structures of COU-PIL SEs are tuned by taking
advantage of the reversible photoresponse of coumarin
groups of PILs. Upon 365 nm irradiation, as shown
in Figure 5, dimerization occurred between PIL
chains to form a cross-linked structure, and the move-
ment of the polymer segments would be hindered.
After 254 nm UV irradiation, however, the dimer
dissociated to return to the original structure.
The dimerization of COU-PILs can be confirmed by
FTIR spectroscopy. Upon 365 nm light irradiation,
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Figure 4. a) Ionic conductivity and b) stress-strain curves of COU-PIL SE films with different COU-PILs/PVDF-HFP blend-
ing ratios.

Figure 5. a) Reversible dimerization and cleavage of
coumarin groups upon exposure to 365/254 nm
light. b) Schematic diagram of crosslinking net-
work formation and dissociation.



as shown in Figure 6, the intensity of the peak at
1616 cm–1 (ring C=C stretching vibration) decreased
almost double when compared to the initial samples.
In addition, a small shoulder peak appeared at

1765 cm–1, which was attributed to the carbonyl
stretching of the H–H dimer [20]. Upon exposure to
254 nm light, COU-PILs SE films displayed almost
the same FTIR spectra as the initial samples, namely,
those before 365 nm light irradiation. Those changes
in FTIR spectra demonstrate the occurrence of pho-
todimerization and photocleavage of coumarin units
in the blending matrix.
Further detection of the photodimerization and pho-
tocleavage of coumarins units was conducted by
using UV-Vis absorption spectroscopy. As shown in
Figure 7a, the maximum absorption peak at 324 nm
was attributed to the coumarin double bond. The in-
tensity of this peak gradually decreased when irra-
diated with a 365 nm light, suggesting the dimeriza-
tion of coumarin groups [21]. Followed by the ex-
posure to 254 nm light, the absorption intensity at
324 nm increased gradually (Figure 7b), implying
that the formed coumarin dimers were cleaved. The
change in the maximum absorption peak clearly in-
dicated that the structural transition of COU-PILs

W. Xu et al. – Express Polymer Letters Vol.17, No.4 (2023) 406–416

411

Figure 6. FTIR spectra of COU-PIL SE films after
365/254 nm light irradiation and before 365 nm
light irradiation.

Figure 7. UV-Vis absorption spectra of COU-PIL SE film upon light irradiation at the wavelength of a) 365 nm, b) 254 nm.
c) Absorption at 324 nm for COU-PIL SE film during 7 cycles. Insets in a) and b) show the variations of dimer-
ization degree with light irradiation time.



was reversibly tailored under light irradiation, which
makes it possible to control the ionic conductivity of
the COU-PIL SE film.
The light-induced structural change can also be eval-
uated by the dimerization degree, D, using Equa-
tion (2):

(2)

where A0 is the absorbance at 324 nm of the pristine
film and At is the absorbance of the film at irradiation
time t (t365 and t254 mean 365 and 254 nm light irra-
diation, respectively) [22]. It can be seen from the
insets of Figure 7 that D gradually increased with t365
and finally attained the maximum of 70% within
25 min, while it decreased with t254 and reached an
equilibrium value of 28% within 20 min.
It was worth noting that D did not attain zero even
for prolonging light irradiation at 254 nm because
photocleavage and photodimerization of coumarin
groups occurred simultaneously upon 254 nm light
exposure [22–25]. For convenient comparison, one
photodimerization followed by one photocleavage is
defined as one cycle. As mentioned above, the ab-
sorption at 324 nm could attain equilibrium when
exposed to 365 and 254 nm for 25 and 20 min, re-
spectively. Here we employed the equilibrium ab-
sorption at 324 nm to evaluate the light-induced re-
versibility. Figure 7c presents the change in equilib-
rium absorption at 324 nm during at least 7 cycles.
The maximum absorption decreased from 0.7 in the
first cycle to 0.5 in the second cycle and finally 0.4
after 7 cycles, implying that some of the formed
coumarin dimers were not cleaved. This was possibly

attributed to the asymmetric fission of coumarin
dimer during photocleavage under 254 nm light that
resulted in irreversible crosslinking [22, 26]. This
decay in photoreversibility was unfavorable for the
tunable performance modulation. Fortunately, it
could be addressed by adding photosensitizer or in-
creasing the power intensity of the light [24, 27].

3.3. Photoresponsiveness of ionic conductivity
of COU-PIL SE film

Noticeably, the ionic conductivity varies with irra-
diation time and finally attains an equilibrium value.
For the COU-PIL SE film containing 50% COU-
PILs, the time for ionic conductivity to approach
equilibrium are 25 and 20 min for 365 and 254 nm
irradiation, respectively. The kinetics of ionic conduc-
tivity are not listed here, and only the equilibrium val-
ues are given in Figure 8 in order to show the repeat-
able change of ionic conductivity clearly. As present-
ed in Figure 8a, in the first cycle, the ionic conduc-
tivity decreased from 1.96·10–5 to 2.32·10–6 S·cm–1

at 25°C after 365 nm light irradiation within 25 min-
utes, suggesting that light irradiation decreased the
ionic conductivity by more than an order of magni-
tude. When the 254 nm light was employed, the
ionic conductivity increased significantly and at-
tained 90% of its original value, which may be due
to an incomplete decrosslinking. In fact, the pho-
todimerization and photocleavage of coumarin
groups themselves are typically time-dependent, and
even 60 min are required for photodimerization to
approach equilibrium [22, 25]. This time dependence
may be due to the confined light-induced structural
evolution caused by the lower mobility of polymer
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Figure 8. Reversible change in a) the ionic conductivity and b) normalized ionic conductivity of COU-PIL SE film exposed
to alternative 365 nm light for 25 min (red hollow symbol) and 254 nm light for 20 min (solid blue symbol). The
ratio of COU-PILs and PVDF-HFP in the SE film is 50/50.



chains. In the subsequent cycle, however, the ionic
conductivity could be switched back to the starting
value, namely about 1.6·10–5 S·cm–1, upon 254 nm
light irradiation. The change in ionic conductivity
with light irradiation can be repeated at least 7 cy-
cles, implying an excellent reversible modulation.
The desirable repeatability of conductivity modula-
tion can also be clearly seen in Figure 8b. The nor-
malized σ fluctuated in the range of 0.05~0.9 over
7 cycles, and the maximum conductivity modulation
was as high as 95%. Such a high modulation indi-
cates the efficient control of ionic conductivity, which
is favorable for various applications. In addition, these
results agreed well with those of dimerization as de-
tected by UV-Vis absorption spectroscopy (Figure 7),
implying that the photodimerization and photocleav-
age of coumarin units resulted in the reversible con-
ductivity modulation. It should be pointed out that
when the COU-PIL SE films were irradiated by
254 nm light in every cycle, their ionic conductivi-
ties can recover to about (1.5~1.7)·10–5 S·cm–1 at

room temperature (Figure 8a), which is higher than
the minimum value of 10–5 S·cm–1 (at 25 °C) re-
quired for acceptable battery performance [28, 29].
This means that the COU-PIL SE film can be re-
versibly switched between conductive and non-con-
ductive states under alternating illumination of 365
and 254 nm light.
When the ratio of COU-PILs and PVDF-HFP in the
blending SE film was varied from 10/90 to 40/60,
the reversible behavior of conductivity was still ob-
served (Figure 9). In order to better show the effect
of COU-PILs component on reversible conductivity
modulation, the magnitude of the modulation of the
ionic conductivity (∆σ) was calculated using Equa-
tion (3): 

(3)

where σ0 is the conductivity of the unexposed state
and σt is the conductivity after 365 nm UV irradia-
tion [10]. It can be observed from Figure 10 that the
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Figure 9. Reversible change in the ionic conductivity of the COU-PIL SE films exposed to alternative 365 nm light for
25 min (solid blue symbol) and 254 nm light for 20 min (red hollow symbol). The weight ratio of COU-PILs and
PVDF-HFP is a) 10:90, b) 20:80, c) 30:70, d) 40:60.



tunable magnitude of ionic conductivity was en-
hanced with increasing the COU-PILs content in the
blending film, supporting that the COU-PILs com-
ponents had played an important role in conductivity
modulation.

3.4. Reversible manipulation mechanism
It is well documented that Li ions are transported in
a polymer matrix via hopping from one coordinating
site to another, attaching to polymer backbone or
side chains [30, 31]. The segmental motion of poly-
mer chains facilitates the ions’ transport, thus im-
proving the ionic conductivity. Conversely, fabricat-
ing crosslinking network in a polymer matrix can
decrease the ionic conductivity of the polymer elec-
trolyte by restraining the mobility of polymer chains
[32]. Incorporating coumarin groups into the polymer

matrix can achieve the reversible formation of cross -
linking structures [14, 25], which provides a feasible
strategy for reversible photocontrol over ionic con-
ductivity. Herein, the degree of crosslinking of COU-
PIL SE film upon successive 365 and 254 nm light
irradiation was evaluated by dynamic mechanical
analysis (DMA) to understand better the reversible
behavior of ionic conductivity in our system. The
modulus values shown in Figure 11 are utilized to
calculate the crosslinking density, namely, the num-
ber of moles of network chains per cubic meter (νe),
using Equation (4) [33]:

(4)

where E′ is the storage modulus, R is the universal
gas constant and T is the temperature (T > Tg). As
listed in the inset of Figure 11a, there was a signifi-
cant increase in νe upon 365 nm light irradiation. Once
irradiated by 254 nm light, however, the νe value de-
creased dramatically despite the incomplete recov-
ery. Similar behavior was also observed in the first
cycle modulation, as shown in Figure 6 and Figure 7.
The segmental motion of polymer chains can also be
reflected by the change of Tg. In order to clearly
show the change in Tg, the DSC curves in the tem-
perature range of –15 to 75 °C are provided. As
shown in Figure 11b, the initial COU-PIL SE film
without illumination displayed a lower Tg of –0.5°C,
which probably resulted from the plasticization of
LiTFSI [14]. The Tg increased to 41.1 °C upon
365 nm light irradiation while decreased to 14.2 °C
upon 254 nm light irradiation. The decrease of Tg
meant increased free volume, which provided more
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Figure 10. Conductivity modulation of the COU-PIL SE
films as a function of the weight ratio of COU-
PILs and PVDF-HFP under 7 cycles of illumina-
tion.

Figure 11. DMA (a) and DSC (b) curves of COU-PIL SE film upon light irradiating at different wavelengths. Inset in a) gives
the crosslinking density before and after light irradiation.



free space for Li ions to migrate in the polymer ma-
trix. These results indicated that the photodimeriza-
tion and photocleavage of coumarin components led
to the change of polymer segmental motion, produc-
ing reversible conductivity modulation.

4. Conclusions
We have developed a coumarin-containing PIL-based
solid electrolyte whose ionic conductivity can be re-
versibly tailored by photoirradiation. Upon 365 nm
light irradiation, the ionic conductivity decreased,
whereas it increased upon the subsequent light irra-
diation at 254 nm. This process can be repeated at
least 7 times, within which the maximum conductiv-
ity modulation was as high as 95%. The controllable
conductivity was attributed to the reversible forma-
tion of crosslinking structures caused by photodimer-
ization and photocleavage of coumarin components.
This strategy for fabricating a light-responsive PIL-
based polymer electrolyte provides a novel idea for
the development of functional materials such as
smart photo-controllable devices and wearable pho-
todetectors.
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1. Introduction
Biodegradable polymers, which are harmless to the
environment, have attracted the attention of many re-
searchers. They are increasingly used in all fields of
medicine, especially in applications where bio -
degradability provides an advantage for the human
body. The most widely studied and well-known bio -
degradable polymers are polyhydroxyalkanoates
(PHAs), Poly(lactic acid) PLA, and starch [1–3].
PHAs are a big family of biodegradable and biocom-
patible microbial biopolyesters from renewable re-
sources [4]. The first PHA identified by the French

bacteriologist Maurice Lemoigne in 1926 was poly-
hydroxybutyrate (PHB) [5]. The most important fea-
tures of PHB are its biocompatibility in all environ-
ments and its biodegradability. A standard component
of human blood is 3-hydroxybutyric acid (3HB), and
PHB decomposes into 3HB [6–8]. This proves that
the PHB is highly biocompatible and non-toxic. Re-
cently, the number of in vivo and in vitro studies on
PHB has increased. It was shown that by increasing
calcium flow in cultured cells, 3HB molecules sup-
press cell death and prevent serum withdrawal-in-
duced apoptosis [8]. PHB-based biomaterials are
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piezoelectric that can improve bone growth in vivo
[8]. It has been observed that PHB is compatible with
cells such as epithelium, osteoblast, bone tissue, and
blood [9]. Some applications of PHB in biomedical
and tissue engineering are drug delivery systems, car-
diovascular devices, heart valves, and nerve cuffs, but
the difficulty of processing PHB limits its application.
To overcome its disadvantages, PHB copolymers can
be synthesized with other hydroxyalkanoate mono -
mers, mixtures containing another biopolymer can be
prepared, or a PHB-based block can be synthesized.
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate,
PHBV) copolymer is synthesized by the incorporation
of 3-hydroxyvalerate (3HV) monomer components of
various molar ratios into the 3-hydroxybutyrate (3HB)
polymer chain. Some of the shortcomings of PHB im-
prove with the incorporation of 3HV. PHBV has lower
melting temperature, stiffness, elasticity modulus, and
higher impact strength than PHB [10]. Thus, studies
on the poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
copolymer (PHBV) for biomedical applications have
increased. PHBV is obtained by the copolymerization
of hydroxybutyrate and hydroxyvalerate. PHBV con-
sists of 0 to 24% hydroxyvalerate (HV) units and hy-
droxybutyrate (HB) units that appear randomly along
the polymer chain. PHBV can promote bone growth
in vivo due to its degradable, biocompatible, and
piezoelectric properties [11, 12]. The properties such
as biodegradability and biocompatibility are sufficient
for use in PHBV cell culture [13]. It is known that the
degradation time of PHBV is longer when compared
to other biocompatible polymers [14, 15]. In studies
in mice and rats, PHBV was found to be minimally
inflammatory in long-term subcutaneous implant ap-
plications [15]. Studies show that PHBV is a promis-
ing polymer in long-term bone regeneration applica-
tions [14]. With the degradation of PHB and PHBV
polymers, products that are standard components of
human blood are formed, so they give less inflamma-
tory response to the human body than other polymers
[16]. The degradation rate of PHBV increases with in-
creasing pH. Hydrolysis of PHBV is slow in the neu-
tral medium at body temperature. At the same tem-
perature and pH, the in vitro hydrolysis rate is lower
than in vivo degradation rate of PHBV [14]. The
degradation rates of PHBV and cell/PHBV structures
capable of producing neo-cartilage in a heterotopic re-
gion continue to be investigated [17]. Therefore, using
PHBV as a matrix phase in composite materials is sig-
nificant potential.

The contribution of nanoscale ceramic fillers in bio -
degradable polymers to medical applications is un-
deniable, as they show excellent improvements in
material properties, even in low amounts. The most
similar ceramic fillers to the mineral part of the bone
are hydroxyapatite (Ca10(PO4)6(OH)2), which ex-
hibits high biocompatibility, bioactivity, osteocon-
ductivity, and an affinity for biopolymers. Therefore,
it can be used to repair hard tissues [18].
Synthetic hydroxyapatite (HAP) used in biomedical
applications has poor toughness, a low in vivo degra-
dation rate, and low mechanical strength. The fact that
synthetic HAP has these disadvantages limits its ap-
plications. When human bone is examined, it has been
observed to contain very few ionic additives such as
Si4+, F−, and Sr2+ in its structure. Since ions such as
Si and Sr are in natural bone tissues, they were con-
sidered dopants and were thought to benefit the bio-
logical response of osteoblasts [19, 20]. The main in-
organic mineral of bones is hydroxyapatite, doped
with various trace elements [19, 20]. The solubility,
morphology, surface properties, and particle size of
HAP are affected by ion doping in HAP. Ion dopants
can also affect the biological activity of HAP. Silicon,
which requires small amounts of Si, is found in many
animal organs. In the case of Si deficiency, bone and
joint diseases are observed. HAP doped with Si can
be used in bone repair by improving the functionality
of traditional biomaterials [19]. Studies on Si-doped
HAP have shown that the crystallinity of Si-doped
HAP and the amount of amorphous phase can be af-
fected by high Si-doping content [19]. The expected
properties of Si-doped HAP are that it is both biocom-
patible and has a bone formation-supporting effect
[21]. In the literature, in studies with Si-doped HAP
materials, cell adhesion and proliferation increase in
vitro [22]. Si-doped HAP was found to be better bio-
compatible than undoped HAP when the growth of
osteoblastic cells was evaluated [23]. In vitro, os-
teogenic-related gene expressions in human bone
marrow cells can be up-regulated by Si-doped HAP
[24]. Apatite formation was evaluated by applying Si-
doped HAP to the simulated body fluid. Using Si-
doped HAP, the appearance of the apatite layer on the
surface was significantly improved [25].
PLA, PHB, and PHBV composites with hydroxyap-
atite have been studied by many researchers. PLA/
HAP biocomposite recommended for medical appli-
cations has been considered a good alternative to pro-
duce bone graft substitutes. Hydroxyapatite, which
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has properties close to the structure of bone, has been
used to strengthen poly-1-lactic acid (PLA), which is
used in many orthopedic applications [26, 27]. The
study of Russias et al. [26] aimed to combine HAP’s
bioactivity and mechanical properties with the ab-
sorbability of PLA. As a result of the degradation of
pure PLA implants in the body, the amount of inter-
mediate acidic products that cause negative inflam-
matory responses could increase. The addition of
HAP may help as a solution to this problem. in vitro
degradation in body fluid was investigated with PLA/
HAP composite by simulating the factors controlling
the final properties [26]. It has been found that PHB/
HAP composites can be used for rapid bone healing
and new bone formation [28]. The biocompatibility
of the nanocomposite of PHB with hydroxyapatite is
an important area of study [9]. Differentiation was
observed in PHB composites with the change in the
amount of hydroxyapatite in the composite [29]. The
efficiency of a biomaterial depends on the additive’s
ability to interact with cells, but there is not much
data on interaction for the PHB/HAP nanocomposite
[30]. In the study of Yuan et al. [31], nanoscale hy-
droxyapatite was incorporated into poly(hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV) polymer, and
a composite was obtained by solvent casting method.
Homogeneous dispersion of HAP nanoparticles on
the composite films and good bonding to the polymer
was achieved. It has been observed that the ability to
adsorb human fibrinogen can be improved with the
obtained composite. PHBV/ HAP composites were
prepared by solvent casting [32]. The material bioac-
tivity increased, and higher glass transition was ob-
tained due to the reinforcement effect of HAP. PHBV/
HAP films were produced by surface-treated HAP
[33]. The results showed that surface treatment led to
higher tensile force. Sadat-Shojai et al. [8] prepared
PHB/HAP composite by solution casting method. It
was observed that HAP strongly affects cell growth
and proliferation, enhancing metabolic activity. Öner
and İlhan [34] prepared PHBV/HAP composite using
the melt extrusion method. The highest tensile prop-
erties were obtained for 5 wt% surface-treated HAP
loading.
This research aimed to develop and characterize a
novel biocomposite using polyhydroxybutyrate-co-
valerate (PHBV) and Si-doped HAP for potential
medical applications. To the best of our knowledge,
the effect of Si-doped HAP on the properties of

PHBV composite has not yet been reported. The bio-
composites were prepared using melt extrusion. The
composites’ physical, thermal, dynamic mechanical,
and bioactivity were characterized as a function of
the Si-doped loading. This study demonstrates that
preparing PHBV composites with Si-doped HAP
significantly promotes dynamic mechanical proper-
ties and bioactivity.

2. Experimental
2.1. Materials
Under the brand name MAJ’ECO FN000HA, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate, or PHBV),
with an 8 mol% hydroxyvalerate content, was ob-
tained from ADmajoris Company, France. Hydrox-
yapatite (HAP) doped with 5% of silicon (SiHAP)
was purchased from Sigma-Aldrich Chemicals (St.
Louis, USA) (surface area 10–15 m2/g; particle size
<200 nm). The human osteoblastic osteosarcoma
(SaOs-2) cell line was purchased from American
Type Culture Collection (ATCC). 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and 4′,6-diamidine-2′-phenylindole dihydrochloride
(DAPI) were purchased from Sigma-Aldrich Chem-
icals (St. Louis, USA). Dulbecco’s modified eagle’s
medium and Fetal Bovine Serum were purchased
from Gibco Life Technologies (Paisley, UK). Peni-
cillin/streptomycin was purchased from Capricorn
Scientific (Ebsdorfergrund, Germany).

2.2. Composite preparation
In this work, an extruder was used to prepare
PHBV/SiHAP composites. All materials used were
dried at 50 °C in a vacuum oven before use. The de-
sired concentrations of SiHAP were added to PHBV
in a twin-screw extruder (Rondol Microlab England;
L/D: 20). From the feed section to the endpoint, the
extruder applied temperatures at 90–135–160–160–
150°C while operating at a screw speed of 80 ppm.
Unfilled PHBV was also melt-processed under the
same conditions to prepare a reference material. The
PHBV nanocomposites films were then compression
molded into 0.75 mm thick with a hot-cold press ma-
chine (Gülnar Makine, Turkey). The obtained com-
posite samples were coded as PHBV-SiHAPX. The
number X in the sample represents the percent by
weight of SiHAP in the composite. Example, sample
PHBV-SiHAP0.5 shows the sample obtained in the
presence of 0.5% SiHAP.
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2.3. Scanning electron microscopy
Scanning electron microscopy (SEM) was per-
formed using an FEI-Philips XL 30 ESEM-FEG
(Thermo Fisher Scientific, Nederlands) scanning
electron microscope at an accelerating voltage of
5 kV. Composite samples that had been cryogenical-
ly broken were attached to typical SEM stubs and
were coated in gold to reduce the sample’s charge
inside the instrument.

2.4. X-ray diffaraction pattern
X-ray diffraction (XRD) measurement with Cu Kα
source (λ = 0.15418 nm) was performed at 40 kV and
20 mA using the X’Pert Pro (Philips diffractometer,
PANalytical, Denver, Colorado) device. The patterns
were recorded for a 2θ range from 4 to 80°. The
Scherrer equation is used to determine the crystal size.

2.5. Thermal analysis
A Perkin Elmer TGA analyzer (USA) was used to
perform thermogravimetric analysis (TGA) meas-
urements on samples weighing around 10 mg. Each
sample was heated at a rate of 10°C/min under ni-
trogen at a flow rate of 10 ml/min as the temperature
ranged from ambient to 600°C.

2.6. Fourier transformation infrared
spectroscopy

To compare the variation in the functional group of
the neat PHBV and its composites, a Bruker ALPHA-
P Fourier transformation infrared spectroscope
(FTIR, Bruker, Toronto, Canada) was used in trans-
mittance mode at wavelengths ranging from 500 to
4000 cm–1.

2.7. Dynamic mechanical analysis of samples
Dynamic mechanical analysis (DMA) was performed
using the Perkin-Elmer DMA8000 (PerkinElmer,
USA). The dynamic characteristics of samples were
examined in single cantilever mode at 1 Hz using
film extension mode in the temperature range of 
–30 to 150°C at a heating rate of 2 °C/min. The test
samples were 10.40 mm × 10 mm in size. The test-
ing involved determining and recording the storage
modulus E′, loss modulus E″, and tanδ = E″/E′ values
vs. temperature.

2.8. Cell cultivation
Human osteoblastic osteosarcoma (SaOs-2) cells were
cultivated in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37°C in an
incubator enriched by 5% CO2. The culture medium
was refreshed every two days.

2.9. Scaffold sterilization and preparation for
cell culture

Before use in cell culture studies, scaffolds were cut
into several squares with dimensions of 5 mm ×
5 mm. For sterilization, scaffold pieces were treated
with 70% ethanol solution for 30 minutes. After that,
scaffold pieces were irradiated with UV light
overnight. After sterilization, scaffolds were trans-
ferred into test tubes containing 3 ml DMEM medium
supplemented with 10% FBS. Then test tubes were
incubated at 37°C for 48 hours. Due to the scope of
the extraction method, medium supernatants were col-
lected and used for further cytotoxicity investigation.

2.10. MTT assay
To measure cell viability rates of osteoblast cells after
treatment with scaffold extracts, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT
assay) was used. Briefly, 1·104 osteoblast cells with
a final volume of 100 µl were transferred into each
well of the 96 well microplate and incubated at 37°C
overnight. After incubation, 10 µl of scaffold extracts
were included in each well. The wells that were not
exposed to extracts were used as the control. After
that, microplates were incubated at 37°C for 96 hours.
After incubation, 10 µl of MTT solution (10 mg/ml)
dissolved in phosphate buffer solution (PBS) was
added to each well of the microplates. Then micro -
plates were left to incubate for 4 hours. Afterward,
formazan crystals in each well were dissolved with
the addition of 100 µl dimethyl sulfoxide (DMSO).
Then plates were left to incubate at room tempera-
ture in the dark. Finally, the absorbance of each well
was read in an ELISA reader at 570 nm. By compar-
ison of absorbance values in control and test groups,
cell viability ratios were evaluated following expo-
sure to tissue scaffolds.

2.11. DAPI staining
To determine the biocompatibility of scaffolds, the
DAPI staining method was used. For that purpose,
sterilized scaffolds were inserted into each well of
the 24 well plate and seeded with 1·104 osteoblast
cells. For a week, the plates were incubated at 37°C.
Every two days, the medium was renewed. Cells
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were fixed with 4% paraformaldehyde for 10 min-
utes after incubation, and they were then washed
with PBS. Finally, cells and scaffolds were exposed
to DAPI stain for 20 minutes. After exposure, cell-
seeded scaffolds were washed with PBS twice, and
cell attachment was considered by using a fluores-
cent microscope.

3. Results and discussion
3.1. Morphological characterization of

particles and composites
To assess the morphology of SiHAP particles, scan-
ning electron microscopy (SEM) was used, and their
micrograph is presented in Figure 1. Through SEM
investigation of 210 particles, the distribution of
spherical dimensions was determined (Figure 1b).
Each distribution curve was fitted using a Gaussian
distribution function. The distribution curve appears
to have two peaks in the SEM results for these crys-
tals, which demonstrate two size ranges. (Figure 1b).
As observed in the particle histogram, most of the
uniform spherical SiHAP nanoparticles presented di-
ameter sizes between 35 and 75 nm, with an average
diameter of 55 nm. The average diameter of the par-
ticles in the second peak, which has a large particle
distribution, is about 470 nm.
The melt-processing method was used to prepare
PHBV/SiHAP composites. This method does not in-
volve solvent in the process. So, it is greener com-
pared to the solvent casting method. The morphology
of the cryo-fractured surface of PHBV and respective
composites was examined by scanning electron mi-
croscopy (SEM) to investigate the dispersion of the
SiHAP particles in the polymer matrix. Figure 2 illus-
trates the composites at 10000× magnification. SEM
pictures reveal spherical nanoparticles randomly and

well distributed within the PHBV matrix at 0.5%
SiHAP loadings. However, it can be observed that as
the nanofillers content increases, the SiHAP nanopar-
ticle dispersion is poorer and has a higher tendency
toward aggregation. Therefore, the samples contain-
ing 2 and 3 wt% loading (Figures 2b and 2c) showed
a biopolymer matrix with filler aggregates of SiHAP.
The morphological examination reveals that low con-
centrations of HAP in PHBV disperse as single parti-
cles, but both single particles and tiny clusters appear
at greater loadings. This could result from the filler-
matrix interface having high surface tension, which
results in poor interactions between the polymer and
SiHAP particles. Another explanation might be that
the extrusion procedure failed to sufficiently break
down the HAP aggregate during melt compounding.

3.2. XRD results
In Figure 3a, the XRD pattern shows crystallographic
structures of Si-doped HAP particles. Compared to
the JCPDS 98-028-9993 standards, each peak of the
patterns in Figure 3a corresponds to the hydroxyap-
atite phase. It has a hexagonal crystal system. The
unit cell dimensions are a = 9.4330 Å, b = 9.4330 Å,
and c = 6.8960 Å, respectively. There are no addi-
tional peaks in the Si-doped HAP patterns compared
to the peaks of standard HAP. The silicon-doped HAP
samples were prepared using the hydro thermal
method [19]. They found that Si doping did not pro-
duce a new phase apart from the hydroxyapatite
phase. In this work, the characteristic peaks appear
at 22.6, 25.6, 30.4, 32.7, 33.6, 39.7, 46.2, 49.1, and
52.8°, corresponding to diffraction planes including
(111), (002), (211), (300), (202), (310), (222), (213)
and (004) of hydroxyapatite. Three planes (211),
(300), and (202) are significant peaks of HAP.
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Figure 3b displays the XRD spectra of the compos-
ites and neat PHBV. Neat PHBV characteristic
peaks at 2θ = 13.3, 16.7, 19.9, 21.2, 25.4, 26.7, and
29.8° correspond to (020), (110), (021), (101),
(121), (040) and (002) planes with an orthorhombic
lattice [35, 36]. The structure of the polymer corre-
sponds to the usual α-form described for P3HB [37].
The same characteristic reflections of the PHBV,
which provide detailed information about its crystal
structure, were observed after incorporating SiHAP.

This result indicates that the particles did not alter
the crystalline structure of the polymer. However,
after the addition of SiHAP, the intensity of the
PHBV peaks becomes stronger and sharper when
compared to the neat PHBV matrix, even in the
form of agglomerates at higher concentrations, at-
tributed to SiHAP incorporation, which acts as a nu-
cleating agent tends to increase the ordering level
of PHBV molecular chains and to facilitate the crys-
tallization of PHBV, as observed by other researchers.
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Figure 2. SEM photograph of composites a) PHBV-SiHAP0.5, b) PHBV-SiHAP2.0 and c) PHBV-SiHAP3.0.

Figure 3. The X-ray diffraction pattern of the a) SiHAP and b) PHBV-SiHAP composites.



In previous studies, PHBV composites using bacte-
rial cellulose [38], boron nitride particles [39], and
nanocellulose fillers [40] have all shown a similar
effect.
This difference can be explained by analyzing the in-
tensity ratio of the planes (020)/(021), (020)/(101),
and (020)/(040) (Table 1). For (020)/(021) planes, the
relative intensity ratio of the neat PHBV was 8.56, but
for PHBV-SiHAP0.5 and PHBV-SiHAP3 nanocom-
posites, it was 10.00 and 17.09, respectively. The in-
crease in the relative ratio suggests that the presence
of SiHAP particles enhanced crystal formation in the
(020) crystal plane. This phenomenon was previously
observed by other researchers for PHBV-graphene
nanocomposites [41], PHBV-functionalized cellulose
nanocrystal composites [42], and PHBV-Boron nitride
composites [39]. On the other hand, the intensity ratio
of the (020)/(040) decreases from 1.82 to 0.57 for neat
PHBV and PHBV-SiHAP3, respectively. The de-
crease in the (020/040) relative ratio suggests that, de-
spite an increase in both peak intensities due to the ad-
dition of SiHAP, the peak intensity of the (040) peak
increases more than the intensity of the (020) peak.
The incorporation of SiHAP produced sharper peaks
for the (020), (021), and (101) PHBV reflections
compared to neat PHBV. The crystallite size dimen-
sion L020 [nm] was determined using the Scherrer
formula for the direction normal to the hkl plane
(Equation (1)):

(1)

where L(020) indicates the average crystallite size in
nanometers, k for the shape constant, and B for the
diffraction line’s broadening as measured at 50% of
its highest intensity. B is the diffraction peak under
consideration’s full width at half maximum intensity
(FWHM). When FWHM is utilized for B, the shape
factor k becomes 0.9. λ is the X-ray wavelength, and
θ is the Bragg diffraction angle.
Table 1 shows the effect of SiHAP on the crystalline
lamellae size for the (020) reflection and the crys-
tallinity index. The Equation (2) was used to obtain

the crystallinity index (CI [%]) values for samples
based on XRD measurements [43, 44]:

(2)

where I(020) is the intensity of the diffraction peak of
the (020) plane, peak at 2θ = 13.3°, and ITotal is the
total intensity value of all crystalline peaks of PHBV.
The crystallite size L [nm] calculated for the (020)
reflection peak and crystallinity index value was
20.32 nm and 44.70% for neat PHBV, respectively.
Addition of SiHAP, both crystallinity and crystal di-
mensions were increased significantly and varied
with SiHAP content. The composites showed higher
crystallinity and crystal sizes. The crystallite size and
crystallinity values were 35.19 nm and 71.87% for
PHBV-SiHAP3 nanocomposites, respectively.

3.3. FTIR results
FTIR spectra of the SiHAP crystals and neat PHBV
is given in Figure 4a. In the SiHAP spectrum, the
bands at 560 cm–1 represent the O–P–O bending
mode, and the band at 1036 cm–1 corresponds to
P–O stretching vibration. No additional peaks were
observed for Si-doped HAP. The exhibited peaks
also coincide with the structure of HAP, which sup-
ports the XRD patterns.
The FTIR transmittance (T) spectra of composites
are given in Figure 4b. PHBV composites exhibit the
same characteristics peak of neat PHBV. The absorp-
tion peaks at around 2977, 2928, and 2859 cm–1

could be assigned to –CH3 asymmetric stretching, 
–CH2 antisymmetric stretching, and –CH3 symmetric
stretching, respectively. The FTIR spectrum showed
the characteristic peaks at 1711 cm–1 (carbonyl group)
and 1170 cm–1 (C–O–C antisymmetric stretching).
The peak is observed at 1711 cm–1 due to the C=O
stretching vibration in the ester group of PHBV. The
peak around 1460 cm–1 indicates CH2 scissoring. The
peaks at 1268 and 1170 cm–1 may be assigned to
C–O–C stretching vibration. The peak in the range
of 821–972 cm–1 could be assigned to C–O–C sym-
metric stretching. CH2 wagging may be observed in
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Table 1. Values of L(020) [nm], intensity ratios, and CI [%] of composites obtained from the XRD scan.

Sample L(020)
[nm]

(020)/(021)
13.3/19.8

(020)/(101)
13.3/21.2

(020)/(040)
13.3/26.6

CI(020)
[%]

Neat PHBV 20.32 8.56 6.01 1.82 44.70
PHBV-SiHAP0.5 30.79 10.00 8.62 0.60 59.45
PHBV-SiHAP3.0 35.19 17.09 18.41 0.57 71.87



the field of 1128–1374 cm–1. Some of the character-
istic absorption peaks of SiHAP and the PHBV in the
composites overlap. Therefore, it was challenging to
demonstrate the distinct differences between PHBV
and PHBV-SiHAP composites by FTIR studies.
SiHAP has a strong absorption band at 560 cm–1 due
to the bending vibration of O–P–O bond (Figure 4a).
This band is also present at roughly the same loca-
tion in the spectra of PHBV-SiHAP nanocomposites,
and the intensity of the peak increases with the
SiHAP content of the composites (Figure 4c). This
result validated the inclusion of SiHAP nanoparticles
in the PHBV matrix.

3.4. TGA results
Thermogravimetric analyses (TGA) were carried out
to evaluate the effect of the addition of the SiHAP on
the thermal stability of PHBV nanocomposites. The
thermal degradation (TG) and derivative thermo-
gravimetric (DTA) curves of the neat polymer and
composites are shown in Figures 5, and representing
temperature is given in Table 2. TGA thermograms

show that neat PHBV and composites present one
single decomposition step profile. The decomposition
step occurs fast, starting at 271.1°C for neat polymer,
and completes at 297.5°C. The key findings are sum-
marized in Table 2 as the initial degradation temper-
ature (Ti), the degradation temperature T10 correspon-
ding to a mass loss of 10 wt%, the mid-point of
degradation (T50) recorded at a mass loss of 50 wt%,
and the maximum loss temperature (Tmax).
The initial (Ti) degradation temperatures of the PHBV
have not been affected by the addition of 0.5 wt%
SiHAP. However, the addition of 2 and 3 wt% SiHAP
gently moves the peak of the TGA curves to the left,
indicating that the addition of SiHAP in this concen-
tration decreases the thermal stability of PHBV.
Figure 5b shows the DTA curve, and the peak repre-
sents the temperature corresponding to the maximum
degradation rate (DTApeak). For neat PHBV, DTAmax
occurred at 287.9°C. However, the addition of SiHAP
shifted the DTAmax to a lower temperature. The DTA-
max for PHBV-SiHAP3 occurred at 274.2, which is
13.7°C lower than the neat PHBV.
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Figure 4. FTIR spectrum of a) SiHAP and neat PHBV at 400–4000 cm–1, b) PHBV-SiHAP composites, and c) PHBV-SiHAP
composites at 800–400 cm–1.



The reduction of Ti and Tmax values for PHBV was
previously reported in the literature for incorporation
of lignosulfonate [45], cellulose nanowhiskers [46],
lignin [47], nanohydroxyapatite (nHAP) and dia-
mond nanoparticles [48] and graphene nanosheets
[41, 49]. The possible reason for this effect was re-
ported as the high thermal conductivity of the parti-
cles, which enhanced the heat diffusion throughout
the material. Castro-Mayorga et al. [50] synthesized
ZnO particles by an aqueous precipitation method.
They used different methods to fabricate PHBV/ZnO
nanocomposites, including melt-mixing and electro-
spinning. Tmax value of PHBV was decreased by ZnO
particle addition, reducing the thermal stability. This
effect was attributed to ZnO’s high thermal conduc-
tivity and catalytic properties. Chen et al. [32] fab-
ricated the PHBV/HAP nanocomposite using the so-
lution casting method with strong ultrasonication.
The incorporation of nHAP resulted in the decom-
position of the polymer matrix at the initial stage. Ti
value for PHBV/ HAP (100/50) dropped by 5 °C
compared to that for the pure polymer. The compos-
ites of polylactide (PLA) or poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV) were pre-
pared by extrusion and injection molding using ZnO
nanoparticles [51]. The results showed that the onset
and peak degradation temperature of PLA was shift-
ed towards lower temperatures with the increase of
ZnO concentration, while degradation of PHBV
showed no dependence on the ZnO concentration

[51]. Braga et al. [52] prepared PHBV-TiO2 com-
posites by using the electrospinning technique, to be
used as a scaffold. The decrease in the thermal
degradation temperature was observed in the pres-
ence of the nanoparticles. This observation was ex-
plained due to the presence of agglomerations of the
nanocomposites in the fiber; the interactions of the
PHBV with TiO2 were reduced and affected the ran-
dom chain scission reaction of PHBV during the
thermal degradation process [52]. The same argu-
ment can be considered in this work since SiHAP
particles tend to agglomerate, especially at high con-
centrations. The aggregation of SiHAP reduced the
bonding interactions between PHBV and nanoparti-
cles, thus weakening the thermal stability.

3.5. Dynamic mechanical analysis (DMA) of
composites

The mechanical properties of a polymer are strongly
influenced by temperature, which affects a decrease
in the material’s rigidity and an increase in its vis-
cous flow. These variations are reflected in the stor-
age modulus, loss modulus, and loss factor. All sam-
ples exhibited a typical behavior of semi-crystalline
polymer with a decrease in storage modulus by an
increasing temperature. The decline in storage mod-
ulus with temperature is due to the increased molec-
ular motion of the matrix molecules. As the temper-
ature rises, the lattice polymer chains can move
more freely, reducing the considerable stress within
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Figure 5. a) TGA and b) DTA curves of neat PHBV and PHBV-SiHAP nano biocomposites.

Table 2. TGA values of PHBV-SiHAP biocomposites.

Sample code Ti
[°C]

T10
[°C]

T50
[°C]

T90
[°C]

Tmax
[°C]

DTApeak
[°C]

Neat PHBV 271.14 277.29 284.56 291.28 297.53 287.90
PHBV-HAP0.5 270.37 274.43 279.44 286.82 294.93 283.60
PHBV -HAP2.0 266.28 269.81 273.17 279.25 286.58 276.20
PHBV -HAP3.0 265.24 268.07 271.21 278.04 283.76 274.20



the polymeric framework resulting in a decrease in
modulus.
The storage modulus values against the temperature
of PHBV composites are shown in Figure 6a com-
pared to neat PHBV. According to the dynamic me-
chanical analysis (DMA) results, SiHAP nanocrys-
tals affect the storage modulus of the PHBV overall
temperature ranges, as shown in Figure 6a. The
strongest reinforcing effect was observed for com-
posites of 0.5 wt% of SiHAP. Figure 6a shows that
at –20°C, the E′ of PHBV/SiHAP0.5 is 7.4 GPa as op-
posed to neat PHBV with an E′ of 3.9 GPa. For com-
parison, four temperature settings were used: –20°C
as an indicator of the glassy behavior, 20°C for room
temperature behavior, 37 °C for body temperature
behavior, and 80°C as an indicator of the high-tem-
perature behavior of the composite. At –20 °C, the
highest relative storage modulus increases were ob-
tained compared to the neat PHBV, corresponding
to 86, 64, and 42% for 0.5, 2, and 3 wt% SiHAP con-
tents, respectively. The storage modulus of neat PHBV
increases by 80% for PHBV-SiHAP0.5 at 20°C. At
37°C, the E′ of PHBV increased by 69% for PHBV-
SiHAP0.5. On the other hand, a 67% increase in the

storage modulus of PHBV is observed for the sample
containing 0.5 wt% SiHAP at 80 °C. The storage
modulus measures a material’s capability to store
mechanical energy without dissipating it and to with-
stand deformation. PHBV composites are more re-
sistant to deformation and, therefore, more rigid than
neat polymers. This mechanical reinforcement effect
was attributed mainly to the high stiffness and the
good affinity through interfacial interaction between
the biopolymeric matrix and SiHAP.
The loss modulus, E″, values of the PHBV and com-
posites as a function of temperature at 1 Hz are pre-
sented in Figure 6b. The variation’s trend was similar
to the E′ for loss modulus. This study observed that
the loss modulus of neat PHBV was lower than the
moduli of all composites, indicating that SiHAP im-
proves the composite materials’ damping and internal
friction properties. Figure 6b shows the increase in
loss modulus as the temperature rises from –30°C to
Tg due to molecular friction. The maximum increase
was observed with PHBV-SiHAP0.5 followed by
PHBV-SiHAP2 and PHBV-SiHAP3. Increased filler
loading improved the PHBV composites’ capacity to
dissipate energy, as indicated by the increase in the
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Figure 6. DMA thermographs for PHBV-SiHAP bionanocomposites show a) storage modulus, b) loss modulus, and c) tanδ.



E″. However, the loss modulus drops above glass
transition temperature (Tg) since less force is needed
to cause deformation.
Dynamic mechanical analysis is a valuable tool to de-
termine the material’s glass transition temperature,
typically taken as the peak of the tanδ curve generated
through a temperature ramp experiment. Figure 6c
shows the temperature-dependent loss tangent (tanδ)
values for the PHBV and composite materials. In
viscoelastic materials, internal friction is represented
by the loss tangent (tanδ), which is the ratio of the
loss modulus (E") to the storage modulus (E′). It is
an assessment of energy wasted that is expressed in
terms of energy recovered. The values of relaxation
temperatures connected to the glass transition tem-
perature were taken at the maximum of the peak of
the damping factor.
The neat and PHBV composites’ glass transition re-
gion is between 22–26 °C. The tan δ curve of the
composites (Figure 6c) showed that the Tg values de-
creased with the increase in filler loading. Tg of neat
PHBV decreases from 26 to 19°C by incorporating
3 wt% SiHAP.
Srithep et al. [53] prepared poly(3-hydroxybutyrate-
co-3-hydroxyvalerate, PHBV) and nanofibrillated
cellulose (NFC) nanocomposites by melt compound-
ing. Compared to neat PHBV at 25 °C, the storage
modulus for nanocomposite reinforced with 10 wt%
NFC increased by 28%. The composite’s glass tran-
sition temperature slightly increased with increasing
NFC. On the other hand, the relaxation process
strongly decreased with increasing NFC, which was
attributed to the limitation of chain mobility within
the polymer matrix. Chen and Wang [54] investigat-
ed PHBV/HAP and PHBV/tricalcium phosphate
(TCP) biocomposites. The elastic modulus of PHBV
at 30% particle loading is reinforced by 21.26 wt%
(TCP) and 37.17 wt% of HAP at 37°C. The addition
of bioceramic particles generally reduced tan δ for
both PHBV/HAP and PHBV/TCP composites [54].
PHBV nanocomposites were fabricated by incorpo-
rating nano-sized hydroxyapatite (nHAP) by a solu-
tion casting method [32]. The storage modulus of the
PHBV/HAP (100/30) nanocomposite was increased
by 41.2% at –50°C and 99.1% at 75°C at 1 Hz. The
neat and PHBV composites glass transition temper-
ature region was found between 17.1–17.6 °C at
1 Hz [32]. PHBV and purified alpha-cellulose fibers
were prepared by melt blending. No noticeable
changes in Tg values of the composites were found

for low cellulose content with respect to the neat
PHBV [55]. PLA nanocomposites were prepared
using surface-treated (mNHAP) and untreated
nanohydroxyapatite (mNHAP) [56]. Nanocompos-
ites prepared with surface-treated nanohydroxyap-
atite showed a significant decrease in Tg. They con-
cluded that reduced glass transition temperature is a
measure of poor interfacial adhesion between the
PLA matrix and mNHAP [56]. Mittal et al. [57] in-
vestigated the effect of talc and mica particles on the
properties of polypropylene. It was found that when
talc and mica loading increased, tan delta values de-
creased. This result was explained by the disruption
of the polymer chain packing due to the filling up of
the free volume of the polymer by talc and mica par-
ticles [57]. PHBV, nanodiamond (nD), and nanohy-
droxyapatite (nHAP) loaded with vancomycin (VC)
nanocomposites were prepared using a rotary evap-
orator (PHBV/nHAP/VC/nD-R) or spray drying
(PHBV/nHAP/VC/nD-SD) [48]. The storage mod-
ulus of the composites prepared by the rotary evapo-
rator increased by 51.7% at 37 °C, but Tg value de-
creased from 17 to 14.8 °C for neat polymer and
composite, respectively. This result was explained by
the agglomeration of nanoparticles. Since nano HAP
particles have the propensity to aggregate, particular-
ly at high concentrations, the same argument can be
taken into account in this work.

3.6. Screening of cytotoxicity
Biocompatibility is one of the most significant fea-
tures of biomaterials that are preferred used in tissue
engineering applications. Biomaterials are expected
to improve cell attachment, proliferation, and migra-
tion. Furthermore, tissue scaffolds should not demon-
strate cytotoxicity and prevent the generation of
toxic byproducts during degradation [58]. So, within
the context of the present study, we explored the pos-
sible interactions between osteoblast cells and syn-
thesized composites with variable compositions to
understand their probable utilities for biomedical ap-
plications. For biological activity experiments, we
primarily examined the cytotoxicity of prepared
composites.
To evaluate the cellular viability rates of osteoblasts
that were treated with neat PHBV and their compos-
ites derived with the addition of different values of
Si-doped HAP, the MTT method was used. Biocom-
posites were extracted within a culture medium for
48 hours, and extracts were applied on SaOs-2
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osteoblast cells for 96 hours before measurement of
cellular viability degrees. Figure 7 indicates the cel-
lular viability ratios of osteoblast cells after treatment
with extracts. As it is seen in Figure 7, neat PHBV
leads to a reduction in viability rates. It was detected
that PHBV treatment declined cellular viability at
40%. Only 60% of cells were alive after their expo-
sure to PHBV. On the other side, it was also exam-
ined from Figure 7 that the addition of SiHAP into
PHBV positively impacts their biocompatibilities
since cell vitalities are significantly augmented in
contrast to using PHBV alone. Interestingly, it was
discovered that there were proportional increases in
the numbers of cells according to increasing SiHAP
within the composites. The highest cellular viability
ratio was measured in the group prepared with 3 wt%
SiHAP. Approximately 92% cellular viability was
measured in the mentioned group. In contrast, to
control, the ratio of viable cells was counted as 72
and 84% in experimental groups prepared by 0.5 and
2 wt% SiHAP, respectively. These results revealed
that the toxic feature of PHBV could be reversed by
adding SiHAP with enhanced dosages. Numerous
studies detected that bioactivity and biocompatibility
features of PHBV scaffolds improved remarkably
when they were incorporated with other polymers to
generate composites. For instance, Degli Esposti, et
al. [59] synthesized several scaffolds, including
PHBV, PHBV-hydroxyapatite, PHBV-calcium sili-
cate, PHBV-bioglass to investigate their possible use
for bone tissue engineering. In cytotoxicity assay, re-
searchers determined that the use of a PHBV scaffold
decreased cellular viability rates of fibroblast cells
to 60%. It was also revealed that the use of combi-
nations of PHBV with bioactive inorganic particles
enhanced cellular viabilities significantly, in contrast

to the use of PHBV scaffold alone [59]. In another
study, Wu et al. [60] discovered that PHBV-bioglass
composite scaffolds were more effective in terms of
vascularization stimulation for bone tissue recovery
when compared with the use of PHBV scaffold. In
the scope of mentioned articles, the results of the
current study indicate that the PHBV scaffold de-
clined the cell viability rates. At the same time, com-
posites possessed better biocompatibility is consis-
tent with the previous research.

3.7. DAPI staining for determination of
biocompatibility

The biocompatibility features of synthesized nano -
biomaterials were also explored by visualizing the
attachment of cells onto variable composites. The
amounts of cells adhered to biomaterials were mon-
itored by DAPI staining. Figure 8 represents the mi-
croscopic views indicating the changes in the amounts
of fibroblast cells adhered to biocomposites. As ob-
served, the numbers of attached cells onto samples
were at the lowest degree in the group where we
used neat PHBV, suggesting that this biomaterial
possessed low biocompatibility. In contrast, the num-
bers of attached cells on samples remarkably lifted
when PHBV composites were prepared with differ-
ent concentrations of SiHAP. The highest biocom-
patibility property was detected in the group in which
the composite was prepared with SiHAP at a 3 wt%
concentration. When mentioned biocomposite was
applied, the numbers of attached cells on the com-
posite were seen at the highest level. These data
showed that the biocompatibility feature of PHBV
improved by adding SiHAP at enhanced concentra-
tions. These results are also coherent with the data
from cytotoxicity experiments. Both results decipher
that composites prepared by PHBV and SiHAP could
advance cells’ proliferation and migration abilities
while massively reducing the toxicity originating
from PHBV. Obtained results are also coherent with
the data acquired from previous articles. In a similar
study, Huang et al. [61] conjugated HAP nanoplates
with polylactide polymer and investigated the bio -
availability of newly synthesized nanocomposites for
bone tissue engineering. Authors exhibited that cell
proliferation rates of murine preosteoblast cell line
(MC3T3-E1) osteoblast cells decreased to 60% at
the end of 24 h incubation when polylactide polymer
was applied alone. On the other side, adding HAP
nanoparticles into the polymeric material enormously
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Figure 7. Cellular viability rates of osteoblast cells that were
exposed to different biomaterials for 96 hours.



lifted the cellular vitality degrees of osteoblasts fol-
lowing 24 h incubation. Additionally, high osteoblast
viability was evaluated in response to the scaffold
application, including increased nano-HAP concen-
trations. At all investigated time intervals, the num-
bers of osteoblasts were higher in the group in which
they were exposed to composites in comparison to
the use of polymer alone. In another experiment, re-
searchers accounted for the cell spreading over test-
ed scaffolds. Results showed that approximately
2 mm of scaffolds were covered with osteoblasts in
the group in which the composite included 15%
HAP. Moreover, it was also determined that the
numbers of cells that were adhered to scaffolds were
lower in the group in which polylactide was used
alone in contrast to the application of polymers in-
corporated with nano-HAP, according to fluores-
cence microscopy results. Suslu et al. [7] prepared

HAP-PHBV nanofibers as a biocomposite by elec-
trospinning technique in another research similar to
ours. They exhibited that these nanofibers, including
HAP, synthesized with different surfactants, exten-
sively ameliorated the osteoconductive feature of the
PHBV scaffold.
Bioactivity and biocompatibility features of SiHAP
were proven in previous studies. In one of them, Sun
et al. [19] combined HAP and silicone to prepare scaf-
folds for bone tissue engineering and examined the
bioactivity of prepared composites. Outputs showed
that adding silicone at various dosages did not influ-
ence the cytocompatibility properties of HAP, and
both HAP and HAP-silicone composites were found
biocompatible at variable concentrations ranging be-
tween 25 and 400 µg/ml.
This study is the first report indicating that PHBV-
SiHAP composites enhance cell proliferation and
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Figure 8. Morphological views of fibroblast cells that were seeded onto a) PHBV, b) PHBV-SiHAP0.5, c) PHBV-SiHAP
2.0, d) PHBV-SiHAP 3.0.



migration while decreasing the cytotoxicity of
PHBV. In light of this research, we proposed that
SiHAP-enriched PHBV could be a promising alter-
native for using biomedical applications.

4. Conclusions
PHBV reinforced with SiHAP nanocrystals was suc-
cessfully obtained by melt extrusion using different
amounts of particles (0.5, 2, and 3 wt%). We assessed
the physical, thermal, thermomechanical, and bio-
logical properties of the PHBV-SiHAP bionano -
composites. SiHAP nanoparticles increased the crys-
tallinity of the PHBV matrix, which was confirmed
by the XRD analysis. All nanocomposites exhibited
improved storage modulus with the addition of
SiHAP. The storage modulus of PHBV increases by
80% for PHBV-SiHAP0.5 HAP at 20°C. This result
may be related to the favorable interactions between
the polymer matrix and SiHAP that restrict the move-
ment of polymer chains. All these results showed
that Si-doped HAP is a very effective reinforcing
agent reaching a higher storage modulus with a con-
siderably lower fraction.
We found that the neat PHBV was not tolerable in
terms of toxicity since cellular viability rates were
assessed as 60% after using sample extracts. How-
ever, it was ascertained that adding SiHAP at en-
hanced concentrations led to noticeable improve-
ments in cellular viability ratios. It was detected that
cell viability rates reached 92% when composite in-
cluding PHBV and SiHAP 3 wt% were performed.
These data elicit absolute compatibility between
high cell viability rates and advanced SiHAP con-
centrations. It can be concluded that enrichment of
PHBV with increased SiHAP dosages could improve
the bioavailability of polymer.
DAPI staining experiments reflected that PHBV-
SiHAP composites ensured significant increases in
cell attachment, proliferation, and migration in com-
parison to PHBV polymeric scaffold. In addition, we
also established that proliferation and migration levels
of osteoblasts markedly augmented as a response to
advances in the concentrations of SiHAP within the
composites under fluorescence microscope images.
Obtained results in the present study reveal that
SiHAP reinforced PHBV composites were complete-
ly bioavailable and biocompatible. We suggest that

these novel composites that meet the mechanical
strength, bioactive, biocompatible, and non-toxic re-
quirements of biomaterials are promising biocom-
posites for biomedical applications.
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1. Introduction
In recent years, the disposal of plastic waste has be-
come a serious environmental issue. Biodegradable
plastics from renewable resources have been receiv-
ing increasing attention as potential alternatives to
petroleum-based plastics [1]. Poly(lactic acid)
(PLA) is a fully bio-based and bio-degradable plas-
tic produced completely from renewable resources
and can be degraded into carbon dioxide and water
without any pollution. It shows great superiority in
the aspect of biodegradability, biocompatibility, and
processability, which makes it a promising alterna-
tive to traditional petroleum-based polymers in

fields of medical, packaging, cutleries, etc. [2, 3].
However, PLA is limited by its low crystallization
rate, brittleness, and high production price for spe-
cific fields of applications [4, 5]. Also, PLA has a
lower crystallization rate as compared to conven-
tional synthetic plastics such as polypropylene and
polyethylene, which requires longer molding cycle
time and leads to low productivity [6, 7]. Another
major drawback of PLA is its poor toughness, with
low elongation at break and relatively poor impact
strength, thereby limiting its applications as films,
fiber or biomedical materials that require plastic de-
formation [8, 9].
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Various strategies, including blending with other
polymers, adding nucleating agents, incorporating
fillers, compounding with plasticizers, and copoly-
merizing chemicals, have been investigated to over-
come the aforementioned drawbacks of PLA [10–12].
Among all these technologies, adding a nucleating
agent is a simple but effective method to facilitate
the crystallization process and improve crystalliza-
tion temperature during cooling [6]. Nucleating agents
could increase the number of primary nucleation
sites and accelerate nucleation by reducing the sur-
face free energy nuclei barrier [13]. The common nu-
cleating agents used in PLA mainly include mineral,
organic, bio-based, and stereocomplex categories.
Previous studies have identified some effective nu-
cleating agents for PLA, such as talc [14], calcium
carbonate [15, 16], and silica [17]. The nucleation
effect largely depends on the properties of the nucle-
ating agent including types, particle size, geometry,
and dispersion in the matrix [18, 19]. Recently, intro-
ducing bio-based nucleating agents have attracted
more interest owing to preserving the green proper-
ties of PLA, which is attractive for broadening the
utilization of PLA for biodegradable product devel-
opment. For instance, starch [20], cellulose [4], and
lignin [21] have been evaluated as heterogeneous nu-
cleating agents to improve the crystallization rate of
PLA. Wood filler (wood flour and fiber) is also a
promising natural bio-nucleating agent for PLA. It
was found that the addition of 4 wt% wood flour in-
creased the nucleation density of PLA and reduced
half-crystallization time [22].
As the most widely known and used natural filler,
wood filler has raised a lot of interest in recent years,
and its composite with other polymers is extensively
investigated. Many researchers have investigated the
use of wood filler as reinforcement of PLA due to its
low cost, easy availability, and bio-based nature [23].
In these studies, a high amount of wood filler was
often incorporated into PLA for the purpose of cost
reduction and achieving a balance between sustain-
ability and performance. Previous studies on wood
filler/PLA composites show differences in their me-
chanical properties. Huda et al. [24] found that the in-
corporation of 20 wt% wood fiber (WF) into PLA re-
sulted in a considerable increase in the tensile strength
and modulus but a decrease in notched Izod impact
strength.Dobrzyńska-Mizera et al. [25] prepared
PLA-based composites with WF content of 30 wt%
and found that the tensile strength was decreased

while Young’s modulus was improved. Petinakis et
al. [26] found that the addition of up to 40 wt%
wood flour into PLA caused a significant decrease
in break elongation. Generally, under the same man-
ufacturing parameters, the effect of wood filler on the
physical and mechanical properties of PLA depends
largely on the nature of wood filler, such as the size
and distribution of wood particles, wood filler
species, and contents [27]. For instance, wood fiber
provides higher plastic reinforcement than wood
flour [19]. Moreover, a high amount of fillers cause
difficulties in fabrication and may not generate a sig-
nificant reinforcement effect. 
A review of the literature shows that the comparative
studies of the PLA-based composites containing dif-
ferent sizes of WF are very limited. Moreover, few
studies pay attention to the effect of a small amount
of WF as a reinforcement and bio-nucleating agent
for PLA. Therefore, the aim of this study was to sys-
tematically evaluate the role of a small amount of
WF with different sizes and contents in WF/PLA
composites. Herein, poplar WF was sieved into three
distinct size grades and respectively compounded
with PLA. The mechanical properties of PLA com-
posites with three sizes of WF were comparatively
studied, and the optimal WF size was determined.
After that, a small amount of WF with the selected
size was incorporated with PLA to prepare WF/PLA
composites. The crystallization behavior, crystalline
morphology, and structure of WF/PLA composites
with different WF contents were further investigated.
This work indicates that WF at appropriate size and
content plays the role of both reinforcement material
and nucleating agent for PLA, which promotes pro-
ducing completely biodegradable PLA-based com-
posite and broadening application fields of PLA.

2. Experimental
2.1. Materials
Extrusion grade PLA 2002D, Natureworks, Min-
nesota, USA) was used as the polymer matrix. It’s
comprised of 4% D-lactic, and its melt flow index is
4–8 g/10 min (210 °C, 2.16 kg). Poplar (Populus to-
mentosa Carr.) WF was provided by Yongdeshun
mineral processing factory (Hebei Province, China).
The WF was sieved to three sizes: 20–40 mesh
(WF20-40), 80–100 mesh (WF80-100), and 140–
160 mesh (WF140-160) by using an automatic vibra-
tory sieve shaker (JEL 200, Engelsmann, Ludwigs-
hafen, Germany).
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2.2. Preparation of WF/PLA composites with
varying WF sizes

After drying in an oven at 103 °C for 6–8 h, 1 wt%
WF of each size was mixed with PLA in a high-
speed mixer. Then the mixture was extruded using a
single-screw extruder (SJ35, Orodes machinery Co.
Ltd, Zhangjiagang, China) and crushed into about
4 mm long granules. The extrusion temperature was
180°C, and the screw speed was 20 rpm. Then the
pellets were molded using a hydraulic press (type
3889, Carver Inc., USA) at 190°C with a pressure of
4 MPa for 5 min. After that, the samples were cold
pressed at 6 MPa for another 5 min at room temper-
ature to obtain WF/PLA composites (1WF20-40/PLA,
1WF80-100/PLA, and 1WF140-160/PLA).

2.3. Preparation of WF/PLA composites with
varying WF contents

According to our preliminary experiment results,
WF80-100 was selected to explore the optimum WF
content for reinforcing and nucleating PLA. Subse-
quently, 0.5, 1, 2, 4, and 8 wt% of WF80-100 were com-
pounded with PLA for preparing 0.5WF80-100/ PLA,
1WF80-100/PLA, 2WF80-100/PLA, 4WF80-100/ PLA, and
8WF80-100/PLA composites, respectively. WF/PLA
composites containing 0.5–8.0 wt% WF80-100 were
mixed, extruded, crushed, and molded using the same
procedures as mentioned above. Figure 1 shows the
process of preparing WF80-100/PLA composites con-
taining varying contents of WF80-100.

2.4. WF morphology and size distribution
The microscopic morphology of WF20-40, WF80-100,
and WF140-160 was observed by optical microscope
(BX53, Olympus, Japan). The length and diameter
distributions of WF20-40 and WF80-100 were measured
by an optical lab fiber screen analyzer (FIBERCAM
100, IMAL-PAL Group, Italy). The wood fibers
were separated using compressed air and imaged by

a digital camera, and the length and diameter of in-
dividual fibers were measured. Approximately
100000 fibers were evaluated for each size of WF.
This method was inapplicable for fibers below 1 mm.
Therefore, the size distribution of WF140-160 was de-
termined by a laser diffraction particle size analyzer
(Mastersizer 2000, Malvern Panalytical, UK). The sur-
face of WF/PLA composites containing different sizes
of WF was observed by an optical microscope to in-
vestigate the distribution of WF in the PLA matrix.

2.5. Scanning electron microscopy (SEM)
The fracture surface of the WF/PLA composites after
impact tests was gold sputter-coated and observed
using a field emission scanning electron microscopy
(Gemini 300, ZEISS, UK) with an accelerating volt-
age 3 kV. The overall morphology of the composites
and the interaction of WF with PLA was investigated.

2.6. Mechanical properties
Izod notched impact strength was measured using a
HIT50P pendulum impact tester (Zwick/Roell, Ger-
man) referred to ISO 180:2000. The 80×10×4 mm
standard specimens were notched for impact tests.
The flexural properties of samples were tested on a
5582 Universal mechanical testing machine (Instron,
USA) for three-point bending at a 2 mm/min loading
rate referred to ISO 178:2001. The standard speci-
mens of 80×10×4 mm dimensions were placed be-
tween two supports at a distance of 64 mm for the
flexural test. Tensile properties were tested on a 5582
Universal mechanical testing machine (Instron,
USA) at a crosshead speed of 5 mm/min, referred to
ISO 527:2012. Samples for tensile tests were molded
into dog-bone-shaped specimens with a thickness of
4 mm. Tensile properties including elongation at
break, tensile strength, and modulus, were measured.
All presented results are the average values of ten
measurements.
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2.7. Differential scanning calorimetry (DSC)
The melting and crystallization behavior of the sam-
ples were performed on a DSC apparatus (DSC8000,
PerkinElmer, USA) under a nitrogen atmosphere.
Fragment-shaped samples of 5–6 mg were cut from
neat PLA and WF/PLA composite films and placed
into sealed aluminum pans with lids. For non-isother-
mal crystallization, samples were firstly heated to
200 °C at a heating rate of 20 °C/min and held for
5 min to eliminate thermal history. Then samples
were cooled to 30 °C at a cooling rate of 10 °C/min
and reheated to 200°C at a heating rate of 10°C/min.
In the analysis of isothermal crystallization, the sam-
ple was heated from room temperature to 200 °C at
a heating rate of 20 °C/min and held for 5 min to
eliminate thermal history. Then it was rapidly cooled
to 120, 110, and 100°C at a cooling rate of 50°C/min
and held at this temperature until crystallization was
completed, respectively. After that, the samples were
reheated to 200°C at a heating rate of 10°C/min. The
degree of crystallinity (Xc) was calculated according
to Equation (1) [14]:

(1)

where ΔHm and ΔHcc are the melting enthalpy and
cold crystallization enthalpy of the samples, respec-
tively. ∆Hm

0 is the standard melting enthalpy of 100%
crystalline PLA, which value is 93.6 J/g [14]. f is the
weight fraction of PLA in the WF/PLA composite.

2.8. Polarized optical microscope (POM)
Crystalline morphology of PLA and WF/PLA com-
posite were observed by a polarized optical micro-
scope (BX53, Olympus, Japan) equipped with a hot
stage. The samples were firstly pressed into films of
about 20 μm thickness. Then each film was put into
between two cover glasses and placed in the hot
stage. The sample was first heated to 200 °C at a
heating rate of 20°C/min and maintained for 5 min,
then cooled to 110 °C at a rate of 50 °C/min and
maintained at this temperature until the crystalliza-
tion was completed. Images were taken automatical-
ly by a digital camera during the isothermal crystal-
lization process.

2.9. Wide angle X-ray diffraction (WAXD)
WAXD was used to probe the crystalline structure of
neat PLA and WF/PLA composite. The experiment
was performed using a D8 Advance X-ray diffraction

(Bruker, Germany) under a voltage of 40 kV and cur-
rent of 40 mA with Cu-Kα tube (λ = 1.5418 Å) be-
tween 2θ = 5–40° at a scan rate of 6 °/min.

3. Results and discussion
3.1. Morphology and size distribution of WFs
Figure 2 shows the morphology of WF20-40, WF80-100,
and WF140-160 and their size distributions. The
WF20-40 and WF80-100 exhibited a slim shape, where-
as the WF140-160 appeared as a fine powder. The av-
erage length/diameter ratio was determined to be 13,
10, and 5 for WF20-40, WF80-100, and WF140-160, re-
spectively. WF20-40 exhibited the highest length/di-
ameter ratio. For fiber length distribution (Figures 2b
and 2e), in comparison to WF20-40, WF80-100 showed
lower amounts of longer fibers (>3 mm) and higher
amounts of shorter fibers (<3 mm). In the case of di-
ameter distribution (Figures 2c and 2f), in compari-
son to WF20-40, WF80-100 showed higher amounts of
fibers with smaller diameters (<0.16 mm). For
WF140-160 (Figure 2h), the average particle size was
51 μm, which was much lower than that of WF20-40
and WF80-100.

3.2. Microstructure of WF/PLA composites
containing varying sizes of WF

Figure 3 shows the distribution of three sizes of WF
in the PLA matrix observed under an optical micro-
scope. It was clearly seen that the small-sized WF
(WF140-160) did not distribute evenly in the PLA ma-
trix and formed agglomerates, as indicated by the
dark area in Figure 3c. Figure 4 shows the fracture
surface of 1WF/PLA composites containing three
different sizes of WF. The fiber size has a direct in-
fluence on the microstructure of composites. The mi-
crostructure of the failure surface in Figure 4a sug-
gested weak interfacial adhesion between large-sized
WF and PLA matrix. It is evident that fiber/matrix
debonding and fiber pull-out occurred at the inter-
face of large fibers (WF20-40) with the matrix, which
indicated weak points in the composite. The com-
posites prepared with the medium-sized fibers
(WF80-100) show a better cohesive structure between
the fibers and the PLA compared to WF20-40; how-
ever, fiber fracture and pull-out remained to be vis-
ible (Figure 4b). The composites prepared with the
small-sized fibers (WF140-160) show a more homoge-
neous and compacted structure compared to the larg-
er fibers, with the small fibers embedded into the
PLA (Figure 4c).
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3.3. Mechanical properties of the composite
containing varying sizes of WF

Notched impact strength represents the energy ab-
sorbed by a material when it is ruptured [28]. The
variation in notched impact strength with varying
WF sizes is shown in Figure 5a. It is clearly seen that
neat PLA shows lower notched impact strength of

1.49 kJ/m2. Adding 1 wt% WF20-40 or WF140-160 had
no remarkable effect on the notched impact strength
of PLA. The notched impact strength of 1WF80-100/
PLA composite significantly increased by 14% com-
pared with neat PLA, indicating WF80-100 exhibits a
better toughening effect than the other two sizes of
WF. The value of elongation at break also reflects
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Figure 2. Optical micrograph and size distribution of WF with three sizes: a)–c) WF20-40, d)–f) WF80-100, g) and h) WF140-160.

Figure 3. Distribution of three sizes of WF in PLA matrix observed under optical microscopy: a) WF20-40/PLA,
b) WF80-100/PLA, c) WF140-160/PLA.



the toughness of the composite. Figure 5b shows the
elongation at break of neat PLA and 1WF/PLA com-
posites containing three sizes of WF. The elongation
at break for neat PLA, 1WF20-40/PLA, 1WF80-100/
PLA, and 1WF140-160/PLA was 1.63, 1.57, 2.07, and
1.60%, respectively. Among the three sizes of WF,
the incorporation of 1 wt% WF80-100 resulted in the
highest elongation at break, which increased by 27%
compared with neat PLA. Adding 1 wt% WF20-40 or
WF140-160 had no significant effect on elongation at

break. According to the above results, the addition
of WF80-100 contributed to enhancing the toughness
of PLA.
The flexural test measures the force required to bend
a beam under the action of the applied load [29]. The
variation of flexural strength and modulus for vary-
ing WF sizes is shown in Figure 5c. The flexural
strength and modulus of neat PLA were 71.6 and
2788 MPa, respectively. In comparison to neat PLA,
the highest elevation in flexural strength (13.1 MPa)
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Figure 4. Scanning electron micrographs of the fracture surface of WF/PLA composite with varying WF sizes:
a) WF20-40/PLA, b) WF80-100/PLA, c) WF140-160/PLA.

Figure 5. Mechanical properties of neat PLA and WF/PLA composite containing 1 wt% of WF with three sizes: a) Notched
impact strength, b) elongation at break, c) flexural properties, d) tensile properties. Samples with the same alpha-
betical designation are not significantly different using Tukey paired t-tests (P > 0.05).



was observed with the addition of 1 wt% WF80-100.
The flexural strength of WF20-40/PLA and WF140-160/
PLA composites was inferior to that of WF80-100/
PLA composite. In the case of flexural modulus, the
incorporation of WF increased the modulus com-
pared to neat PLA, but the difference between the
three sizes of WF was not statistically significant.
The tensile properties exhibited the ability of a material
to withstand the applied pulling force [30]. Figure 5d
displays the tensile properties of PLA and WF/PLA
composite containing 1 wt% WF of various sizes.
Neat PLA exhibited tensile strength and modulus of
43.9 and 2985 MPa, respectively. The presence of
WF resulted in an increasing tensile modulus. The
size of WF did not have a remarkable influence on
the tensile modulus. In the case of tensile strength,
the incorporation of WF20-40 and WF140-160 had no sig-
nificant influence compared to neat PLA. However,
the tensile strength of WF80-100/PLA (51.4 MPa) was
significantly higher than the other groups. This in-
dicated that medium-sized WF (WF80-100) showed
better reinforcing potential in PLA than the other two
sizes of WF.
Through a comprehensive comparison of WF/PLA
made with three sizes of WF, WF of medium size
(WF80-100) had the greatest reinforcing effect on PLA.
Similarly, a previous study by Golmakani et al. [31]
prepared wood flour-reinforced polyethylene compos-
ites using three different sizes of wood flour (30–40,

70–80, and 100–120 mesh). They also found that the
maximum tensile strength and flexural strength were
related to the composites comprised of 70–80 mesh
wood flour. The better reinforcing effect of medium-
sized WF (WF80-100) than the other two sizes of WF
is due to several factors. On the one hand, when using
the larger fibers (WF20-40), the fractured composite
showed discontinuous microstructure with fiber/ma-
trix debonding and fiber pull-out, which indicated
weak interfacial bonding. On the other hand, the as-
pect ratio of WF140-160 was the lowest among the
three sizes of WF, indicating an inferior strengthen-
ing effect. Besides, WF140-160 did not disperse evenly
in the PLA matrix (as shown in Figure 3c), resulting
in inefficient stress transfer and reduced strength.

3.4. Microstructure of WF/PLA composites
containing varying contents of WF

Figure 6 shows the SEM images taken from the frac-
ture surface of composites containing varying con-
tents of WF80-100. More fibers were visible with the
increasing WF content in the composite. The com-
posites prepared with lower contents of WF (0.5 and
1 wt%) exhibited a more homogeneous and contin-
uous microstructure, with few small holes and cracks
visible. As the WF content increased to 2 wt%, the
cavities caused by fibers being pulled out of the ma-
trix during the impact test were seen clearly. With
the WF further increased to 8 wt%, more traces of
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Figure 6. Scanning electron micrographs of the fracture surface of WF80-100/PLA composite with varying WF contents:
a) 0.5 wt% WF80-100; b) 1 wt% WF80-100; c) 2 wt% WF80-100; d) 4 wt% WF80-100; e) 8 wt% WF80-100.



WF pull-out from the matrix could be observed, and
the fracture surface was less continuous than the
lower WF contents. These results suggested that
when more WF was incorporated, there were more
weak points caused by the weak interfacial adhesion
between WF and the PLA matrix.

3.5. Mechanical properties of the composite
containing varying contents of WF80-100

Based on previous experiments, WF80-100 was select-
ed to further investigate the effects of varying WF
contents on the mechanical properties of WF/PLA
composite. The notched impact strength of WF/PLA
composite as a function of WF80-100 contents is
shown in Figure 7a. The notched impact strength of
WF/PLA composite containing 0.5–4.0 wt% WF80-100
had a significant improvement compared to neat PLA.
However, the addition of 8 wt% WF80-100 caused a
reduction in impact strength, and the difference be-
tween neat PLA and PLA composites with 8 wt%
WF80-100 was not significant. For elongation at break,
the maximum value of 2.46% was obtained by adding

0.5 wt% WF80-100 (Figure 7b). Beyond 0.5 wt%
WF80-100 loading, the elongation at break of WF/PLA
composite gradually decreased with increasing
WF80-100 contents. When WF80-100 content increased
to 4 wt%, the elongation at break of the composite
decreased to the same level of neat PLA. With the
further increase in WF80-100 content to 8 wt%, the
elongation at break was significantly lower than that
of neat PLA. This result indicated that lower content
of WF80-100 improved the toughness of the WF/PLA
composite.
The variation in the flexural strength and modulus
of the WF/PLA composite as a function of WF80-100
content is shown in Figure 7c. The addition of 0.5–
2 wt% WF80-100 significantly increased the flexural
strength compared to neat PLA, but the difference
between composites of these WF80-100 loadings was
not statistically significant. Flexural strength reached
a maximum of 84.7 MPa in composites containing
1 wt% WF80-100. Beyond 2 wt% WF80-100 loading, a
steady decrease in flexural strength was observed
with the increasing WF80-100 loading up to 8 wt%.
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Figure 7. Mechanical properties of WF/PLA composite with varying WF80-100 contents: a) Notched impact strength, b) elon-
gation at break, c) flexural properties, d) tensile properties. Samples with the same alphabetical designation are
not significantly different using Tukey paired t-tests (P > 0.05).



For flexural modulus, adding 0.5 wt% WF had no
significant effect on PLA. Adding 1–8 wt% WF80-100
into PLA significantly increased the flexural modu-
lus, and the highest flexural modulus was observed
for composites containing 8 wt% WF80-100. The re-
sults of flexural properties indicated that WF80-100 at
appropriate loadings (1–2 wt%) played a reinforcing
effect on PLA, which increased flexural strength as
well as stiffness.
The tensile strength and tensile modulus of the WF/
PLA composite are displayed in Figure 7d. Neat PLA
possessed a tensile strength and modulus of 43.9 and
2985 MPa, respectively. The incorporation of 0.5–
1 wt% WF80-100 into the PLA matrix significantly in-
creased the tensile strength, which ranged from 43.9
to 52.2 MPa. Tensile strength of 0.5WF80-100/PLA
reached the highest value of 52.2 MPa with an in-
significant difference with 1WF80-100/PLA compos-
ite. Beyond 1 wt% WF80-100 loading content, tensile
strength decreased significantly with increasing
WF80-100 content up to 8 wt%. Higher content of
WF80-100 resulted in lower tensile strength may be
due to mingling or agglomeration of WF in PLA.
Adding 0.5–8 wt% WF80-100 significantly improved
the tensile modulus of PLA. The difference between
composites of 0.5–4 wt% WF80-100 loadings was not
statistically significant. But the addition of 8 wt%
WF80-100 effectively improved the tensile modulus
of PLA, which is similar to the results of flexural
modulus. The tensile results showed 0.5-1WF80-100/
PLA composite has a better tensile strength through
tensile properties analysis.
Through a comprehensive comparison of the above
mechanical properties, the optimal loading of
WF80-100 was found to be 1 wt% among the loadings
used in this study. At this WF80-100 addition level, the
overall mechanical properties of WF/PLA composite
were significantly enhanced compared to neat PLA.
The mechanical test results suggested that WF80-100,
even at low dosages, can play the role of reinforce-
ment in WF/PLA composites.

3.6. Non-isothermal crystallization behaviors
Non-isothermal crystallization behaviors of neat
PLA and WF/PLA composite were analyzed by
DSC. The second heating curves of WF/PLA com-
posites containing different contents of WF80-100 are
presented in Figure 8. The characteristic parameters,
including glass transition temperature (Tg), cold crys-
tallization temperature (Tcc), melting temperature

(Tm), ΔHm, ΔHcc, and Xc derived from DSC, are list-
ed in Table 1. The melting curves displayed three
main transitions, which were related to Tg around
62–63 °C, Tcc around 121–126 °C, and Tm around
152–155 °C. There was an exothermic peak in the
melting curves belonging to the cold crystallization
of PLA. The cold crystallization peak reflects the
ability of a material to crystallize below the melting
temperature [32]. The incorporation of WF80-100
slightly decreased the Tcc, indicating the crystalliza-
tion window was moving to a lower temperature. For
processing, the decrease of Tcc is desirable as by ex-
panding this window, the crystallinity for the mate-
rial can be increased, or the processing temperature
can be lowered, leading to more efficient processes
[33]. The DSC curves of neat PLA and WF80-100/
PLA composite containing 0.5–4.0 wt% WF80-100
exhibited a single melting peak belonging to the
α-crystal [34], indicating the addition of WF80-100 did
not change the crystal form of PLA. However, there
was a double melting peak in 8WF80-100/PLA com-
posite. The melting peak at lower temperatures cor-
responded to the melting of less ordered α′-crystal,
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Figure 8. Melting curves after non-isothermal crystallization
of WF/PLA composite with varying WF80-100 con-
tents.

Table 1. Non-isothermal crystallization parameters of
WF/PLA composite with varying WF80-100 contents.

Samples Tg
[°C]

Tm
[°C]

ΔHm
[J/g]

Tcc
[°C]

ΔHcc
[J/g]

Xc
[%]

PLA 63.3 155.1 21.2 126.2 –18.8 2.6
0.5WF80-100/PLA 63.3 154.9 29.1 126.3 –24.4 5.0
1WF80-100/PLA 62.1 153.4 23.4 124.0 –18.0 5.8
2WF80-100/PLA 62.3 154.1 23.5 125.3 –18.6 5.3
4WF80-100/PLA 62.7 154.1 25.2 125.9 –19.3 5.0
8WF80-100/PLA 62.1 152.8 29.4 121.6 –24.9 5.3



and the peak at higher temperatures corresponded to
the melting of the thermodynamically more stable
α-crystal [35]. Furthermore, it was found that adding
WF80-100 into PLA increased the crystallinity. The crys-
tallinity of 1WF80-100/PLA composite reached 5.8%,
exceeding by 3.2% that of neat PLA (2.6%). Non-
isothermal crystallization behaviors of the WF/PLA
composite indicated WF improved the crystallinity
and heterogeneous nucleation ability of PLA.

3.7.  Isothermal crystallization behaviors
Isothermal crystallization analysis was performed to
further study the effect of WF80-100 on the crystal-
lization of PLA. Figures 9a and 9b displays the iso -
thermal crystallization behaviors under certain crys-
tallization temperatures (100, 110, and 120 °C) for
neat PLA and 1WF80-100/PLA composite. The width
of the exothermic peak reflects the crystallization
rate. The wider the exothermic peak, the slower the
crystallization rate [22]. The exothermic peak of the
isothermal crystallization of PLA was flatter than

that of the WF/PLA composite under the same crys-
tallization temperature, indicating that WF accelerat-
ed the crystallization of PLA. For the same sample,
the exothermic peak of isothermal crystallization at
110°C was sharper than that at 100 and 120°C. It can
be concluded that the optimal isothermal crystalliza-
tion temperature of PLA and WF/PLA composite was
110°C in this study. The isothermal crystallization
kinetics can be analyzed by the Avrami model, which
describes the change of relative crystallinity (Xt) with
crystallization time t [36] (Equation (2)):

(2)

where Xt is time-dependent relative crystallinity, n
is Avrami exponent, and k is the overall crystalliza-
tion rate constant related to nucleation and crystal
growth. Avrami model can be expressed in linear
form and is given by the Equation (3):

(3)

expX kt1 n
t- = -R W

lg ln lg lgX k n t1 t- - = +R W" %
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Figure 9. a) and b) isothermal crystallization exotherms and c) and d) relative crystallinity (Xt) versus crystallization time at
different isothermal crystallization temperatures for neat PLA and 1WF80-100/PLA.



Xt can be calculated from the isothermal DSC heat
flow curve as Equation (4) [37]:

(4)

where dH/dt is the respective heat flow; the sum of
dH/dt from 0 to t is the enthalpy at time t; and the
sum of dH/dt from 0 to t∞ is the enthalpy at time t∞,
which can be obtained as the total area under the
crystallization DSC curve. The half-crystallization
time (t1/2) is another important crystallization kinet-
ics parameter, which is defined as the time of achiev-
ing 50% crystallinity of samples. It can be calculated
by the Equation (5) [38]:

(5)

Avrami parameters calculated from the isothermal
curves were summarized in Table 2. For the ideal
isothermal crystallization process, n should be an in-
teger, which depends on the nucleation mechanism
and the growth mode. The n value ranged from 1.8
to 2.7 due to the heterogeneous nucleation mecha-
nism [22]. Figures 9c and 9d shows the relative crys-
tallinity Xt versus crystallization time t for neat PLA
and 1WF80-100/PLA composite, which exhibited typ-
ical S-type curves. The Xt versus t curve of 1WF80-100/
PLA composite extraordinarily shifted to the left

compared with neat PLA at 100 and 110 °C. At the
same isothermal crystallization temperature, neat
PLA showed longer t1/2 than that of 1WF80-100/PLA
composite. As listed in Table 2, t1/2 of neat PLA was
23.6 min at 110 °C. A shorter t1/2 of 7.2 min was ob-
served for 1WF80-100/PLA composite isothermally
crystallized at 110 °C, which indicated that 1 wt%
WF80-100 was efficient in promoting crystallization
rate. Figure 10 shows the t1/2 plots as a function of
WF80-100 contents for WF/PLA composite at three
crystallization temperatures. The crystallinity of
1WF80-100/PLA composite after isothermal crystal-
lization at 100, 110, and 120°C were 30.1, 31.7, and
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Table 2. Isothermal crystallization kinetic parameters of WF/PLA composite with varying contents of WF80-100.

Samples Tc
[°C] n k

[min–n]
t1/2

[min]
ΔHm
[J/g]

Xc
[%]

PLA
100 2.0 1.5·10–3 22.8 28.6 30.6
110 2.1 8.9·10–4 23.6 29.7 31.7
120 1.8 1.7·10–3 27.1 13.7 14.6

0.5WF80-100/PLA
100 2.7 2.1·10–3 8.3 27.8 29.9
110 2.3 5.9·10–3 7.6 29.6 31.8
120 2.4 4.3·10–4 21.6 27.4 29.4

1WF80-100/PLA
100 2.5 4.0·10–3 8.1 27.9 30.1
110 2.4 5.9·10–3 7.2 29.4 31.7
120 2.0 1.1·10–3 24.4 29.7 32.1

2WF80-100/PLA
100 2.6 2.8·10–3 8.4 27.2 29.7
110 2.6 4.9·10–3 6.9 29.6 32.3
120 2.3 4.5·10–4 25.7 29.5 32.2

4WF80-100/PLA
100 2.6 2.2·10–3 9.2 28.0 31.2
110 2.5 5.6·10–3 7.0 30.7 34.2
120 2.5 2.0·10–4 25.1 30.3 33.7

8WF80-100/PLA
100 2.6 3.8·10–3 7.7 28.4 33.0
110 2.6 6.1·10–3 6.3 28.9 33.6
120 2.3 1.2·10–3 15.2 28.3 32.9

Figure 10. Half-crystallization time (t1/2) at different isother-
mal crystallization temperatures for WF/PLA
composite with varying WF80-100 contents.



32.1%, respectively. In comparison to neat PLA, the
incorporation of 1% WF80-100 resulted in a higher

level of crystallinity. The reduced crystallization half-
time and cold crystallization temperature, as well as
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Figure 11. Crystalline morphology evolution observed by polarized optical microscope (POM) during isothermal crystal-
lization at 110°C of a)–d) neat PLA and e)–h) 1WF80-100/PLA.



increased crystallinity, suggested that 1% WF80-100
promoted the nucleation and crystallization process
of the PLA matrix.

3.8. Crystalline morphology
Crystalline morphological evolution for neat PLA
and 1WF80-100/PLA composite under POM observa-
tion during isothermal crystallization at 110 °C was
shown in Figure 11. The spherulites in neat PLA
slowly grew with time. Relatively large spherulites
with a diameter of about 20 μm were observed for
neat PLA until isothermal crystallization was com-
pleted. Neat PLA exhibited a typical maltase cross
phenomenon. In the presence of WF80-100, the
spherulite size was smaller, and the crystal growth
rate was much faster. This result is consistent with
the t1/2 results of the DSC analysis. It was also no-
ticed that the crystals of 1WF80-100/PLA composite
were denser than neat PLA, which was attributed to
the increasing nucleation density of PLA [22]. The
spherulite sizes of 1WF80-100/PLA composite were
so fine that it was hard to be figured out, indicating
WF80-100 provided more nucleation sites for PLA.
PLA crystals grew along the WF until WF was coat-
ed with crystals completely. Such a phenomenon fur-
ther demonstrated that WF80-100 was an effective nu-
cleating agent for PLA.

3.9. Crystalline structure
Diffraction peaks of WAXD spectra reflect the crys-
talline structure of WF and WF/PLA composite with
varying WF80-100 contents shown in Figure 12. WF

showed obvious diffraction peaks at 2θ = 15.7 and
22.2° corresponding to (101–) and (002) lattice planes,
respectively, which indicated a typical cellulose I
structure with high crystallinity of 66.7%. Neat PLA
is amorphous, as evidenced by a broad WAXD
curve. The WAXD pattern of WF/PLA composites
with varying WF80-100 contents shows obvious dif-
fraction peaks around 2θ = 16.6 and 19.0°, which
was associated with (110)/(200) and (203) lattice
planes of α-crystal in PLA. In 1WF80-100/PLA com-
posite, a shift of the above-mentioned lattice planes
towards higher 2θ values (16.8°) attributed to the
crystalline structure of PLA transformed from a dis-
order α′-crystal to an ordered α-crystal [25]. This
phenomenon indicated WF80-100 contributed to en-
hancing PLA crystallization, which is consistent
with DSC results.

4. Conclusions
The effect of a small amount of WF on the mechan-
ical and crystallization properties of PLA was inves-
tigated in this study. WF/PLA composite containing
1 wt% WF80-100 exhibited better mechanical proper-
ties in notched impact strength and flexural and ten-
sile properties compared to neat PLA, 1WF20-40/PLA,
and 1WF140-160/PLA composite. Thus, WF80-100 was
determined as the optimal size of WF for reinforcing
PLA. Then the mechanical properties of WF80-100/
PLA composites containing varying WF80-100 con-
tents (0.5, 1, 2, 4, and 8 wt%) were further studied.
The optimal loading content for WF80-100 was 1 wt%,
at which the notched impact strength, flexural and
tensile strength increased by 14, 18, and 18%, re-
spectively. Elongation at break of 1WF80-100/PLA
composite significantly increased by 27% compared
to neat PLA. Furthermore, adding WF80-100 could
significantly reduce half-crystallization time, mean-
while improving crystallinity. The phenomenon in-
dicated WF accelerated crystallization and contributed
to the heterogeneous nucleation of PLA. Crystalline
morphology evolution of WF/PLA composite ob-
served by polarized optical microscope showed that
WF increased the nucleation sites companies with
decreasing the size of spherulites. Meanwhile,
WF80-100 significantly enhanced the formation of
α-crystal of PLA based on wide-angle X-ray diffrac-
tion results. These results indicated that the presence
of a small amount of WF with appropriate size acted
as both a bio-nucleating agent and reinforcement
material for the PLA matrix. This study provides a
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Figure 12. Wide angle X-ray diffraction (WAXD) spectra of
WF and WF/PLA composite with varying
WF80-100 contents.



simple and feasible strategy for enhancing the pro-
cessing and properties of PLA and ensures its com-
plete biodegradability.
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1. Introduction
Energy is a vital factor for consumption and devel-
opment. The usability of conventional energy re-
sources, including coal, oils, and natural gases, is as-
sociated with limited reserves and pollution. There-
fore, alternative energy has been extensively inves-
tigated and developed for next-generation energy
consumption. Solar cells are an interesting alterna-
tive technology and have been considered a candi-
date for sustainable technology since they are inex-
pensive and can be installed anywhere. The electricity

generated from solar cells not only has on-grid us-
ability but can also be stored by batteries for off-grid
or hybrid systems. Furthermore, no pollution emis-
sion is associated with generating electricity using
solar cells. In comparison to silicon solar cells, or-
ganic solar cells (OSCs) are developed based on a
low-temperature process, no vacuum system require-
ments, and flexible thin film deposition, which can
be easily fabricated [1–4]. A conductive polymer,
poly(3,4-ethylenedioxythiophene)-poly(styrene sul-
fonate) (PEDOT:PSS), has been widely investigated
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Abstract. Organic solar cells (OSCs) fabricated with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
films often have limited performance due to high sheet resistances since commercial PEDOT:PSS contains a high insulating
PSS to conducting PEDOT ratio. To resolve this issue, zinc iodide (ZnI2) additive was utilized to modify PEDOT:PSS films,
which was carried out by mixing ZnI2 with PEDOT:PSS solution. The mixture was deposited on a fluorine-doped tin oxide
substrate to derive the modified PEDOT:PSS films for application as a hole-transporting layer in OSCs. This resulted in an
enhanced power conversion efficiency for OSCs fabricated with modified PEDOT:PSS films. The enhancement was primarily
due to the improved PEDOT:PSS/PCDTBT:PC70BM (poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-
2′,1′,3′-benzothiadiazole)] – PCDTBT, [6,6]-phenyl-C71-butyric acid methyl ester – PC70BM) interfaces, which facilitates
enhanced hole collection performance and results in a high current density for OSC devices. Moreover, the ZnI2 plays a role
in the depletion of insulating PSS from the film’s surface. This behavior causes lower sheet resistance and results in an in-
creased Jsc and Voc for OSC devices. Therefore, the improved interfacial contact and depletion of PSS are considered syner-
gistic functions for OSC enhancement.
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in OSCs, attributable to its high electrical conductiv -
ity and transparency [5, 6]. However, PEDOT:PSS
chains contain high ratios of insulating PSS to con-
ducting PEDOT, which may potentially limit the
conductivity for optoelectronic device applications,
including OSCs [7, 8]. Moreover, the formation of
PEDOT:PSS chains might be shortly formed by thin
film fabrication. To solve this issue, many researchers
have focused on the development and optimization
of PEDOT:PSS films. Hussain et al. [9] developed
MXene/WO3 embedded PEDOT:PSS hole transport-
ing layers (HTLs) and applied them to perovskite
solar cells. They prepared the MXene/WO3 hybrid
structure using a solution process. The hybrid struc-
ture was used to modify PEDOT:PSS for applying
HTLs of PSCs. The PSC devices demonstrated a
power conversion efficiency (PCE) enhancement of
12.26%. This is caused by the appropriate energy
band alignment in the modified HTLs, which re-
sults in a more efficient charge transfer and a short-
er carrier lifetime. Gemeiner et al. [10] modified
PEDOT:PSS using secondary dopants of ethylene
glycol (EG), polyethylene glycol (PEG), and dimethyl
sulfoxide (DMSO) for dye-sensitized solar cells
(DSSCs). The dopants were added to PEDOT:PSS
inks and printed on fluorine-doped tin oxide (FTO)
substrates. The secondary dopants caused low sheet
resistance and better wettability and electrochemical
activity for PEDOT:PSS films. This demonstrated
efficiency enhancement for DSSCs fabricated with
PEDOT:PSS counter electrodes. Wan et al. [11] re-
ported an enhancement of OSCs using thionyl chlo-
ride (SOCl2) treatment. PEDOT:PSS films were
soaked onto SOCl2. After 10 min of soaking, the
PEDOT:PSS was washed with de-ionized water and
isopropanol, followed by baking at 80°C for 15 min.
The SOCl2-treated PEDOT:PSS was then applied as
the  HTL layer for the OSCs within a high PCE of
15%. The PCE enhancement was due to the SOCl2
treatment, which caused an improvement in optical
transparency, electrical conductivity, Seebeck coef-
ficient, and work function. Moreover, Xu et al. [12]
demonstrated that a co-development of an engineer-
ing fabrication using layer-by-layer and solvent
treatment greatly enhanced OSC performance. The
PCEs of fabricated OSC devices using layer-by-
layer fabrication and treatment with 1-chloronaph-
thalene (CN) can be enhanced from 13.67 to
15.81%. These results suggest that the development
strategy, including the method and treatment of

PEDOT:PSS HTL, can potentially enhance OSC
performance.
In this work, PEDOT:PSS films were modified
using a ZnI2 additive. The ZnI2 is easily soluble in
water to form Zn2+ and I– ions, that could react with
PEDOT:PSS molecules. Due to the insulating PSS
parts of PEDOT:PSS causing low electrical proper-
ties, the reaction between the ZnI2 additive and
PEDOT:PSS reduces the PSS parts for passivating
and improving the electrical properties of
PEDOT:PSS films [13, 14]. OSCs fabricated with
modified PEDOT:PSS are expected to be enhanced.
PEDOT:PSS film preparation can be performed
using several techniques such as dip-coating, spin-
coating, and convective deposition [15, 16]. The dip-
coating process requires large initial materials, while
spin-coating causes a high loss of initial material by
spinning out. On the other hand, the convective dep-
osition can solve these problems. It requires low ini-
tial materials and causes low material loss; hence, its
application to prepare PEDOT:PSS films.

2. Experiments
Starting materials, including poly(3,4-ethylenedioxy -
thiophene)-poly(styrene sulfonate) (PEDOT:PSS,
PH1000), poly[N-9′-heptadecanyl-2,7-carbazole-alt-
5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]
(PCDTBT), and phenyl C70 butyric acid methyl ester
(PC70BM), were purchased from Ossila, UK. ZnI2
(≥98%) was purchased from Sigma-Aldrich, Singa-
pore. All chemicals were used as received.
Fluorine doped-tin oxide (FTO, Sigma-Aldrich, Sin-
gapore, surface resistivity ~7 Ω/sq) substrates were
cleaned with alconox detergent, de-ionized (DI)
water, and isopropanol for 30 min each using an ul-
trasonic cleaner. Prior to deposition, the cleaned sub-
strates underwent surface treatment with oxygen
plasma (Ossila, Pathum Thani, Thailand). The ZnI2
additive was dissolved into DI water for an initial
concentration of 0.1 M, followed by stirring for 1 h,
to obtain the final ZnI2 solution. The ZnI2 solution
was then mixed into PEDOT:PSS for 0, 1, 2, and
4 vol%. The mixture was stirred for 30 min to form
a homogeneous PEDOT:PSS aqueous solution. For
PEDOT:PSS film deposition, 20 μl of the aqueous
solution was deposited onto FTO substrates using a
convective deposition technique, followed by heat-
ing at 120°C for 30 min, to obtain PEDOT:PSS films.
These films were then used as HTL for OSC appli-
cation. The OSC structures of PEDOT:PSS/
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PCDTBT:PC70BM/TiOx/Al were fabricated as de-
scribed in prior work [15].
Current density-voltage (J-V) characteristics of
OSCs were measured under the standard irradiation
of 100 mW/cm2 from a solar simulator (G2V pico,
Pathum Thani, Thailand) to evaluate OSC perform-
ance. A cross-sectional image was acquired by a scan-
ning electron microscope (SEM, JSM-6610 LV,
JEOL, Bangkok, Thailand). The root-mean-square
(RMS) surface roughness was examined by an atom-
ic force microscope (AFM, Asylum Research MFP-
3D, Bangkok, Thailand). The surface chemical ele-
ment was investigated using X-ray photoelectron
spectroscopy (XPS, Kratos, Axis ultra DLD,
Bangkok, Thailand). Sheet resistance was measured
using a four-point probe measurement (Ossila,
Pathum Thani, Thailand). The contact angle was
measured using a contact angle measurement system
(a homemade setup with 500× microscope, Nakhon
Pathom, Thailand). The optical transmittance was
recorded by an ultraviolet-visible (UV-Vis) spec-
trophotometer (UV-3101 PC, Shimadzu, Nakhon
Pathom, Thailand). The chemical structure was in-
vestigated using Fourier transform infrared (FTIR)
spectroscopy (Spectrum Two, PerkinElmer, Nakhon
Pathom, Thailand). Crystalline structures were char-
acterized using X-ray diffractometry (XRD, D8 Ad-
vance, Bruker, Nakhon Pathom, Thailand) using a
Cu Kα radiation wavelength (λ) of 1.5406 Å.

3. Results and discussion
The photovoltaic characteristics of OSCs fabricated
with PEDOT:PSS films were analyzed by measuring
current density – voltage (J-V) curves, as shown in
Figure 1. The measurement was carried out using at
least three repeated samples for each condition. The
power conversion efficiency (PCE) was then calcu-
lated using the Equations (1) and (2) [15–17]:

(1)

(2)

where Jsc is the short-circuit current density, Voc is
the open-circuit voltage, FF is the fill factor, Pin is
the incident solar power from the solar simulator, Jmax
is current density at the maximum power point, and
Vmax is the voltage at the maximum power point. All
photovoltaic parameters are summarized in Table 1.

It was found that OSC devices fabricated with ZnI2-
mixing PEDOT:PSS films demonstrate higher PCEs
compared with the pristine PEDOT:PSS films. The
PCEs slightly increase as ZnI2 additive increases for
1–2 vol%, whereas 4 vol% ZnI2 additive results in
decreased PCE and Jsc. To investigate the correlation
between photovoltaic parameters, plots of Jsc, Voc,
FF, and PCE as a function of ZnI2 additive volume
are shown in Figure 2. PCE trends are consistent
with Jsc, Voc, and FF, indicating that all photovoltaic
parameters were improved for PEDOT:PSS mixed
with ZnI2 additive. This improvement is due to the
reduced recombination in OSC devices [18], which
is caused by the efficient hole transport efficiency.
Note that the increase in Voc, might also be attributed
to the small change in the chemical structure of
PEDOT:PSS in the presence of the ZnI2 additive. In
comparison with the other works mentioned above
[9–12], the PCE of OSC in this work demonstrates
low PCEs, which might be due to different fabrica-
tion methods [19]. However, the ZnI2-mixing con-
dition can enhance PCE for OSC application. For the
2 vol% ZnI2-mixing conditions, it reveals the maxi-
mum PCE for OSC devices, implying the optimum
condition. Therefore, it was further investigated as a
representative of the modified PEDOT:PSS films in
comparison with the pristine PEDOT:PSS films.%PCE P
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Figure 1. J-V curves of OSCs fabricated with PEDOT:PSS
films at different ZnI2 additive volumes.

Table 1. Photovoltaic parameters of OSCs fabricated with
PEDOT:PSS films at a different volumetric percent-
age of ZnI2 additive mixtures.

ZnI2 additive
volume
[%]

Jsc
[mA/cm2]

Voc
[mV]

FF
[–]

PCE
[%]

0 4.77±0.94 785±19 0.41±0.01 1.52±0.35
1 5.96±0.76 793±15 0.46±0.01 2.18±0.33
2 6.28±0.72 818±5 0.47±0.01 2.42±0.35
4 5.86±0.57 797±12 0.44±0.01 2.03±0.25



The cross-sectional SEM images in Figure 3 demon-
strate that the interfaces between pristine
PEDOT:PSS films and FTO substrates were not
found. On the other hand, the junction between mod-
ified PEDOT:PSS and FTO layers was clearly ob-
served. This indicates the different dynamic coating
nature for pristine and modified PEDOT:PSS. To ex-
amine the surface roughness of PEDOT:PSS films,
AFM was carried out. RMS roughness values of 8.80
and 15.03 nm were obtained for pristine and modi-
fied films, respectively. The roughness for modified
films shows a higher value than that for the pristine
films, indicating a higher surface area for modified
films in comparison to the pristine films. The results
imply that the interfacial contact has increased for
OSC fabrication. This improvement leads to the high

hole transport pathway and facilitates enhanced hole
collection performance between PEDOT:PSS/
PCDTBT:PC70BM interfaces [20], which causes a
higher current density for OSC devices.
The XPS measurement in Figure 4 shows the S(2p)
peak of PEDOT:PSS films. The binding energy peak
at around 167.8 eV corresponds to the sulfur atoms
in PSS, whereas the peaks at around 163.5–164.7 eV
represent the sulfur atoms in PEDOT [21, 22]. The
intensity of S(2p) peaks for modified films is higher
than that of pristine films, indicating that
PEDOT:PSS chains reorient and change to compact
layered PEDOT:PSS films. To examine the change
of modified PEDOT:PSS films, PSS to PEDOT ra-
tios were analyzed by calculating the peak areas for
PSS and PEDOT peaks. The integrated S(2p) peak
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Figure 2. Photovoltaic parameters of OSCs fabricated with PEDOT:PSS films as function of ZnI2 additive volume: a) Jsc,
b) Voc, c) FF, and d) PCE.

Figure 3. Cross-sectional images of a) FTO/pristine PEDOT:PSS and b) FTO/modified PEDOT:PSS.



areas were 4.69:1 and 4.15:1 for pristine and modi-
fied films, respectively. The decrease in integrated
S(2p) peak areas for modified films points to the de-
pletion of PSS from the surface of modified films by
around 12% compared with pristine films [23]. This
behavior implies re-orientation and re-interaction of
PEDOT:PSS in the presence of the ZnI2 additive. It
can be interpreted that PEDOT:PSS films modified
with ZnI2 additive were changed as the compact for-
mation and PSS depletion from the film’s surfaces.
This behavior can enhance hole transport efficiency
in OSC devices, primarily due to the increase of hole-
conducting PEDOT to insulating PSS ratios. The ef-
ficient hole transport behavior also suppresses the
recombination effect, which results in an increased
Jsc and Voc for OSC devices [24].
To investigate the impact of PSS depletion on elec-
trical property, sheet resistance was measured using
a four-point probe measurement. The measurement
presents the sheet resistance value of 81.16±1.96 and
69.59±3.78 Ω/sq for the pristine and modified films,
respectively. The modified films exhibit a 14% de-
crease in sheet resistance in comparison with the pris-
tine one, which nearly correlates to the decrease in
PSS to PEDOT ratios. Moreover, the decrease in
sheet resistance corresponds to the increase in Jsc
value for OSC devices. Therefore, the improved elec-
trical property of the modified films is considered an
effective factor for enhancing the PCE of OSCs in
this work. Moreover, PSS depletion also changes the
surface wettability of PEDOT:PSS films as shown
by the contact angle measurement results in Figure 5.
The contact angle measured within a drop of DI
water features hydrophilic properties for both pris-
tine and modified films, and it slightly decreases for
longer intervals. The contact angle of modified films,

however, demonstrates a higher value compared to
that of pristine films. This is due to the depletion of
water-soluble PSS parts from the surface of modified
PEDOT:PSS films, leaving higher ratios of non-sol-
uble PEDOT parts at the film’s surfaces and causing
a higher contact angle. 
The transmittance spectra in Figure 6 were measured
to evaluate the optical impact on OSC performance.
The transmittance spectra significantly decrease for
the modified films in comparison with the pristine
ones. This feature could be affected by the incorpo-
ration of ZnI2, which is caused by the dense and com-
pact structure of PEDOT:PSS in accordance with
XPS results. Although low transmittance was ob-
tained for the modified films, the PCE of the OSC
device increased. This may be due to the fact that the
active layer (PCDTBT:PC70BM) can respond to the
incident light, even with a low intensity [25]. Note
that the low intensity of incident light also prevents
the burn-in loss of Voc, which maintains stability for
OSC devices. This result suggests that the significant
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Figure 4. XPS spectra of pristine and modified PEDOT:PSS
films.

Figure 5. Contact angle measurement of pristine and modi-
fied PEDOT:PSS films.

Figure 6. Optical transmittance of FTO, FTO/pristine
PEDOT:PSS films, and FTO/modified
PEDOT:PSS films.



factor for enhanced OSC devices is not transmittance
but resistance.
To analyze the structures of the PEDOT:PSS films,
FTIR spectra, and XRD patterns were performed.
The observation of the PEDOT:PSS structures were
determined from the FTIR peaks (Figure 7a) at 1010
and 665 cm–1 for the SO3– symmetric stretching of
PSS and the C–S stretching of PEDOT, respectively
[26]. The results confirm the PEDOT:PSS structure
for both pristine PEDOT:PSS and modified
PEDOT:PSS films. In terms of the other peaks, the
broad peaks at 3860–3670 and 1440 cm–1 were as-
signed to the O–H stretching and bending vibrations,
respectively. The peak at 1725 cm–1 represents the
C=O stretching vibration of the COOH group. The
peaks at 1365 and 1220 cm–1 represent the C–O
stretching vibration. Figure 7b shows the XRD pat-
terns of pristine PEDOT:PSS and modified
PEDOT:PSS films deposited on FTO substrates. The
XRD peak of PEDOT:PSS at 2θ~17.10° was found
for both pristine and modified PEDOT:PSS films
contributed from PSS,  indicating PEDOT:PSS crys-
talline structures [27]. The small XRD peak corre-
sponds to PEDOT (2θ~25.80°), which was found for
only pristine PEDOT:PSS films but disappeared for
the modified PEDOT:PSS films. This is due to the
interaction between the ZnI2 additive and
PEDOT:PSS molecules. Note that the ZnI2 struc-
tures were not detected by XRD characterization
[28]. This is possibly due to the insufficient ZnI2 ad-
ditive for PEDOT:PSS-ZnI2 mixtures or to ZnI2
being distributed into the PEDOT:PSS matrices.

4. Conclusions
PEDOT:PSS were modified with the ZnI2 solution
and coated onto an FTO substrate for application as
a hole transporting layer in OSCs. The average

power conversion efficiency was enhanced from
1.52 to 2.42%. This enhancement was found to be in
correspondence with the rough surface of modified
PEDOT:PSS, which improves the interfacial contact
between PEDOT:PSS and PCDTBT:PC70BM. This
improvement leads to the high hole transport path-
way and facilitates improved hole collection per-
formance, which thus leads to a higher current den-
sity for OSC devices. Moreover, the ZnI2 plays a role
in the depletion of insulating PSS from the film’s
surface. This behavior causes lower sheet resistance
and results in an increased Jsc and Voc for OSC de-
vices. Therefore, the improved interfacial contact
and depletion of PSS are considered a synergistic
function for OSC enhancement.
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