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Polymeric nanofibers produced from biocompatible
and biodegradable materials are being investigated
for a variety of applications in the 21% century. They
have significant application potential in the field of
medicine. Polymeric nanofibers as scaffolds for tis-
sue engineering, wound dressings, or drug delivery
systems offer production variability and a huge num-
ber of flexible structures with changes in morpholo-
gy, topography, or internal structure. The uniqueness
of polymeric nanofibrous materials for medical ap-
plications is that their structure very closely mimics
the tissue’s extracellular matrix.

The spinnability of a polymer liquid (solution or
melt) into the form of nanofibers depends on many
parameters, and the essence of spinnability as a prop-
erty of a polymer liquid is still not easily defined.
Obviously, it is necessary to use a certain force for
polymer liquid transformation and to overcome the
force from the liquid surface tension, which keeps
the liquid in the form with the lowest free surface
energy. But the properties of materials in general, in-
cluding nanofibers, are determined by their structure
and chemical composition. Thus the choice of the
base material, i.e., the polymer, is crucial for poly-
meric nanofibrous materials.

Popular biocompatible and biodegradable polymers
for the formation of nanofibers for medical applica-
tions are aliphatic polyesters, especially the well-
spinnable polycaprolactone (PCL) (https://doi.org/
10.1016/j.progpolymsci.2010.04.002), which has out-
standing properties (https://doi.org/10.1016/j.comp-
scitech. 2010.01.010). However, the crystal morphol-
ogy and molecular orientation — internal structure of
PCL nanofibers has rarely been investigated. The
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known information on PCL indicates that under nor-
mal conditions (temperature, humidity) in the post-
process time (storage), there are changes in the inter-
nal structure, the arrangement, and the surface. The
internal arrangement, which can basically be de-
scribed by the degree of crystallinity, changes rapidly
after processing (cold recrystallization occurs). The
surface of such biodegradable materials is certainly
also rebuilt due to air humidity in the post-processing
time. In the case of initially hydrophobic PCL
nanofibers, this is manifested by a change in water
wettability over time. Then moisture penetrates in-
side and degradation, which is led by hydrolysis, has
space to express itself. Amorphous parts prefer to de-
compose, and secondary restructuring — rearrange-
ment — occurs in the decomposed parts. Not only the
surface but also the volume changes.

Polymeric nanofibers are extremely interesting in
general, but if they are made of biodegradable aliphat-
ic polyesters, they undergo almost constant changes
in their arrangement and, therefore, their internal
structure. And when they are subjected to an external
stimulus such as sterilization, the effect can be even
more complex. We should not think of polymer
nanofibers as stable, unchanging solid materials. In-
side polymeric biodegradable nanofibers, there is
still going on a real disco.

Eva Kuzelova Kost'akova
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Abstract. The development of biodegradable and biocompatible materials to replace non-biodegradable synthetic polymers
has received significant interest in biomedical applications. Amongst all biopolymers, polybutylene succinate (PBS) possesses
excellent properties, such as biocompatibility, easy processability, biodegradability, non-toxic, good mechanical and thermal
properties, which makes it a suitable candidate to replace non-biodegradable synthetic polymers in biomedical applications.
This review provides recent advancements, trends, and challenges for the utilization of polybutylene succinate (PBS) and
PBS-based materials for biomedical applications, viz. drug delivery, tissue engineering, and biomedical devices. In addition,
the design of medical devices from PBS using 3D and 4D printing is also presented. The market analysis, comparison of
virgin PBS and synthetic polymer properties, as well as the end of service life, are summarized briefly. The current status,

challenges, and future directions are also discussed.
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1. Introduction

In recent years, advances in material science have
led to the discovery and development of novel bio-
degradable and biocompatible materials for biomed-
ical applications as a substitute for non-biodegrad-
able synthetic polymers [1]. Synthetic polymers
contribute to waste disposal problems because they
are resistant to microbial degradation [2]. The prop-
erties of biopolymers being biodegradable and bio-
compatible have garnered considerable attention in
biomedical applications, such as tissue engineering,
drug delivery system, and wound dressing, because,
after the end of service life, they hydrolyze within
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the body system and do not leave any toxic byprod-
ucts thus, showing a potential for these applications.
Aliphatic polyesters, such as polylactic acid (PLA),
polycaprolactone (PCL), and polybutylene succinate
(PBS) have demonstrated great potential in biomed-
ical applications due to their attractive features, such
as environmental friendliness, biocompatibility, non-
immunogenicity, and good thermal and mechanical
properties [3—7]. For example, PLA is the most stud-
ied biopolymer, however, it has shortcomings, i.e.,
brittleness, and low impact resistance, which have
been major concerns, especially for biomedical appli-
cations. PBS has recently become a research hotspot
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due to its impressive features, such as good process-
ability, chemical and heat resistance, biodegradabil-
ity, good mechanical and thermal properties, bio-
compatibility, and non-toxicity [8]. In addition, its
properties can be tuned by copolymerization and
other modifications to achieve desired application.
Unfortunately, PBS has shown some drawbacks,
which include insufficient osteoblast compatibility
and bioactivity, poor wettability with a contact angle
of ~130°, and high production cost [8—11]. These
drawbacks have greatly hindered the wide-scale ap-
plications of PBS in biomedical applications, and
hence, the modification of PBS is critical to expand-
ing its applications.

Several approaches that are reported to mitigate PBS
limitations include reinforcing, blending, and copoly-
merization. For instance, a copolymer poly(buty-
lene-co-dilinoleic succinate) (PBS-co-DLS) was de-
veloped for heart tissue engineering in order to
overcome some limitations associated with virgin
PBS. The copolymer demonstrated good mechanical
properties matching properties of cardiac tissues, im-
proved cell proliferation, and excellent biocompati-
bility. In addition, PBS copolymer degraded into non-
cytotoxic byproducts [12]. Generally, the science of
modification of PBS is relatively new when com-
pared to their synthetic polymer counterparts. There-
fore, further research is necessary to achieve the full
potential of PBS.

A number of reviews related to PBS properties,
biodegradation, and expanded applications, such as
food packaging, biomedical, tableware, and mulch
films, as well as modification of PBS have been pub-
lished [8, 13, 14]. However, reviews on PBS and
PBS-based blends and composites focusing specifi-
cally on biomedical applications are very few. For
instance, Gigli ef al. [13] published a comprehensive
review on PBS-based materials for biomedical ap-
plications. However, in their study, they only focused
on the drug delivery system. This contribution is
aimed at providing recent advances in PBS-based
materials in biomedical applications, specifically for
drug delivery systems, tissue engineering, and bio-
medical devices. The application of PBS and PBS
materials in 3D and 4D are also highlighted for fu-
ture healthcare purposes. Moreover, the end-of-ser-
vice life options of PBS-based materials, current sta-
tus, and future outlook will also be discussed.

2. PBS market size

PBS comprises repeated CgH;,04 units as shown in
Figure 2, and is synthesized via the polycondensa-
tion method from 1,4 butanediol and succinic acid,
which can be obtained from both petroleum and
biobased sources. However, PBS obtained from pe-
troleum-based monomers is usually referred to as
conventional PBS, whereas the one obtained from
biobased monomers is often referred to as Biobased
PBS or BioPBS. Although the sources differ, their
characteristics remain the same.

PBS offers a great opportunity to replace non-bio-
degradable synthetic polymers, such as polypropylene
(PP) and polyethylene (PE). Since the first synthesis
of PBS in the 1930s, over the years, it has been syn-
thesized by well-established companies as well as in
some research laboratories. The major producers and
suppliers are in China, the United States of America,
Thailand, and Germany. The key producers and sup-
pliers of commercially available PBS are Kingfa,
BioAmber (DNP/ARD), Myriant, PTT MCC Bio-
chem, Reverdia, and BASF, with a production capacity
of 30000 metric tonnes per annum. The global market
of PBS is growing immensely, and it is projected to
grow fast in the next few years. Recently, Data Bridge
Market Research analyses have reported that the mar-
ket PBS is expected to grow at a Compound Annual
Growth Rate (CAGR) of 7.3% from 2021 to 2028 and
is anticipated to reach a market of USD 242,803.69
thousand [15]. To achieve the predicted 7.3% increase,
there is a need to start up new companies for PBS pro-
duction as well as to expand the production capacity
of the existing well-established companies. In addition,
PBS is an emerging biopolymer and therefore, diver-
sification of PBS applications is a necessity to ensure
its market growth [15].

The growth in market size and the demand for PBS
is attributed to the increasing demand for biodegrad-
able and biocompatible based products in various
sectors, such as food packaging, agricultural, auto-
motive, biomedical, and others. Several program —
circular economy. The main aim is to address plastic
waste pollution and global warming in the long run.
In addition, according to the Web of science, over the
past 10 years, there has been a growth in the number
of publications on PBS topic, as depicted in Figure 1.
Another boost towards the growing market of PBS is
its excellent properties which include biodegradability,
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Figure 2. Polybutylene succinate (PBS).

eco-friendliness, good mechanical and thermal prop-
erties, as well as heat and chemical resistance. PBS
properties are similar to those of non-biodegradable
synthetic polymers, and they are summarized in

Table 1. Moreover, the properties of PBS make it a
suitable candidate for biomedical applications. How-
ever, further research is still needed to exploit PBS
to achieve its full potential since it is an emerging
biopolymer. Even though the projections demon-
strated the rapid growth of the PBS market, PBS
faces significant challenges that may negatively im-
pact its market. The first challenge includes inade-
quate properties of PBS to be used as virgin biopoly-
mer, and thus, it requires blending and reinforcing
technology to improve their properties. The blending
technique has shown several drawbacks, such as the
immiscibility of polymers and the cost of the final
product becoming high in most cases. On the other
hand, the reinforcing challenge is agglomeration
which affects the properties of the final product. The
second challenge is the high cost and fluctuation cost
of raw materials, which makes PBS expensive bio-
polymer and negatively impacts their market size.

3. Biomedical applications of PBS and
PBS-based materials

Various processing technologies such as electro-

spinning, compression moulding, and 3D printing

have been employed to develop PBS-based materi-

als for biomedical applications, specifically, drug

delivery, tissue engineering, wound dressing as well

Table 1. Mechanical and thermal properties (glass transition temperature (7), melting temperature (7)) of PBS and synthetic

polymers counterparts.

Tensile Tensile Elongation T T Molecular Crvstallinit
PBS strength modulus at break ° é] P 'C“] weight ¥ %] Y| References
[MPa] [MPa] [%] [g/mol] °
Lab scale 31.08+0.3 513+60 8.9+0.2 n.r. 114.0 47500 35.0 [16]
Lab scale 6.2+0.7 20+3 151£7 -32 114 50000 n.r. [17]
Lab scale 30+2 330+13 23+4 -32 115 48300 56 [18]
Medical-grade PBS 33 - 700 =32 114 n.r. nr. [9]
PBS (Bionolle 3001, 37.2042.01 | 287167 | 605462.19| nr | 112.5 nr. 32 [19]
Showa Denko)
PBS (Natureplast) 39374028 | 790+£0.02 | 17.85+.02 nr. nr. nr. nr. [20]
PBS (Xinjiang Blue
Ridge Tunhe Polyester 41.5€2.8 554+45 324436 n.r. 114.8 83000 47.82 [21]
Co. Ltd.)
PBS (Bionolle 3002, 18.3+1.6 159461 | 432.7457.4 | 45  |95.2+1.4 nr. nr. [22]
Showa Denko)
BioPBS (FZ71PM, PTT
MCC Biochem Co., Ltd., 40.7 740 119 -17.0 115.4 n.r. 34.5 [23]
Bangkok)
PP (Shazand Petrochemi- 29 850 28 nr | 1646 nr 515 [24]
cal Company)
High-density polyethyl-
+ + +
ene (HDPE) (SABIC) 24.2+0.9 1220429 50.0+14.9 n.r. 132.7 n.r. 71.0 [25]

n.r. = not reported
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as biomedical devices. Much research and develop-
ment have been focusing on tissue engineering and
drug delivery system. However, research on PBS-
based wound dressing and biomedical devices is still
in the developmental phase. Figure 3 summarizes
the process of developing PBS-based material for
medical applications. Due to the growing market
size of PBS, it is anticipated that new applications
such as 3D and 4D printing will be introduced year-
ly. In this section, the applications of PBS in drug
delivery, tissue engineering, and biomedical devices
will be discussed, citing recent literature on the new
developments.

3.1. Polybutylene succinate (PBS) based
materials for drug delivery system
In drug delivery systems, polymers are used to con-
trol the release of drugs into the body by either oral
administration and/or implant [26]. A drug delivery
system is used to sustain the release of drugs and
avoid or minimize the daily taking of drugs as well
as reduce the side effects [1].
Drug release depends on many factors to obtain the
desired results. These factors include preparation
method, distribution of drugs into the matrix, con-
centration of drug, and the interaction between drugs
and polymer matrix [1, 26]. For instance, the direct
compression process has been used to develop a drug
delivery system to control the release of drugs. This
is due to the low cost and industrial scalability of the
process [1]. It was reported in the study of Llorens
et al. [26] that poor interaction between drug and
polymer matrix resulted in drug migration.

/ON _CH, + HO/\/\/OH+ r\j

1.4 butanediol  e-caprolactone (CL)
Dlmethyl SucEinate (DMS) Titanium tetraisopropoxide (TTIP)
Catalyst
160—190 o]

J[ Rl WfoW\/léa

Figure 4. Synthesis of poly(butylene succinate-co-g-capro-
lactone). Redraw from [1].

There are several methods reported in the litera-
ture used to fabricate drug delivery systems with
prolonged release of drugs for oral administration
and/or implant. These methods include compression
moulding and melt extrusion. For instance, Fabbri et
al. [18], Khalil et al. [27], and Galdon et al. [1] fab-
ricated PBS-based materials for drug delivery using
hot melt processing. In the case of Galdon et al. [1],
a copolymer poly(butylene succinate-co-g-caprolac-
tone) (Figure 4) was developed to control the release
of theophylline, a drug used for lung disease using
direct compression, ultrasound-assisted compres-
sion, and hot melt extrusion.

Ablend of 70/30 (PBS/e-caprolactone) was prepared,
and various loadings (12 to 47%) of theophylline
were added to the blends. It was reported that 100%
release in 240 min was achieved when 12% was
loaded. However, higher loading of more than 12%
has resulted in the prolonged release of 100% theo-
phylline to 300 min [1]. Furthermore, the use of
PBS-based blend controlled the release dosage of
theophylline.

Even though the aforementioned methods (compres-
sion moulding and melt extrusion) are widely used
in drug delivery systems, there are some inherent
drawbacks. For instance, compression moulding and
melt extrusion use high temperatures, which can de-
stroy the integrity of the drug. In some cases, plasti-
cizers are added during the melt extrusion processing
to improve the processabilities of polymeric materi-
al, which is used for drug delivery systems. Some of
the widely used plasticizers (e.g., phthalate esters)
have been found to be carcinogenic [28].

Most recently, the use of electrospinning techniques
to fabricate drug delivery systems has become a re-
search hotspot for developing PBS-based drug de-
livery systems [12, 17, 26]. Llorens et al. [26], a
novel scaffold comprising PBS and poly(ethylene
glycol) (PEG) for drug delivery system using coaxial
electrospinning was developed to control the release
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of triclosan and curcumin. This novel technology al-
lows the fabrication of micro and/or nanofibers with
a core-shell structure consisting of different compo-
sitions. The ensued PBS/PEG electrospun fibres
were loaded with triclosan and curcumin. The results
suggested that the release of triclosan in phosphate
buffer saline was low. This was due to the adsorption
of hydrophobic triclosan in hydrophobic PBS. How-
ever, it was reported that the lower release of tri-
closan was adequate to inhibit bacterial colonization.
It was also highlighted that the addition of ethanol
in phosphate buffer saline led to the higher release
rate of triclosan. In the case of curcumin, the medi-
um release was observed due to its hydrophobicity
nature and good interaction with PBS. PBS can be
functionalized to enhance the interaction with the
cellular environment [29]. It is worth noting that the
release of curcumin was independent of fibre struc-
ture and fibre composition, as well as the presence
of ethanol in the medium. In addition, the adhesion
and cell proliferation results revealed that both drugs
were released during culture.

There are several methods reported to fabricate a
drug delivery system. These methods include com-
pression moulding, extrusion, and electrospinning.
Recently, there has been a welcomed paradigm shift
towards PBS-based nanospheres and microspheres
as alternative drug delivery systems [30—33]. This is
attributed to the fact that they can be tailored to attain
desired particle size morphology and size distribu-
tion for good control of drug release.

Mohanraj et al. [30] developed PBS microspheres
for the delivery of L-dopa. The cationic surfactant
cetyl trimethylammonium bromide (CTAB), which
produced smooth surface microspheres, as well as
non-ionic poly(vinyl alcohol) (PVA), which pro-
duced porous microspheres were selected. Phosphate
buffer saline and cerebrospinal fluid were used as re-
lease media. It was reported that the encapsulation
efficiency for smooth and porous microspheres was
62.28+1.08 and 53.93+1.58%, respectively. In addi-
tion, the release of L-dopa using phosphate buffer
saline from smooth and porous were 25.52 and
30.95%, respectively, within 1 hour. In the case of
cerebrospinal fluid, the release of L-dopa within
1 hour from smooth and porous were 28.56 and
58.02%, respectively. Furthermore, the drug release
rate was reported to increase over a period due to the
slow degradation of microspheres. Based on their
findings, the authors suggested that microspheres

loaded with drugs can be administered by intra-
venous injection so that it reaches the target organ
very quickly. Brunner ef al. [32] reported similar ob-
servations. In their study, they investigated the effect
of concentration of PVA, encapsulation efficiency of
all-trans retinoic acid (atRA), and drug loading. The
results revealed that atRA was successfully encap-
sulated with the encapsulation efficiency of 75% and
drug loading of 14% when 4% of PVA concentration
was used. The release rate was 9% in 4 weeks. In an-
other study reported by Murase ef al. [31] PBS mi-
crosphere was developed to control the delivery of
indoles (indole, 1-methylindole, 2-methylindole, 3-
methylindole, 2-phenylindole). The authors indicat-
ed that the encapsulation efficiency of the drugs
studied was not the same. For instance, 1-methylin-
dole had the lowest encapsulation efficiency, where-
as 2-phenylindole had the highest when compared
to all other drugs studied. It is worth mentioning that
the lower the encapsulation efficiency, the weaker
the interaction between the drug and the polymeric
matrix. The major drawback of indoles is their slight
solubility in water. The authors reported that about
80% of indoles were released from microspheres
after 4 hours. However, due to the slight solubility
in water, the release was halted after 4 hours of ex-
posure. The solubility of drugs was improved by the
addition of ethanol into a release medium (phosphate
buffer saline). The authors reported that ethanol en-
hances the hydrophobicity and the swelling of mi-
crospheres which results in the improvement of drug
diffusion to the medium. Moreover, the results
demonstrated that indoles could be used as antipro-
liferative drugs for cancer cells.

Some of the drawbacks restricting the widespread
use of PBS in the biomedical sector include hydro-
phobicity, slow degradation rate, inadequate biocom-
patibility, and lack of reactive centers for binding
with drugs [29]. In recent years, three main strategies
have been used to mitigate these challenges and ex-
pand its applications; these include copolymerization
and developing blends of PBS with different poly-
mers to improve their properties. The blending tech-
nique is an interesting solution to enhance the prop-
erties, but it is limited by compatibility considera-
tions. The third strategy involves reinforcements with
fillers or fibres to enhance their performance while
the PBS matrix provides structural properties.
Different research groups synthesized various novel
PBS copolymers possessing unique properties, such
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Figure 5. Synthesis of poly[2-(dimethylamino)ethylmethacrylate]—poly(butylene succinate)—poly[2-(dimethylamino)ethyl-
methacrylate] (PDMAEMA-PBS-PDMAEMA,PDBD). Redraw from [29].

as biodegradation, hydrophilicity, and biocompati-
bility for drug delivery [18, 29, 34-36]. In addition,
the introduction of functional groups in ether link-
ages of PBS chains triggers the hydrolysis degrada-
tion process and their flexibility [18]. These re-
searchers successfully synthesized PBS copolymers
by modifying PBS chains to control the delivery of
drugs. In the case of Zhao et al. [29], a novel copoly-
mer poly[2-(dimethylamino)ethylmethacrylate]-poly
(butylene succinate)—poly[2-(dimethylamino)ethyl-
methacrylate] (PDMAEMA-PBS-PDMAEMA,
PDBD) (Figure 5) was successfully prepared through
a chain-extension reaction.

The results revealed that these copolymers formed
spherical micelles with small particle sizes of about
90 nm. The micelles developed had a hydrophobic
core structure of PBS and hydrophilic poly[2-(di-
methylamino)ethyl methacrylate] outer shell. The in-
troduction of doxorubicin drug into the micelles re-
sulted in the micelles with small particle sizes with
narrow size distribution, which suggest good per-
formance of micelles. The authors reported that 34%
of doxorubicin was released after 6 hours from mi-
celles prepared at neutral pH. However, it was no-
ticed that at lower pH (pH = 4) about 56% of dox-
orubicin was released. The increase in the release of
doxorubicin at lower pH was due to higher solubility

of the drug in acidic medium and swelling of mi-
celles attributed to protonation of amino groups in
the copolymer in an acidic medium. Furthermore,
the resulting micelles demonstrated very low toxic-
ity, making them a suitable candidate for drug deliv-
ery. In contrast, da Costa et al. [35] reported that the
introduction of the drug (Meloxicam) did not signif-
icantly affect the size of particles. The results showed
that the encapsulation efficiency of the drug was
79%. Unlike in Zhao et al. [29] study, in this study,
the release of drug was faster at a higher pH medium
than in a lower pH medium. This behavior was due
to the good interaction between drug and polymer in
alkali media. The developed materials showed the
potential to be used as transdermal patches.

In another study [18], PBS copolymers containing
ether-oxygen atoms were fabricated to deliver the
drug dexamethasone. The results showed that the
modification of PBS with triethylene glycol (TEG)
resulted in improved hydrolytic degradation. In ad-
dition, copolymers sustained good cell adhesion and
proliferation. The particle size of copolymers was
larger than those of neat PBS. Also, the results re-
vealed that copolymers had lower encapsulation ef-
ficiency than that neat PBS due to the high hy-
drophobicity nature of PBS. It was also observed
that the drug release was faster in the copolymer in
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comparison to neat PBS due to the higher hydro-
philicity of copolymers and improved degradation
rate. Most recently, Ferreira et al. [36] modified PBS
using biobased rutin, also known as vitamin P and
castor oil, in order to investigate their potential as a
delivery system of silybin. The results revealed that
the modification of PBS with rutin and castor oil led
to the lower release of silybin.

In recent years, blending PBS with various polymers
such as starch, keratin, and polyethylene glycol (PEG)
as well as reinforcing PBS with fillers has received
considerable interest in biomedical applications, es-
pecially in drug delivery [27, 37-39]. In general, the
drug release depends on the blend composition and
blend morphology [27]. For instance, Guidotti and co-
workers [17, 38] prepared a blend of PBS and keratin
at the ratio of 50:50 through electrospinning for drug
delivery. The developed blend exhibited excellent
drug release properties and improved the biodegrad-
ability of PBS. The release rate further improved
when the loading of keratin was increased. Soares et
al. [37] developed a blend of PBS/PEG, and PBS/
PEG reinforced with montmorillonite (MMT) organ-
oclay for the release of praziquantel. The addition of
organoclay in a blend enables a controlled release of
praziquantel dissolution process by allowing prazi-
quantel to be in a dissolution medium for 72 hours. In
the case of the neat blend, the dissolution of prazi-
quantel in the medium occurred within 24 hours.

3.2. PBS-based materials for tissue
engineering

Over the past decades, thermoplastic polymers have
been widely used in biomedical applications because
they can easily be designed into customized shapes
depending on the intended applications. The selec-
tion of suitable polymeric materials for biomedical
applications, such as scaffolds for tissue engineering,
is the most crucial step toward the fabrication of the
resultant materials [39]. Research on tissue engineer-
ing has gained considerable attention in the last
decades for restoring, maintaining, and/or improving
tissue functions that are damaged [40, 41]. Recently,
tissue engineering has been used for the regeneration
of different types of tissues such as bones, skin, etc.
[39, 42]. For instance, Deepthi et al. [42] fabricated
a ternary hydrogel scaffold comprising PBS/chitin/
chondroitin sulfate nanoparticles for skin tissue en-
gineering. The resultant scaffold demonstrated a
large surface area suitable for more human dermal

fibroblasts adhesion, better cell proliferation, and
low cytotoxicity, thereby, promoting skin regenera-
tion. Scaffolds for tissue engineering can be made
from synthetic polymers or natural polymers, blend
polymers, and/or polymer-based composites.

In recent years, there has been a paradigm shift to-
ward the development of biopolymer-based scaf-
folds for tissue engineering. Poly(lactic acid) (PLA),
polycaprolactone (PCL), poly(glycolic acid) (PGA),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBYV), and poly-(butylene succinate) (PBS) are
amongst the widely used biopolymers to fabricate
scaffolds for tissue engineering. This is due to their
unique properties, i.e., biodegradability, biocompat-
ibility, good mechanical, and non-toxicity [7]. PBS
has been one of the most widely used biopolymers
for developing scaffolds for tissue engineering due to
its flexibility, biodegradability, high degree of crys-
tallinity, and non-toxic [43].

Studies have demonstrated that PBS is biocompatible
as it supports attachment, proliferation, and differen-
tiation of human fibroblast cells [43]. PBS also pos-
sesses good degradation behavior in phosphate-
buffered saline. The biocompatibility and degradation
behavior together with other properties, such as good
mechanical and thermal properties as well as good
processability indicate that PBS is one of the most
suitable biopolymers for tissue engineering applica-
tions [44, 45]. One of the most crucial advantages of
PBS is that it can be easily tailored through copoly-
merization using various monomers (e.g., dilinoleic
acid, lactic acid, terephthalic acid, efc.) to improve its
properties to afford their application in tissue engi-
neering [46]. Poly(butylene succinate-co-dilinoleic
succinate) (Figure 6) has been explored as the material

HO

o
OH + /\OJ\/\”/O\/ + HO/\/\/OH
o

Diethyl succinate 1.4 butanediol

CALB

Two stage, high vacuum
from 21-92 h

Diphenylether, 80-95°C

Dilinoleic diol

oot

Poly(butylene succinate-co-dilinoleic succinate) (PBS-DLS)

Figure 6. Synthesis of poly(butylene succinate-co-dilinoleic
succinate). Redrawn from [47].
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of choice to fabricate helically coiled scaffolds that
can be used for heart-related tissue engineering.

The resulting three-dimensional (3D) materials were
analogous in terms of architecture and behavior of
human tissues, especially heart muscle perimysium
which is composed of microscale coiled fibers [12].
On the other hand, copolymerization of PBS with
carboxylic acid induces enzymatic degradation, mak-
ing it a suitable candidate for different biomedical
applications [46].
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The ideal scaffolds should allow cells to adhere and
proliferate, leading to the formation of an extracellular
matrix (ECM), displaying high porosity, intercon-
nected structure, good mechanical properties, and
uniform distribution throughout the scaffolds [41],
as depicted in Figure 7.

In this context, numerous researchers have devel-
oped highly porous electrospun fibres made from
PBS for soft tissue engineering and wound dressing
[12,43, 46, 48]. The high-quality fibres with less bead
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Figure 7. SEM micrographs of electrospun fibres. a) neat PBS, b) PBS reinforced with 0.5 wt% CNC c) PBS reinforced
with 1 wt% CNC, d) PBS reinforced with 3 wt% CNC, e) PBS reinforced with 0.5 wt% CNC and f) electrospun

fibre diameters reproduced from [41].
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or bead-free are achieved by optimizing parameters
such as the solvent system used, grade of PBS, the
concentration of PBS, applied voltage, and distance
between the electrodes [48]. For instance, 15% (w/v)
of bio PBS was prepared by dissolving it in a mix-
ture of chloroform and dimethyl sulfoxide (DMSO)
at 50 °C under vigorous stirring for 2 hours. The elec-
trospinning process was conducted at 15 kV applied
voltage, 1.5 ml/h flow rate, 20 cm tip-top-collector
distance, and 18-gauge blunt-tipped needle, under
ambient conditions (19-21°C, 55-65% relative hu-
midity). The resultant electrospun fibres exhibited
good tensile strength and modulus as well as high
porosity at micro and nano levels which makes them
preferable for soft tissue engineering [48].

The main challenge associated with conventional
electrospinning is the production of two-dimensional
(2D) non-woven mats, which limits their applications.
In order to mitigate those challenges, a number of re-
searchers fabricated 3D electrospun fibres [12, 41].
Sonseca et al. [12] developed 3D PBS-based scaf-
folds for smooth muscle tissue engineering. The scaf-
folds consist of large surface area, high porosity, and
good elasticity which afforded the scaffolds with fa-
cilitated cell proliferation. The development of artifi-
cial scaffolds for peripheral nerve regeneration using
electrospinning was demonstrated by Cicero and col-
leagues [49]. The resultant 3D PBS-based scaffolds
were flexible thin sheets with diameters ranging

c)

Figure 8. a) Nerve isolation, b) implantation of PBS scaf-
folds, c) nerve section, d) nerve wrapping. Repro-
duced from [49].

between 1-5 microns. The scaffolds were implanted
in rats to stimulate, and repair severed peripheral
nerves, as shown in Figure 8. The findings revealed
that after 120 days, there was a complete re-adsorp-
tion which indicates the biocompatibility of scaffolds
and hence demonstrates that 3D PBS-based scaffolds
have a great potential for nerve regeneration.

3D scaffolds made from PBS alone are, however,
limited in terms of mechanical properties, perform-
ance, and surface structure. Huang et al. [41] and Ju
et al. [50] incorporated cellulose nanocrystals (CNC)
in PBS to address the aforementioned challenges of
PBS. The findings revealed that the introduction of
3 wt% CNC into PBS led to the improvement in crys-
tallinity, mechanical properties, and hydrophilicity.
It is noteworthy mentioning that the incorporation of
CNC into PBS also improved the overall porosity,
biodegradation, and biocompatibility when compared
to neat PBS. The cell proliferation was better in the
case of PBS reinforced with CNC in comparison to
neat PBS. This is because the NIH-3T3 cell spread
very well in the PBS-based composite in comparison
to neat PBS. In addition, PBS-based composite com-
prises an open pore and bimodal structure which fa-
vors cell attachment and proliferation.

A literature study indicates that the overall properties
of PBS-based materials for tissue engineering were
enhanced by blending with other polymers [43]. In
this interesting study, the optimum properties and
bioactivity were reported for PBS/PLA in ratios of
50/50 wt%. Additionally, blending PBS with PLA
(50/50 wt%) resulted in uniform and smooth fibres
without beads. The properties of PBS/PLA
(50/50 wt%) blend were improved by reinforcing
with cellulose nanofibres (CNF). The results revealed
that the incorporation of CNF into the blend en-
hanced the mechanical performance of the blends due
to the strong interaction between CNF and the poly-
mer matrix. Also, the incorporation of CNF led to the
reduction in fibre size and improved the human der-
mal fibroblast attachment of the resultant scaffold,
cell proliferation as well as protein attachment on the
scaffold due to the reduced size of the fibres. There-
fore, the resultant scaffolds demonstrated a potential
for vascular tissue engineering applications [43].
Another major drawback of PBS is inadequate os-
teoblast biocompatibility and bioactivity which limit
their applications for bone tissue regeneration [9].
To overcome these challenges and to improve bio-
compatibility and bioactivity, surface modification
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and reinforcing PBS should be considered [9, 51-53].
Wang, ef al. [9] modified PBS with H,O or NH; plas-
ma immersion ion implantation (PIII) to enhance bio-
compatibility and bioactivity. The results revealed that
plasma treatment improved the hydrophilicity and
roughness of the polymer. As a result, osteoblast bio-
compatibility was enhanced after the treatment which
suggests that the resultant material is suitable for
bone replacement implant. Another strategy for im-
proving biological performance such as biocompat-
ibility and bioactivity is to introduce material which
can readily degrade and maintain high bioactivity.
Ceramics, such as hydroxyapatite, and nano-fluora-
patite have been widely used as bioactive materials
for bone regeneration because they can easily bond
with living cells through the apatite layer formed on
the ceramic surface [54]. However, natural bone tis-
sue is made up of inorganic compounds (apatite) as
well as organic material (collagen). Therefore, in
order to promote bone regeneration and design bone
tissue engineering the material must contain both in-
organic and organic materials such as a polymer. The
ensued material must have good properties in com-
parison to neat inorganic and organic material. In ad-
dition, the developed material must mimic the natu-
ral bone structure in terms of properties. Recent
studies on PBS reinforced with bioactive materials
such as hydroxyapatite [54], nano-fluorapatite [52],
nanolaponite [11], silica-nanotubes, and strontium hy-
droxyapatite [55, 56], magnesium phosphate [57]
have shown a significant improvement in bone func-
tions. In the study investigated by Prowans and

Figure 9. Images of a) limb prepared for a procedure, b) limb
exposed in tibia, ¢) implanted composites stabi-
lized with two nonabsorbable Prolen 5.0 stitches,
d) bone cut and stabilized with the composites,
e) stitched after surgery. Reproduced from [54].
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co-workers [54], poly(butylene succinate-butylene
dilinoleate) (PBS-DLA) copolymer reinforced with
30 wt% hydroxyapatite was fabricated for bone heal-
ing. The incorporation of hydroxyapatite into PBS
copolymer resulted in the increased tensile modulus
while maintaining good elongation at break. The
healing process of bone after fracture, as depicted in
Figure 9, stabilized with implanted PBS copolymer
reinforced with 30 wt% hydroxyapatite. The histology
results revealed that the healing process was taking
place after implanting PBS copolymer-based com-
posites due to the presence of hydroxyapatite. In ad-
dition, the presence of calcium and phosphate ions
in the hydroxyapatite triggered bone regeneration.

Another study investigated the incorporation of
nano-fluorapatite into PBS. The results demonstrated
that the presence of nano-fluorapatite promoted bio-
compatibility and bioactivity in the resulting com-
posite material [52]. Similar observations were re-
ported by other researchers [11, 57]. In addition, the
fabricated PBS composites reinforced with nano-flu-
orapatite exhibited a highly reactive surface which
enables it to combine with living cells of bone tissue
without fibrous capsule tissue. Thus, displaying good
osteoconductive [52]. Moreover, the presence of in-
organic fillers in PBS inhibited the growth of Es-
cherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) indicating that the resultant materials
have antimicrobial activity [11]. The incorporation
of inorganic fillers into PBS-based materials can also
trigger the hydrolytic degradation process [55-57].

Other researchers have blended PBS with natural
polymers such as chitosan to fabricate scaffolds for
tissue engineering to overcome the aforementioned
drawbacks of PBS [39, 58, 59]. Chitosan has been
investigated in biomedical applications due to its ad-
vantages such as non-cytotoxicity, biodegradability,
non-antigenicity, and biocompatibility. The results
showed that the introduction of chitosan into PBS
blends promoted the adsorption of human serum al-
bumin (HSA) and human plasma fibronectin (HFN).
However, the highest adsorption was noticed in the
case of HSA. The in vitro studies revealed that the
human osteosarcoma cell proliferated in the blend.
In contrast, high proliferation was noticed in neat
PBS [58]. Further studies were performed using
human bone marrow mesenchymal stem cells (hBM-
SCs) on the PBS blended with chitosan scaffolds.
The scanning electron microscopy (SEM) results
showed excellent cell adhesion on the surface of the
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scaffold and cell proliferation. The in vivo studies
were performed on critical cranial bone defects in
nude mice using PBS blend scaffold and hBMSCs.
The micro-computed tomography (uCT) findings
demonstrated that the cell construct enabled bone re-
generation after 8 weeks of implantation [39].

3.3. PBS-based shape memory for biomedical
devices

Shape memory polymers (SMP) are often fabricated
based on the structure and the properties of the in-
tended applications as depicted in Figure 10. PBS-
based SMP has received great attention due to its
biodegradability, biocompatibility, and non-toxicity.
PBS based SMP are designed using various strate-
gies; namely: (i) crosslinked homopolymer, (ii) seg-
mented block copolymers, (iii) blending polymers,
(iv) supramolecular polymer network, (v) polymer
composites [60, 61]. Blending is the most popular
strategy to design multi-shape materials with multiple
properties. For instance, Zheng et al. [62] fabricated
multiple shape memory consisting of PBS, PCL, and
polyurethane (TPU). The resultant multi-shape mem-
ory is comprised of temporary and permanent shapes.
The shape memory test results revealed that the sys-
tem had a larger fixing ratio and recovery ratio. These
results suggest that the resultant material has potential
in the field of biomedical devices.

However, to the best of our knowledge, there is little
information reported in the literature about designing
biomedical devices from PBS-based SMP. Much
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Poly(butylene succinate)-poly(ethylene glycol)

Figure 11. Synthesis of poly(butylene succinate)-poly(eth-
ylene glycol). Redraw from [71].

research is only focusing on the synthesis and char-
acterization of PBS-based SMPs [62, 64-70]. The
newly developed PBS-based SMPs demonstrated
good ductility which allows remarkable reversible de-
formation, good thermal properties, good crystallinity
for biomedical devices, and are more hydrophilic [62,
64—70]. Huang et al. [66] synthesized and character-
ized poly(butylene succinate)-poly(ethylene glycol)
(Figure 11) multiblock copolymer for biomedical de-
vices.

The results showed that the synthesized multiblock
possess two different crystalline regions. These crys-
talline regions showed both temporary and perma-
nent shapes. In addition, multiblock demonstrated
good elongation at break as well as high hydrophilic-
ity, indicating that the material can be used to fabri-
cate biomedical devices.

In another study, Lin et al. [72] designed a shape
memory blend of PBS and PLA for biomedical
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Figure 10. Shape memory polymers used in various biomedical applications. Reproduced from [63].
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applications using 4D printing. 4D printing was used
to develop the patient customized biomedical device,
such as an aneurysm model because the structure and
dimensions of the final product can be regulated. The
resultant PBS SMP consisted of hard and soft phas-
es. The soft phase is responsible for shape fixation
performance whereas the hard phase is for shape re-
covery performance. In addition, the ensued SMP
displayed improvement in flexibility which has po-
tential in tissue engineering and photothermal ther-
apy. Since the market for PBS is growing and the

fact that it possesses good properties, it is projected
that variety of applications such as biomedical de-
vices, sensors and others will be explored.

4. Other applications of PBS-based
polymers

PBS has garnered tremendous interest in other appli-

cations such as food packaging, the agricultural sec-

tor, efc., as shown in Table 2 [13, 73]. As previously

mentioned, PBS offers unique properties which

match those of non-biodegradable synthetic polymers

Table 2. Other applications of PBS-based materials.

Material

Processing methods

Intended applications

Summary of results

References

Aerogel PBS

Compression mould-
ing

RF and Microwave

A composition of 97 wt% PBS and 3wt% silica
aerogel PBS covered a bandwidth of 9.4 GHz
with stopbands from 5.5 to 5.8 GHz and 7 to
8.3 GHz.

[78]

PBS reinforced with
inorganic fillers (ZnO,
silver zeolite)

Twin screw extruder
and blown film

Food packaging

The incorporation of 0.5 to 6 wt% of ZnO
and silver zeolite into PBS resulted in de-
crease in mechanical properties of PBS films
Also, cold crystallization temperature (7)
and T, of composites decreased whereas
crystallinity increased

PBS-based composites reinforced with ZnO
and silver zeolite displayed antimicrobial
properties. Release test in the case of PBS re-
inforced with ZnO demonstrated that Zn>*
migrated over 15 days

[79, 80]

Poly(butylene succinate-
co-hexamethylene succi-
nate) (Figure 12a)

Melt polycondensa-
tion

Greener coatings for
paper packaging

PBS copolymer composed of 1:1.1 ratio of
succinic acid and diol(s) resulted in de-
creased crystallinity while flexibility in-
creases

The solubility of the resultant copolymer in-
creased with the loading of hexamethylene
succinate (HS) was increasing

[81]

Poly(butylene succinate
co-propylene succinate)
(Figure 12b)

Esterification and
polycondensation

Medical support, coat-
ing, and phase-change
material

T, Tee, crystallinity, T, and degradation
temperature decreased with an increase
propylene succinate (PS) loading up to 40%
In addition, tensile strength and modulus de-
creased with increasing PS loading

[82]

PBS/curaua fibres

Compression mould-
ing

Rigid packaging or in-
terior car parts

Incorporation of 20 wt% of fibres into PBS
improves impact and flexural strength and
water absorption of composites

(83]

PBS/PCL membranes

Immersion precipita-
tion.

Wastewater treatment

Blending 30 wt% PBS and 70 wt%PCL im-
proved water uptake due to increased poros-
ity

The blend had high water flux, flux recovery,
and permeate flux of 106, 26, and 37%, re-
spectively

In addition, the blend demonstrated higher
rejection of pollution indices when compared
to neat PCL

[84]

Poly(butylene succinate-
co-terephthalate) (PBST)
(Figure 12c¢)

Electrospinning

Wastewater treatment

Functionalized PBST with cyclodextrin
demonstrated higher efficiency in removing
methylene blue (MB) dye

Also, functionalized PBST membrane exhib-
ited a maximum adsorption capacity of
90.9 mg/g

[85]
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Material

Processing methods

Intended applications

Summary of results

References

PBS/acrylonitrile butadi-
ene styrene (ABS)

Solvent casting

Wastewater treatment

Tensile strength and modulus of the blends
improved with increasing ABS loading from
10-30wt%

Blends had less irreversible fouling and the
water filtration suggested that chemical oxy-
gen demand rejection dropped whereas per-
meable flux increased with the increasing
ABS loading from 10-30 wt%. In addition,
all membranes rejected 100% of turbidity

[86]

PBS/cyclic olefin copoly-
mer (COC)

Solvent casting

Packaging

Blending 30 wt% PBS and 70 wt% COC en-
hanced mechanical properties and demon-
strated good resistance to the bacterial growth

[87]

PBS/starch, chitin, and
cellulose nanocrystals

Chill-roll cast film
extrusion, twin screw
extruder

Packaging

Incorporation of 1 wt% nanocrystals into
PBS enhanced tensile and barrier properties.
In addition, the increase in nanocrystals load-
ing to 3 wt% results in to increase in both
mechanical and barrier properties

The composites were biodegraded in approx-
imately 3 months using wastewater treatment
sludge

[88, 89]

PBS/geraniol

Twin screw extruder

Bread shelf-life exten-
sion

PBS-based material containing 10 wt% geran-
iol showed good antimicrobial properties
Release test revealed that the migration con-
centration of geraniol increased with increas-
ing humidity

Shelf-life extension results indicated that the
spoilage of bread stored using the resultant
material was delayed by three weeks

[90]

PBS/Curcumin and Car-
vacrol

Solvent casting

Active packaging

The PBS films containing 1 wt% of curcumin
and carvacrol demonstrated antimicrobial
properties and improved antioxidant activities

[91]

Poly(butylene-succinate-
co-adipate) (PBSA) based
materials (Figure 12d)

Melt mixer and
blown film

Active packaging of
bread

The films possess lower tensile strength and
modulus while elongation at break was high-
er when compared to neat PLA

Mould was observed after 7 days on the
bread package in comparison to 6 days ob-
served when neat PLA was used

[92-95]

PBS/quercetin

Solvent casting

Food packaging

Introduction of quercetin 0.05 to 0.25 phr re-
sulted in changing of color, opacity, and UV-
blocking effect

There were no significant changes observed
in mechanical properties of the resultant
PBS-based films

The resultant films displayed some bacteri-
cidal activity

[96]

PBS/modified tapioca
starch/natural fibres

Twin screw extruder
and compression
moulding

Agricultural Mulch
Films

PBS composites reinforced with natural fi-
bres (5 to 30 wt%) exhibited decreased ten-
sile modulus, elongation at break, and flex-
ural properties

Biodegradation was enhanced in the soil bur-
ial test

[97, 98]

PBS/maghemite

Hot melting

Oil spill clean-up

Results showed that 1g of the PBS-based
composites containing 5 wt% maghemite
was able to remove 11 g of the petroleum
from the water.

[99]

PBS/CNC

Melt mixing and su-
percritical CO,

Thermal insulation

Composite containing 1 wt% CNC demon-
strated a high volume expansion ratio of
37.1 times and outstanding thermal conduc-
tivity of 0.021 W(m-K)™!

[100]
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Table 2. Continuously 2.

Material Processing methods

Intended applications

Summary of results References

PBS containing thioether-
linkages

Melt polycondensa-
tion

Food packaging

Co-polymers exhibited lower tensile strength
and modulus and higher elongation at break
when compared to neat PBS

Co-polymers displayed improved barrier
properties to both CO, and O, gases when
compared to neat PBS

[101-103]

PBS and PBSA Blown film

ing

Poultry meat packag-

Both films had higher water vapor transmis-
sion rate (WVTR) and oxygen permeability
than commercially used polyamide (PA)/PE
film

Both PBS films produced complied with Eu-
ropean legislation (Regulations 1935/2004
and 10/2011)

[95, 104]

Melt mixer, compres-
sion moulding, injec-
tion moulding

PBS/PLA reinforced with

cellulose fibres packaging

Hot cups and food

Blend composition of 20 wt%PBS and
80 wt% PLA containing various loading (0.5
to 15 wt%) of cellulosic fibres were investi-
gated

Results revealed that low loadings (0.5 to
1.5 wt%) reduced the mechanical properties
of the blend whereas high loadings (5 to
15 wt%) improves mechanical properties
Addition of low loadings improved the ther-
mal stabilities of the composites whereas the
incorporation of high loadings resulted in in-
termediate thermal stabilities

[105, 106]

with the added biodegradable and sustainable fea-
tures. As a result, these materials are anticipated to
replace non-biodegradable synthetic polymers and
alleviate environmental pollution caused by plastics.
Although PBS-based products have demonstrated
potential in various applications, however, the shelf
life and disposal should be taken into consideration
to alleviate environmental pollution. Unlike a bio-
medical application, PBS-based products after the
end of service life undergo biodegradability in soil
and compost conditions. Numerous studies have in-
vestigated the biodegradation of PBS-based materi-
als in soil and compost [74—77]. The findings re-
vealed that the rate of biodegradation of PBS was

e
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slower than that of PBS composites reinforced with
natural fibres. In addition, composting environmen-
tal conditions provide a high rate of biodegradability
for both PBS and its biocomposites in comparison
to soil environmental conditions.

5. End-life options of PBS biobased
materials

Figure 13 shows a variety of mechanisms responsible
for biodegradable poly(butylene succinate) PBS-
based polyesters degradation. Polymer chemical bond
degradation mainly takes place through polymer chain
scission either through the main chain or side chains
of polymer molecules, induced by their thermal

o) X ] y
0

b)

Poly(butylene succinate-co-propylene succinate)

Poly(butylene succinate-co-adipate)

Figure 12. Structure of copolymers presented in Table 2. a) Poly(butylene succinate-co-hexamethylene succinate, b) poly
(butylene succinate-co-propylene succinate, ¢) poly(butylene succinate-co-terephathalate), and d) poly(butylene

succinate-co-adipate).
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Figure 13. Modes of polymer degradation. Redrawn from [13, 73, 107].

activation, oxidation, photolysis, and hydrolysis
(Figure 13). Photodegradation refers to polymers de-
graded by photolysis to give lower molecular weight
molecules, whereas mechanical degradation refers to
polymers that can be degraded into smaller pieces by
an external load, such as polymer processing, shearing
forces, and others. Oxidative degradation refers to
polymer degradation induced by atmospheric oxygen,
especially in the autocatalytic process of attack on the
hydrogen atoms, to form hydroperoxides. Hydrolytic
degradation refers to polymers having hetero back-
bone chains degradation induced by hydrolysis reac-
tion either biotic (living cell or microorganisms) or
abiotic (mainly pH) or both. Biodegradation of poly-
mers refers to polymers undergoing degradation in bi-
ological environments when living cells or microor-
ganisms are present around the polymers. Such
biological conditions include soil and water as well as
the body of human beings and animals [73].

Since this review is dedicated to describing the appli-
cation of PBS in biomedical applications, our discus-
sion on the degradation of biodegradable polymers
will only focus on the degradation processes that
occur under biological environments either through
enzymatic or non-enzymatic hydrolysis and/or oxida-
tion. In this context, the degradation of PBS and PBS-
based materials will be described in comparison with
other bio-polyesters. Biodegradable polyesters (e.g.,
polybutylene succinate PBS, polylactides PLAs, and

16

other biodegradable aliphatic-aromatic co-polyesters)
are hydrolyzed in our body to their respective
monomers and oligomers that are soluble in aqueous
media [13].

The rate of degradation of PBS-based biodegradable
polymers and blends is mainly dependent on poly-
meric characteristics, such as chemical structure, dis-
tribution of repeating units, molecular weight, poly-
dispersity, presence of low molecular compounds
(monomers, oligomers, solvents, plasticizers, pres-
ence of ionic groups, presence of chain defects, mor-
phology (crystallinity, microstructure, orientation),
processing methods and conditions and mechanism
of hydrolysis (enzymes vs water) [13].

Generally, the weight loss of biopolymers that occur
over time in the living body is referred to as ab-
sorbable or resorbable polymers under enzymatic or
non-enzymatic hydrolysis or/and both conditions.
The term ‘biodegradable’ is often used only for such
industrial and ecological applications which have
been developed aiming to address post-consumer
pollution issues in natural environments (terrestrial
and aquatic). Polymers used for medical purposes by
implanting or contact with the human body should
not be called biodegradable but can be called re-
sorbable or adsorbable polymer or even sometimes
polymeric biomaterials [13, 73].

In this review article, however, the term biodegrad-
able is used since the term has been widely utilized
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in the polymeric biomaterials world the biomedical
polymers that are absorbed in the body even through
non-enzymatic hydrolysis. In other words, the term
biodegradable is used here with the broad meaning
that polymer will eventually disappear after intro-
duction into the body.

Hydrolytic and enzymatic degradation

In biomedical applications, the degradation of bio-
degradable polymers in hydrolytic and enzymatic
conditions is widely studied under physiological con-
ditions (mostly at 37 °C, pH 7.4, phosphate-buffered
saline). In in-vitro conditions, the hydrolytic degra-
dation of aliphatic polyesters is influenced by differ-
ent factors, e.g., chemical structure, hydrophilic—
hydrophobic nature of materials, molecular weight
and molecular weight distribution, surface morphol-
ogy and degree of crystallinity, and the physiological
conditions exposed [13]. The hydrolytic degradation
of polyesters, including PBS and its biodegradable
blends and composites, undergo two-step processes.
In the first step, a random chain scission occurs on

the polymeric molecules where a decrease in the
molecular weight, weight loss, and increasing water-
soluble low molecular compounds during incubation
time occurs [13, 108]. In the second step, when the
polymeric material undergoes molecular weight re-
duction of less than 13000 Da, the low molecular
compounds of oligomers, dimers, and monomers be-
come water soluble with less incubation time. Un-
derstanding each polymeric system and its compo-
sition degradation behavior requires an extensive
study of the degradation profile, molecular weight
changes, and weight losses as a function of incuba-
tion time by various analytical techniques. Table 3
provides the hydrolytic and enzymatic degradation
studies conducted on PBS and PBS-based polymeric
materials under different degradation conditions.

Many authors observed that neat PBS undergoes
slow hydrolytic degradation under physiological con-
ditions and the molecular weight remains the same
for several weeks due to its molecular weight distri-
bution, high crystallinity, and hydrophobicity [44,
110, 118-120]. On the other hand, copolymerization

Table 3. Hydrolytic and enzymatic degradation studies of PBS-based systems. The copolymers’ molecular structures are

presented in Figure 14.

Polymeric material Degradation conditions T[l:;]le Welﬁ;t] loss Refences
(]
Poly(butylene succinate) (PBS) Hydrolytic: physiological conditions (37 °C, pH = 7.4). 105 65 [44]
Hydrolytic: physiological conditions (37°C, pH = 7.4). 40 0
Poly(butylene succinate-co-cyclic T
carbonate)s (PBS-co-CC) Enzymatic: lipase Novozyme 435 25 40-70 [109]
Enzymatic: lipase porcine pancreas 20 40-90
Poly(butylene succinate-co-dimethyl
S-sulfoisophtalate sodium salt)s Hydrolytic: physiological conditions (37°C, pH = 7.4). 80 3-5 [110]
(PBS-co-BSi)
Poly(butylene succinate)-block- . . . .. o _
poly(triethylene succinate) (PBS-b-PTES) Hydrolytic: physiological conditions (37 °C, pH = 7.4). 225 0-35 [111]
Poly(butylene succinate)—silica nanocom-
posites (PBS/Si); poly(butylene succi- . i -
nate)-strontium hydroxyapatite nanocom- Enzymatic: R. delemar and P. cepacia lipases 30 2-16 [55]
posites (PBS/SrHA)
Poly(butylene succinate) urethane ionenes Hydrolytic: physiological conditions (37 °C, pH = 7.4). 4 5-35 [112]
(PBSUI)
Poly(butylene terephthalate)-co-
poly(butylene succinate)-block- Hydrolytic: physiological conditions (37°C, pH = 7.4). 63 3-33 [113]
poly(ethylene glycol) (P(BSBT)-b-PEG)
Poly(butylene succinate)-blend-chitosan . . . .. 5 _ N
(PBS/Chitosan) Hydrolytic: physiological conditions (37 °C, pH = 7.4). 30 1-7 [114]
Poly(butylene-co-2,4,:3,5-di-O-methyl- Hydrolytic: phys. cond.; pH 2.0, 37 °C 56 10-15 [115]
ene-D-mannitol succinate) (PBxManxyS) | Enzymatic: porcine pancreas lipase 56 24-29
Poly(butylene-co-2,4,:3,5-di-O-methyl-  |Hydrolytic: phys. cond.; pH 2.0, 37°C 40 10-24 6]
ene-D-glucitol succinate) (PBxGluxyS) | Enzymatic: porcine pancreas lipase 40 15-25
Hydrolytic: physiological conditions (37°C, pH = 7.4). 56 1-25
Poly(butylene succinate-co-butylene P S -
sulphonated succinate) (PBSSSy) Hydrolytic: pH 4.0, 37°C 56 5-35 [117]
Hydrolytic: pH 10, 37°C 56 15-60

17



A. Mtibe et al. — Express Polymer Letters Vol.17, No.1 (2023) 2-28

S e

Poly(butylene succinate-co-cyclic carbonate)s

(o]
O
M

) Poly(butylene succinate)-block-poly(triethylene succinate)

O}/
R?
y

a) b)

%O\/\O/\/O\/\o {)\ J \N)’\‘“O%N/ “y AL /\/CI,

fr el

0=$=0
O~Na

Poly(butylene succinate-co-dimethyl 5 sulfoisophtalate sodium salt)s

o

Poly(butylene succinate) urethane ionenes

‘/h’wi})\@y of\’o}/\ oO\/\/\ )k/\"/o\/\/\/o\/\v

Poly(butylene terephtalate)-co-poly(butylene succinate)-block-poly(ethylene glycol) segmented block copolymers

MQ@W

f) Poly(butylene-co-2,4,:3,5-di-O-methylene-b-mannitol succinate) g)

O

h)

Poly(butylene-co-2,4,:3,5-di- O-methylene-D glucitol succinate)

o=|=oo

ONa Jy

Poly(butylene succinate-co-butylene sulphoneted succinate)

Figure 14. Structure of copolymers presented in Table 3. a) Poly(butylene succinate-co-cyclic carbonate)s, b) poly(butylene
succinate-co-dimethyl 5 sulfoisophtalate sodium salt)s, ¢) poly(butylene succinate)-block-poly(triethylene suc-
cinate), d) poly(butylene succinate) urethane ionenes, ¢) poly(butylene terephtalate)-co-poly(butylene succinate)-
block-poly(ethylene glycol) segmented block copolymers, f) poly(butylene-co-2,4,:3,5-di-O-methylene-D-man-
nitol succinate), g) poly(butylene-co-2,4,:3,5-di-O-methylene-D-glucitol succinate), and h) poly(butylene

succinate-co-butylene sulphonated succinate).

of PBS with hydrophilic molecules showed a notice-
able effect on the hydrolysis rate [118, 119, 121]. The
increased degradation was mainly due to the cleav-
age of the ester bonds of chain segments. Also, it was
reported that the introduction of ionic groups into
PBS increased the hydrolytic degradation with the
increased amount of urethane ionenes groups [110,
112, 113, 118]. On the other hand, the introduction of
carboxylic groups into the PBS matrix is the key to
increasing and controlling the rate of degradation by
catalyzing the hydrolysis of the macromolecular
chains [119, 122]. These demonstrate that PBS
copolymerization with the water-soluble molecule,
viz. PEG and other hydrophilic molecules, help in
increasing the rate of degradation in both enzymatic
and non-enzymatic conditions.

Jager et al. [123] reported that nanoparticles made of
poly(butylene succinate-co-dilinoleate showed a sub-
stantial decrease in molecular weight after 3 weeks
of incubation. The rate of hydrolysis was mainly
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influenced by nanoparticle structure that contains a
high amount of water molecules. Grigoriadou et al.
[55] studied the effect of silica-nanotubes and stron-
tium hydroxyapatite incorporated PBS composites on
the degradation behavior. The increased hydrolytic
degradation was mainly influenced by the presence
of hydroxyl groups on the surface of both nanopar-
ticles and porous structure formation which helps to
facilitate the lipase diffusion in the polymer matrix
and accelerate the degradation. Costa-Pinto et al.
[124] reported that the presence of chitosan in the
PBS/chitosan composite increased hydrolytic degra-
dation with surface erosion and water uptake due to
swelling and higher hydrophilicity.

Enzymatic degradation of PBS-based polymeric ma-
terials have conducted in the presence of various en-
zymes, i.e., Pseudomonas cepacia lipase, Candida
antartica lipase (Novozyme 435), Aspergillus oryzae
lipase, lysozyme, Rizopus delemar [52, 109, 124].
Lipases are well-known enzymes for catalyzing
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hydrolytic degradation of aliphatic polyesters, how-
ever, the degradation kinetics depends on various
factors i.e. chemical structure, hydrophilic-hy-
drophobic balance, molecular weight, morphology,
degree of crystallinity, and others. Therefore, the ap-
proach of copolymerization or blending favored the
enzymatic degradation of PBS-based biodegradable
polyester materials.

6. Current status and future directions

It is worth mentioning that PBS is facing some chal-
lenges such as high production costs and inadequate
properties which make it difficult for PBS to be used
as a virgin polymer for product development without
blending, reinforcing, and copolymerization. Despite
these challenges, the production of PBS has been
showing an exponential increase in various coun-
tries, such as North America, Europe, and Asian
countries such as China.

The increase in the market and the demand for PBS
has opened opportunities for exploring PBS in both
research and industry. The growth in the market size
of PBS has encouraged research and innovation to
diversify the applications of PBS leading to the de-
velopment of PBS and PBS-based products for a va-
riety of applications such as food packaging, agricul-
tural and biomedical. The biocompatibility, non-tox-
icity, and biodegradability have widened the use of
PBS in biomedical applications. Extensive research
has focused on biomedical applications, such as tis-
sue engineering, drug delivery, wound dressing as
well as biomedical devices as they provide a plat-
form for the development of biodegradable products.
The increase in medical needs has further the interest
in the development of PBS-based products for bio-
medical applications due to the aforementioned fea-
tures. The research for biomedical applications has
led to the design and fabrication of scaffolds for tis-
sue engineering as well as drug delivery system. The
current progress on designing 3D scaffolds for
smooth tissue engineering has become a research
hotspot. The ideal scaffolds for tissue engineering
require high porosity which enables proper integra-
tion of cells as well as blood vessels and allows the
movement of nutrients and waste [48]. 3D PBS-
based scaffolds have proved to be biocompatible as
the osteoblast proliferates and degrades in the system
without leaving toxic byproducts. Additionally, PBS-
based scaffolds have demonstrated potential in nerve
regeneration, vascular tissue engineering, bone tissue
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regeneration as well as skin tissue regeneration.
Moreover, since the body system is very complex, it
is necessary to perform modeling studies to predict
the challenges of PBS-based products prior to con-
ducting clinical trials [125].

Although investigations have been conducted for
the fabrication of PBS-based products for wound
dressing, there are few reports documented on PBS
and PBS-based products for wound dressings. The
ongoing research on wound dressing is focusing on
designing smart and bioactive products. This can be
achieved by introducing antimicrobial agents and
therapeutic elements into bandages for various types
of wounds to accelerate the healing process of the
wound [126]. This opens doors for further investi-
gation to explore PBS for wound dressings. For in-
stance, the design and fabrication of biodegradable
wound dressings which have controlled porosity
contained antimicrobial agents, and had similar fea-
tures to natural extracellular matrix (ECM) could
benefit from the progress in the fabrication of PBS
fibrous wound dressings. The PBS wound dressing
possesses good mechanical properties, a large sur-
face area-to-volume ratio, and increased levels of
porosity. In addition, they allow cell proliferation, re-
moving exudates, moisture retention, and haemosta-
sis [126]. Furthermore, PBS-based wound dressing
shows potential and they open opportunities for de-
signing bioactive and cost-effective biobased wound
dressing.

In the case of medical devices, 3D printing has been
used to design patient-customized biomedical de-
vices. 3D printing can also enhance the uniformity
of mechanical properties as well as allow the spatial
localization of bioactive agents within the devices
[127]. Currently, best to our knowledge there are
only two studies reported about 3D printing of virgin
PBS and few PBS-based materials [21, 128]. These
researchers investigated the printability of PBS using
fused deposition modeling (FDM) or fused filament
fabrication (FFF) 3D printability. They reported that
PBS was successfully printed via FDM or FFF. In
addition, PBS demonstrated good thermal and me-
chanical properties. PBS has low melt strength which
makes it difficult to form filament thus, limit their
printability. Therefore, due to the limitations of print-
ing PBS Candal et al. [128] investigated the effect
of talc on the printability of PBS. In this study, the
PBS reinforced with talc filament was obtained from
the twin-screw extruder and the filaments were fed
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into FDM 3D printer. The incorporation of talc result-
ed in the improvement in processability, increased
crystallization temperatures, enhanced mechanical
properties, and improved rheological properties.
Other researchers [129] blended PBS with PLA to
improve the printability of PBS. The results indicat-
ed that the bending of PBS with PLA improved the
printability of the blend. However, it was noticed
that the increase in PLA loading led to the improve-
ment in melt viscosity and increased tensile proper-
ties which is the requirement for FDM 3D printing.
Although various researchers have demonstrated that
PBS and PBS-based materials can be printed via
FDM or FFF, there is still little information about the
fabrication of medical devices using 3D printing.
This has opened opportunities for designing various
biomedical devices from PBS-based materials using
FDM 3D printing due to its simplicity and low-cost
production. Moreover, much research is required to
explore PBS and to develop biomedical devices
from PBS since it has demonstrated excellent prop-
erties, and its market is growing at a rapid rate.
Even though 3D printing of PBS and PBS-based ma-
terials were successful, some drawbacks of 3D print-
ing were identified. The major drawback of 3D print-
ing is that the printed objects are static and cannot
undergo any dynamic reshaping when subjected to
external stimuli. Many scholars have proposed the
use of 4D technology to address the limitations as-
sociated with 3D technology [72, 130, 131]. The con-
cept of 4D technology is regarded as an emerging
area to design customized patient designs which can
provide researchers with a wide range of therapeutic
control personalized to each patient [63]. Up to date,
there are very few studies on the fabrication of 4D
printed PBS-based biomedical devices. A recent
study [72], investigated the 4D printing aspects of
PBS/PLA blends. PBS/PLA blends were prepared by
melt compounding and 3D printed into two types of
prototypes: Starfish and Endoluminal stents). The
shape memory behaviors of the printed stents were
investigated by placing them in a hot water bath and
observing smooth and complete shape recovery
processes. Additionally, graphene oxide functional-
ized PBS/PLA blends were also prepared and dis-
played photothermal properties and 4D transforma-
tion of a porous scaffold under near-infrared (NIR).
The 4D printed PBS/PLA filament showed promis-
ing application prospects in tissue engineering and
photothermal therapy.
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4D printing of biopolymers is at a nascent stage but
has enormous potential for developing customized
materials that react to various stimuli. These smart
materials have the potential to be used in advanced
industrial sectors, such as aerospace, medical and de-
fense industries. No study, to the best of our knowl-
edge, has reported on the printing of virgin PBS
using 4D printing technology. In the near future,
there will be a shift towards 4D printing because of
the low production cost, simple processing, and the
realization of fabricating complex structures and
composites [132].

Despite the fact that 3D PBS-based scaffolds have
shown potential in tissue engineering and drug de-
livery systems, significant challenges still remain
when considering the use of PBS in the long run for
biomedical applications. For instance, one of the
major challenges of PBS is the high production cost
which limits its full potential. The issue of inade-
quate properties such as required melt strength in the
case of developing medical devices will be addressed
by either reinforcing, blending, and/or copolymer-
ization. In addition, the material that will be used for
reinforcing, blending, and/or copolymerization PBS
should be eco-friendly and sustainable to avoid com-
promising the biodegradation feature of PBS. It is
worth noting that the temperature of a body system
differs from those of room temperature.

The clinical studies of PBS-based scaffolds have
been conducted using rats in various labs such as Is-
tituto Zooprofilattico Sperimentale della Sicilia in
Italy which was authorized by the Ministry of Health.
The findings indicated that PBS scaffold has the po-
tential as an implantable material for improving the
regeneration of injured tissue in rats as well as short-
ening the time for nerve regeneration [49]. However,
to the best of our knowledge, there is no study per-
formed clinical trials on humans. Further investiga-
tion is required for the exploration of PBS-based
products in human trials. In addition, although vari-
ous grades of PBS are available on the market, ac-
cording to our understanding, there is little informa-
tion reported about medical grades which limits PBS
for clinical applications. This opens opportunities for
suppliers to carefully consider producing medical-
grade PBS.

7. Summary
The growing concerns over non-biodegradable con-
ventional plastics derived from petroleum-based
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resources have encouraged the use of biodegradable
polymers. Amongst biopolymers, polybutylene
succinate is a suitable alternative to conventional
plastic materials. The market and the research out-
puts of PBS and PBS-based materials over the last
10 years have been growing immensely. The proper-
ties of PBS are similar to those of synthetic polymers
such as polypropylene (PP) and polyethylene (PE)
with the added biodegradable and biocompatible fea-
tures. These properties make PBS a favorable mate-
rial for biomedical applications while demonstrating
some shortcomings. The limitations of PBS include
inferior properties and high production costs, which
can be addressed by blending or reinforcing with
cheap materials to reduce the cost as well as enhance
the properties.

This study presents the current status and the future
directions of PBS-based materials in biomedical ap-
plications. Extensive investigations have been con-
ducted on the fabrication of PBS and PBS-based
products for tissue engineering and drug delivery
with a focus on the biological response to these ma-
terials. The areas that remain not sufficiently ex-
plored are wound dressing and biomedical devices
3D and 4D printing of PBS-based materials present
an opportunity for the development of customized
biomedical devices and need to be explored further.
In vivo studies were performed in a rat model for the
implantation of PBS-based scaffolds. The results re-
vealed that the scaffolds integrated well with sur-
rounding tissue and showed degradation after one
month, although their degradation is slow. Even
though PBS-based products displayed potential in
various biomedical applications, there are no studies
on clinical trials in humans. Therefore, much re-
search focusing on in vitro and in vivo testing and
optimization is required before the material will be
applied in clinical trials. Additionally, the production
of PBS with medical grade is needed to ensure the
material is suitable for medical procedures and clin-
ical trials. Furthermore, to the best of our knowledge
PBS based products have not yet been approved by
Food and Drug Administration for biomedical appli-
cations, especially clinical trials.
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Abstract. Herein, we report interphase percolation phenomena in chitosan-graphene oxide (CS-GO) nanocomposites as a
function of water content. The dependencies of the DC conductivity and the static dielectric constant have been investigated
in a wide range of GO concentrations (0—12 wt%) and water contents (0, 4, 9, and 24%). Fourier-transform infrared spec-
troscopy (FTIR), Raman spectroscopy and X-ray diffraction (XRD) measurements reveal the presence of strong interaction
between the CS matrix and GO fillers. For annealed CS-GO films in a vacuum (no water content), the DC conductivity and
dielectric constant do not depend upon the GO concentration. When the water content increases, a percolation phenomenon
is now detected; by increasing water content, the percolation threshold shifts to a lower GO concentration. A three-phase
model which includes the conductivities of CS and GO, and an interphase layer fits well DC conductivity data; this model-
based analysis suggests that upon increasing the water content, the conductivity of the interphase layer is higher than the
one of both neat CS and GO. Water molecules at the interface drive a high-conductivity interfacial shell supporting a proton
transfer mechanism; this mechanism is a plausible scenario for percolation in wet CS-GO nanocomposites. Our results may
be of great importance in the applications of such nanocomposites in flexible electronics, biomedicine, proton exchange
membranes, and sensors.

Keywords: nanocomposites, biocomposites, material testing, percolation, interphase layer

1. Introduction to negatively charged GO surfaces. Therefore, the
In the last decade, chitosan-graphene oxide (CS-GO)  surface groups of GO can interact with the CS matrix
nanocomposites have been extensively studied in  via hydrogen bonding and electrostatic interactions
different research fields for applications in biomed- to achieve good dispersion [9]. Both CS and GO are
icine [1], adsorption of various water pollutants [2],  hydrophilic materials with high proton conductivity
food packaging [3], biosensing [4], proton exchange  due to proton hopping among hydrogen-bonding net-
membranes [5], pharmacology [6], organic electron-  works along the adsorbed water via Grotthus and/or
ics [7], etc. Such wide applications are related to  vehicle mechanisms [9]. Moreover, the proton con-
good film-forming capability, biocompatibility, ex-  ductivity of GO can reach up to 102 S/cm [10]. Con-
cellent mechanical properties, and proton conductiv-  sequently, the addition of graphene oxide in a CS ma-
ity. Additionally, graphene oxide contains carboxyl trix tends to increase proton conductivity, and a
and epoxy groups that help GO disperse readily in  percolation effect may be observed as in the case of
aqueous media; its surface is negatively charged due  other GO-polymer based membranes [10-12].

to an apparent ionization of carboxylic acid and phe-  The conductivity percolation effect is related to an
nolic hydroxyl groups on the GO sheets [8]. When  abrupt increase in conductivity upon increasing fillers
CS dissolves in acids NH3* groups form and adhere  concentration and an eventual saturation. On the other
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hand, the dielectric constant € of a percolating system
increases before the percolation threshold according
to power-law dependence [13, 14]. However, in the
literature percolation effect has only been reported
for CS-poly(vinyl pyrrolidone)-polycarboxylate func-
tionalized graphene nanoplates with a percolation
threshold at 25 wt% of graphene nanoplates [15], CS-
polymetanitroaniline-functionalized graphene with
a percolation threshold at 3.5 vol% [16], and CS-GO
functionalized with sulphonic acid with a percolation
threshold at 0.49 wt% [17]. Conversely, in CS-bio-
functionalized graphene [18] and CS-sulfonated GO
[19] the percolation effect has not been observed.
Additionally, the values of dielectric constant (€) of
CS-GO nanocomposites reported in the literature ex-
hibit large dispersion. For example, at the frequency
of 1 kHz, in ref. [20] for CS-GO (with 4 wt% of GO)
g~ 1; in ref. [21] for 2 wt% of GO &€= 0.45 and in
CS-GO functionalized with sulphonic acid [16] for
0.08 volume fraction of GO ¢ can reach 3500.

It is well known that the conductivity and the dielec-
tric constant of CS-GO nanocomposites strongly de-
pend upon water content [19]. However, to the best
of our knowledge, in the literature, there are no re-
ports on how water content will affect the percolation
properties of CS-GO nanocomposites. The knowl-
edge about the influence of water on the percolation
properties of such nanocomposites plays an essential
role in a variety of applications, including the devel-
opment of proton exchange membranes, sensors, or-
ganic electronics, and in biomedicine; the conduc-
tivity and dielectric constant of nanocomposites
affect their biocompatibility [22].

Based on the above discussion, the aim of this work
is to investigate the percolation phenomena associ-
ated with CS-GO nanocomposites in a wide range of
GO concentrations and under different water content.
Additionally, Fourier-transform infrared spectro-
scopy (FTIR), Raman spectroscopy and X-ray dif-
fraction (XRD), weight, and dielectric spectroscopy
measurements were carried out to shed light on the
properties of wet CS-GO nanocomposites for many
different modern applications.

2. Experimental

Chitosan (CS, medium molecular weight, deacety-
lation 75-85%), acetic acid (99.7%), and graphene
oxide sheets dispersed in water were purchased from
Merck (Mexico). All the reagents were of analytical
grade.

30

1 g of chitosan was dissolved in 99 ml of a 0.1 M
acetic acid solution with subsequent stirring to pro-
mote dissolution. Different amounts of colloidal GO
suspensions were sonicated (0—-12 wt% GO, CS dry
base) and dispersed in the CS solution by ultrasound
for 60 min. Nanocomposite films (with a thickness of
about 30—60 um) were prepared by the solvent cast
method by pouring the solution into a plastic Petri
dish and allowing the solvent to evaporate at 60 °C
for 24 hours. A thin layer of gold was sputtering onto
both sides of the film previously to electrical meas-
urements to serve as electrodes.

FTIR measurements were carried out on a Perkin
Elmer Spectrum spectrophotometer (USA) using an
attenuated total reflection (ATR) accessory in the
range 4000650 cm™! and with a resolution of 4 cm™.
Raman spectroscopic measurements were carried
out using a Dilor Labram II (USA) with an excitation
laser of 632.8 nm.

XRD measurements were performed using a Rigaku
diffractometer ULTIMA IV (Japan), equipped with
Cu K, radiation (/ = 1.5406 A).

Impedance measurements were carried out on films
with different water content in air and vacuum at
room temperature using Agilent 4249 A (USA) in the
frequency range 40 Hz—70 MHz with an amplitude
of AC voltage 100 mV. DC resistance R and capac-
itance C at the limit of zero frequency were calcu-
lated from fitting impedance spectra using ZView®
program (USA). Conductivity (o) and static dielec-
tric constant (&) (at the limit of zero frequency) were
calculated from the following relationship: ¢ =
d/(R-S), &5 = (C-d)/(gyS), where d and § are the thick-
ness and area of samples, respectively. Film thick-
ness was measured in each sample using a microm-
eter Mitutoyo (Japan) with a resolution of 1 pm.
The water content of CS—GO films was determined
by measuring the change in weight between the dry
and wet films using Sartorius AZ214 analytical bal-
ance (USA) with readability of 0.0001 gm. Weight
of dry films (W) was obtained on films annealing to
the temperature of 120°C in a vacuum cell for
1 hour, followed by cooling to room temperature for
further measurements. Due to water absorption, the
weight of CS—-GO films changes when compared
with those annealed. Moisture content (W [%]) was
calculated using the Equation (1):
Wo — Wy

Wi%l=""g

(1
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where W, is the sample weight measured after the
different treatments.

As the prepared films have a water content ca. 9%.
The nanocomposite films soaked in a vacuum at
25°C for 30 min. have a water content ca. 4%. For
higher water content, samples were placed in a home-
made water chamber bath with deionized water at
80 °C for 40 min — exposure time. This conditioning
time allows one to obtain ca. 24% of water.

3. Results and discussion

FTIR spectrum of GO [23, 24] and neat CS [25] are
consistent with previous reports in the literature.
Figure 1 shows the FTIR spectra of GO, neat CS
films, and CS-GO films with 7 and 12 wt% of GO.
For GO, observed broadband in the 3700-2300 cm™
corresponds to the stretching vibrations of structur-
al OH groups and water molecules. The peak at
1729 ecm™ is attributed to the presents of C=0 stretch-
ing vibration, and the peak at 163 cm™! can be as-
signed to the C—C stretching and absorbed hydroxyl
groups in the GO. In the case of chitosan, the char-
acteristic broadband peak centered at 3328 cm™! cor-
responded to the overlap of stretching vibration of
NH and OH groups. Additionally, it was observed
the characteristic peaks at 1647 (amide I group) and
1557 cm™! (bending vibrations of NH3). The change
positions of peaks in CS-GO films from 3328 to
3225 cm!; 1647 to 1625 em™!, and 1557 to 1545 em ™,
and the appearance of the weak peak of GO (at
1729 cm™) can be related to the synergetic effect of
electrostatic interaction between polycationic CS
and the negative charge on the surface of GO and
hydrogen bond between CS and oxygen-containing
functional groups in GO [20, 26].

CS-GO 12%
2.0
1625 1544
3225 \
i 1729
N A
S, 0
3 4308 CS-GO,7%
5 101 4 1557
g 1647 ]
2 3394 N
< 05/ cs
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Figure 1. FTIR spectra of GO, CS, and CS-GO with 7 and
12 wt% of GO.
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Figure 2. Raman spectra of the GO and as-prepared CS-GO
films with 7 and 12 wt% of GO.

Raman measurements may be used to provide fur-
ther support for the relationship between CS and GO.
Figure 2 shows the Raman spectra of the GO and the
prepared CS-GO films with 7 and 12 wt% of GO.
The D-band (1330 cm™'), which may be attributed
to a defect or a disordered lattice, and the G-band
(1600 cm™"), which is the first order scattering of the
E2g mode of sp?> domains, are present in all spectra
[27]. Typically, the Ip/lg intensities ratio may be
used to gauge the severity of structural abnormality
[28]. The Ip/lg intensity ratio for tidy GO is 1.26. In
CS-GO films, this ratio rises to 1.35 for films with
7 weight percent of GO and 1.73 for films with
12 weight percent. Such a change in the D/G inten-
sity can be attributed to the destruction of the GO
layer structure and/or to the appearance of structural
defects due to the interaction of GO with CS side
groups [20, 27].

Moreover, the interaction between CS and GO has
been observed in XRD measurements. Figure 3 shows
XRD patterns of GO, neat CS, and CS-GO films

9000 |
El GO
S, 6000
=
L
£

3000 CS-GO,| 7 wt%

CS-GO, 12 wt%
o L T T T T
10 20 30 40
20[°]

Figure 3. XRD patterns of GO, CS, and CS-GO (with 7 and
12 wt% of GO) films.
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with 7 and 12 wt% of graphene oxide. The XRD pat-
tern of GO displays a single diffraction peak at 26 =
10.1° that corresponds to an interlayer spacing d =
8.747 A, characteristic of neat GO [29]. The CS typ-
ically has a wide diffraction peak at 20 = 11.5° and
20 = 21.5° due to a combination of amorphous and
crystalline phases [25, 30]. The incorporation of GO
affected the crystalline structure of CS and increased
the intensity of broad characteristic peaks of CS at
ca.21.5°. Additionally, in CS-GO films with 7 wt%
of GO, a weak GO peak at 26 = 9.1950 is observed,
which is attributed to increasing GO interlayer spac-
ing to d=9.61 A and in CS-GO with 12 wt% this
peak shift to 20 = 8.77° which corresponds to inter-
layer spacing 10.079 A. The increasing GO layer
spacing is related to the attachment of CS chains to
the surface of stacked graphene nanosheets, which
disrupts the van der Waals interactions and enlarges
the d-spacing of the nanosheets [31]. During of film
drying process, GO also affected the formation of
the CS hydrogen bond, which led to a change in the
crystalline structure of chitosan [30].

The results obtained from FTIR, Raman, and XRD
measurements suggest that there exist strong inter-
actions between the CS matrix and GO fillers which
allow for obtaining good dispersion of GO in CS
matrix.

Figure 4 illustrates the relationship between the imag-
inary part of impedance (Z") and the real part of im-
pedance (Z') (or impedance spectra) obtained on
films (containing 5 wt% GO) after annealing in a
vacuum cell for an hour, cooling to room tempera-
ture for measurements at 25 °C (0% water, indicated

CS-GO, 5 wt%

4107

Z'[9Q]

-2:107 4 Water, 0%

Water 5%

4107

2107

a) Z'[Q]

on the graph), and treatment in a water bath (ca.
24 percent of water). Insert displays the impedance
spectra of CS-GO film that contains 12 wt% GO and
24 weight percent water.

In dry CS—GO films (annealed before measurements
at 120°C), enough bonded water exists to support pro-
ton conductivity because complete removal of water
from CS is only possible by heating it to tempera-
tures ca. 200 °C, where CS irreversibly transforms
into an annealed polymorph [32].

As one can see, impedance spectra consist of a de-
pressed semicircle and growth part at the low-fre-
quency range which is related to contact and Maxwell—
Wagner—Sillars (MWS) effects. MWS mechanism
appears due to charge accumulation at the interface
of CS and GO, as the current could not flow freely
across it. As it is clear from Figure 4 that the frequen-
cy at which begin observed MWS effect dependent
on GO wt% and water content [7, 33]. Consequently,
measurements of dielectric constant ¢ at a fixed fre-
quency, often used in the literature, did not allow to
obtain real dependence of € on GO concentration.
Therefore, for separation of MWS and contact ef-
fects, we take into consideration only bulk properties
of nanocomposite which are related to a depressed
semicircle and fit the semicircle using the ZView
program to zero frequency to calculate DC resistance
and static dielectric constant at the limit of zero fre-
quency as was shown on Figure 4.

According to percolation theory [13, 14], the power-
law behavior of DC conductivity (opc) above (Equa-
tion (2)) and below the percolation threshold (Equa-
tion (3)) and static dielectric constant (&) (in the

-4-10° —T000
CS-GO, 5 wt% CS.GO, 12 wi%
Water, 24%
& -500
=3-10° N 150 kHz
R
. o0
_ 0 500 1000
T -2-10° | z1a)
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N 25kHz 400 Hz |
—-1-105 4 7 Water, 9%
0

2-10° 3-10° 4-10°

Z'[Q]

1-10°
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Figure 4. Impedance spectra of CS-GO films with 5 wt% of GO obtained on films with different content of water: a) with 0
and 5% of water, b) with 9 and 24% of water. Insert shows impedance spectra of CS-GO film with 12 wt% of GO
and 24% of water. Note: Spectra for water 24% has been increased 100 times for better visualization. Symbols
correspond to experimental points, and continuous lines represent the results of fitting using ZView program.
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limit of zero frequency) below the percolation
threshold (Equation (4)) can be obtained by a simple
power-law:

t
Opcx(p—p.) for p>p, )
opca(p—p)  for p<p, 3)
—S
g o(p.—p) for p<p, 4)

where ¢, g, and s are critical exponents which only
depend upon the dimension of the percolation sys-
tem and not on the details of cluster geometry, and
pc is the volume fraction of fillers at the percolation
threshold. Therefore, to convert the weight fraction
(W) of GO to volume fraction (), the Equation (5)
was used [34]:

V= ud
W, +52(1- W)

)

where pgo = 1.7 g/em? [35] and pcs = 1.4 g/em?[36]
are density of GO and CS respectively.

Figure 5 shows the DC conductivity (Figure 5a)
and dielectric constant in the zero-frequency limit
(Figure 5b) versus GO volume fraction and GO wt%.
In the case of CS-GO films, annealing before meas-
urements in vacuum DC conductivity (opc) and di-
electric constant (&) does not depend on the GO con-
centration. In samples with 4% of water with an
increasing GO content g riches a maximum at GO
vol. frac. ca. 9% (or ca. 11wt%), and opc increases
by a power law, which is typical for the percolation
effect. Figure 6a shows the log-log dependence of

GO [wt%]

10 12

Water 24%

Water 9%

10

o [S/em]

107

10°¢

10-°

0.00 0.02 0.04 0.06

a) GO [vol. frac.]

the dielectric constant of the CS-GO nanocomposite
films on log(p. — p) calculated from experimental
data (Figure 5), which according to Equation (4),
must exhibit linearity. The least-square fitting analy-
sis allows obtaining a percolation threshold of 9.2%
vol. frac. of GO (ca. 11wt%) and slope g = 0.71+0.08.
In films with 9 and 24% of water, the percolation ef-
fect was observed to be more apparent in conductiv-
ity (appear saturation) and dielectric constant (the
maximum is more pronounced).

The least-square fitting analysis of conductivity ac-
cording to Equation (2) for above the percolation
threshold gave p. = 4.5 vol% (or ca. 5.5 wt%) for
films with 9% of water and p. = 3.6 vol% (or ca.
4 wt%) for films with 24% of water and critical ex-
ponent ¢ =2.02+0.13 and # =1.98+0.16, respectively
(Figure 6b). The best fits of the dielectric constant
data below the percolation threshold (Equation (4))
gave the same values of p. as for conductivity (4.5
and 3.6% of GO volume fraction) and critical expo-
nent s = 0.624+0.021 and s = 0.64+0.058 for films
with 9 and 24% of water respectively (Figure 6a).
According to the percolation theory in three-dimen-
sional system values t =1.6-2.0 and s =0.7-1.0 [ 13,
14]. The values of critical exponent s obtained in CS-
GO films with high water content are a little lower
but are near that universal one. Therefore, it is likely
that wet CS-GO films exhibit a three-dimensional
percolation phenomenon.

The percolation phenomena can be observed in a
mixture of two materials with different conductivi-
ty, such as dielectric polymers, with the incorpora-
tion of different types of conducting fillers such as

GO [wt%]

\
™ ’/‘\\
e P /:>\<\

Water 24%

e
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Figure 5. (a) Dependencies of conductivity (points-experimental data, continuous lines-fitting) and (b) dielectric constant
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metals, carbon fillers, conducting polymers, etc. In
graphene-polymers composites, the percolation ef-
fect has been observed, as a rule, in nanocomposites
with high conductivity graphene and its modifica-
tion: graphene nanoplatelets, reduced graphene
oxide, and doped GO [13]. However, to the best of
our knowledge, there are no reports on how water
content affects the percolation properties of CS-GO
nanocomposites.

Some studies proposed that water shell models
can explain the effect of water on the formation of
percolative paths through the overlapping of the
water layers (see, for example [37-40]), which pro-
motes the conduction of charge carriers. However,
these models predict only the percolation probability
but not the dependencies of conductivity (especially
in the saturation region) and the dielectric constant.
Moreover, model calculations showed that for perco-
lation networks, the thickness of the water shell must
be as high as ca. 60 nm [38, 40].

From another viewpoint, it is well known that poly-
mer matrices-nanofillers interphase interactions con-
stitute a significant parameter that highly affects the
nanocomposite behavior [37, 41-43], especially when
the nanocomposite moves from an insulative mate-
rial to a conductive because of the creation of a con-
tinual conductive network [37, 41]. The interphase
consists of layers with different electrical and chem-
ical structures distinct from the polymer matrix due
to changes in the local chain conformation [37].
According to FTIR, Raman, and XRD measure-
ments, there exist strong hydrogen-bonding interac-
tions between the CS matrix and GO fillers in CS-
GO films. Additionally, the water interaction in

34

CS-GO nanocomposites is higher than that of pure
chitosan [44] due to stabilized polymer chains [45],
formation of hydrogen bonds between water mole-
cules with side groups of GO, and hydroxyl groups
of CS [44, 46].

According to molecular dynamic simulation, the con-
ductivity of CS exhibits proton conductivity through
the Grotthus mechanism, which depends upon the
number of protons, hydronium ions, and water con-
tent. When the amount of water in the system in-
creased, the proton and hydronium ions were not
mainly located near the functional group of chitosan,
but they were diffused throughout the water clusters
[47]. The addition of GO in CS improves the proton
conductivity of nanocomposites due to the increasing

Cs

Interphase
‘ layer

\ GO

Figure 7. Schematic representation of the conductivity of
wet CS-GO nanocomposite. Here, red arrows
show the diffusion path of protons, and dash lines
show hydrogen bonds between CS, GO and H,O.
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number of protons from carboxyl groups of GO [§]
and the creation of some spatial channels; these
channels facilitate the diffusion of proton and hydro-
nium ions at the high-water content [48].

Based on the above, we can propose that the inter-
action of GO with CS and water molecules promotes
the appearance of a high-conductivity interphase
layer, as shown in Figure 7.

The protons appear from the NH3 group of CS [47]
and from carboxyl groups of GO [8] at the low water
concentration located near the functional group of
CS and GO. In the presence of water, the protons can
diffuse through water clusters, create spatial channels,
and form an interfacial layer with high conductivity
(as shown in Figure 7). With increasing water con-
tent, the thickness and conductivity of the interphase
layer increase due to the diffusion of proton and hy-
dronium ions at the high-water content [48]. There-
fore, the interphase provides a continuous channel
for proton hopping in hydrogen-bonding networks
along the adsorbed water, and it is responsible for
the percolation properties of wet nanocomposites.
Direct confirmation of the proposed model can be
the estimation of the conductivity and thickness of
the interphase layer surrounding the GO fillers with
different water content. For such an estimation, we
use the model proposed in ref. [49] based on average
field theory for calculating the effective conductivity
of polymer-carbon nanotube composites. This model
proposed that the electrical conductivity of compos-
ites depends on the concentration of fillers and the
conductivity of the interphase layer. The model pre-
dicts that the percolation threshold decreases with
interphase thickness and the conductivity in the sat-
uration region increase with the interphase layer’s
conductivity. With increasing fillers content, the elec-
trical conductivity of the interphase layer demon-
strates a higher contribution to the effective electrical
conductivity of the material.

The model has proposed that fillers can be regarded
as the same rotationally prolate ellipsoids with lon-
gitude L, diameter d, and thickness of interphase layer
t, which are related by the Equation (6):

_ LL
o= 3
(d+2t) (L+2¢)

and effective conductivity of nanocomposite can be
found from the Equation (7)) when d << L:

(6)
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where a is given by the Equation (6), 6., 61, 05, and
o, are the electrical conductivities of the fillers, the
matrix, the interphase layer, and the effective con-
ductivity of the composite, respectively; 63, and
ot are the longitude and the transverse conductiv-
ity, which in the case of GO are the same.
According to the scanning electron microscopic
(SEM) measurements, we estimated GO sheet di-
mension as L =3 pm and d =20 nm [50].

This model allowed us to fit not only the effective
conductivity of nanocomposite but also estimated
the thickness of the interphase layer, its conductivity,
and the percolation threshold.

The least-squares fitting of experimental data was
performed using standard genetic algorithm optimiza-
tion functions in the Scilab® [51] numerical compu-
tational package. The conductivity of CS-matrix
(ocs) has been obtained from measurements on neat
CS films with different water content, and the con-
ductivity of GO was taken as 10 S/cm [50]. The ad-
justable parameters are only the values of interfacial
conductivity (Ginter) and interfacial thickness (dinter).
Data fitting optimization parameters are presented
in Table 1.

Results of the referred fittings are shown in Figure 5a
as a continuous line. One can see that this three-
phase model fits well the experimental results. It is
noteworthy that the thickness of the interphase layer
obtained from fitting correlates well with the thick-
ness of the interfacial layer observed in other poly-
mer nanocomposites, which is in the range of
2-6 nm [42, 43].

Table 1 shows that when the water content in CS-GO
films rises, so do the conductivity and thickness of
the interphase layer.

Table 1. Results of fitting experimental conductivity of
CS-GO films with different water content.

o Gj d;
Wate;“;o(;ntent (experifnsental) (estill:lt;;ed) (estill;llt;:ed)
[S/ecm] [S/em] [nm]
4 1.18-10°% 9.72:10°8 0.82
9 3.06-10°8 9.58-10* 2.97
24 6.19-1077 4.80-1072 4.72
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Additionally, due to the rise in water content, the in-
terphase layer’s conductivity in films with 9 and
24 percent water is higher than that of CS and neat
GO (107* S/cm), increasing the thickness and con-
ductivity of the interphase and facilitating proton
transport at the high-water content. These findings
support the suggested model’s validity, showing that
the strong molecular interactions of GO with CS and
water molecules during the interphase between CS
and GO cause the interphase to be more conductiv-
ity-rich (compared to pristine CS and GO). The per-
colation properties of wet nanocomposites are attrib-
uted to proton transport via hydrogen-bonding net-
works, which this study supports.

This result supports proton transport across hydro-
gen-bonding networks, which gives wet nanocom-
posites their percolation capabilities. In addition, as
the model predicts, an increase in water content rais-
es the conductivity and thickness of the interphase
layer, which lowers the percolation threshold.

4. Conclusions

Chitosan-graphene oxide nanocomposite films were
synthesized with varying GO concentrations
(0-12 wt%). FTIR, Raman, and XRD measurements
have shown strong interaction between the CS ma-
trix and GO fillers which allows for obtaining good
dispersion of GO in the CS matrix.

DC conductivity and dielectric constant dependen-
cies in the zero-frequency limit have been investi-
gated versus GO concentration and water content. In
the case of CS-GO films annealing before measure-
ments in a vacuum, DC conductivity and dielectric
constant do not depend upon the GO concentration.
The percolation effect has been observed, for the first
time, at higher water content (4, 9, and 24%). The
values of critical exponents obtained in CS-GO films
with high water content allow us to conclude that
nanocomposites exhibit a three-dimensional perco-
lation system. Results of fitting DC conductivity
using a three-phase model, which includes conduc-
tivity of CS, GO, and interphase layer, showed that
by increasing water content in CS-GO films, the con-
ductivity and thickness of the interfacial layer in-
crease. Surprisingly, the conductivity of the interfa-
cial layer in films with 9 and 24% of water is higher
than the conductivity of both pristine CS and GO.
The thickness of the interfacial layer increases with
water content. A new percolation model for CS-GO
nanocomposites with high water content has been
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proposed to shed light on these new findings. In this
regard, we propose that due to the strong molecular
interactions of GO with CS and water molecules at
the interface between CS and GO, a high-conductiv-
ity interphase layer appears, which supports a proton
transfer mechanism among hydrogen-bonding net-
works. It is responsible for the percolation properties
of wet nanocomposites. Additionally, increasing water
content increases the conductivity and thickness of
the interphase layer, which leads to shifting the per-
colation threshold to lower GO concentration.

Our results here may be of great importance in the
applications of such nanocomposites in different
areas, not only for developing proton exchange
membranes, sensors, organic electronics, and bio-
medicine.
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Abstract. A series of novel waterborne photosensitive resins were prepared successfully with poly(propylene oxide)
bis(2-aminopropyl ether), tricyclodecane dimethanol diacrylate, 2-isocyanatoethyl acrylate, and hydrochloric acid by Michael
addition reaction. The results show that with the increasing double bonds content, the double bonds conversion increases
from 78.7, 85.6 to 92.8% in the photopolymerization, respectively, and the gel content of the UV-cured film increases from
48.05, 69.10 to 83.28%. In addition, the glass transition temperature and tensile strength of the UV-cured film follow the
same increasing trend. Moreover, the content of hydrochloride has a great influence on the hydrophilicity of the waterborne
photosensitive resins. The studies indicated that as the hydrochloride content decreases, the surface water contact angle of
the UV-cured film increases from 10.8, 22.9 to 51.5°, and water absorption decreases from 26.55, 16.20 to 11.06%, respec-
tively. Moreover, the waterborne photosensitive resins exhibited a high printing accuracy together with a good effect of
washing and are promising for 3D printing.

Keywords: mechanical properties, waterborne photosensitive resin, Michael addition reaction, photopolymerization, 3D printing
application

1. Introduction concept models, rapid prototyping and building
3D printing (also known as ‘additive manufactur- complex geometries.

ing’) is a manufacturing technology that transforms  Vat photopolymerization 3D Printing, utilizing radi-
computer-aided and designed virtual models into 3D ation to selectively polymerize liquid photosensitive
tangible objects through layer-by-layer deposition resin in a vat to form a solid 3D structure [11], in-
[1, 2]. It has the characteristics of creating unique  cludes several printing processes [ 12]. Stereolithog-
structures, reducing material wastes, and increasing  raphy (SLA) was developed as the first vat photopoly-
efficiency [3] and is widely used in the fields of bio-  merization method in the early 1980s [13]. Since then,
medicine [4, 5], aerospace [6], education [7], and den-  various new vat photopolymerization methods have
tistry [8]. The 3D printing technology can be divided  been developed, including digital projection lithog-
into several categories such as jetting, binder jetting, raphy (DLP) [14], continuous liquid interface pro-
vat photopolymerization, energy deposition, powder  duction (CLIP) [15], and computed axial lithography
bed fusion, material extrusion, and sheet lamination (CAL) [16], to meet the speed and resolution de-
[9], where the more popular printing technology is vat  mands of printing.

photopolymerization [10] due to its incredibly high  In vat photopolymerization 3D printing, the model
resolution and excellent surface finish for creating is first designed by CAD software and converted into

*Corresponding author, e-mail: p-xxliu@gdut.edu.cn
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a standard (STL) format file. Then the STL format
model is sliced and printed according to the different
requirements of the printing equipment. After print-
ed, the model is removed from the platform, rinsed
with organic solvents such as isopropyl alcohol
(IPA) to remove the liquid resin layer from the sur-
face of 3D printed parts, and post-cured under UV
light to improve the mechanical properties [10]. The
removal of support structures, rinsing, and post-cur-
ing steps are required processes for almost all 3D
printing systems [17]. Without these steps, harmful
monomers may remain on or inside the item, and
there is an increased risk of conformational distor-
tion [18].

In the post-processing of vat photopolymerization
3D printing, almost all printed parts need to be rinsed
with organic solvents. Invernizzi [19], He et al. [20],
and Silbert et al. [21] used ethanol to remove resid-
ual resin from the surface of printed parts; Peterson
et al. [22], Mubarak et al. [23], and Garcia et al. [24]
reported isopropanol as a cleaning agent for the post-
processing of 3D printing; Schmidt et al. [25] also
used phenoxyethanol for the post-processing. How-
ever, the use of organic solvents increases the risk of
fire and can pollute the environment. Using water-
borne photosensitive resin can eliminate safety risks
associated with organic solvents for the surface clean-
ing of printed parts. Therefore, developing a water-
borne photosensitive resin suitable for 3D printing
is of great interest.

In this paper, a series of waterborne photosensitive
resins were designed and synthesized via the Michael
addition reaction between amino and acrylate double
bond. After evaluating the mechanical properties, the
waterborne photosensitive resin was applied to 3D
printing, and the printing accuracy and washability
of the printed objects were evaluated.

2. Experimental

2.1. Materials

Poly(propylene oxide) bis(2-aminopropyl ether)
(D400): M, = 400 g/mol, Huntsman Polyurethane
(China) Co., Ltd., Shanghai, China. 2-isocyanatoethyl
acrylate (AOI) was purchased from Shanghai
Cabchem New Materials Technology Co., Ltd.,
Shanghai, China. Tricyclodecane dimethanol diacry-
late (TCDDA) was supplied by Eternal Materials
Co., Ltd., Zhuhai, China. 2-hydroxyethyl methacry-
late (HEMA), tetrahydrofuran (THF), and anhydrous
magnesium sulfate were purchased from Macklin,
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Shanghai, China. Hydrochloric acid was purchased
from Guangdong Guangshi Reagent Technology Co.,
Ltd., Guangzhou, China. Photoinitiator: ethyl(2,4,6-
trimethylbenzoyl) phenylphosphinate (L-TPO) was
provided by Tianjin Jiuri New Material Co., Ltd.,
Tianjin, China. Acryloyl-morpholine (ACMO) was
supplied by Beijing RBL Chemicals Co., Ltd., Bei-
jing, China. All of the reagents were used as received
without further purification.

2.2. Synthesis of the asymmetrical monomer
A four-necked flask, equipped with a mechanical
stirrer, condenser, thermometer, and constant funnel,
was charged with HEMA (14.75 g, 0.11 mol) and
cooled using a water bath while stirring, then AOI
(14.11 g, 0.1 mol) was slowly added to the flask with
a constant pressure funnel at 30~35 °C. The mixture
was reacted at 40~42 °C for 4 h under stirring to ob-
tain the asymmetrical monomer. The reaction con-
tinued until the absorption peak of the -NCO group
in the infrared spectrum disappeared. Finally, after
being washed 3 times with deionized water and dried
over anhydrous MgSQy, a transparent, colorless lig-
uid has been obtained, namely the asymmetrical
monomer (H-AOI) [26, 27]. The specific reaction
route is shown in Figure 1a.

2.3. Synthesis of the waterborne
photosensitive resin

The waterborne photosensitive resin (WPR) was
prepared with TCDDA, D400, H-AOI, AOI, and hy-
drochloric acid by polyaddition reactions. The spe-
cific reaction route is shown in Figure 1b. The details
of preparation were as follows [28, 29]. TCDDA and
D400 were added into a flask and heated to 40°C
under stirring. After the absorption peak of the -C=C
group (1640 cm™) in the infrared spectrum disap-
peared, H-AOI was added to the flask. The mixtures
were maintained at 42 °C until the absorption peak
of the -NH; group (1590 cm™) in the infrared spec-
trum disappeared completely to afford an oligomer
capped with an acrylate double bond. Then, AOI was
added via a dropping funnel with the temperature at
40~42 °C, keeping the temperature until the absorp-
tion peak of the -NCO group (2267 cm™") vanished.
Finally, WPR was obtained after hydrochloric acid
was slowly added to neutralize the secondary amino
group under stirring. The waterborne photosensitive
resins were named WPR-1, WPR-2, and WPR-3, re-
spectively, according to the different amounts of the
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Figure 1. Synthetic routes of a) H-AOI and b) waterborne photosensitive resin.

—C=C group. The ratio of each component is illus-
trated in Table 1.

2.4. Fabrication of the UV-cured film

First, WPR was mixed with L-TPO at a ratio 0o 97.0
to 3.0 to produce the acrylic composition. Second,
the WPR UV-cured films were prepared by pouring
the acrylic composition on a cleaned polytetrafluo-
roethylene mold (50 mm x 15 mm x 2 mm) and
dried at room temperature under dark conditions for
12 h to form a liquid layer. Subsequently, the liquid
layer was irradiated under a UV curing machine

(model: RX300-1; power lamp: 2000 W; the dis-
tance of the lamp: 10 cm, Dongguan Ergu Optoelec-
tronics Technology Co. Ltd., Dongguan, China) for
10 s to afford the UV-cured film after dried at 50 °C
under a vacuum for 12 h, the films were peeling off
from the Teflon mold for a follow-up test.

3. Methods

3.1. Characterization

Fourier transform infrared (FTIR) spectra were ob-
tained on Nicolet 560 infrared spectrometer (Thermo
Fisher Scientific, Germany) using a disc of KBr in

Table 1. Synthetic composition of waterborne photosensitive resins.

Materials D400 DCPDA H-AOI AOI HCI! DBC? N
Samples Igl Igl Igl Igl Igl [mmol/g] [%]
WPR-1 40.00 22.83 13.56 7.06 14.72 1.02 90.58
WPR-2 40.00 22.83 13.56 14.12 9.81 1.50 93.86
WPR-3 40.00 22.83 13.56 21.18 491 1.95 96.99

IThe concentration of hydrochloric acid is 37.2%.

2DBC is an abbreviation for double bond content, calculated according to the formula [30]

3SC is an abbreviation for solid content.
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the range of 4000~600 cm™' with 4 cm™ resolution
over 32 scans at room temperature.

The proton nuclear magnetic resonance (‘H NMR)
spectra of the samples were recorded at 25 °C by
Bruker AVANCE III HD 400 spectrometer (Bruk-
er, Switzerland) with deuterated chloroform as the
solvent.

The loss factor curves, storage modulus, and loss
modulus at different temperatures was measured
with a TA Instruments DMA 50 (Metravib co., Ltd.,
France) in tensile mode at 1 Hz and 10 um ampli-
tude with a heating rate of 3 °C/min and tempera-
ture scan from —20 to 80 °C. The samples were cut
into squareness with approximate dimensions of
10 mm X 5 mm X 2 mm.

The tensile properties of the UV-cured film of WPR
were evaluated using a SANS CMT 6000 Universal
Tester (MTS Systems Co., Ltd., America) in accor-
dance with GB/T 528-2009 at room temperature.
Dumbbell-shaped specimens (length: 50 mm, thick-
ness: 2 mm, the width of parallel part: 4 mm, accord-
ing to GB/T 1040.2-2010) were made for the tensile
tests, and a deformation speed of 50 mm/min was
employed in the test process. Each measurement was
repeated at least three times, and the results were av-
eraged.

Thermal degradation behavior of the UV-cured film
of WPR was assessed by thermogravimetric analysis
with Mettler TGA/SDTA 851 thermogravimetric an-
alyzer (TGA) (Mettler, Switzerland) in 20 ml/min
N, atmosphere from 30 to 600 °C with a heating rate
of 10 °C/min, sample weight about 5.0~10.0 mg.
Contact angle measurements were conducted on a
static drop contact angle measuring instrument
(JC2000C1, Shanghai Zhongchen Digital Technic Ap-
paratus Co., Ltd., China). The samples were fixed on
a movable stage horizontally with a size of
3.0 cm % 3.0 cm, and the water droplets were deposit-
ed on the surface of the samples by a micro-syringe.
A CCD video camera was used to record the shape of
the droplet and an image analyzing software to deter-
mine the contact angle evolution. The experimental
results were the average values of five measurements
performed for each sample.

The conversion of acrylate double bonds

The conversion of acrylate double bond during UV
irradiation was determined by real-time infrared
spectra on a Nicolet iS50 FTIR at room temperature.
The liquid waterborne photosensitive resins were
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coated on KBr disc with a thickness of approximate-
ly 100 pm and then irradiated in situ by an M-Ultra
violet light source (MUA-165, Mejiro Genossen,
Japan) with a dominant wavelength of 365 nm. Each
spectrum obtained from the IR spectrometer was an
average of 4 scans with a resolution of 8 cm™'. The
peak area variation of -C=C- stretching vibration of
acrylate double bond at 1640 cm™" was used to de-
termine their conversion (y) according to Equa-
tion (1) [31]:
Y= %- 100% (1)
0
where 4, and 4; were the normalized peak area of
acrylate double bonds before and after UV radiation
at time ¢, respectively.
The gel content, which reflected the crosslinking de-
gree of the UV-cured film of WPR, was measured
with the Soxhlet extraction method. After drying for
12 h at 40°C under vacuum, the WPR films and
THF were added into the Soxhlet extractor and heat-
ed to reflux for 24 h . Afterward, the remaining WPR
films were dried at 40 °C for 12 h. We compared the
residual mass with the initial mass to obtain the gel
content value by Equation (2) [32]:
G= % 100% )
where G means gel content, wy represents initial
mass, and w; represents final mass.
The weighing method assessed the water absorption
behaviors of the UV-cured film of WPR. The WPR
cured films were cut into specimens with dimen-
sions 10 mm X 10 mm x 1 mm and dried at 50°C
for 12 h to obtain the weight of samples (m(). Then
the samples were immersed in deionized water for
24 h. Hereafter, the samples were taken out to re-
move the surface moisture, and the weight of sam-
ples (m) was obtained. The water absorption rate
(W) of the samples was calculated according to
Equation (3), [33]:
m,— my

———100%

W= g

)

3.2. 3D printing

The diluted monomer ACMO and L-TPO were
added to WPR after evenly mixed and left to stand
in the dark for defoaming before use. The 3D printing
was performed on an Iron Box/CH-10 3D Printer
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(Shenzhen Shengma Youchuang Technology Co.,
Ltd., Shenzhen, China) with Ay, ~405 nm and layer
height of 0.05 mm, bottom layer exposure time of
60 s, bottom layer count of 6 and layer exposure time
of 15 s (irradiation intensity: 1.0 mW/cm?, lifting
speed 65 mm/min, return speed 150 mm/min).

Curing depth measurement

A 405 nm LED light was employed as the light
source (Model: UVEC-4 II,Tianjin Lamplik Light-
ing Electric Co. Ltd., Tianjin, China). A spot area
with a 10 mm diameter was exposed in the center of
the transparent plastic container filled with water-
borne photosensitive resin. The cured disks were
taken out and cleaned with paper towels. The thick-
ness of the disks was measured with an [P54 mi-
crometer gauge (Dongguan Orient Precision Meas-
urement Technology Co., Ltd., Dongguan, China).
The light intensity was kept at 10.3 mW/cm? for all
experiments and the exposure time was 2~10 s. Each
exposure was done in triplicate, and the mean values
were calculated.

Determination of photosensitive parameters

The light absorption of photosensitive resin follows
the Beer-Lambert law [34]. The penetration depth
(Dp), cure depth (Cd), exposure (E [mJ/cm?]), and
the critical exposure (Ec) Equation (4):

Table 2. The waterborne photosensitive resin composition

of 3D printing.

Samples S1 S2 §3 S4
Materials [g] [g] Igl [g]
WPR-2 85.0 75.0 60.0 55.0
ACMO 15.0 25.0 40.0 45.0
L-TPO 0.3 0.3 0.3 0.3
1533 —— AOI

— H-AOI

Transmittance [a.u.]

2276

|
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a)
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Wavenumber [cm™]

1000
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Cd=Dpln “4)

3
Ec

where Dp is the penetration depth of the waterborne
photosensitive resin, denoting the UV absorption
intensity of the waterborne photosensitive resin; £
is the actual exposure intensity of the waterborne
photosensitive resin. E¢ is the critical exposure.

By transforming Equation (4), a general linear equa-
tion is formed, as Equation (5):
Cd=DplnE—DplnE- ®))
where Dp and Dp,InE¢ are the constants, i.e. the
slope and intercept of the corresponding linear fitting
curve, respectively. By comparing Equation (5), the
value of Dp and E¢ can be deduced.

4. Results and discussion

4.1. Structure analysis of H-AOI

The FTIR spectra of AOI and H-AOI are shown in
Figure 2a. The absorption peak of N—H stretching
vibration appears at 3368 cm™!, the absorption peak
of N-H bending vibration is 1533 cm™' [35], and the
absorption peak at 1730 cm™! belongs to the stretch-
ing vibration of the carbonyl group (C=0). This is
the characteristic peak of the carbamate group, re-
sulting from the reaction of isocyanate groups
(-NCO) with hydroxyl groups (~OH). In addition,
the characteristic peak at 2267 cm™ attributed to the
isocyanate group (—NCO) disappeared completely.
The results of FTIR spectra clearly confirm the suc-
cessful reaction between HEMA and AOL

The 'H NMR spectrum of H-AOI is shown in
Figure 2b. The peaks at 6.10~6.45 ppm are con-
tributed by the proton of methacrylate double bond

f
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Figure 2. a) FTIR spectra af AOI and H-AOI, b) '"H NMR spectrum of asymmetric monomer (H-AOI).
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(CH,—C(CHj3)-). The peaks at 6.09~6.16, 5.50~
5.60 ppm are ascribed to the proton of acrylate dou-
ble bond (~CH—CH,). The peaks at 4.21~4.33 and
3.47~3.5 ppm are attributed to the proton of meth-
ylene (—CH,—) [36]. The peaks at 1.95 ppm corre-
spond to the protons of methyl (~CH3). The peaks at
5.21 ppm are attributed to the protons of the carba-
mate (-NHCOO-). The results of "H NMR indicate
that H-AOI was successfully prepared.

4.2. Structure analysis of WPR

D400, TCDDA, and H-AOI are used to prepare pre-
polymers containing methacrylic double bonds by
Michael addition reaction, and then the secondary
amine groups react with isocyanate groups of AOI
to insert different proportions of acrylate double
bonds in the side chain of the prepolymer. Finally,
hydrochloric acid is used to form a salt with the resid-
ual secondary amine groups to impart hydrophilicity
to the prepolymer. The FTIR spectra of the reactants,
intermediate prepolymers, and products are shown
in Figure 3. Figure 3a curve (1) is the FTIR spec-
trum of TCDDA. The characteristic absorption peaks
of the carbon-carbon double bond at 1640 and
810 cm™! could be clearly observed. After the reac-
tion, the peaks disappear completely, as shown in
Figure 3a curve (2), indicating the double bonds of
TCDDA are consumed when reacting with D400 by
Michael addition and forming an amino-terminated
prepolymer (denoted as PR-1). Figure 3a curve (3) is
the FTIR spectrum of the product of PR-1 reacting
with H-AOI. The characteristic absorption peaks of
carbon-carbon double bonds at 1640, 810 cm ™! and the
carbamate at 3320, 1533 cm™! are observed, demon-
strating that H-AOI is reintroduced successfully and

Transmittance [a.u.]

2459

W\
1533 810

3000 2500 2000

Wavenumber [cm™]

4000 3500 1500 1000
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500

forming the prepolymer with acrylate moieties (de-
noted as PR-2). Figure 3a curve (4) is the FTIR spec-
trum of PR-2 reacting with AOI. The characteristic
absorption peaks of the isocyanate group at 2267 cm™!
disappear, indicating AOI reacts with the secondary
amine groups of PR-2, producing the prepolymer
(denoted as PR-3). The FTIR spectrum of WPR is
shown in Figure 3a curve (5). The characteristic ab-
sorption peak of hydrochloride at 2459 cm™! appears,
indicating hydrochloride formed from hydrogen
chloride reacting with the secondary amino group of
prepolymer PR-3.

Figure 3b is the 'H NMR spectrum of WPR. The
peaks 5.60~6.45, and 4.51~4.66 ppm are contributed
by the proton of carbon-carbon double bond and car-
bamate, respectively. The results of 'H NMR com-
bined with FTIR confirmed WPR was successfully
synthesized.

4.3. Photopolymerization Kinetics of
waterborne photosensitive resin
Real-time FTIR is robust means of monitoring poly-
merization in situ. The characteristic absorption peaks
of the acrylate double bond at 1640 and 810 cm'are
shown in Figure 4a as a function of irradiation time.
As can be seen, the absorption intensity of charac-
teristic peaks gradually decreased with increasing
irradiation time, indicating that the double bonds were
consumed during the polymerization.
Figure 4b shows the double bond conversion curves
of WPR-1, WPR-2, and WPR-3. As shown in
Figure 4b, the double bond conversions of WPR-1,
WPR-2, and WPR-3 gradually increase up to 78.7,
85.6, and 92.8%, respectively. Under UV irradiation,
the photoinitiator is cracked into free radicals. With

Intensity [a.u.]

b)

3 [ppm]

Figure 3. a) (1)—(5) are the FTIR spectra of TCDDA, PR-1, PR-2, PR-3, and WPR, respectively, b) is the "H NMR spectrum

of WPR.
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Figure 4. a) The absorption intensity vs. irradiation time for the double bonds. b) The double bonds conversion of WPR
under UV irradiation with the intensity of 50 mJ/cm? and the L-TPO concentrations of 1.0 wt%.

the increasing double bond content, the probability
of free radicals attacking the double bonds increases.
Therefore, the number of active radicals produced
by chain reaction increases, and the polymerization
rate and double bond conversion of WPR increase
with the increase of the double bond content.

4.4. Tensile strength

The stress-strain curves, change trend of tensile
strength, and gel content of the UV-cured films of
WPR is shown in Figure 5. As shown in Figure 5a,
the tensile strength gradually increases from 0.35,
1.40 to 2.58 MPa, while the elongation at break
decreases from 44.0, 40.9 to 40.3% for WPR-1,
WPR-2, and WPR-3, respectively. This is mainly be-
cause the crosslinking density of WPR cured films
increases with the increasing acrylate double bond
content, leading to the formation of fixable macro-
molecular chains and a rigid crosslinking network.
Figure 5b shows that the gel contents of WPR-1,
WPR-2, and WPR-3 gradually increase from 48.05

3.0

— WPR-3

25

Stress [MPa]

20 40

Strain [%]

10 30 50

a)

and 69.10 to 83.28%, respectively. The tensile
strength of the UV-cured films increases with in-
creasing gel contents, demonstrating that the gel con-
tents have a great effect on the tensile strength of the
UV-cured films of WPR.

4.5. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was conduct-
ed to measure the glass transition temperature, which
is an important performance parameter of polymeric
materials. Figure 6 shows the storage modulus (E£")
and loss factor (tand) of the UV-cured films of
WPR as a function of temperature, respectively. As
Figure 6a shows, the storage modulus £’ of the UV-
cured films of WPR increase for WPR-1, WPR-2,
and WPR-3. In addition, the double bond content of
WPR-1, WPR-2, and WPR-3 are correspondingly
1.02, 1.50, and 1.95 (Table 1). Obviously, the storage
modulus £’ of the UV-cured films of WPR increase
with the increasing double bond content of WPR
resins. This is mainly because the increasing double
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Figure 5. a) The stress-strain curves of the UV-cured films. b) The changing trend of tensile strength and gel contents of the

UV-cured films.
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Figure 6. a) The storage modulus of the UV-cured films of WPR as a function of temperature. b) Tand of the UV-cured films

of WPR as a function of temperature.

bond content of WPR leads to the increased cross-
linking degree of the UV-cured films of WPR, which
results in the storage modulus £’ increasing.

The glass transition temperature of the UV-cured
films of WPR was evaluated by the maximum of
tan o curve [37]. As shown in Figure 6b and Table 1,
with the increasing acrylate double bond content of
WPR, the glass transition of the UV-cured films of
WPR increases from 13.5 and 21.5 to 32.4°C, re-
spectively. The enhancement can be explained by the
increase of double bond content, improving the cross-
linking degree of the UV-cured film, causing restric-
tion of the molecular chain movement.

4.6. Water absorption of WPR cured film

Figure 7a shows the water contact angle, and water
absorption of WPR cured films. The surface water
contact angle of the UV-cured films of WPR-1,
WPR-2, and WPR-3 gradually increases with the val-
ues of 10.8,22.9 and 51.5°, respectively. It is caused
by the decreasing content of the hydrophilic groups
in the corresponding WPR-1, WPR-2, and WPR-3
resin, which reduces the surface energy of the UV-
cured film and leads to an increase in the surface

40 75
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water contact angle. Furthermore, the crosslinking
density is an important factor affecting the water con-
tact angle of the UV-cured film. The crosslinking den-
sity of the UV-cured films increases with the increas-
ing double bond content of the WPR resin, which
leads to the surface water contact angle arising.

In addition, with the increase in water contact angle,
the water absorption of the UV-cured films of WPR-1,
WPR-2, and WPR-3 gradually decreased, which were
26.6,16.2, and 11.1%, respectively. This is mainly due
to the decrease of hydrophilicity of the UV-cured
films with the decrease of hydrophilic group content,
i.e., the increase of hydrophobicity, which leads to the
increase of difficulty for water molecules to enter the
cured films. Furthermore, the increase in the content
of acrylate double bonds in WPR-1, WPR-2, and
WPR-3 also leads to an increase in the crosslinking
density after UV irradiation, which reduces the water
absorption of the UV-cured films. Therefore, the con-
tent of the hydrophilic group and the crosslinking den-
sity are important factors affecting the water absorp-
tion and contact angle of cured films.

In WPR resins, the hydrophilic group is hydrochlo-
ride, which has good water solubility. The increasing

Figure 7. a) Surface water contact angle and water absorption of the UV-cured film. b) The water solubility of WPR.
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content of hydrochloride could improve the hy-
drophilicity of WPR. Figure 7b shows the appear-
ance of the WPR resins after the addition of 40%
water. By comparing the appearance of the solutions
of WPR-1, WPR-2, and WPR-3, it can be seen that
WPR-1 is pale yellow and transparent, WPR-2 is
light blue and transparent, and WPR-3 is cloudy.
This is mainly because a decrease in the content of
hydrochloride resulted in the decrease in hy-
drophilicity of WPR-1, WPR-2, and WPR-3. Over-
all, WPR resins have good water solubility and good
water-washing properties.

4.7. Thermal stability of the WPR cured film

The thermal stability of WPR cured film was meas-
ured by the TG-DTG. Figure 8a shows the thermo-
gravimetric (TG) curves of the UV-cured films of
WPR-1, WPR-2, and WPR-3. It can be seen from
the curves that the mass gradually decreases as the
temperature increases. The temperatures are listed
in Table 3. A weight loss of 5%, denoted as T, is
usually considered to be the initial decomposition
temperature of the materials. As shown in Table 3,
the initial decomposition temperatures of the UV-
cured films of WPR-1, WPR-2, and WPR-3 were
111.5, 128.3, and 218.3°C, respectively. That is
mainly due to the residual moisture in the UV-cured
films of WPR-1 and WPR-2, resulting in the initial

Table 3. Thermal stability of the UV-cured film of WPR.

decomposition temperature occurring at a low-tem-
perature stage. The decomposition temperature 77
of the UV-cured films of WPR-1, WPR-2, and WPR-
3 increased from 212.0 and 235.0 to 260.5°C. This
is mainly because an increase in crosslinking density
of the UV-cured films resulted from the acrylate dou-
ble bond content of WPR arising.

Figure 8b shows the differential thermogravimetric
(DTG) curves of the UV-cured films of WPR-1,
WPR-2, and WPR-3. The thermal decomposition
process of WPR cured films is divided into four main
stages. The maximum decomposition rates for each
stage are listed in Table 3. The first stage occurs be-
fore 180 °C, which is mainly due to the residual water
in the cured film. The second stage occurs between
230 and 255°C, with a mass loss of approximately
10%. The main reason for the second stage is the de-
composition of hydrochloride due to the dissociation
of ionic bonds. The third stage occurs between 310
and 350 °C with a mass loss of 40~48%, mainly due
to the decomposition of ether bonds and carbamates.
The fourth stage occurs between 380 and 450 °C and
is mainly caused by the decomposition of carbon-car-
bon bonds. Further comparison of the three curves
shows that the mass loss rate decreases with increas-
ing temperature in the order of WPR-1, WPR-2, and
WPR-3, which is mainly due to the increase in
crosslinking density of the cured films.

Te, T First step Second step Third step Fourth step

Samples [°C] [°C] Tmax Weight loss Tmax Weight loss Tmax Weight loss Tmax Weight loss

[°C] [o] [°C] [%o] [°C] [%o] [°C] [o]
WPR-1 111.5 212.0 98.2 3.9 230.8 12.2 3163 48.2 385.2 84.9
WPR-2 128.3 235.0 98.7 2.7 244.5 11.3 327.7 41.1 392.5 77.0
WPR-3 218.3 260.5 107.3 1.7 253.3 8.9 346.5 40.1 390.3 68.2
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Figure 8. Thermal stability of the UV-cured film of WPR, a) TGA, and b) DTG curves.
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4.8. 3D printing

UV-curing 3D printing, with the characteristics of
high printing accuracy and fast printing speed, is a
kind of additive manufacturing technology. In tradi-
tional UV-curing 3D printing, the photosensitive
resins are oil-soluble, and a large amount of organic
solvent is required to clean the surface of the printed
parts. The use of organic solvents increases the risk
of fire and could cause environmental pollution
problems. The issues could be addressed effectively
by the use of waterborne photosensitive resins for
3D printing because the residual resin of printed
parts surface could be cleaned by water. The pre-
pared WPR-2 resin was evenly mixed with diluted
monomer ACMO and the photoinitiator L-TPO in
certain proportions for 3D printing tests. The specific
proportions are shown in Table 2.

The viscosity of waterborne photosensitive resins
has a significant impact on 3D printing. The viscos-
ity of the resin is adjusted by adding ACMO for the
convenience of 3D printing. The added ACMO has
a great effect on the mechanical properties of 3D
printed parts. The favorable ratio for 3D printing was
determined by comparing the tensile strength of 3D
printed parts and the viscosity of the resin. As shown
in Figure 9, the tensile strength of 3D printed parts
increases with the amount of added ACMO rising.
Formulation S7 and S2 are unsuitable for 3D printing
due to their high viscosity. Formulation S4 and S3
with lower viscosities can be used for 3D printing.
In addition, the tensile strength and the amount of
ACMO added are relatively higher.

Determination of waterborne photosensitive
parameters

The penetration depth (Dp) and critical exposure (£¢)
are important parameters to adjust the exposure time
in a 3D printer to cure the chosen layer thickness. All
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Figure 9. The viscosity of 3D printing composition and the
tensile strength of the printed parts.
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Figure 10. Curves fitted and extrapolated to determine the
photosensitive parameters of S3 with 40.0 wt%
ACMO and 3.0 wt% photoinitiator (L-TPO).

3D printing photosensitive resins can be described
with the parameters of Dp and E¢ [38]. The exposure
intensity £ is a function of the exposure time multi-
plied with the incident light intensity of the LED
light source. The penetration depth (Dp) and critical
exposure (Ec) can be plotted in a linear form
(10.3 mW/cm? for the LED light source used in this
study). Thus, E is a function of exposure time (the
range of 2~10 s), and Cd can be directly measured
for each experiment. Hence, the critical exposure en-
ergy (Ec) and the penetration depth (Dp) can be plot-
ted in a linear form, based on the known values of £
and Cd. As shown in Figure 10, it is a linear fitting
curve of critical exposure energy (Ec) and penetra-
tion depth (Dp) for formulation S3. It shows a very
good fit to the data of the measured value £ and Cd.
The bottom-up 3D printing vat polymerization tech-
nology is a layer-by-layer additive manufacturing
process. Therefore, it is necessary the value of actual
cure depth is larger than the sliced layer thickness of
the printed sample to ensure sufficient adhesion be-
tween the layers [34]. In addition, the exposure en-
ergy E must be larger than the critical exposure in-
tensity Ec to initiate polymerization reaction. It can
be achieved by adjusting the exposure time. From
Figure 10, the value of penetration depth (Dp =
281.75 um) and critical exposure (Ec = 12.61 mJ/cm?)
of the formulation S3 can be obtained by calculation.
In 3D printing, the printing accuracy of photosen-
sitive resin is an important parameter. In this paper,
a hollow cube model is designed to test the print-
ing accuracy. The printed hollow cube is shown in
Figure 11a. The hollow cube model was designed by
CAD, and the ridge length of a single hollow cube
is 10 times the ridge width. The entire hollow cube
was fabricated via 3D printing with dimensions of
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15 mm % 15 mm x 15 mm (Figure 11d). The ridge  (205.5 um). The 3D printed part of the hollow cube
width of the printed hollow cube can be calculated model has a high printing accuracy (the strip width

ey
E%E%ﬁﬂﬁ

i
- mmmE o

"[ng u._ ‘- - .\ n

w

__inch/mm  OFF ON

Figure 11. a) The 3D model of hollow cube design by CAD. b) Hollow cube printed using formulation S3; ¢) Front view of
printed hollow cube. d) The size of a hollow cube. ¢), f) The printed model of Reims Cathedral and Eiffel tower
was printed using formulation S3.
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is about 205 um). The printed hollow cube with dif-
ferent view aspects is shown in Figures 11band 11c,
which has a good printing effect.

As shown in Figure 11e and Figure 11f, two building
models with a highly complex structure was success-
fully fabricated, indicating that the prepared water-
borne photosensitive resin could be promising for
dentistry and jewelry manufacturing.

5. Conclusions

An asymmetrical monomer and a series of novel wa-
terborne photosensitive resins were successfully syn-
thesized and confirmed by FTIR and '"H NMR spec-
troscopy. The effects of different double bonds content
were investigated and found that with increasing
double bonds content, the double bonds conversion
increases from 78.7, 85.6 to 92.8% in photopolymer-
ization of WPR, and the gel content of the cured film
increases from 48.05, 69.10 to 83.28%, the glass
transition temperature and tensile strength of WPR
cured film follow the same increasing trend. More-
over, the content of hydrochloride has a great influ-
ence on the hydrophilicity of the waterborne photo-
sensitive resin. The studies indicated that as the
hydrochloride content decreases, the surface water
contact angle of the UV-cured film of WPR increases
from 10.8, 22.9 to 51.5°, and water absorption de-
creases from 26.55, 16.20, to 11.06%. Finally, water-
borne photosensitive resins were applied to 3D print-
ing, and the photosensitive parameters, including the
penetration depth (Dp = 281.64 um) and critical ex-
posure (Ec = 12.78 mJ/cm?) were measured. Above
all, the waterborne photosensitive resins exhibited a
high printing accuracy and good effect of washing
and are promising for waterborne 3D printing.
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Abstract. Vitrimers have gained attention as materials with recyclability, self-healing, and shape memory properties. The
use of bio-based monomers for the synthesis of vitrimers is relevant because of the use of an environmentally friendly
strategy. In this work, resins based on 2-hydroxy-2-phenoxypropyl acrylate and acrylated epoxidized soybean oil were de-
signed and tested by real-time photorheometry, Fourier transform infrared spectroscopy (FT-IR), and mechanical testing to
determine suitability for digital light processing 3D printing. The synthesis of vitrimer that could have good thermal properties
and vitrimeric abilities, such as shape memory, self-healing, and recyclability properties, was investigated. Because of this,
the vitrimer could repair cracks and defects and could have a complex design of several parts, which also contributes to re-
cyclability and decreases costs. The rigidity and viscosity of the resins were reduced with an increasing amount of 2-hy-
droxy-2-phenoxypropyl acrylate-based monomer. The resin that has the highest amounts of hydroxyl and ester groups that
are beneficial for transesterification reactions was chosen for vitrimer synthesis in order to show vitrimeric abilities such as
self-healing, shape memory properties, reprocessability, and recyclability. The synthesized vitrimer was applied to digital
light processing 3D printing and showed shape memory with a recovery ratio of 100%, self-healing and reprocessability
with an efficiency of 47 and 31% and recyclability properties.

Keywords: smart polymers, biobased, rheology, vitrimers, glycerol, DLP 3D printing

1. Introduction features such as self-healing, weldability, malleabil-
The attention of polymeric materials researchers is  ity, recyclability, and shape memory properties for
turned towards non-recyclable and non-reshapable  polymeric materials [3]. The most recently studied
thermosets such as Bakelite as a challenge to devel-  vitrimers based on dynamic covalent bonds are
op cross-linked polymers that have controllable re-  epoxy-based, relying on reversible transesterification
processing due to dynamic covalent bonds that bridge  reactions [4]. A self-healing property allows repair
the gap between thermoplastics and thermosets [1].  of cracks and defects, as well as due to weldability,
Dynamic covalent bonds are bonds with advantages  polymeric materials can have complex design from
over common covalent bonds as they split into re-  several parts, which also contributes to recyclability
versible groups, which can be sufficiently reconstruct- by promoting sustainable resource management and
ed [2]. These dynamic bonds also provide unique decreasing costs [5]. Many reversible reactions, such
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as transamination, boronic esters-based exchanges,
urethane reversion, vinylogous urethane exchange,
etc., have been used to design dynamic covalent
bonds [6], but the most widely studied is the ther-
moactivated transesterification reaction of hydroxyl
and ester groups [7]. The first covalently cross-
linked networks based on reversible transesterifica-
tion exchange reactions were introduced by Leibler
and coworkers and were termed ‘vitrimers’ as they
behave like vitreous silica and rearranged their
topology without depolymerization, as well as being
insoluble and reprocessable [8]. Vitrimers demon-
strate two glass transition temperatures 7, and 7, [9].
Below T, (topology freezing temperature), vitrimers
behave as permanently cross-linked thermosets, and
above Ty, exchange reactions within their network
accelerate, making viscoelastic flow possible, follow-
ing the Arrhenius law [10, 11]. T, can be controlled
by changing the composition of the resin [12], while
T, occurs due to reversible reactions and can be con-
trolled by changing the transesterification catalyst
and its concentration [9]. The catalysts most com-
monly used for vitrimer synthesis are organometallic
complexes and organic bases, such as triazabicy-
clodecene and zinc acetylacetone hydrate (Zn(acac),)
[13, 14]. However, these catalysts have poor solu-
bility, which can be a drawback for the optical 3D
printing process. Schldgl and co-workers have intro-
duced organic phosphates and phosphonates as
transesterification catalysts that were soluble in acry-
late monomers and allowed efficient stress relax-
ation of the materials at higher temperatures, which
is important for the reshaping and repair of 3D print-
ed objects [15-17].

In the last five years, an increase in scientific publi-
cations with biobased vitrimers has been observed.
Functionalized triglycerides, lignin, vanillin, tannin,
polysaccharides, and furan derivatives have already
been used as monomers for various vitrimer synthe-
sis reactions [6]. This attracts the attention of the vit-
rimer researchers to the need to develop new bio-
based monomers for the synthesis of high-perfor-
mance and sustainable materials. Biodiesel produc-
tion from vegetable oils and animal fats generates ap-
proximately 10% (w/w) of glycerol as the main by-
product, which has been used as a starting material
for the synthesis of various glycerol-based monomers
[18]. Glycerol is a low volatile, non-toxic, hygro-
scopic monomer compatible with a wide range of ma-
terials, miscible monomer with plasticizing effect [19]
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and has even been used to produce biodegradable
plastics already [20-22], which is attractive for vit-
rimer synthesis. Commercially available glycerol-
based monomers, such as 2-hydroxy-2-phenoxy-
propyl acrylate (HPPA), glycerol 1,3-diglycerolate di-
acrylate, 3-(acryloyloxy)-2-hydroxypropyl methacry-
late, have been used for the synthesis of vitrimers by
optical 3D printing since they have hydroxyl and
ester groups which are essential for transesterifica-
tion reactions [15—17, 23, 24]. The obtained vitrimers
had shape memory and self-healing properties, and
were reprocessable. However, these glycerol mono-
mers were cross-linked mainly with petroleum-
based monomers. Moreover, the lack of bio-based
resins suitable for digital light processing (DLP) 3D
printing of vitrimers led to the development of a
novel vitrimer based on glycerol and soybean oil for
DLP 3D printing. At the same time, the novel plant-
based resins offer a high renewable carbon content
and can be used for various optical lithography se-
tups enabling 3D printing on multiple scales [25].
Vegetable oils and their derivatives, such as fatty
acids, have been used for vitrimer synthesis, because
their price is low, they are easily modifiable, and vit-
rimers can have properties such as flexibility, resist-
ance to chemicals, low toxicity, and biodegradability
[26-30]. Most of the time, epoxidized vegetable oils
with carboxylic acids were used for vitrimer synthe-
sis, as carboxylic acid groups act as catalysts for
transesterification [31-34]. Acrylated epoxidized
soybean oil (AESO) was thermally cross-linked with
a dithiol with a boronic ester linkage as a dynamic
bond [11]. The synthesized vitrimer was prepared by
an environmentally friendly strategy and had self-
healing and reprocessability properties.

The aim of this work was to develop and investigate
new vitrimers based on glycerol and soybean oil suit-
able for optical 3D printing. Vitrimers were synthe-
sized using an environmentally friendly strategy by
mixing the monomers at different ratios with a pho-
toinitiator and transesterification catalyst and applying
irradiation under solvent-free conditions. 2-Hydroxy-
2-phenoxypropyl acrylate (HPPA) (Figure 1) was
chosen as a monomer as has the glycerol fragment in
the structure with hydroxyl and ester groups that are
essential for the transesterification reaction. Acrylated
epoxidized soybean oil (AESO) was chosen as a
cross-linker because of the functional groups of hy-
droxyl and ester and is reported here for the first time
in UV-curable resins for the synthesis of vitrimers.
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Figure 1. Chemical structures of 2-hydroxy-2-phenoxypropyl acrylate (HPPA), acrylated epoxidized soybean oil (AESO),
ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate (TPOL) and zinc acetylacetone hydrate (Zn(acac),).

Ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate
(TPOL) was used as a photoinitiator as allows to get
transparent coatings due to the photobleaching effect
[35, 36]. Zinc acetylacetone hydrate (Zn(acac),) was
used as a transesterification catalyst, which is one of
the most commonly used catalysts and is soluble in
the selected acrylate monomers. The rheological
properties and photocuring kinetics of the resins
based on glycerol and soybean oil were monitored
for the first time. The experiments showed the influ-
ence of the amount of functionalized glycerol
monomer on the viscosity and rheological proper-
ties. AESO was found to be a suitable cross-linker
in the UV-curing reactions with HPPA because after
UV-curing, the dynamic networks were able to rap-
idly undergo thermoactivated rearrangements of the
network topology, as shown by stress relaxation ex-
periments. Incorporation of AESO in the resins with
HPPA led to self-healing, shape memory properties,
reprocessability, and recyclability. The novel resin
based on glycerol and soybean oil was used to form
vitrimeric 3D structures by DLP 3D printing.

2. Experimental

2.1. Materials

2-Hydroxy-2-phenoxypropyl acrylate (HPPA, >80%),
soybean oil, epoxidized acrylate (AESO, <100%),
and zinc acetylacetone hydrate (Zn(acac),, <100%)
were purchased from Merck, Darmstadt, Germany.
Ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate
(TPOL, >95%) was purchased from Fluorochem,
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Hadfield, Derbyshire, United Kingdom. All chemi-
cals were used as received.

2.2. Preparation of UV-curable resins

The resins were prepared by dissolving 5 mol% of
transesterification catalyst Zn(acac), in HPPA at
70°C. After the resin was cooled down to room tem-
perature, different amounts of AESO and 3 mol% of
TPOL were added as the photoinitiator with respect
to the total amount of both monomers and stirred at
room temperature. The resin codes consist of a num-
ber that expresses the amount of HPPA (0—100 wt%)
and the abbreviation of 2-hydroxy-2-phenoxypropyl
acrylate (HPPA), e.g., 9HPPA is a resin with the
weight ratio of 9:1 of monomer HPPA and cross-
linker AESO. 9HPPAV is a post-cured vitrimer at
200°C for 4 h.

The viscosity of the resins based on glycerol and soy-
bean oil was measured with an Anton Paar rheometer
MCR302 (Graz, Austria) with a plate/plate accessory
(15 mm diameter of the top plate) using a shear rate
0f 0.001 to 50 s™! at 25°C.

Resins were cross-linked in a Teflon mold of size of
(70%10x1)£0.01 mm under a 500 W Helios Italquartz
GR.E UV lamp (Milano, Italy) at a wavelength of
250-450 nm and an intensity of 310 mW-cm~2 for
2 min until a solid polymer was obtained.

2.3. Characterization techniques
The photocuring kinetics of the resins was studied
using an Anton Paar MCR302 (Graz, Austria)
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Table 1. Composition of resins based on glycerol and soybean oil.

Resin Amount of HPPA Amount of AESO Amount of TPOL Amount of Zn(acac), Viscosity
[wt%] [wt%] [mol%] [mol%] [mPa-s]
OHPPA - 100 248624240
1HPPA 10 90 11650+137
2HPPA 20 80 7969+135
3HPPA 30 70 6210+66
4HPPA 40 60 3998+35
SHPPA 50 50 3 5 1885+14
6HPPA 60 40 163343
THPPA 70 30 1403429
8HPPA 80 20 423+11
9HPPA 90 10 33247
10HPPA 100 - 184+4

rheometer with plate/plate accessory and the Omni-
Cure S2000 curing system from Lumen Dynamics
Group Inc. (Mississauga, Ontario, Canada). The di-
ameter of the bottom glass plate and the top steel
plate was 38 and 15 mm, respectively. The tests were
carried out at a temperature of 25 °C and a resin thick-
ness of 0.1 mm. The resins were irradiated with UV/
VIS radiation with a wavelength of 250-450 nm and
an intensity of 9.3 W-cm™ through a bottom glass
plate. A shear test was performed using a frequency
of 10 Hz and a strain of 0.5%. The values of the stor-
age modulus G, loss modulus G”, and the complex
viscosity )” of the resins were determined after 120 s
of irradiation. The gel point 7] was identified as the
crossover point of the G’ and G” modulus curves.
The shrinkage was defined as the difference between
the gap before and after photocuring.

Fourier transformation infrared (FT-IR) reflection
spectra were recorded using a Spectrum BX II FT-
IR spectrometer (Perkin Elmer, Llantrisant, UK) in
the wavenumber range of (650-4000) cm™'.

The insoluble fraction was determined by extracting
polymer samples (0.2 g) with acetone for 24 h in a
Soxhlet extractor. The samples were dried until a
constant weight was reached, and the yield of the in-
soluble fraction was calculated as the ratio between
the weight of the polymer before and after extraction
and drying.

The elongation at break, tensile strength, and elastic
modulus was estimated by a tensile test on a Testo-
metric M500-50CT machine (Testometric Co Ltd,
Rochdale, UK) with HDFF100 grips according to
the standard ISO 527-3. Samples with dimensions
of (70x10x1)£0.01 mm were tested with a crosshead
speed of 5 mm-min~'. Average values were calculat-
ed from 5 parallel measurements. The variation in

the experimental results did not exceed 5% within
the group.

The topology freezing temperature (7,) was deter-
mined by stress relaxation experiments on an
MCR302 rheometer from Anton Paar (Graz, Austria).
The samples were equilibrated with the selected
measurement temperature (140-200°C) for 20 min
and a 5% step strain was applied and the decreasing
stress was recorded over time.

The glass transition temperature (7)) was deter-
mined by dynamic mechanical thermal analysis
(DMTA) with an Anton Paar MCR302 rheometer
(Graz, Austria). Samples with dimensions of
(10x10x1)x0.01 mm were tested in a shear mode
from -20 to 130°C at a rate of 2°C-min'. T, was de-
fined as the maximum of the tand curve peak.

The thermal stability of the polymers was deter-
mined with a Perkin—Elmer TGA 4000 thermogravi-
metric analyzer (TGA) (Llantrisant, UK) with a heat-
ing rate of 20°C-min~! and a nitrogen flow rate of
100 ml-min~".

2.4. DLP 3D printing

DLP 3D printing was performed on an Asiga PICO2
39 UV (Sydney, Australia) printer with a 385 nm
LED UV light source. The first layer of 220 um was
exposed for 8 s and the other layers with a height of
100 pm were irradiated for 1 s. The structures of
‘Benchy’ and ‘Marvin’ were printed as they are
specifically designed to test the accuracy and capa-
bilities of 3D printers and photo-resins [25].

2.5. Self-healing experiments

UV-cured samples with (70x10x%1)£0.01 mm dimen-
sions were cut into two equal pieces, then brought
in contact with each other, and heated at 200 °C for
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1 h. Rejoined samples were mechanically tested with
a Testometric M500-50CT machine (Testometric Co
Ltd, Rochdale, UK).

The scratch repairing tests were performed by
scratching the UV-cured vitrimer sample with a razor
blade and curing at 200 °C for 1 h and monitoring
with an Olympus BX41 optical microscope (Micro-
scope Central, Feasterville, PA, USA).

2.6. Shape memory experiments
For shape memory experiments, the ‘butterfly’ sam-
ple (27x18%1)+0.01 mm) was prepared by DLP print-
ing of the 9HPPA resin on an Asiga PICO2 39 UV
printer (Sydney, Australia). Two-way shape memory
experiments were carried out with a UV-cured sam-
ple with the dimensions of (70x10x1)+0.01 mm and
a ‘butterfly’ sample. The first shape was obtained by
heating the sample at 80 °C (above Ty), transforming
it into the desired shape, and cooling it to 40°C
(above Ty). The second shape was obtained by heat-
ing the sample at 80 °C (above 7y) due to transform-
ing and cooling the sample below room temperature
with an ice bath. By heating again, the permanent
shape was regained.
The shape recovery ratio was calculated as the ratio
between the lengths of the polymer in different
stages of shape memory [37]. First, the sample was
heated at 80 °C (above 7y) and elongated by applying
force. When in the fixing stage, the sample was cooled
down to room temperature with the load applied and
the tensile load was released. Finally, the deformed
sample was heated to 80 °C to allow the length to re-
cover (Equation (1)).

Li—L

L= Ly

RR

-100 (1
where RR is the shape recovery ratio [%], Lg is the
original sample length [cm], L¢is the length of the
sample in the fixing stage when the tensile load is
released [cm], L is the length of the sample in the re-
covery stage when heated at 80 °C [cm].

2.7. Recyclability experiments

The chemical degradable property was tested by im-
mersing the samples (0.1 g) in vials with ethylene
glycol (5 ml) at 200°C. Samples were taken every
hour, dried and weighed. The relative weight was
calculated as the difference between the mass before
and after degradation.
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2.8. Reprocessability experiments

The UV-cured samples were ground into a fine pow-
der, placed between stainless steel plates with a size
0f (400x400)£0.01 mm (Labtech Engineering Com-
pany Ltd, Thailand) and heated at 180°C for 1 h at
a pressure of 5 MPa. After being cooled to room
temperature, the recycled samples were trimmed into
arectangular shape of (70x10x1)+0.01 mm. The re-
molded samples were mechanically tested with a
Testometric M500-50CT machine (Testometric Co
Ltd, Rochdale, UK). Average values were calculated
from 5 parallel measurements. The variation in the
experimental results did not exceed 5% within the

group.

3. Results and discussions
3.1. Selection of the resin for vitrimer
synthesis

The rheological parameters are important in the op-
tical 3D printing process as they describe the curing
rate, viscosity, and shrinkage when the resin transits
from liquid to solid, and the rigidity of the final 3D
printed object [38]. Thus, real-time photorheometry
is now being investigated as a tool for understanding
the behavior of the resin during the curing process.
Viscosity determines the capacity of the resin to
renew the feedstock material once the platform
moves to form a new layer, and conventional 3D
printing resins generally have a viscosity in the range
of (200-1500) mPa-s [39]. While the viscosity deter-
mined for the glycerol and soybean oil-based resins
was in the range of (184-24 862) mPa-s (Table 1) and
was reduced with increasing the amount of HPPA.
Importantly, the viscosities of the resins showed no
significant changes after 3 months of storage in the
dark. Rheological parameters such as the storage
modulus (G'), the loss modulus (G"), the complex
viscosity ("), and the shrinkage of the glycerol and
soybean oil-based resins are collected in Table 2. The
G’ modulus of OHPPA containing only AESO was
26.57 MPa and the G' modulus of 10HPPA contain-
ing only HPPA was 19.35 MPa, while the values of
the other resins were similar to that of 9HPPA and no
significant influence related to the amount of HPPA
was observed. This was due to the plastification ef-
fect of HPPA that predetermined that the G’ modulus
that corresponds to the rigidity of 10HPPA was the
lowest. Although the G" modulus, which corre-
sponds to the energy dissipated as heat, representing



S. Grauzeliene et al. — Express Polymer Letters Vol. 17, No.1 (2023) 54—-68

Table 2. Real-time photorheometry data of glycerol- and soybean oil-based resins.

Resin Storage modulus, G’ Loss modulus, G” Complex viscosity, n" Shrinkage
[MPa] [MPa] [MPa-s] [%]
OHPPA 26.57+2.19 4.87+0.85 0.45+0.01 3.0+0.0
IHPPA 23.85+2.95 6.19+2.18 0.39+0.05 6.5+0.5
2HPPA 27.60+1.10 8.36+0.63 0.46+0.01 6.5+0.5
3HPPA 25.45+1.25 6.39+0.18 0.42+0.02 7.540.5
4HPPA 25.60+0.60 11.23+2.48 0.45+0.01 7.540.5
SHPPA 23.75+0.65 12.40+0.40 0.43+0.01 9.5+1.0
6HPPA 22.10+0.60 11.30£0.60 0.40+0.01 6.5+0.5
THPPA 23.45+0.85 12.90+1.20 0.35+0.00 7.540.5
8HPPA 24.40+1.30 14.20+4.41 0.46+0.02 6.5+0.5
9HPPA 23.25+1.55 13.3443.56 0.43£0.01 6.5+0.5
10HPPA 19.35+0.45 16.00+2.00 0.40£0.02 7.540.5
the viscous part [38] showed the opposite results, as 30
the resin 10HPPA had the highest G” modulus of _ 251
16 MPa. n* values which represent the resistance to g 2
flow as a function of the angular frequency of all o |
resins based on glycerol and soybean oil were in the é 151
same range (0.35-0.45 mPa-s), while the shrinkage 8 0l
of the resin 10HPPA (7.5%) resin was greater com- >
pared to the AESO resin OHPPA (3.0%) due to the - — OHPPA
lower viscosity and the tgel values did not influence 0- Y X
since the gelation of all resin began after 2 s of irra- 0 20+ 40 60 80 100 120 140
diation. Based on data from the published literature, Time [s]

resins for vitrimer synthesis by optical 3D printing
frequently consist of the ratio of 9:1 from the
monomer and the cross-linker [23, 24], therefore, the
storage modulus G' describes the rigidity versus the
irradiation time of resins without HPPA (OHPPA),
with 90 wt% of HPPA (9HPPA), and without AESO
(10HPPA) are presented in Figure 2. The resin 9HPPA
exhibited the intermediate G’ modulus value after
2 min of irradiation (23.25 MPa).

100

UV/Vis irradiation

Figure 2. Curves of the storage modulus G’ versus irradia-
tion time of resins without HPPA (OHPPA), with
90 wt% of HPPA (9HPPA), and without AESO
(10HPPA).

Tensile testing and extraction of polymer samples
were performed to investigate the mechanical
properties and the yield of the insoluble fraction of
the UV-cured resins (Figure 3). Polymer rigidity is
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Figure 3. Yield of the insoluble fraction and mechanical characteristics of the polymers based on glycerol and soybean oil (a)
and stress-strain curves of the polymers 0HPPA and 10HPPA (b).
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important when planning applications in the indus-
try, and rigid as well as flexible polymers are used
in various areas depending on the needs of the 3D
printed structure. The HPPA monomer with the glyc-
erol fragment was determined to act as a plasticizer
[19] as it lowered the values of tensile strength, elas-
tic modulus, of the insoluble fraction and increased
the values of elongation at break. The polymer yield
having the highest amount of HPPA had the lowest
values of tensile strength, yield of the insoluble frac-
tion and elastic modulus (1.39 MPa, 91.79% and
3.45 MPa) and the highest value of elongation at
break (80.47%).

After evaluation of the rheological and mechanical
characteristics of the polymers, it was decided to se-
lect the resin 9HPPA for vitrimer synthesis with the
lowest amount of AESO and the highest amount of
HPPA, which ensures the highest amount of hydrox-
yl and ester groups that are beneficial for transester-
ification reactions. Furthermore, the viscosity of the
resin (332 mPa-s) (Table 1) was suitable for the for-
mation of 3D structures using DLP. The chemical
structure of the 9HPPA uncured, photocured, and
thermally post-cured resin at 200 °C was confirmed
by FT-IR spectroscopy (Figure 4). The intensities of
the OH and C=0 groups at 3434 and 1732 cm™! re-
main constant in the photocured polymer spectrum
in comparison with the spectra of the uncured resin,
which is essential for the transesterification reaction.
The intensity of the C=C group signal, which was
present at 1599 cm™! was reduced after photopoly-
merization. After post-curing at 200 °C, a decrease
in OH groups was observed due to hydrogen bond-
ing formation. Stress relaxation experiments were per-
formed to determine the topology freezing tempera-
ture (7y) of the resin 9HPPA. The thermal properties

—9HPPA uncured
OH 1C=01C=C ——9HPPA
| | photocured
| | ——9HPPA thermally|
= 5 : | postcured
o) 1
3 ! 1
S [
©
° 1
2
© | !
x | |
| |
| |
| |
| | |
4000 3500 1500 1000

Wavenumber [cm™]

Figure 4. FTIR spectra of the uncured, photocured, and ther-
mally postcured resin 9HPPA.
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of the polymer 9HPPA and the post-cured vitrimer
9HPPAV at 200°C were compared with the neat
AESO polymer and the neat HPPA polymer (OHPPA
and 10HPPA, respectively). Vitrimeric abilities, such
as shape memory, self-healing, recycling, and repro-
cessing properties, were investigated.

3.2. Thermal properties

The thermal characteristics obtained by DMTA and
TGA analysis of polymers based on glycerol and
soybean oil are summarized in Table 3. The thermal
properties of the UV-cured polymer 9HPPA were
compared with the polymer OHPPA only with the
fragments of AESO in the structure, polymer 10HPPA
containing the fragments of HPPA, and the vitrimer
9HPPAV, which was obtained by post-curing the
9HPPA at 200 °C for 4 h. The incorporation of HPPA
into the network led to the obtainment of the poly-
mer with a higher 7, temperature (23 °C) compared
to the polymer with flexible AESO chains (0°C).
However, the highest values of Ty, G/, Tgec-10%, and
char yield (53°C, 0.15 MPa, 335°C, and 16.5%, re-
spectively) were obtained when the UV-cured 9HPPA
polymer was post-cured at 200 °C. This was due to
the highest yield of the insoluble fraction (99.5%)
after extraction with acetone, which was chosen as
a solvent due to its ability to dissolve both polar and
minor polar substances, while other solvents can
only dissolve one or the other [40]. The curves of the
storage modulus G’ versus temperature obtained
from the DMTA analysis are presented in Figure Sa.
It can be seen that the UV-cured polymer 10HPPA
has a peak at about 20 °C meaning that the monomer
HPPA provides crystallinity to the network due to the
presence of benzene rings [41], however, the poly-
mer is more amorphous as it gradually softened and
did not melt with increasing temperature. Although
glycerol is one of the most studied glass formers, it
also has an extremely low tendency to crystallize
[42]. The more clearly apparent peak can be seen in
the curve of post-cured vitrimer 9HPPAV and the G’
modulus remained the same as the temperature in-
creased, meaning the network of vitrimer is more
semicrystalline when amorphous with more uniform-
ly packed molecules. Two peaks have been observed
in the curves of tand versus temperature (Figure 5b).
The lower temperature peak contributes to the -re-
laxation process observed below T, which is asso-
ciated with the polymer backbone and involves local
motions of the polymer chain backbone that do not
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The yield of the DMTA TGA
Polymer insoluble fraction' TgZ G,? Tdec-10%" Char yield®
[%] [°C] [MPa] [°C] (%]
OHPPA 96.3+0.2 0 0.24 312 7.3
9HPPA 91.8+0.1 23 0.06 289 13.1
9HPPAV 99.5+0.8 53 0.15 335 16.5
10HPPA 91.4+0.2 23 0.04 265 14.1
After 24 h of Soxhlet extraction with acetone,
2Glass transition temperature determined by DMTA,
3Storage shear modulus of cured resins in the rubbery plateau region,
“Temperature at a weight loss of 10% obtained from TGA curves,
SFrom TGA curves.
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Figure 5. Curves of the storage modulus G’ versus temperature (a), curves of tan d versus temperature (b), and thermogravi-
metric curves of polymers based on glycerol and soybean oil (c).

require cooperative motion of the surrounding chains
and is a precursor for the primary o-relaxation process
(Ty) [43]. The thermal decomposition of the UV-
cured polymer 9HPPA proceeded in two steps, while
the thermal degradation of the vitrimer 9HPPAV pro-
ceeded in one step (Figure 5c), which confirmed a
densely cross-linked network.

3.3. Relaxation of the stress of the vitrimer

Thermosets have permanent covalent bonds in their
network, which leads to difficulties in stress relax-
ation. While vitrimers with dynamic bonds can re-
arrange the network and alleviate the relaxation of
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internal stress caused by deformation [44]. Therefore,
topology rearrangements were investigated by meas-
uring the stress relaxation of sample 9HPPA (Figure 6)
and a topology freezing transition temperature (7)
was determined at which the transition from visco-
elastic solid to viscoelastic liquid occurs. Stress re-
laxation experiments were carried out at tempera-
tures (160-200°C) and thermal degradation was
avoided, as the thermal stability of the 9HPPA sam-
ple is above 200 °C (Figure 5¢). The relaxation time
(t") is the time the modulus relaxes to 1/e of its value
[45]. With increasing temperature, the relaxation time
of the 9HPPA decreased from 172.45 to 11.5 min
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Figure 6. Stress relaxation curves versus the time of 9HPPA, OHPPA, and the 9HPPAV (a) and Arrhenius plot of relaxation

times (b).

due to dynamic bond exchange and chain diffusion.
The relaxation time of OHPPA at 200°C was
71.12 min, which shows that more ester groups need
more time to relax. Furthermore, 9HPPAV at 200 °C
needed 30.18 min to relax, which is more compared
to photocured 9HPPA showing the additional forma-
tion of hydrogen bonds during curing at 200 °C that
results in a decrease in OH groups that could not par-
ticipate in transesterification reactions (Figure 4).
The topology freezing temperature (7,) can be de-
termined from the Arrhenius curves for relaxation
times of 10° s [9]. Therefore, the T, value of 9HPPA
was obtained by extrapolating the data to a relax-
ation time of 10 s and was 72 °C (Figure 6b).

3.4. DLP 3D printing and shape memory
properties

DLP 3D printing has advantages such as high reso-
lution and accuracy, good surface finish, high fabri-
cation speed, and is attractive for the formation of
objects that need to have the mentioned properties
[46]. Therefore, the accurate structures ‘Benchy’ and
‘Marvin’ with small details and smooth surface fin-
ishing were formed to show the suitability of the
resin 9HPPA for DLP 3D printing (Figure 7a).
Two-way shape memory polymers can be used in the
application of reversible actuation as artificial mus-
cles and actuators, as they can transit between two
different shapes spontaneously and reversibly when
heating or cooling is applied [47]. Flexible AESO
chains and free hydroxyl groups of the UV-cured
polymer 9HPPA provide plasticity that could impart
shape memory properties [48]. Therefore, the two-
way shape memory cycle of the DLP 3D printed
‘butterfly’ sample and the UV-cured rectangular
sample is shown in Figures 7b and 7c. The procedure
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consisted of transforming the samples above 7, and
fixing above and below T,. The permanent shape of
the printed and UV-cured samples was changed by
heating above I, at 80 °C and applying the external
force for deformation. The first shape was fixed by
cooling the sample down above T, to 40 °C. The sec-
ond shape of a ‘butterfly’ was obtained by cooling
down the sample below T, to 0°C and fixing the
wings to the desired shape. The rectangular shape ob-
tained the second desired ‘spiral’ shape only by trans-
forming at above 7, and cooling down the sample
below T,. After being heated above the 7, the sam-
ples completely recovered to the permanent shape,
indicating an excellent shape memory property. Both
the UV-cured rectangular and DLP 3D printed ‘but-
terfly’ sample showed a shape recovery ratio (RR)
of 100% meaning that the samples are able to recov-
er their original length.

3.5. Self-healing properties

To investigate the self-healing properties of vitrimer
9HPPAYV, the UV-cured sample 9HPPA was cut and
rejoined at 200 °C for 1 h, and the stress-strain curves
of the samples are presented in Figure 8. Mechanical
properties were improved after a thermal treatment,
indicating excellent repairability and weldability of
the cured sample. The elastic modulus of the thermal-
ly treated sample 9HPPAV was 134 MPa, which is
38 times higher compared to the UV-cured sample
9HPPA, and elongation at break was reduced by ap-
proximately 3 times to 30%. This was due to topolog-
ical rearrangements and additional formation of hy-
drogen bonding during prolonged treatment at 200 °C
that resulted in a decrease in OH groups (Figure 4).
Scratch-repairing test was performed to verify the
repairability as self-healing of the UV-cured sample



S. Grauzeliene et al. — Express Polymer Letters Vol. 17, No.1 (2023) 54—-68

Permanent shape

2" shape

1%t shape

Figure 7. Photographs expressing DLP printing of ‘Benchy’ and ‘Marvin’ structures (a) and monitoring the shape memory
behavior of 9HPPA: of DLP printed ‘butterfly’ sample (b) and UV-cured rectangular sample (c).
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Figure 8. Photograph (a) and stress-strain curves (b) of the UV-cured 9HPPA sample and the vitrimer 9HPPAV after repair

at 200°C for 1 h.

9HPPA at high temperatures should occur due to
dynamic transesterification reactions. Images of the
scratched UV-cured sample 9HPPA with a razor
blade and repaired at 200 °C for 1 h are shown in
Figure 9. Self-healing with an efficiency of 47% was
obtained as the ratio between the width of the re-
paired sample and the width of the initial sample.
The sufficiently low 7, value provided active chain
mobility at a temperature of 200 °C [44].

3.6. Recyclability

Polymeric products need to be degraded after the end
of their use when they do not have useful properties.
This would reduce the negative impact on environ-
mental health, which is the main idea of green chem-
istry and chemical engineering [49]. The chemical
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recycling of thermosets into soluble products is usu-
ally carried out by catalysis at high temperatures
using pressure to recycle the network [50]. While the
chemical recycling of vitrimers at elevated temper-
atures is carried out more simply through alcoholysis
due to dynamic bond exchange reactions [13]. There-
fore, the chemical degradation of the sample 9HPPA
was performed with ethylene glycol (Figure 10a)
and the curve of weight loss of 9HPPA versus tem-
perature is presented in Figure 10b. After recyclabil-
ity testing, the color of ethylene glycol changed from
transparent to brown and the 9HPPA sample shrank,
indicating that the transesterification reaction be-
tween the ester bonds of the sample 9HPPA and hy-
droxyl groups of ethylene glycol occurred as the
cross-linked network was deconstructed and the
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Figure 9. Scratch repair images of the UV-cured sample 9HPPA. a) UV-cured sample, b) Sample cured at 200°C for 1 h

degraded product was dissolved in ethylene glycol. ~ C=O group signals at 3434, 1599 and 1732 cm™! re-
The weight of the sample decreased rapidly to 50% mained the same in the spectra of the sample
during the first 6 h and gradually to 10% during the ~9HPPA residue after alcoholysis and dissolved in
17 h and stabilized. The permanent linkages of the ethylene glycol, since the rearrangement of the
sample had an impact on the residue after chemical  cross-linked network occurred via dynamic transes-
degradation. The intensities of the OH, C=C and terification (Figure 10c).
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Figure 10. Photograph expressing the chemical degradation experiment (a), the weight loss of 9HPPA versus temperature (b),
and the FTIR spectra of the sample residue after alcoholysis and dissolved in ethylene glycol (c).
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Figure 11. Photograph expressing the reprocessability experiment (a) and stress-strain curves of the UV-cured and remolded

sample 9HPPA (b).

3.7. Reprocessability

To demonstrate the reprocessability of the UV-cured
sample 9HPPA, the grounded fine powder was heated
at 180°C for 1 h under a pressure of 5 MPa and the
remolded samples were obtained (Figure 11a). After
reprocessing, the sample retained its elasticity. The
stress-strain curves of the UV-cured sample 9HPPA
and the remolded sample are shown in Figure 11b.
The remolded sample exhibited a higher elastic mod-
ulus of 6.86 MPa compared to the original sample
with an elastic modulus of 3.45 MPa. However, the
sample could not be fully restored as it showed lower
values of tensile strength and elongation at break com-
pared to the original sample (0.43 MPa, 48.10% and
1.39 MPa, 80.47%, respectively). A recycling effi-
ciency of 31% was calculated as the ratio of the ten-
sile strength of the recycled and original samples.

4. Conclusions

Glycerol- and soybean oil-based resins were designed
using an environmentally friendly strategy by mixing
the monomers in different ratios with a photoinitiator
and a transesterification catalyst and applying irradi-
ation under solvent-free conditions. Acrylated epox-
idized soybean oil was used in UV-curable resins for
the synthesis of vitrimer for the first time. The resin
containing the highest amount of functionalized glyc-
erol was selected for the vitrimer synthesis and DLP
3D printing as a real-time photorheometric study
showed that the rigidity and viscosity of the resins
were reduced with increasing amount of glycerol-
based monomer and the selected resin contained the
highest amount of hydroxyl and ester groups that are
beneficial for transesterification reactions. The dy-
namic network of UV-cured material showed stress
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relaxation at elevated temperatures and a topology
freezing temperature of 72 °C. Acrylated epoxidized
soybean oil was found to be a suitable cross-linker
in the UV-curing reactions with 2-hydroxy-2-phe-
noxypropyl acrylate as it led to reach shape memory,
self-healing, reprocessability, and recyclability prop-
erties. Flexible chains of acrylated epoxidized soy-
bean oil and free hydroxyl groups of the UV-cured
sample imparted shape memory properties. Thermal
and mechanical properties after vitrimer welding
were improved due to the additional formation of hy-
drogen bonds during prolonged treatment at 200 °C.
The synthesized vitrimer showed self-healing and
reprocessability with an efficiency of 47 and 31 %,
respectively, and was degraded by alcoholysis. The
vitrimeric abilities of the synthesized vitrimer could
contribute to recyclability and decrease production
costs because the vitrimer could partially repair
cracks and defects, change the permanent shape to the
new one, and, because of weldability, could have a
complex design from several parts. The synthesized
vitrimer could be applied in reversible actuation as
artificial muscles and actuators, where transits be-
tween two shapes are required.
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Abstract. The strain sensors based on conductive natural rubber (NR) composite, filled with carbon nanotubes (CNT) and
conductive carbon black (CCB), are developed due to their superior elasticity and sensitivity. To encourage electron tunneling,
ionic pathway for electron moving was achieved by modified deep eutectic solvent (mDES) synthesized in-house. It was
found that the incorporation of mDES impacts the curing, mechanical and electrical properties of the composites due to the
interconnected CNT/CCB-mDES networks. It is demonstrated that the electrical signal sensation of conductive NR composite
was improved by adding mDES, and the inconsistent sensor behavior under cyclic and quasi-static loadings was eliminated.
The mDES not only improves the movement of electrons, but it also promotes the crosslinking of NR molecules without
adding ZnO. In addition, for analyzing the object motion, the piezoresistive rubber sensors were tested on a soft printing
structure through the cyclic motion analysis of a soft tendon-based actuator. The obtained electrical signals showed the
smooth signal with noise and un-prediction electrical peaks after the combination of the mDES into the conductive NR com-
posites. This clarifies the flexible movement of the CNT/CCB structure into the NR matrix following the specific designed
objects’ motion. The present work indicates the different core novel technologies based on the use of mDES in the conductive
composites matching with the acceptable electrical signal for applying as the promising motion sensor materials for soft
structures.

Keywords: rubber, polymer composites, material testing, mechanical properties

1. Introduction to organics [1]. In recent years, the demand for flexi-
Resistive sensors typically convert mechanical, ther-  ble and stretchable strain sensors based on polymer
mal, or chemical stimuli into an electrical signal and  matrix has received enormous attention in wearable
are generally fabricated from various materials, selec-  electronics, soft robotics, and stretchable devices due
tive from metallic to semiconductors and inorganics  to the potential of expressing flexibility, processability,
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and lightweight [1]. Several research groups have
succeeded in fabricating stretchable strain sensors
by using various forms of thermoplastic elastomer
(TPE), i.e., thermoplastic polyurethane (TPU) [2-5],
thermoplastic styrene co-block polymers (TPS) [6,
7] and styrenic block copolymers (SBC) [8, 9]. How-
ever, it was found that the use of TPE is difficult in
highly dynamic strain sensors since the material re-
quires a superior capacity for original shape recov-
ery. It is known that the TPE has both elastic and plas-
tic deformation behaviors. In particular, at high strain
monitoring over 20% of extension ratio, plastic de-
formation occurs. Therefore, it is a new challenge for
the development of elastomeric sensors by incorpo-
rating synthetic and natural rubbers. Two different hy-
potheses for using rubber sensors are (i) the lowest
hardness of crosslinked rubber [10, 11] and (ii) ap-
propriate elastic properties for reasonable shape re-
covering time are needed [12]. According to our pre-
vious work, we found that the use of pure natural
rubber (NR) for applying as the sensor monitor is
needed to be developed. With the superior elasticity
of NR and its lower plastic deformation during ap-
plied stress in comparison to TPE, the cumulative
stress originated during stretching and caused strong
deformation inside the rubber structure. As a result,
the incorporation of hard filler particles into the NR
matrix is considered; in particular, the conductive
filler helps the NR composites respond to the elec-
trical signals. Among the reinforcing fillers, conduc-
tive carbon black (CCB), carbon nanotubes (CNT),
and graphene (GP) deliver excellent electrical per-
formances based on their sp? hybridized carbon
structure pathway of the filler network in the NR ma-
trix [13]. The geometry and morphology of the con-
ductive fillers inevitably influence the formation of
conductive networks [14, 15]. Carbon nanoparticles
have a strong tendency to agglomerate, which results
in high percolation threshold concentration, poor
electrical conductivity, and poor electron tunneling
across the gaps between adjacent nano-carbon par-
ticles in NR composites [ 16]. Hence, the hybrid filler
concept by the combination of CCB and CNT to im-
prove electrical conductivity has been explored [17,
18]. Furthermore, CCB also improves the sensitivity
to stress and strain due to its spherical shape that
eases the disconnection of conductive particles by
strain, while the long cylindrical CNT particles have
sliding contact [19, 20]. However, mechanical de-
formation often results in additional peaks of sensor
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signal upon releasing the load and strain [20, 21].
With these drawbacks, using NR in sensor applica-
tions is still limited and promising. Finding eco-
friendly and cost-effective materials with sensitivity
has been proposed, and there are no prior reports
available in the literature.

To overcome this problem, the conductive liquid
phase inside the NR matrix might organize the trans-
fer of an electron from end-to-end of the filler parti-
cles since the liquid will be wetted on filler surface
and serves as a better electron bridge between the
conductive filler particles [22—24]. Based on the con-
text of green chemistry, the ionic liquid was synthe-
sized by deep eutectic solvent (DES) with free cation-
ic and anionic movements as reported by Azizi et al.
[25], where DES is a mixture of hydrogen bond donor
(HBD, i.e. urea, carboxylic acid and polyalcohol)
and hydrogen bond acceptor (HBA, i.e. choline chlo-
ride and quaternary ammonium salt). The prepara-
tion of DES in a pure state is simple and economi-
cally viable as it shows a 100% atom economy with
no need for post-synthesis purification like other
ionic liquids. In this case, choline chloride (ChCl) and
urea are both naturally biocompatible chemicals that
are not hazardous if they are released back into na-
ture separately. The incorporation of DES and mod-
ified DES (mDES) into NR and epoxidized NR
(ENR) affects vulcanization and mechanical proper-
ties and enhances the conductivity of NR and ENR by
the formation of intermolecular attraction between
rubber molecules [26]. However, DES and mDES in
combination with NR composites filled with CNT
and CCB, have not been investigated so far. There-
fore, it is a new system for the investigation of NR-
based sensors.

In the present article, the fabrication of conductive
NR composites using CNT-CCB as conductive hy-
brid filler is reported. To improve the dispersion and
conductivity, mDES was prepared by dissolving ac-
tive ZnO in DES with various DES loadings and
added to the conductive NR composite (CNRC). The
nature of dispersion was assessed from Payne effect
and morphological studies. The chemical crosslink-
ing, mechanical properties, and electrical conductiv-
ity of the composites were investigated in detail.
Piezoresistivity of the CNRC (strain sensitivity of
electrical resistance) was investigated in terms of rel-
ative change in resistance, AR/R( (AR and Ry are the
change in resistance with and without the strain of
the composite) [27, 28]. Also, both dynamic and
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quasi-static deformations were investigated by cyclic
tensile testing methods. Finally, the performance of
the resulting NR-based sensor was investigated on
tendon-based 3D printed actuators to confirm its use
in the field of soft robotics. It has to be noted that the
uses of DES for improving the sensitivity of the con-
ductive composites are a challenge and promising;
the pairing among ChCl and urea was first chosen to
modify with the ZnO and apply to the CNRC for
studying and examining the sensitivity of the hyper-
elastic material.

2. Experimental

2.1. Materials

For the fabrication of conductive rubber with hybrid
filler and ionic liquid concept, natural rubber (NR)
was mixed with multi-walled carbon nanotubes
(CNT), conductive carbon black (CCB), and modi-
fied deep eutectic solvent (mDES). All chemicals
used in this study are listed in Table 1, along with
their functions and suppliers.

2.2. Preparation of modified deep eutectic
solvents (mDES)

The mDES was synthesized using ChCl (hydrogen
bond acceptor) and urea (hydrogen bond donor) at
the molar ratio ChCl: urea of 1:2 [27]. ChClI and urea
were mixed at 80 °C for 6 h or until the formation of
a homogeneous transparent liquid called DES. Then,
active zinc oxide (aZnO) was added in DES at four
different weight ratios, namely 1:0.5, 1:1, 1:2 and

1:4 (aZnO:DES) at 80°C for 24 h. The resulting
mDES samples were kept in a desiccator to avoid
moisture absorption. The detailed synthesis of DES
and mDES has been described elsewhere [26].

2.3. Fabrication of NR composites

The NR/CNT-CCB composites with and without
mDES were prepared using an internal mixer (model
MX75; Charoen tut Co., Ltd., Samutprakarn, Thai-
land) at a mixing temperature of 80 °C, a rotor speed
of 60 rpm, and 75% fill factor of the chamber vol-
ume. The mixing process was started by masticating
NR in an internal mixer for 1 min at 80°C and an
additional mixing of 5 min after adding the CNT-
CCB hybrid nanofillers. Then, the stearic acid and
ZnO were incorporated stepwise for min and later
mDES for 2 min. Finally, the accelerator and sulfur
were consecutively added to the conductive NR com-
pound with continued mixing until reaching 13 min.
As areference, the pure NR and NR/CNT-CCB with-
out mDES were prepared following the same proce-
dure. All compounds were rapidly passed through
the 1 mm nip of the two-roll mill continuously
5 times (1 min/time) under the controlled rolling
speed of 60 rpm to achieve homogeneous dispersion
of CNT-CCB in the NR matrix before conditioning
at room temperature in a desiccator for at least 24 h.
NR composite sheets with 2 mm thickness were fab-
ricated by using compression molding at 160 °C with
the cure times based on rheometer tests. It is noted
that the composites with CNT-CCB without and with

Table 1. List of chemicals used in the preparation of NR composites with and without mDES along with their functions and

suppliers.

Materials

Functions

Suppliers

Natural rubber

(Standard Thai Rubber, STR 5L) Matrix

Nabon Rubber Co., Ltd.,
Nakorn Si Thammarat, Thailand

Stearic acid

Co-activator in sulfur curing systems

Imperial Chemical Co., Ltd.,
Pathumthani, Thailand

Active zinc oxide
(aZnO)

Modifying agent of DES and activator in
sulfur curing systems

Global Chemical Co., Ltd.,
Samutprakarn, Thailand

(CCB; Vulcan XC72)

rubber

Multi-walled carbon nanotubes Cylindrical conductive reinforcing filler in | Nanocyl S. A.
(CNT; NC7000) rubber Sambreville, Belgium
Conductive carbon black Spherical conductive reinforcing filler in Cabot China Ltd.,

Shanghai, China

2,2'-Dithiobis-(benzothiazole)
(MBTS)

Accelerator in sulfur curing systems

Flexsys Inc.,
Termoli, Italy

Ajax Chemical Co. Ltd.,

Sulfur Curing agent Samutprakarn, Thailand
Choline chloride Loba Chemie Pvt. Ltd.,
(ChCl) Reactant of DES Mabharashtra, India

Urea Reactant of DES Elago Enterprises Pty. Ltd.,

Cherrybrook, Australia
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Table 2. Composition of all conductive pure NR and NR composites.

Contents
Ingredients [phrl
Pure NR NR-C/mDES,

0.0 2.5 5.0 10.0 20.0
NR 100.0 100.0 100.0 100.0 100.0 100.0
Stearic acid 1.0 1.0 1.0 1.0 1.0 1.0
aZnO 5.0 5.0 - - - -
CNT-CCB” - 5.0/7.5 5.0/7.5 5.0/7.5 5.0/7.5 5.0/7.5
MBTS 1.0 1.0 1.0 1.0 1.0 1.0
Sulfur 2.5 2.5 2.5 2.5 2.5 2.5
mDES 7.5 10.0 15.0 25.0
(aZnO:DES) - - (1:0.5) (1:1.0) (1:2.0) (1:4.0)

*CNT-CCB ratio is clarified from the previous work [16]

mDES were labeled as ‘NR-C/mDES,’, where x
refers to the DES content existing in mDES follow-
ing the unit of part per hundred rubbers [phr]. The
recipes of all composite samples are shown in Table 2.

3. Characterizations

3.1. Cure characteristic

Cure characteristics of pure NR and NR/CNT-CCB
composites with various mDES loadings were deter-
mined using a rubber process analyzer (RPA 2000,
Alpha Technologie, Hudson, Ohio, USA). Each sam-
ple (1 sample of each formulation) was investigated
at a fixed oscillation frequency (1.66 Hz) and ampli-
tude (0.5° arc) at 160 °C. The curing properties were
reported as scorch time (Zy) (the time at which the
torque has increased by 2 dN-m from the minimum
torque i.e. the initiation of chemical crosslinking),
curing time (Z.90) (the time at which the molecular
chains have reached 90% of chemical crosslinking
propagation) and the torque difference (My— M)
(the different of maximal (My) and minimal (M)
torques).

3.2. Payne effect

To investigate the Payne effect of pure and conduc-
tive NR composites, a rubber process analyzer (RPA
2000, Alpha Technologies, Hudson, Ohio, USA) at
100°C was used. The test was performed under
shear deformation with strain amplitudes in the
range of 0.56—100% at a fixed oscillation frequency
(1 Hz) to analyze the storage shear modulus (G") of
each sample (1 sample of each formulation). The
Payne effect was calculated by Equation (1):

Payne effect: AG =G’y 55— G'jg0 (D
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where Gy 5 and Gy are the storage moduli at 0.56
and 100% strain amplitudes, respectively. It is noted
that the high Payne effect value indicates the reduc-
tion in strength of the filler network.

3.3. Electrical properties

The electrical properties of the samples in terms of
resistance (Rp) were measured at room temperature
using an LCR meter (E4980A, Keysight Technolo-
gies, Inc., Santa Rosa, California, USA). Approxi-
mately 2 mm thick samples were placed between
two parallel plates of a dielectric test fixture (16451B
dielectric test fixture, Keysight Technologies, Inc.,
Santa Rosa, California, USA) with a 38 mm elec-
trode diameter. The analysis was performed over
the frequency range from 20 to 100 kHz, and 5 dif-
ferent points of each sample were tested. The elec-
trical conductivity (o) was calculated using Equa-
tion (2) [29]:

1_
P

_d
(Rp)A
The parameters ¢ and 4 refer to the sample thickness
and the area of an electrode, respectively. The factor
p is the volume resistivity, .e., the reciprocal of con-
ductivity.

G:

2

3.4. Tensile properties

Tensile testing was performed using the dumbbell-
shaped specimens of composites according to
ISO 527 (type 5A) using 5 different samples for each
formulation. The stress-strain behavior of the com-
posites was then studied using universal testing ma-
chines (Model 3365, Instron® Inc., Norwood, Mas-
sachusetts, USA) operated at a crosshead speed of
200 mm/min at room temperature (25+3 °C).
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3.5. Piezoresistive properties

The piezoresistivity was investigated using a univer-
sal testing machine ZwickRoell Z005, (ZwickRoell,
Ulm, Germany), with an integrated source meter
Keithley 2450 (Keithley Instruments, Solon, USA)
with 3 different samples for each formulation. To
record the electrical signal during mechanical test,
the source meter was connected to a computer, and
KickStart software (Keithley Instruments, Solon,
USA) was used for data storage. The electrical re-
sistance was calculated by the measured current,
while the voltage was held constant at 1 V, as seen
in the setup instrument in Figure 1. From the resist-
ance analysis, the relative resistance (R) was cal-
culated following Equation (3), where R is the meas-
ured resistance and R, is the initial resistance,
measured after fixing the sample inside the universal
testing machine. The 5 bar pneumatic pressure was
applied on the insulation grips to avoid slippage.
_R—Ry

Rrel RO (3)

In addition to the tensile test, cycling and quasi-static
tests were performed to investigate the sensor be-
havior of conductive NR composites (CNRC) in
detail. All the tests were performed at room temper-
ature with a crosshead speed of 50 mm/min. The

dumbbell-shaped specimen (ISO 527, type SA) was
inserted between the grips aligned with the direction
of extension. The dynamic tests were performed
with 20 cycles (strain loading and releasing). The
quasi-static tests were performed by stretching and
releasing the samples with a dwell time of 60 s at
minimal and maximal strain. Both dynamic and
quasi-static tests were performed between 0—50 and
50-100% strain levels. Further details on the dynam-
ic and quasi-static analysis of soft sensor materials
are reported elsewhere [30-34].

4. Results and discussion
4.1. Processability and network formation in
NR composites with DES
Ability to perform NR product
Figure 2 shows the crosslinking propagation of NR
composites with various mDES (aZnO:DES) ratios.
The vulcanization properties in terms of My, My,
My— M, to, and t.99 are summarized in Table 3.
The NR composites with mDES at the aZnO:DES
ratio 1:1 exhibited the highest My due to improve-
ment of filler dispersion with using mDES. The My
steadily decreased with increasing aZnO:DES ratios
because the excess of mDES considerably acts like
a lubricating plasticizer in the NR compound [35].
A higher amount of DES in mDES reduces NR

Installation of NR composites with Keithly 2450

Figure 1. Universal testing machine with integrated piezoresistive analysis, pneumatic clamping and electrical connection
of the conductive NR composite samples, where (A) — Insulation clamp, (B) — Rubber sample, (C) — Load cell,
(D) — Conduction clamp, (E) — Electrical/Resistance detection, (F) — Applied voltages and (G) — Conduction wire.
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Figure 2. Vulcanization curves of pure NR and conductive
NR composites (CNRC) with various mDES ratios.
Up to 5 phr of mDES, the torque and the value of
My — M, are increased. This can be correlated with
the increased crosslink density. A further increase
results in lowering torque value and crosslinking
density.

chain entanglement, which develops strong molec-
ular chain slippages and higher mobilities in the
composite; hence it lowers the value of My. Consid-
ering the 5 and 7.9 of the NR composites in Table 3,
both properties are significantly decreased upon in-
creasing the amount of mDES. This is due to the for-
mation of ionic interaction between NR and DES
molecules [16]. Molecular chain degradation of NR
occurs during compression molding, which results
in the formation of ketone functional groups at the
terminal chain of NR [36, 37] and the promotion of
new ionic linkages between NR and DES molecules.
Thus, active C=C bonds in NR are decreased and ac-
celerate the vulcanization of conductive NR com-
posites. Additionally, it can be observed that up to
5 phr of mDES in NR compounds, the value of
My — My dramatically increased. This is related to
the enhancement of crosslink density (inferred from

Table 3. Crosslink properties of NR and CNRC with various
mDES ratios.

Cure characteristics
Samples My, My |(Mu-M.| fto £e90
[dN'm] | [dN-m] | [dN-m] | [min] | [min]
Pure NR 0.7 5.6 4.9 3.0 54
NR-C/mDES, 2.1 11.4 9.3 1.3 5.2
NR-C/mDES; 5 2.1 11.6 9.5 0.5 3.5
NR-C/mDES;5 2.1 12.9 10.8 0.4 33
NR-C/mDES 2.5 10.2 7.7 0.5 2.9
NR-C/mDES,, 2.1 8.5 6.4 0.6 2.7

My — My) based on the newly formed links of NR-
mDES-CNT, NR-mDES-CCB, and NR-mDES-
CNT-CCB. The proposed ionic interaction mecha-
nisms in NR/CNT-CCB composites filled with DES
are shown in Figure 3. At a higher loading level of
mDES, the value of My — M steadily decreased due
to the formation of filler agglomerates or the micro-
phase separation of mDES in the NR compounds,
which resulted in a reduced force of attraction be-
tween the linkages. It can be concluded that the prop-
er addition of mDES improves the processing of NR
composites by reducing z.9o and increasing the esti-
mated crosslink density based on My — M.

Formation of conductive network

The formation of CNT-CCB network in NR compos-
ites upon the addition of various mDES loading was
examined from the electrical conductivity, which di-
rectly relates to the degree of filler dispersion [38].
Figure 4 shows the electrical conductivity as a func-
tion of frequency for the pure NR and CNRCs. As
expected, the conductivity of the resulting material
depends on the applied frequency. The electrical re-
sistivity of pure NR and CNRC without mDES in-
dicated poor transport of electric charges throughout
the composites. For NR and CNRC, this is due to the
insufficiently connected filler networks in the rubber
matrix [38], as displayed in the proposed model
(Figure 5a). In the case of CNRC without mDES,
conductivity monotonically increases at a frequency
below 10* Hz. This is attributed to the tunneling of
electrons from end to end of CNT/CCB networks
which increases with frequency. For the CNRC with
mDES, conductivity is less dependent on the frequen-
cy because of the occurrence of electronic and ionic
conduction inside the NR matrix. With the proper
mDES, wetting of the liquid region on CNT/CCB
surfaces helps to transport the electronic charges and
improves the conductivity. Simultaneously, ionic
charges move through the newly formed mDES
pathway and can change the electrical behavior of
the composites. Composites with 2.5-5.0 phr mDES,
the partly wetted CNT-CCB surfaces by mDES, as
seen proposed model in Figure 5b, accelerate the
charge carriers through the CNT-CCB combination
and support the network formation with narrow
filler-filler contacts leading to an increase in conduc-
tivity of composites based on electron tunneling along
the end-to-end of CNT-CCB [39]. This means that
mDES develops a molecular chain bridge among the
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Molecular chain degradation of NR during mixing

Heat

Shearing forces

a)

Carbon nanotubes (CNT)

NR chain scission Conductive carbon black (CCB)

Deep eutectic solvent (DES)

v

The proposed ionic interaction mechanisms in CNT-CCB based CNRC with mDES

b)

(iif) NR-mDES-CNT-CCB

Figure 3 Proposed models of ionic interaction mechanisms in CNT-CCB based CNRC with mDES. a) Molecular chain
degradation of NR during mixing generates ketone functional groups at the terminal chain of NR. b) The proposed
ionic interaction mechanisms are shown as (i) NR, mDES, and CNT, (ii) NR, mDES, and CCB, and (iii) NR, mDES,

and CNT/CCB.

filler particles. Hence, better electron transport takes
place throughout the composites, resulting in the im-
proved electrical conductivity of the composites.
Below 5.0 phr of mDES, the effect of electronic con-
ductivity is more predominant than the conductivity
contributed by ionic charge transportation. However,
beyond 5 phr of mDES (Figure 5c¢), the formation of
mDES region occurs in the NR matrix. Thus, the con-
ductivity arises in the composite due to two different
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forms of networks. Generally, at higher frequencies,
the electronic conductivity increases by reducing the
ionic conductivity [40, 41]. The excess of mDES re-
sults in lowering the electrical conductivity.

However, the excess of DES not only affected the
conductivity but also imposed on the percolation
threshold concentration of the composites. In this
case, we have modified the percolation threshold the-
ory for finding the critical DES concentration (pcx)
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that enables the suitable electrical conductivity of NR
composites. In general, the pcx is examined from the
plot of electrical conductivity and the varied chemical
content (7.e., amount of DES). With the curves, the
pcx of the composites can be evaluated using the
classical percolation theory as Equation (4) [42]:
¢

G=00(p_pcx),P> Pcx (4)
where o is a constant value, p is the DES ratio in
mDES and ¢ is the scaling exponent. As observed in
in the inset of Figure 4, the fitting results show that a
low pcx of DES ratio in mDES is found at 0.24 in
conductive NR composites with mDES. This indicat-
ed the formation of an interconnected conductive net-
work throughout the NR phases. It clarifies well that
the addition of a little DES ratio in mDES improved
well dispersion of CNT-CCB hybrid filler in the NR
composites and consequently increased the electrical
conductivity of the conductive NR composites.

The state of CNT-CCB dispersion and distribution
in the NR matrix can also be observed from the re-
lation of storage moduli of the composites at maxi-
mal and minimal strain amplitudes which is the so-
called Payne effect [43]. The value is directly related
to the degree of CNT-CCB agglomerates in the ma-
trix and also related to the strength of CNT/CCB net-
work deformation [43]. Figure 6 shows the storage

10

—o— Pure NR

—a— NR-C/mDES
—a— NR-C/mDES,
—a— NR-C/mDES;
—o— NR-C/mDES;,
—a— NR-C/mDES,,
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Electrical conductivity [uS/cm]

Electrical conductivity [uS/cm]
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Figure 4. Electrical conductivity as a function of frequency
for pure NR and their composites with various
mDES ratios and the plot of electrical conductivity
at a frequency of 50 Hz as a function of DES con-
centration in mDES to find the critical DES con-
centration (pcx) from the applied percolation
threshold theory.
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modulus as a function of strain amplitude which
demonstrates that the incorporation of mDES up to
the ratio of 1:1 (aZnO:DES) increases the storage
modulus of NR composites. It improves the CNT-
CCB dispersion in the NR matrix, relating the con-
centration over the pcx value. As expected, at mDES
ratio higher than 1:1, the initial storage modulus
steadily decreased due to the excess of liquid phases
inside the NR, which reduces the physical interac-
tions from bound rubber absorption of NR molecular
chain on the CNT-CCB surfaces, allowing the NR
chains slippage and disentanglement. It also affects
the strength of the CNT/CCB network, which can be
broken easily upon the addition of excess mDES.
Considering the Payne effect in Figure 6, a reduction
in their values is found for the NR composites with
mDES relative to the ones without mDES. This is
contributed by the improved dispersion of CNT-
CCB in rubber matrices, as described in models in
Figure 5. The use of mDES reduced the degree of
CNT-CCB agglomeration in the NR matrix, relating
to the reduced Payne effect value. It also helps the
CNT-CCB interconnection and supports the strength
of network formation with narrow filler-filler con-
tacts (as seen in Figure 5b). However, the addition
of excess mDES lowers the Payne effect, and it is
reflected in the poor G’ values. This means that the
increase of liquid phase inside the NR matrix im-
proves the filler dispersion, but the network strength
is worth it due to the ease of breakages under strain.
Thus, it summarizes that the addition of proper mDES
improves the dispersion very well and supports the
network formation of CNT-CCB hybrid filler in NR
composites by increasing the electrical conductivity
of NR composites.

Effect of DES on mechanical properties

Network formation of CNT-CCB also affected the
tensile properties of CNRC upon the addition of
mDES. Figure 7 shows the stress-strain curves of
pure NR and NR composites with various mDES ra-
tios. Also, properties in terms of 100 and 300% mod-
uli, tensile strength, and elongation at break are
shown in Table 4. Pure NR shows a dramatic in-
crease in the modulus at high strain (500—700%) due
to strain-induced crystallization of NR molecules.
However, CNRC with various mDES displayed
higher initial slopes (i.e., Young’s modulus, the abil-
ity to resist the deformation of composites) and the
moduli at 100 and 300% strains compared to pure
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NR composites without mDES

Contacting CNT-CCB

CCB agglomerates

Distance between CNT-CCB

a) Distance between CNT-CNT

NR composites with proper mDES
Wetting CCB by mDES

Wetting CNT
by mDES

J CNT-mDES-CCB

linkages

b) CNT-mDES-CNT linkages

NR composites with excess mDES

Excess mDES

c) mDES pathway formation for ionic charges transferring

Figure 5. Proposed models of CNT-CCB dispersion inside the NR matrix; a) CNRC without mDES indicated poor electric

transport due to a lack of connected filler networks in the rubber matrix, b) CNRC with proper mDES exhibited
partly wetted CNT-CCB surfaces by mDES accelerates the network formation with narrow filler-filler contacts in-
creases the conductivity and ¢) CNRC with the excess of mDES regions inside NR matrix.

NR. It is noted that the ‘modulus’ refers to the stiff- lowered. In addition, the presence of excess liquid R1
ness of a material that resists deformation. Thus, the  phases is observed in the morphologies of the com- R2
addition of highly rigid filler particles into the NR  posites, as seen in Figure 8. It is clearly noticed that R3
matrix is expected to improve the stiffness of the the degree of filler agglomeration (i.e., the purple R4
composite. In contrast, higher stiffness leads to lower  area) is effectively increased upon increasing the load- R5
elasticity, and the composites exhibit lower strain at  ing level of mDES. Interestingly, in NR-C/mDES; s R6
break. This can be explained by the surrounding and NR-C/mDESs;, a homogenous dispersion of R7
CNT-CCB particles that strongly hinder the mobility = mDES in the NR composites filled with CNT-CCB R&
of rubber chains [44]. Table 4 shows that the tensile is observed, especially the one with 5 phr of mDES R9
strength of NR-C/mDESO0 composites increases ap-  compared to the one without mDES. A further in- R10
proximately 11% upon the addition of DES atthe ra-  crease in mDES results in a larger area of filler ag- R11
tios 1:0.5 and 1:1 (aZnO:DES). The addition of suf-  glomeration. R12
ficient mDES loading improved the dispersion of  According to the observed results of CNRC filled R13
CNT-CCB in the NR matrix and increased the rein-  with various mDES loading, it is found that the ad- R14
forcement efficiency of filler particles to rubber mol-  dition of 5 phr mDES improves the processability of R15
ecules. However, as seen in the proposed model of NR-C/mDESO by reducing cure time and increasing R16
Figure 5c, increasing mDES above 5 phr increases  tensile properties. However, excess DES from 10 R17
the defect points inside the NR matrix and reduces the  and 20 phr reduces the properties of the composites R18
resistance of physical deformation during extension owing to the existence of large defect regions. This R19
[45]. Thus, tensile strength is found to be strongly leads the composites to break easily, and therefore, R20
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Figure 6. Relation of storage modulus and strain amplitude
of pure NR and their composites with various
mDES ratios. The test was performed under the
shear deformation with strain amplitudes in the
range of 0.56—100%. The obtained Payne effect
from different storage moduli at 0.56 and 100%
strain amplitudes, which refers to the strength of
the filler network and filler dispersion inside the
NR matrix, is also presented.

the tensile properties are decreased. Thus, the possi-
bility of using the resulting composites as a motion
sensor in soft actuators and piezoresistive properties
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Figure 7. Stress-strain curves of pure NR and their compos-
ites with various mDES ratios.

in terms of the relative change of resistance (Ry|) by
dynamic and quasi-static tests are investigated and
further explained by matching with the proposed
phenomena.

4.2. Piezoresistive properties of NR
composites with mDES

Sensitivity of the composites

The piezoresistive properties of the CNRCs are meas-
ured based on the variation of conductivity upon the
application of stress by using a universal tensile test-
ing machine. On straining the CNRC samples, the dis-
tance between conductive fillers increases, and elec-
tron transport is reduced by a larger distance between
the fillers (tunneling effect). As a result, only CNRC
samples without mDES and with 5 phr mDES are
selected for sensor studies. Due to the considerable
difference in the initial conductivity of these two
samples (see Figure 4), the Ry during tensile testing
of the samples is shown in Figure 9. Both the CNRC
samples show positive piezoresistive behavior. This
can be explained by the loss of contact between the
filler particles that results in enlarged electron tun-
neling resistance [42, 46, 47]. For piezoresistive
strain sensors, the estimation of sensitivity correlates
with the estimation of the gauge factor (GF). It can
be defined as the ratio of change in relative resist-
ance to the change in strain. In this case, the corre-
lation of both properties is linear; the GF' is calcu-
lated from the slope of the plot of the relative resist-
ance change and the applied strain of 0-50, 5080,
and 80—-100% (see the estimated slope from the
green line). A higher GF corresponds to a larger
change in resistance at a given strain, and therefore
it indicates good sensitivity [48]. In Figure 9, it is
seen that the GF value of the CNRC with and with-
out mDES had no significant differences relating to
the applied strain of 0-50%. However, at 50-80 and
80-100% strain, the GF of the CNRC filled with
mDES had approximately 2 and 4 times higher than

Table 4. Tensile properties in terms of 100 and 300% moduli, tensile strength, and elongation at break of NR composites

with various mDES ratios.

Samples 100% modulus 300% modulus Tensile strength Elongation at break
[MPa] [MPa] [MPa] [%]
Pure NR 0.9+0.1 2.2+0.2 29.5£2.0 738.5+13.3
NR-C/mDES, 3.3+0.2 10.9+0.2 31.3£2.3 532.3+15.1
NR-C/mDES; s 3.940.3 12.8+0.3 32.4+1.7 503.8+22.6
NR-C/mDES;s 3.540.3 12.8+0.3 34.6+1.9 502.7+20.1
NR-C/mDES 2.4+0.2 11.9+0.2 19.9+2.5 419.1£17.8
NR-C/mDES; 2.1+0.2 8.6+0.3 16.5+1.2 398.2+16.7

78



B. Sripornsawat et al.

— Express Polymer Letters Vol. 17, No.1 (2023) 69-89

NR-C/mDES, [0
. T H

B AVG% d = 92.45
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Figure 8. The morphologies based on optical microscope detection of the CNRCs with various mDES contents at 0, 2.5, 5,
10, and 20 phr, respectively, using a magnification of 100x. The purple area refers to the agglomeration areas of
the fillers, whereas the AVG% d is the average% dispersion of the filler inside the NR matrix. a) NR-C/mDES,,
b) NR-C/mDES; 5, ¢) NR-C/mDESs, d) NR-C/mDES, ¢) NR-C/mDES;.

that of one without mDES. This clarifies the fast re-
sponsibility of the composites due to the addition of
the DES, reflecting good sensitivity at the applied
strain. Thus, at 0-50% strain, similar GF is received
and not applicable for interpreting the sensitivity of
the CNRC. In addition, the sensitivity of the present-
ed CNRC to other conductive composites is based
on the TPU, SR, and PDMS matrices indicated in
Table 5. It is clearly seen that the NR-C/mDES; had

1000 45
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Figure 9. Relative resistance (Ry) and stress as a function
of strain together with the GF values calculated
from the slope of the plot of R, changes at 80—
100% strain.

79

the highest maximal GF value relative to the others
used matrices. The two different reasons for the ob-
tained results are related to (i) the high molecular
weight of NR, which causes superior elasticity to the
material, and (ii) the long molecular chain of NR,
which provides a high degree of chain entanglement
that resists breakage of the material. This is also the
phenomenon for affirming the sensing performance
of the CNRC owing to the addition of the mDES.

Cyclic testing

Dynamic testing provides useful insights into the
sensing behavior of the long-term performance of a
composite sensor system [42]. Dynamic cyclic tests
are performed to ensure the sensor signal's repeata-
bility under the given strain [53]. This indicates the
linearity of the sensor signal response during loading
and unloading, the signal drift, and the reliability of
the sensor in terms of how the signal response
changes after many consequent cycles of loading and
unloading. Figure 10 shows the variation of stress-
strain curves in the case of pure NR and CNRC with
and without mDES. The samples have been cycled
20 times from 0-50 and 50—100% strains. It is found
that the CNRCs showed lower stress during 2" cycle
than the 1% cycle of the dynamic test when compared
to pure NR. This is attributed to the detachment of
rubber from filler surfaces as a result of poor filler



B. Sripornsawat et al. — Express Polymer Letters Vol.17, No.1 (2023) 69-89

Table 5. Sensing performance comparison of the CNRC with and without the addition of DES relative to other referenced
matrix composites, where “2, ™, *°, and *d are assigned to thermoplastic polyurethane (TPU), reduced graphene oxide
(rGO), polydimethylsiloxane (PDMS) and silicone rubber (SR), respectively.

Samples Sensor type Stretchability Linearity Maximal GF
NR-C/mDES, Resistive 100% Three linear regions 488.0
NR-C/mDESs Resistive 100% Three linear regions 1653.0
TPU'¥rGO™  [50] Resistive 100% Two linear regions 79.0
PDMS"/CNT [51] Resistive 100% Two linear regions 87.0
SR"Y/GP [52] Resistive 12% Two linear regions 164.5

4.0
PueNR ___ os0%strain | NROMPESe o soopstrain | NROMPES: o 509 strain
=== 50-100% strain - - -~ 50-100% strain - - == 50-100% strain
3.5
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T
s
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Figure 10. Stress-strain curves of pure NR and their composites without and with mDES during the 20 cycles of the dynamic
tensile testing at 050 strain and 50—100% strain. a) Pure NR, b) NR-C/mDES,, ¢) NR-C/mDESs.

reinforcement efficiency. However, comparing the
composites, the sample with mDES exhibited higher
stress than without mDES. It is expected that the in-
corporation of mDES causes improvement in the
dispersion of CNT-CCB hybrid fillers which subse-
quently increased the reinforcement efficiency in the
NR matrix.

For the investigation of signal drift under strain, the
maximum stress of each cycle (Gmax_cy) needs to be
examined. Here, the difference in Omax-Cy at the first
cycle of the one without and with pre-straining is due
to the detachment of NR molecules from the filler sur-
face, which is increased with the degree of extension
ratio. Based on the Omax-Cy of the composites with and
without mDES, it is found that the addition of mDES
significantly helped the composites by lowering the
% change of Omax-Cy along with the cyclic testing.
This correlated well to the relation of stress-time
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curves at 0-50 and 50-100% indicated in Figures 11e—
11h. In addition, to examine the effect of DES on the
hysteresis of the NR composites, the difference of
Omax-Cy and Omin-Cy (i.e. minimum stress of each cycle)
is known as the correlation of the estimated hystere-
sis of the CNRC was interpreted. It is seen that the
larger different values are found after the addition of
DES. This means that the NR-C/DES5 composite had
higher energy dissipation than the one without DES
during the help of DES phase, which causes im-
provement of reinforcement efficiency relating well
dispersion and distribution of fillers throughout the
NR matrix.

Considering the variation of Ry value upon applying
and releasing strain, the different R.; behaviors of NR
composites under loading and unloading cycles at 0—
50 and 50-100% strains are shown in Figures 11a—
11d. In Figure 11, the R, of the composites exhibited



a decreasing trend as the number of cycles increased,
and this reduction in resistivity was more pronounced
at the beginning of the test. A decrease in Ry is
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Figure 11. Variation of R, value upon applying and releasing strains of a) CNRC without mDES, b) CNRC with 5 phr
mDES together with the relation of stress and time of €) CNRC without mDES and f) CNRC with 5 phr mDES
on performing the dynamic tests in 20 cycles at 0-50% strain. Also, R and stress changes as a function of time
during the dynamic tests at 50—100% strain of CNRC without and with mDES 5 phr are shown in c¢), d), g), and

h), respectively.
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CNT/CCB surfaces [13, 41]. Repeated stretching and
contracting during the cyclic strain test increase the
contact surface areas of the existing conductive par-
ticles due to the occurrence of multiple contacts of
each particle. At the same time, the additional con-
ductive pathways established during stretching and
releasing reduce the electrical resistance [42, 54]. In
addition, it is also seen in Figure 11 that the resistiv-
ity of the composites increased upon the application
of mechanical force because of the change in dis-
tance of separation between the particles, and fur-
ther, the resistivity is found to be decreased with
strain. This is typical behavior of piezoresistive com-
posites known as the positive strain effect or positive
response. However, the further contraction (i.e., de-
creasing strain) results in increasing resistance, lead-
ing to an additional peak in each cycle. This peak ex-
hibited a negative strain effect that has already been
reported in the literature [2, 49]. The existence of a
shoulder peak or a negative response during load-
ing-unloading cycles indicates the formation of de-
struction and reconstruction of conductive pathways
[55, 56]. Also, buckling of the sample, as shown in
Figure 1le, was another reason for the more pro-
nounced shoulder peak. However, in Figure 11b, the
composites with mDES exhibited a smaller negative
effect on the peak as compared to the composites
without mDES (Figure 11a). This can be related to the

R
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\

NR composites without mDES

Breakage of

NR molecules

Breakage of
CNT-CCB networks

'3»@

Applying stress
CNT-CCB networks

Slippage of NR molecules
on filler surface
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synergy of plasticizing by mDES that provides better
dispersion of CNT-CCB hybrid fillers, originating
infinite 3D CNT-CCB pathways inside the NR ma-
trix. In addition, the partly wetted CNT by mDES
accelerated the dispersion of CNT and supported the
network formation with narrow filler-filler contacts
that led to an increase in the conductivity of com-
posites by reducing the shoulder peak. Figure 11d
shows that the shoulder peak of NR composites at
50-100% strain was significantly decreased from the
NR composites at 0-50% strain (Figures 11a and
11b). It can be related to the visco-elastic behavior of
the composites upon changing the extension ratio
and addition of mDES, as shown in the proposed
mechanism (Figure 12). On increasing the extension
ratio of the composites (Figure 12a), the detachment
between NR molecules and filler surface has oc-
curred, and therefore, the restriction of NR deforma-
tion is lowered. This phenomenon reduces the elastic
nature of NR molecules to regain the original shape
and finally decreases the buckling phenomena. Thus,
the secondary peak of the electrical signal is found to
be minimized. However, with no significant changes
in the bending degree of the composites after releas-
ing forces and the addition of DES eliminates the ap-
pearance of the unnecessary peak. In Figure 12c, it
is seen that the wetting of DES on the surface of
CNT-CCB indicates tunneling of current through the

g

Releasing stress

Sample buckling
at low strain

R

NR composites with mDES

Electron tunneling of
CNT-mDES-CNT networks

Electron tunneling of
CNT-mDES-CCB networks

Breakage of filler networks
at high strain

c)

Figure 12. Proposed models of the CNRC without and with mDES during extension. a) Changes in the appearance of spec-
imens during stretching and releasing. b) The proposed image of filler network formation of CNRC without
mDES when applying stress. ¢) The schematic mechanism of mDES wetting on the CNT-CCB surfaces acceler-
ated the CNT-mDES-CNT and CNT-mDES-CCB linkages in CNRC with mDES during extension.
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linkages of CNT-DES-CNT and CNT-DES-CCB
even though it consists of separation between them.
Therefore, under dynamic conditions, the DES sta-
bilized well the transport of electric current through-
out the NR matrix and effectively minimized the sig-
nal errors.

Quasi-static testing

The applicability of CNRC with 5 phr mDES and
without mDES has been studied in soft actuators.
The sensor has to measure the same strain at differ-
ent intervals of time. Rubber molecules are linked
with stress relaxation phenomena that exhibit the ef-
fect of the piezoresistive response of the strain sensor
[57]. Therefore, a quasi-static test can be conducted
to study the effect of relaxation and drifts on the sen-
sor performance due to the interconnection between
the rubber-filler, where the stress is held constant with
time [58]. Figure 13 shows the quasi-static results of
NR composites with and without mDES focusing on
stress and R, relaxation at constant strain and strain
varying between 50—100%. In Figure 13a, it is seen
that the stress relaxation is 6.9 and 7.5% in the cases
of CNRC with and without mDES, respectively.
This means that NR molecular chains and CNT-CCB
particles with mDES build a more stable network,
and it cannot be easily moved due to the better dis-
persion of filler in the NR matrix. The results corre-
lated with the electrical relaxation represented in

Mechanical behavior

Figure 13b. As expected, the value of R, increases
on applying strain and decreases when the strain is
lowered. When the strain is held at a constant ratio,
the R, decreases to approximately 41.4% for the
composite without mDES and 36.0% for the one
with mDES. This reduction in relaxation of CNRC
with mDES can be explained by molecular chain
bridging among the filler particles by mDES, al-
though the sample experiences buckling. As already
mentioned, mDES helps the electron transport
throughout the NR matrix by improving the electri-
cal conductivity, and the CNRC composites with
mDES; exhibited better sensor performance com-
pared to others.

4.3 Use of CNRC filled with mDES; to detect
motion of the soft tendon-based actuator

Fabrication of soft tendon-based actuator

A soft tendon-based actuator has been designed with
one joint (flexible hinge), as can be seen in Figure 14.
Here, the tendon-based actuator was fabricated by
fused deposition modeling (FDM), a method of ma-
terial extrusion additive manufacturing. For the fab-
rication, A Raise Pro 2 FDM 3D printer from Raise
3D (Irving, Texas, USA) was used. The material used
for the actuator was 1.75 mm TPU filament with
Shore hardness 90A, supplied by Spectrum (Pecice,
Poland). The temperature used during printing was
230°C for the printing head and 45 °C for the printing

Electrical behavior
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Figure 13. a) Mechanical behavior by means of stress as a function of time of the CNRC without mDES and with 5 phr
mDES during the quasi-static testing. The tests were performed by stretching and releasing the CNRC in 50—
100% strain together with a dwell time of 60 s at minimal and maximal strains. b) The R, signal relaxation be-
havior in a quasi-static strain cycling test of CNRC without mDES and with 5 phr mDES relative to time.
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Figure 14. Computer-aided design (CAD design) of the soft
tendon-based actuator for the top view (a) and
side view of the design (b) and the printed mate-
rial (c).

bed. The filament was printed with a speed of 20 mm/s
and an extrusion multiplier of 1.2.

For the actuation, a tendon consisting of 0.3 mm
copper wire coated with polytetrafluoroethylene was
attached to a Dynamixel AX-12A servomotor from
Robotis (Lake Forest, Illinois, USA). For the control
of the servomotor, an Arduino Mega microcontroller
with an external power supply was used. The actu-
ator was programmed to move from open position
to closed position with a 2 s delay in each position
(Figure 14c).

Sensing the motion of the tendon-based actuator

To detect the motion of the tendon-based actuator, a
dumbbell-shaped sensor was used, similar to the
samples used in tensile testing experiments. The

@ Before testing

Tendon-based actuator ~ Wire

Conductive NR
composites

Copper clamp

In-house fabricated
device

@ During testing

Control motor —

a) bobbin

R

Conductive thread

CNRC was fixed on the actuator using Sil-Poxy glue
from Smooth-On (Macungie, Pennsylvania, USA),
as seen in the installation details (Figure 15). The
CNRC sensor was connected with a multi-meter
using electrical safety grippers to detect the motion
of the actuator and the sensor signal, as shown in
Figure 15 and Appendixes 1 and 2. It is seen that the
monotonic sensor signal could be achieved. Howev-
er, a significant drift could be observed owing to the
breakage of filler networks and detachment of NR
molecules from the CNT/CCB surfaces related to the
extension of CNRC, as also found in the cyclic test
displayed in Figure 11. Figure 15 shows no second
peak even though it has been strained several times.
Therefore, the bending motion of a soft tendon-
based actuator can be detected by the CNRC with
5 phr mDES.

In an additional experiment, the actuator design and
tendon material are changed, as shown in Figures 16.
Based on these results, it can be proposed that the
drift shown in Figure 15 is also affected by the actu-
ator design and the tendon material. According to
Figure 14, the design of the actuator is investigated
by varying the thickness of the position at Actu-
al J(Y), which connects the Actual P(X) and P(Z)
parts. Figure 16a shows the Ry change of CNRC sen-
sor fixed on the actuator with different thicknesses
of Actual J(Y), namely 2, 3, and 4 mm. It is seen that
a similar monotonic sensor signal is represented for
all different hinges, although the drifts are slightly
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Figure 15. a) Steps of setting the tendon-based actuator with integrated CNRC sensor and b) the variation in resistance during

the motion of the actuator.
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different due to the difference in stress inside the
hinge. Figure 16b shows the effect of the tendon
cross section on the R, . The actuator with 3 mm of
Actual J(Y) was chosen for the test with different
cross sections and cladding types of metal tendons
such as 0.06 mm? (polytetrafluoroethylene, PTFE),
0.14 mm? (thermoplastic elastomer, TPE (styrene-
ethylene-butylene-styrene copolymer)), 0.23 mm?
(polyvinyl chloride, PVC) and 0.35 mm? (PVC). It is
observed that the different tendon types exhibited
slightly different drifts within the cyclic sensor signal.
Also, in the case of PVCs with smaller tendon cross-
sections, the greater R, changes of the CNRC sen-
sors are observed. In addition, based on Figure 16,
different drift values (DV)) are represented where the
different designs and tendons are shown. Here, the
Rye1 at 25 and 50 cycles are considered since the Ry
below 25 cycles is disturbed by filler-filler and rub-
ber-filler attractions. The sensor with the lowest DV
is recommended as the most stable sensor in the case
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of the actuator with an actual J(Y) of 3 mm by using
a SEBS tendon with a 0.23 mm? area. It clarifies the
possibility of the proposed CNRC to be used as a
hyper-elastic sensor for a tendon-based actuator with
a selected composite.

5. Conclusions

The processability, electrical conductivity, tensile
properties, and piezoresistive behavior of the conduc-
tive NR/CNT-CCB composites (CNRC) filled with
various mDES loadings were investigated in the pre-
sented work. The proper mDES (aZnO:DES) ratio in
NR composite of 1:1 was obtained for achieving op-
timal elastic and electric properties. The combination
of appropriate mDES promoted processability well
with a shorter cure time and high tensile properties.
Additional ionic linkages based on mDES-CNT and
mDES-CCB with NR molecules under the proper
mDES concentration were the reason behind the en-
hancement of composite properties. The wettability

Tendon-based actuator with different tendon areas and types
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Figure 16. Variation in R,,; of CNRC sensor fixed on the actuator during the motion of actuator together with drift value
(DV) calculated from (Cps— Csp)-100/Cys. Where Cys and Csg refer to Ry of the composites upon moving for 25
and 50 rounds, respectively. a) Different designs of the actuator by changing the thickness of the hinge at the po-

sition of Actual J(Y) for 2 (DV 13.75), 3 (DV'=11.29), and 4 (DV =

12.20) mm with the SEBS tendon area of

0.23 mm?. b) Different tendon areas and types of PVC for 0.06 mm? (DV = 13.25) and 0.14 mm? (DV = 10.86),
SEBS for 0.23 mm? (DV = 11.63) and PTFE for 0.35 mm? (DV = 12.13).
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of mDES on the CNT-CCB surfaces provides the op-
portunity for electron movement even if it was bent
from the un-proper relaxation degree of the rubber
matrix. This causes CNRC in the presence of mDES
to exhibit better sensing response with tunable pos-
itive piezoresistivity, while the negative result has
occurred in the one without mDES. Under the virtual
test of recoverability, reproducibility, and time de-
pendence behavior, the present work demonstrates
that the CNRC can be applied in strain sensor appli-
cations with balanced sensitivity of proper straining
ratio, particularly for the monitoring tendon-based
actuator motion. Tunable piezoresistive NR compos-
ite was identified as a functional material for newer
applications in soft robotics and human body moni-
toring in the near future.
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Abstract. Remarkable mechanical reinforcement of chitosan films using graphene is extremely important to greatly widen
the practical application of chitosan (CS) in many fields, but there still exist challenges to regulating graphene-CS interactions
for both enhanced strength and toughness. In this work, we functionalized graphene oxide (GO) with carboxyl (G-COOH)
and amino groups (G-NH;), and investigated the effects of interfacial interactions on the mechanical properties of
graphene/CS composite films in detail. We found that the G-NH,/CS composites exhibited the most remarkable reinforcement
in both tensile strength and toughness than the GO/CS and G-COOH/CS composites, even different from a theoretical pre-
diction on graphene-CS interactions. Such remarkable reinforcement is mainly attributed to the moderate graphene-CS in-
teraction, uniform dispersion, and high alignment of G-NH; in CS films.

Keywords: nanocomposites, polymer composites, mechanical properties, graphene, interfacial interaction

1. Introduction modification have been developed to improve the
Chitosan (CS) is one of the most abundant natural mechanical performance of CS films [10-12], but
macromolecules on the earth [1-3], and it has been  these chemical synthesis processes are rather com-
widely used as a multi-functional film in the fields of  plicated and time-consuming [13]. By contrast, di-
food packaging, water treatment, and biomedical ma-  rectly adding nanofillers into the CS matrix has been
terials because of its good biocompatibility, bacterial — proved to be an effective method for mechanical re-
resistance, adsorption capability, and biological inforcement in a simple way [14, 15].

degradability [4—7]. However, CS films generally pos-  For the achievement of remarkable mechanical re-
sess unsatisfactory mechanical strength due to weak inforcement, high-level dispersion and strong nano-
intermolecular interactions, which cannot meet grad-  filler-CS interactions are two critical influencing fac-
ually-increasing requirements of high strength and  tors [14]. It has been reported that nanofillers such as
toughness for high-performance films such as medical  clay, montmorillonite, zeolite, and carbon nanotubes
bandages, wound dressing, and packaging materials (CNTs) can be used to effectively improve the me-
[8, 9]. Recently, many methods of chemical cross- chanical strength of CS matrix, but there still exist
linkage, graft copolymerization, and functionalized = some problems of poor dispersion, severe aggregation,
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or entanglement of CNTs, resulting in unsatisfactory
mechanical reinforcement [16, 17]. Graphene pos-
sesses unique two-dimensional graphitic structures,
excellent mechanical performance, low density, and
large diameter/thickness ratio, making it much easier
to be well dispersed throughout the matrix than the
entangled CNTs [18-20]. In addition, graphene can
be further chemically modified to graft various chem-
ical functional groups for forming good compatibility
and strong interfacial interactions with CS [21, 22].
Graphene oxide (GO), as one derivative of graphene,
possesses plenty of oxygen-containing functional
groups to form strong interactions with CS through
electrostatic attraction and hydrogen bonding [23,
24], greatly improving tensile strength and Young’s
modulus of CS films. Furthermore, grafting func-
tional groups onto GO can effectively regulate inter-
facial interactions between graphene and CS for de-
sired mechanical reinforcement [23, 25, 26]. Huang
et al. [27] have prepared tea polyphenol-modified
GO (TPG) and obtained TPG/CS composite films
with improved mechanical strength due to homoge-
neous dispersion and strong interfacial interactions.
In addition, trimethyl silane, phosphoric acid, and
sulfonic acid have been grafted onto GO surfaces to
increase the mechanical strength of CS films [28,
29]. On the other hand, graphene orientation, similar
to biomimetic nacre structures, is also beneficial to
realizing enhancement in both tensile strength and
toughness of CS films [30, 31]. Although mechanical
reinforcement of graphene/CS composites has been
widely investigated, the intrinsic reinforcement mech-
anism based on graphene-CS interactions has not
been clearly demonstrated. Zhang et al. [25] have
theoretically calculated interaction energy between
functionalized graphene (FG) and CS and reported
that carboxyl groups of FG were much more benefi-
cial to forming strong interfacial interactions with
CS for remarkable reinforcement than hydroxyl and
amino groups. It is worth pointing out that the ulti-
mate mechanical properties of graphene/CS compos-
ites depend on not only the graphene-CS interactions
but also the microstructures of composites. There still
exist challenges to regulate graphene-CS interactions
and microstructures for the high tensile strength and
toughness of graphene/CS composites.

This work aims to fabricate high-performance
graphene/CS composite films with high strength and
toughness. It is the first time to clearly clarify inter-
facial interactions between functionalized graphene

91

(FG) and CS and to build a relationship of interfacial
interactions with microstructures and ultimate me-
chanical properties for the fabrication of high-per-
formance composites. We used GO as a precursor
and prepared functionalized graphene with carboxyl
groups (G-COOH) or amino groups (G-NH,). Dis-
persion stability and rheological behavior of FG/CS
solutions were measured to evaluate FG-CS interac-
tions. The FG/CS composite films were fabricated
using a solution-casting method, and their micro-
structures and mechanical properties were investi-
gated in detail to establish a relationship between
FG-CS interactions with mechanical reinforcement.
We found that the G-COOH could form the strongest
interactions with CS than the GO and G-NH, as the-
oretical prediction, but the G-NH,/CS composites
exhibited the highest tensile strength and toughness
among all the composites. It reveals that the interfa-
cial interaction plays an important role in greatly in-
fluencing the dispersion stability of FG/CS solutions,
but the ultimate performance of FG/CS composites
strongly depends on the microstructure and FG align-
ment. Comprehensive consideration of both interfa-
cial interactions and resultant microstructures is ex-
tremely essential to designing and fabricating high-
performance graphene/CS composite films with en-
hanced strength and toughness.

2. Experimental

2.1. Materials

Chitosan (CS, deacetylation degree of 88%, M, =
8000-20000) was obtained from Sinopharm Chem-
ical Reagent Co. Ltd in China. Graphene oxide (GO)
was purchased from Sixth Element Materials Tech-
nology Co. Ltd. (Changzhou, China), and its layer
numbers and lateral size were less than 10 graphitic
layers and 5—15 um, respectively. The GO possessed
plenty of oxygen-containing functional groups, show-
ing good aqueous dispersibility and high chemical
activity. Analytic reagents of 65% nitric acid, 98%
sulfuric acid, ethylenediamine (EDA), dimethylfor-
mamide (DMF), and glacial acetic acid were pur-
chased from Sinopharm Chemical Reagent Co. Ltd.
in China.

2.2. Synthesis of functionalized graphene

GO was used as a precursor to prepare functional-
ized graphene with carboxyl or amino groups. Car-
boxyl-functionalized graphene (G-COOH) was pre-
pared as follows [32]: GO of 100 mg was weighed
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and poured into a 40 ml mixed acid solution of
HNO;3; and H,SO4 (volume ratio of 1:3). The GO-
containing suspension was heated up to 80°C and
refluxed for 8 h. With the increment of carboxyl
groups, the GO was further chemically oxidized into
G-COOH. Thereafter, the obtained suspension was
diluted and repeatedly washed with deionized water
to remove residuals. After being freeze-dried at
—55°C for 24 h, G-COOH nanosheets were prepared.
As for the preparation of amino-functionalized
graphene (G-NH;), 80 mg GO was put into 40 ml
DMF and ultrasonically treated for 30 min, then
1.5 ml EDA was added to chemically react with GO
in a sealed vessel at 80°C for 8 h. The EDA could
react with GO through nucleophilic substitution and
amidation reaction, consequently introducing amino
groups onto GO and obtaining G-NH; [33]. There-
after, the G-NH;,-containing suspension was vacu-
um-filtrated and repeatedly washed out with deion-
ized water for the removal of residuals. After freeze-
drying at —55°C for 24 h, G-NH; nanosheets were
obtained.

2.3. Fabrication of FG/CS composite films

The GO, G-COOH, and G-NH, were weighed re-
spectively and dispersed ultrasonically in deionized
water to prepare 2 mg/ml FG suspensions. The ob-
tained suspensions were poured into 2 wt% chitosan
solutions which were prepared by dissolving chi-
tosan into 1 vol% acetic acid solutions. The mixtures
were mechanically stirred for 4 h to obtain a homo-
geneous dispersion of FG. Thereafter, the FG/CS
mixtures were cast into plastic Petri dishes and dried
in an oven at 37 °C for 48 h. As a result, FG/CS com-
posite films with 1.5 wt% FG loadings and 0.06 mm
thickness were obtained.

2.4. Characterization

Fourier transform infrared (FT-IR) and X-ray pho-
toelectron (XPS) spectra of samples were recorded
on Bruker Tensor 27 (Germany) and Escalab 250
(Thermo Scientific, USA), respectively for analyz-
ing functional groups and elemental compositions.
Raman spectra were measured to evaluate the struc-
tural integrity of samples by using Jobin Yvon
LabRam HR800 (Horiba, France). An X-ray diffrac-
tometer (XRD, D/max 2400 with Cu K, radiation,
Japan) was used to characterize the crystalline struc-
tures of the samples. Optical microscopic images of
FG/CS solutions were observed using Nikon Eclipse
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LV100ND (Japan) at room temperature for evalua-
tion of dispersion stability. Surface charges of FG in
aqueous and CS solutions were measured using a
Zeta potential analyzer (Malvern Zetasizer Nano-
7590, UK). Particle size distribution of the FG and
FG/CS clusters in aqueous solutions was measured
using a laser particle size analyzer (Malvern Master-
sizer 2000, UK). Microstructures of FG/CS compos-
ite films were observed using a scanning electron mi-
croscope (SEM, NavoSEM430, FEI, USA) at 10 kV.

2.5. Performance testing

The rheological behavior of FG/CS solutions was
measured using a Pin’s viscometer and a rotational
rheometer (Haake Mars 1, USA) equipped with a
cone-partitioned plate fixture at shear rates ranging
from 0.1 to 10 s™!. Thermogravimetric analysis (TGA)
was conducted on Netzsch STA-499C (Germany) at
a heating rate of 10°C/min from 30 to 700°C in an
argon atmosphere to evaluate the effect of FG-CS in-
teractions on the thermal stability of composites. Me-
chanical properties of composite films were measured
with a dynamic mechanical analyzer (DMA Q800, TA
Instrument, USA) in a tensile mode at a force-loading
speed of 1 N/min at room temperature, and the spec-
imen size was 40 mm x 3 mm % 0.06 mm.

3. Results and discussion
3.1. Preparation and characterization of
functionalized graphene

Functionalized graphene with carboxyl or amino
groups was prepared using GO as a precursor. The
preparation mechanism and chemical compositions
of the GO, G-COOH, and G-NH, were shown in
Figure 1. As shown in Figure 1a, the GO prepared by
Hummers’ method possesses numerous hydroxyl,
epoxy, and carboxyl groups, and they can be easily
modified into various functionalized graphene [34].
In this work, the G-COOH was prepared by chemi-
cally oxidizing GO with increased contents of car-
boxyl groups [35], and the G-NH, was obtained
through nucleophilic substitution and amidation re-
action between GO and EDA [33]. These above-men-
tioned reactions are mild and easily operated without
severely destroying graphitic structures of GO, and
all the FG show a similar particle size distribution in
Figure 1b. The changes in functional groups before
and after modification can be confirmed from FT-IR
analysis (see Figure 1c). The GO shows characteristic
peaks at 1720, 1230, and 1050 cm™!, corresponding
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Figure 1. (a) Preparation schematic of functionalized graphene with carboxyl and amino groups. (b) Particle size distribution,
(c) FT-IR spectra, (d) Raman spectra, (¢) XRD patterns, and (f-h) C1s XPS spectra of the GO, G-COOH, and G-NHo,.

to stretching vibrations of C=0 from COOH, C—OH,
and C—O-C, respectively [36, 37]. The G-COOH ex-
hibits an enhanced relative intensity at 1720 cm™!
and a weakened vibration peak at 1230 cm™!, reveal-
ing that the C—OH was chemically oxidized into
COOH [36]. For the G-NH,, its characteristic peaks
at 1720 and 1050 cm™' were weakened with in-
creased intensities at 1564 and 1230 cm™, implying
that the amino groups were covalently grafted onto
GO nanosheets [33].

Microstructures of the FG were determined by
Raman and XRD (see Figures 1d—1e). It can be seen
that all the FG show Raman characteristic peaks with
D and G bands at 1351 and 1594 cm™', and similar
XRD diffraction peaks at about 11°, implying that the
chemical modification has not severely destroyed the
graphitic structures of graphene. We can still find
slight changes in the intensity ratio of the D band to
G band (/p/Ig) due to the introduction of edge defects
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during modification [38]. In addition, slight shifts of
the diffraction peak towards low degree after modi-
fication indicate enlarged lamellar spacing from
lamellar repulsion and steric hindrance caused by
carboxyl and amino groups [39]. Figures 1f—1h show
XPS spectra of FG for the characterization of chem-
ical compositions. The increased intensities of the
O-C=0 peak at 288.6 eV for G-COOH and the C-N
peak at 285.8 eV for G-NH, also confirm the pres-
ence of carboxyl and amino groups [37], which is con-
sistent with the FT-IR analysis. Therefore, the func-
tionalized graphene with carboxyl or amino groups
was obtained by chemical modification without se-
verely destroying the microstructure of graphene.

3.2. Dispersion of FG in CS solutions

These FG with various functional groups can form
different interactions with CS, greatly influencing
the dispersion of FG in CS solutions. Figure 2 shows
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dispersion stability, surface charge (zeta potential),
and size distribution of FG/CS solutions. It can be
seen from Figure 2a that the GO, G-COOH, and
G-NH; show distinct dispersion stability in CS so-
lutions after 12 h settlement. The G-COOH exhibits
the poorest stability in the CS solution accompanied
by obvious aggregation, while the GO and G-NH,
show satisfactory dispersion stability. Such phenom-
ena can also be observed from optical microscopic
images in Figures 2b—2e. We can see several aggre-
gations of large-size clusters in the G-COOH/CS so-
lution, followed by the GO/CS solution. By contrast,
the G-NH, shows homogenous dispersion in the CS
solution without apparent aggregation. Notably, all
these FG possess nearly the same particle size and
distribution shown in Figure 1b, but they exhibit dis-
tinct aggregation and particle sizes in CS solutions,
which is closely associated with interfacial interac-
tions of FG with CS.

GO/CS -COOH/CS
— —— e
] & .
T

G-NH,/CS

G-COOH/CS
G-NH,/CS

Zeta potential [mV]

Solution
f) 9)

We measured the Zeta potentials of the CS, FG, and
FG/CS solutions for elucidation of the surface charges
and FG-CS interactions (see Figure 2f). We can see
that the CS exhibits a typical positive-charge charac-
teristic with a Zeta potential of 66.6 mV due to amine
protonation of CS in weak acid conditions [40]. The
GO and G-COOH show negative surface charges
with Zeta potentials of —40.9 and —54.8 mV in the
presence of carboxyl groups respectively, while the
G-NHj; exhibits typical positive surface charges with
a 14.2 mV potential. These diverse surface charges of
FG can form distinct interactions with positive-charge
CS. First of all, the G-COOH possesses plenty of car-
boxyl groups and exhibits much more negative
charges than the GO, and it can form stronger inter-
actions with CS through electrostatic attraction. By
contrast, the G-NH, shows the same positive charges
with CS, and its interactions with CS are much lower
than that of the G-COOH and GO. Notably, we can

G-NH,/CS

e)
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Figure 2. (a) Dispersion stability of FG/CS solutions. Optical micrographs of the (b) CS, (¢) GO/CS, (d) G-=COOH/CS, (¢) G-
NH,/CS solutions. (f) Zeta potentials of the FG and FG/CS solutions. (g) Schematic of surface charges of FG in
CS solutions. (h) Particle size distribution of the CS and FG/CS solutions.
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see in Figure 2f that all the FG/CS solutions exhibit
nearly the same potential of about 67 mV as the CS
solution, implying that the FG surfaces were covered
with positive-charge CS. It is because the FG possess-
es high surface energy and spontaneously adsorb CS
onto its surfaces for charge balance, as shown in
Figure 2g, resulting in the formation of CS-coated FG
clusters and resultant positive Zeta potentials.

We further measured the particle size distribution of
FG/CS solutions using a laser particle size analyzer
(see Figure 2h). It can be seen clearly that the
G-COOH/CS exhibits the largest average particle size
of about 700 um, much higher than that for the GO/
CS and G-NH,/CS. The G-COOH possesses plenty
of negative surface charges, and it can form extreme-
ly strong interactions with CS and adsorb much more
CS onto G-COOH surfaces, resulting in the forma-
tion of large-size GOOH/CS clusters, severe aggre-
gation, and poor dispersion stability (see Figure 2d).
Compared with the G-COOH/CS solution, the GO/CS
solution exhibits a smaller cluster size and better dis-
persion stability due to the weaker interactions. For
the G-NH, with positive surface charges, it can form
the weakest interactions with CS, consequently re-
sulting in the smallest size of clusters and the best
dispersion stability. Therefore, the FG with various
functional groups can form distinct interactions with
CS, strongly influencing the aggregation and disper-
sion stability of FG/CS solutions.

3.3. Rheological behavior of FG/CS solutions

We measured the rheological behavior of FG/CS so-
lutions to investigate the effect of FG-CS interac-
tions on solution viscosity, as shown in Figure 3. It
can be seen from Figure 3a that all the FG/CS solu-
tions exhibit higher dynamic viscosity than the CS
solution, indicating that the presence of FG can re-
sult in increased viscosity by hindering the motion
of CS chains to some extent. Among all the FG/CS
solutions, the G-NH,/CS solution exhibits the lowest
viscosity, followed by the G-COOH and GO/CS so-
lutions. Such the same tendency can also be observed
from kinematic viscosity measured using Pin’s vis-
cometers (see Figure 3b). The viscosity of fluid gen-
erally reflects the resistance to gradual deformation
by shear or tensile stress, which is closely associated
with inter-molecular friction and interactions be-
tween particles [8]. Figure 3c illustrates the FG-CS
interactions and FG aggregation (FG/CS cluster) in
CS solutions. As mentioned above, the GO and
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G-COOH with negative charges can form strong
electrostatic attractions with the CS and result in the
formation of large-size clusters, consequently caus-
ing increased friction resistance and high viscosity.
By contrast, the G-NH; with positive charges pos-
sesses moderate interactions with CS, and they can
form small-size G-NH,/CS clusters, resulting in de-
creased resistance and low viscosity for high disper-
sion stability. Therefore, the rheological behavior of
FG/CS solutions strongly depends on the FG-CS in-
teraction, friction resistance, and cluster size. The
low viscosity of G-NH,/CS solutions is beneficial to
realizing homogenous dispersion and high orienta-
tion of the G-NH; in the CS matrix for remarkable
mechanical reinforcement.

3.4. Fabrication and microstructures of
FG/CS composite films

The FG/CS composite films were prepared using the
solution-casting technique, and their SEM images
are shown in Figure 4. In comparison with smooth
fracture surfaces of the CS film, the FG/CS compos-
ites exhibit coarse and rough surfaces, and some FG
aggregation can be observed. Among all the com-
posites, the G-COOH/CS composites show the most
severe aggregation in Figure 4c, mainly attributed to
the large size of G-COOH/CS clusters and inhomo-
geneous dispersion. By contrast, the GO/CS and
G-NH,/CS composites show homogenous disper-
sion due to their small-size clusters and slight aggre-
gation. Notably, we can see highly-aligned G-NH,
in CS matrix along in-plane directions (see Figure 4d),
which is closely associated with the high motion
ability of the small-size clusters. During the fabrica-
tion of composite films, the G-NH; can be easily dis-
persed and aligned along the in-plane direction under
interlaminar shearing forces. Such alignment of
G-NH,; in CS matrix is beneficial to improving both
strength and toughness of composite films.

3.5. Interfacial interactions and thermal
stability of FG/CS composites

Interfacial interactions between FG and CS in com-
posite films were characterized using FT-IR and
Raman techniques, as shown in Figure 5. It can be seen
from Figure 5a that the CS films show typical char-
acteristic peaks at 1630, 1402, and 1560 cm™', corre-
sponding to vibrations of the C=0 from amide [, C-N
from amide III, and the N—H bending, respectively
[41]. After adding GO into CS films, the adsorption
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bands for C=0 and C—N shift to 1635 and 1397 cm ™',
respectively, more susceptible to that for N-H,
which is consistent with that reported in the literature
[41, 42]. These shifts of characteristic peaks are main-
ly attributed to the graphene-CS interactions through
hydrogen bonds and electrostatic attractions. In our
work, the G-COOH/CS composites exhibit the largest
shift, followed by the GO/CS and G-NH,/CS, indi-
cating that the G-COOH can form stronger interac-
tions with CS than the GO and G-NH,. Such strong
interactions can also be confirmed through Raman
analysis shown in Figure 5b. The G-COOH/CS
composites exhibit the /p//g value of 1.05, higher
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than 0.97 for the corresponding G-COOH shown in
Figure 1d. Such increased values imply additional
defects caused by electrostatic attractions with CS
[43]. In our work, the G-COOH/CS composites ex-
hibit the largest /p/Ig increment than the GO/CS and
G-NH,/CS composites, revealing that the G-COOH
can form the strongest interactions with CS, fol-
lowed by the GO and G-NH,.

The thermal stability of the FG/CS composites was
investigated and shown in Figures 5c—5d. It can be
seen that all the FG/CS composites exhibit higher
thermal stability than the CS because the presence of
FG can effectively hinder the motion of CS chains at
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G-COOH/CS

G-NH,/CS

Figure 4. SEM images of (a) the CS, (b) GO/CS, (¢) G-COOH/CS, and (d) G-NH,/CS composite films.

elevated temperatures. Among all the FG/CS com-
posites, the GO/CS and G-COOH/CS composites
show higher thermal stability than the G-NH,/CS
composites because of their stronger interactions with
CS. Notably, the GO/CS composites show much
higher stability than the G-COOH/CS composites, al-
though the GO possesses weaker interactions with
CS than the G-COOH. It is mainly attributed to the
better dispersion of GO in CS matrix (see Figure 4),
effectively restricting CS chain motions and resulting
in high thermal stability of composites [41]. There-
fore, the FG/CS composites exhibit improved thermal
stability of CS, which is closely associated with
strong interfacial interactions.

3.6. Mechanical properties of FG/CS
composite films

Tensile properties of the FG/CS composites were

measured to evaluate the reinforcing effect of the FG

with various functional groups, as shown in Figure 6.
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It can be seen from Figure 6a that the G-NH,/CS and
GO/CS composites exhibit much higher tensile
strength and elastic modulus (slopes of the initial lin-
ear region) than the CS, indicating that the presence
of FG can significantly enhance the mechanical prop-
erties of CS films. As shown in Figure 6b, the tensile
strength of the G-NH,/CS and GO/CS composites is
up to 81.8 and 75.8 MPa, respectively, increasing by
24.7 and 15.5% in comparison with 65.6 MPa for the
CS films. It is notable that the G-COOH/CS com-
posites show even lower tensile strength than the CS
films despite the extremely strong interactions be-
tween G-COOH and CS, which is mainly attributed
to the poor dispersion of the large-size clusters
shown in Figure 4c. In comparison with satisfactory
dispersion of the GO and G-NHj; in the CS matrix,
the G-COOH is prone to severely aggregate with CS
through excessive interactions and form large-size
clusters, consequently resulting in poor dispersion
and unsatisfactory reinforcement.
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We further compared the elongation at break and
tensile toughness of FG/CS composites. It can be
seen from Figures 6¢—6d that the G-NH,/CS com-
posites exhibit the maximum elongation at break
(22.4%) and highest tensile toughness (16.2 MJ/m?)
among all the composites. It means that the presence
of G-NH, can increase not only the tensile strength
but also the tensile toughness of CS. Such remarkable
reinforcement is mainly attributed to the uniform
dispersion and highly-aligned structure along tensile
directions. It has been reported that the alignment of
graphene is beneficial to effectively transferring stress
and dissipating fracture energy through interfacial
friction slipping [31], consequently resulting in en-
hanced strength and toughness of composites. In our
work, the G-NH, possesses moderate interactions
with CS and forms small-size G-NH,/CS clusters, and
it is much easier to be well dispersed and form high-
ly-aligned structures during the fabrication process.
Such high alignment of G-NH; plays an important
role in greatly improving the tensile strength and
toughness of composites. By contrast, the G-COOH/
CS and GO/CS composites exhibit even lower elon-
gation at break and tensile toughness than the CS
films in spite of their strong FG-CS interactions,
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mainly attributed to the unsatisfactory dispersion and
random orientation. Therefore, the mechanical rein-
forcement of FG/CS composites depends on not only
the strong interfacial interactions but also the uni-
form dispersion and aligned microstructures.

We further compared the mechanical reinforcement
in our work with that of other graphene/CS com-
posites reported in the literature. It has been report-
ed that graphene can increase tensile strength and
elastic modulus of CS, but sacrifice the tensile
toughness with reduced elongation at break by 30,
55, 71, 11, and 10% for GO/CS [27], tea polyphe-
nols-GO/CS [44], sulphonated graphene/CS [28],
RGO/CS [45], trimethyl silane-GO/CS [29], respec-
tively. In our work, the G-COOH/CS and GO/CS
composites also show reduced toughness and elon-
gation at break than the CS films, consistent with
that reported in the literature. It is worth pointing
out that the 1.5 wt% G-NH,/CS composites exhibit
remarkable reinforcement in both the tensile strength
and toughness, respectively increasing by 24.7 and
37.3% in comparison with the CS films. Such re-
markable enhancement is mainly attributed to the
uniform dispersion and high alignment of G-NH; in
CS matrix.
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composite films.

3.7. Mechanism on improved strength and
toughness of FG/CS composites

Figure 7 illustrates the reinforcing mechanism of
FG/CS composites. It reveals that the FG with vari-
ous functional groups can form distinct FG-CS in-
teractions and diverse-size FG/CS clusters, greatly
influencing the mechanical strength and toughness
of composites. We can see from Figure 7a that the
G-COOH can form the strongest interactions with
CS as the theoretical prediction but causes severe ag-
gregation, poor dispersion, and decreased mechani-
cal performance (see Figure 7b). For the GO/CS com-
posites, their GO-CS interactions are lower than that
of the G-COOH/CS composites, and the GO can be
well dispersed throughout the CS matrix, resulting
in increased tensile strength (see Figure 7b). Notably,
the GO/CS composites still exhibit lower elongation
at break, and tensile toughness than the CS, which
is because the medium-size GO/CS clusters are still
rather difficult to be highly aligned in high-viscosity
GO/CS solutions during fabrication. As a result, the
random orientation of GO in the CS matrix improves
the tensile strength of CS by sacrificing the tensile
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toughness, which is consistent with that reported in
the literature [8, 27, 44].

As for the G-NH,/CS composites, the G-NH; can
form moderate interactions with CS through hydro-
gen bonds [46], and it can be uniformly dispersed in
the CS solution without obvious aggregation. The
small-size G-NH,/CS clusters can be easily aligned
in the CS matrix during the fabrication of composite
films (see Figure 7a). Such alignment of the G-NH,
plays an important role in greatly increasing the
pulling force of graphene out of the matrix and dis-
sipating fracture energy [31, 47]. Therefore, the
G-NH,/CS composites exhibit remarkable enhance-
ment in tensile strength and toughness, which is
mainly attributed to the moderate interfacial interac-
tion, small-size cluster, and high alignment of
G-NH, in CS matrix. As mentioned above, theoret-
ical calculation predicted that carboxyl groups could
form much stronger interfacial interactions with CS
than the hydroxyl and amino groups for remarkable
mechanical reinforcement [25]. But, in our work, the
G-COOH/CS composites exhibit the lowest tensile
strength and toughness among all the composites. It
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Figure 7. (a) Schematic of FG aggregation based on FG-CS interactions, and (b) the resultant mechanical reinforcement in
tensile strength and toughness of FG/CS composites.

indicates that the mechanical reinforcement of
graphene/CS composites depends on not only the
graphene-CS interactions but also the dispersion sta-
bility, rheological behavior, microstructure, and align-
ment of graphene in the CS matrix. Notably, some in-
fluencing factors, such as molecular weight, deacety-
lation degree, preparation condition, and crystallinity
degrees, should be comprehensively considered for
the fabrication of high-performance graphene/CS
composite films.

4. Conclusions

In this work, the interfacial interactions between CS
and functionalized graphene of GO, G-COOH, and
G-NH; were investigated to clarify the effect of
FG-CS interactions on the mechanical properties of
FG/CS composite films. The chemical compositions,
dispersion stability, theological behavior, microstruc-
ture, thermal stability, tensile strength and toughness
of composites were measured in detail. Although
theoretical calculation predicted that the G-COOH
could form extremely strong interactions with CS for

remarkable mechanical reinforcement, we found that
the excessive interactions could inevitably result in
severe G-COOH aggregation in solutions, inhomo-
geneous dispersion, and decreased mechanical per-
formance of composites. By contrast, the G-NH,/CS
composites exhibit remarkable enhancement in both
tensile strength and toughness, which is mainly at-
tributed to the moderate interaction, uniform disper-
sion, and highly-aligned structures. By virtue of their
high strength and toughness, the G-NH,/CS compos-
ites show great potential to be used as high-perfor-
mance films in the field of packaging and biomedical
materials.
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Abstract. Liquid crystalline elastomers (LCEs) are stimuli-responsive materials with potential use in shape memory appli-
cations. Though particularly suited for shape memory, the LCEs however have some drawbacks such as low shape fixity
(Ry) and slow recovery time. To overcome these limitations, new lignin-filled elastomeric liquid crystalline (ELC) composite
materials were fabricated. The lignin used is a by-product of Kraft pulping process, which was obtained from renewable re-
sources abundant in nature. Here, we show that the aromatic structure of lignin increases the netpoints density at the micro-
scopic level in the ELC composite systems. Shape memory effects are enhanced by incorporating up to only 7 wt% of lignin,
resulting in an Ry of 97% for the composites. Concurrently, these composites were able to maintain their shape recovery (R;)
of nearly 100%. The recovery time of the composites reduces with increasing lignin content due to the higher elastic energy
released from the netpoints based on the lignin structure. The ELC composites with 7 wt% lignin could fully recover within
70 s, while the neat LCE counterpart took 100 s. Morphological features of dispersed lignin shows that even without surface
modification and only a moderate quality of dispersion in LCE matrix, both shape memory and dynamic mechanical prop-
erties of the resultant composites can be significantly improved.

Keywords: smart materials, shape memory elastomers (SMEs), liquid crystalline elastomers (LCEs), lignin, composites

1. Introduction systems, such as heat, UV, electric and magnetic
Shape memory elastomers (SMEs) are a class of in-  fields, water, and pH [5]. Among them, heat is com-
telligent materials that have been utilized over the monly used for activation [6, 7]. The molecular ar-
past decades in a wide range of applications, such as  chitecture of the elastomer also plays a critical role
soft robotics, acrospace engineering, smart actuators  in allowing the material to exhibit shape memory ef-
and sensors, and biomedical devices [1—4]. These fects [§, 9]. The SMEs typically consist of two pre-
materials have the ability to deform and memorize requisite constituents, including netpoints and switch
their temporary shape and eventually recover to their  units. The netpoints (hard segments) are responsible
original shape under applied stress and an external  for determining the original shape of the SMEs due
stimulus. Several external stimuli are currently used  to their ability to store the elastic energy during the
to activate the shape memory effects of polymeric  shape memory process [10]. This segment can also
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help SMEs to maintain their temporary shape due to
their chemical or physical crosslinks or interpene-
trated networks (IPNs). The switch units (soft seg-
ments) are responsible for maintaining the temporary
shape and recovering the original shape through
transition temperatures [11]. A well-balanced pro-
portion of these constituents can lead to an excellent
shape memory performance via thermomechanical
shape memory processes.

Liquid crystalline elastomers (LCEs) are stimuli-re-
sponsive materials that have gained increasing atten-
tion for their potential shape memory effects [12,
13]. The molecular structure of LCEs consists of
mesogens (hard segment) and flexible tails (soft seg-
ment), allowing them to possess the typical under-
lying molecular mechanism of SMEs [8]. These ma-
terials can also respond to many external stimuli via
the shape deformation process [12, 14—16]. The LCEs
typically exhibit two transition temperatures: glass
transition temperature (7,) and nematic-isotropic
transition temperature (7y;). These transition tem-
peratures allow the LCE structure to rearrange from
solid-crystal to liquid-crystal and isotropic states. In
the shape memory mechanism of LCEs, Ty is uti-
lized as a switching point because it is higher than
room temperature, resulting in no interruptions from
ambient conditions.

Reactive mesogens (RM)-based LCE have become
a crucial nematic-LCE for SMEs [17, 18]. This class
of LCEs can be thermally stimulated to mobilize its
networks via a nematic-isotropic transition temper-
ature (7ny) [19]. Traugutt ef al. [20] have studied the
effect of solvent used in the synthesis process on
shape memory properties of RM257-based LCE.
The results showed that the shape fixity (Ry) and the
shape recovery (R;) of the case with solvent was ap-
proximately 62.8 and 99.5%, respectively These prop-
erties were higher than the case without the solvent.
Guin et al. [21] have reported that combining two
reactive (diacrylate) mesogens, RM82 and RM257,
in the LCE system results in an excellent thermal ac-
tuation up to 11 cycles, provided that the LCE struc-
ture remains stable and can maintain an actuation be-
havior through thermal deformation processes.
Other LCE systems have also been developed to
study the shape memory effects. Wen et al. [22] syn-
thesized a multiple-shape memory LCE from a novel
polyurethane with exchangeable carbamate function-
al groups. This LCE system indicated two liquid
crystal phases, including smectic-A and nematic,
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showing two transition temperatures: smectic-nemat-
ic transition temperature (7syn) and nematic-isotrop-
ic transition temperature (7). As a result, these ma-
terials showed the R; of 84.5 and 88.6% for the first
and second temporary shapes and an outstanding R,
of 99% for both shapes. Rousseau and Mather [23]
studied the shape memory properties of main-chain
smectic-C LCE synthesized by benzoate mesogenic
groups. This LCE revealed an Ry of 83.6% and an ex-
cellent R, 0f 99.1% via a thermal-induced process.
These reported works on neat LCEs show their ex-
cellent potential as candidates for shape memory ma-
terials and possessing a significant R, characteristic.
However, there seems to be a shortcoming in achiev-
ing full Rrusing these LCEs systems, and important-
ly that all the critical compounds used in their prepa-
ration produced from non-renewable sources and
hence limiting their applications for large and high-
volume applications. It is also noteworthy to men-
tion that currently available systems are synthesized
from expensive compounds, making their wider up-
take cost-prohibitive. Another key performance at-
tribute that requires further improvement is the
longer recovery time of shape memory applications
developed from the existing homogenous LCE sys-
tems [24]. These shortcomings are some key barriers
to the further adoption of these promising class of
smart materials for the development of exotic indus-
trial and space applications.

To address the aforementioned shortcomings and fur-
ther improve the shape memory characteristics of
LCEs, creating composites of LCE and naturally de-
rived compounds such as lignin is one promising op-
tion. Thanks to the high concentration of aromatic
compounds and the complex interconnect molecular
structures of monolignols, often providing large sur-
face areas, they can be incorporated as rigid fillers
into the LCE matrix to provide synergistic effects not
available in the existing homogenous systems, oth-
erwise. These composite LCEs can therefore provide
mitigation strategies for improved Rrand being abun-
dant as well as renewably obtained, increase sustain-
ability in terms of cost and scalability. An example
of such lignin sources is obtained from Kraft pulping
process as a by-product, which contributes to 85% of
the total lignin manufacturing globally [25]. This bio-
material is a three-dimensional macromolecular poly-
mer constructed from three different phenylpropane
monomer units; p-coumaryl alcohol, coniferyl alco-
hol, and syringyl alcohol [26]. It has gained increasing
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attention in many research areas due to its remarkable
properties, including low cost, renewability, bio-
degradability, high thermal stability, anti-oxidation,
and high UV absorption properties [27-29]. These
properties also promote lignin as a significant natural
resource fulfilling the global demand for other envi-
ronmentally benign polymeric materials.

In shape memory applications, incorporating lignin
into the shape memory polymeric systems increases
the density of netpoints (hard segment) in the com-
posites due to its networked phenolic structures and
intermolecular hydrogen bonding [30]. These char-
acteristics can enhance the Ry of the polymeric com-
posites to approximately 100% [31]. This biomater-
ial can also improve the tensile modulus and strength
of the composites, resulting in broadening areas of
engineering applications [32, 33]. Moreover, the
copolymeric structures of lignin-co-poly(ester-amine-
amide) exhibited a triple-shape memory effect via a
thermomechanical process [34]. Therefore, given an
appropriate molecular structure of lignin, this mate-
rial offers potential as a good filler in preparing LCE-
based shape memory elastomeric composites with
improved intrinsic properties, including dynamic
mechanical and shape memory properties.

To achieve the desired characteristics in the shape
memory applications, we considered the liquid crys-
talline elastomeric composites in which Kraft lignin-
based bio-filler is added to diacrylate mesogens-
based nematic LCE. This work focuses on the syn-
thesis and characterization of new elastomeric liquid
crystalline (ELC) composites with the goal of under-
standing how lignin improves shape memory prop-
erties and other underlying characteristics of com-
posite materials. The nematic-type LCE was synthe-
sized from diacrylate mesogens named RM257 and
pentaerythritol tetra (3-mercaptopropionate) (PETMP)
via a base-catalyzed thiol-Michael addition reaction.
The lignin with different weight ratios was physical-
ly mixed to generate the ELC composites. The shape
memory characteristics were measured, including Ry,
R,, and recovery time. The effect of lignin filler is
also studied on the thermal, dynamic mechanical,
and morphological properties of the composites.

2. Experiments

2.1. Materials

The chemicals used in this study include diacrylate
mesogen named 1,4-bis4-(3-acryloyloxypropypropy-
loxy) benzoyl-oxy]-2-methylbenzene (RM257), which

was purchased from Daken Chemical (China). Kraft
lignin (alkali lignin), pentaerythritol tetra (3-mer-
captopropionate) (PETMP)-based crosslinking
agent, and dipropyl amine (DPA)-based catalyst
were purchased from Sigma-Aldrich, Inc. (Aus-
tralia). Toluene was purchased from Thermo Fisher
Scientific Australia PTY LTD (Australia). All these
materials were used as received without further pu-
rification.

2.2. Sample preparation

The LCE samples were prepared following the same
procedure reported in our previous work [17]. Briefly,
RM257 monomers were dissolved by adding 40 wt%
of toluene and heated at 80 °C in an oven until a ho-
mogenous solution was achieved. The solution was
then left to cool down to room temperature. To de-
velop composites, Kraft lignin was added at different
mass ratios of 3, 5, and 7 wt% into the solution and
was stirred until a well-dispersed mixture was
achieved. In the next step, 36 wt% of PETMP was
added to the system and stirred for several minutes.
Dipropyl amine (DPA) was separately diluted in
toluene at a mass ratio of 1:50, and subsequently,
14 wt% of the diluted DPA was added into the mono-
mer mixture. All the constituents were instanta-
neously stirred and subsequently placed in a vacuum
oven for 1 min to remove the bubble that occurred
during mixing. The mixture was immediately trans-
ferred into the mold and left to cure at room temper-
ature for 24 h. After the polymerization was com-
pleted, the LCE samples became glossy white and
transparent elastomeric materials. Finally, the sam-
ples were heated to remove the solvent at 80 °C for
12 h before characterization. Figure 1 shows the mo-
lecular structure and the samples of all the mono-
mers, LCE, and ELC composite after completing the
synthesis process.

3. Characterization of LCE and composites
3.1. Fourier transform infrared spectroscopy
(FTIR)

FTIR analysis was conducted on structural charac-
terization of LC monomer (RM257), Kraft lignin,
LCE, and ELC composite samples. The FTIR Nico-
let iS5 (Thermo Scientific) was utilized to charac-
terize the chemical compositions of the samples. The
spectra were scanned in a transmittance mode with
a scan range of 4000 to 400 cm™!, and the scan times
were 64 scans per sample.
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3.2. Thermal properties

A differential scanning calorimeter (DSC) 2960 (TA
Instruments, USA) was employed to characterize the
thermal properties of LCE and composite samples.
The sample mass of 5 to 10 mg was used and sealed
in an aluminum pan. The heating rate of 5°C-min™!
and cooling rate of 3°C-min~! were set for running
the sample in the temperature range of —40°C
150°C. The samples were run under an N, atmos-
phere with a dispersed rate of 110 ml-min~!. The
phase transitions of LC monomer, LCE, and ELC
composites were characterized.

A thermogravimetric analyzer (TGA) Q50 (TA In-
struments, USA) was used to measure the thermal
stability of the samples. The sample mass used was
in the range of 10 to 20 mg. The testing temperature
was ramped from 25 to 800 °C in the air with a heat-
ing rate of 10°C-min~'. Thermal degradation tem-
peratures and derivative thermogravimetric (DTGQG)
curves of LCE and ELC composites were deter-
mined.

3.3. Dynamic mechanical properties

A discovery hybrid rheometer (DHR) HR-1 (TA In-
struments, USA) was used for dynamic mechanical
analysis (DMA) in a tensile mode. The dynamic me-
chanical properties of the LCE and ELC composites
were measured in an oscillation procedure. The sam-
ple dimensions were 30x6x1.2 mm?® for LxWxT.
The temperature was ramped from —10 to 120°C
with a heating rate of 3 °C-min~!. The axial displace-
ment and frequency were set at 25 um and 1 Hz, re-
spectively. The storage modulus of LCE and ELC
composites at nematic and isotropic states was meas-
ured using storage modulus curves at 25 and 110°C,
respectively. The nematic-isotropic temperatures (7xy)
of all samples were determined from the second peak
of the tand. This temperature was then used as a
switching point in a shape memory process.

3.4. Shape memory properties

A DHR with a tensile mode was also used to evalu-
ate the shape memory properties, including Ry and R,
of LCE and ELC composites. Shape memory testing
was conducted via a four-step thermomechanical
process under a stress-controlled condition. The sam-
ple was pre-heated at 105°C, above its Ty;, and
stretched with a 5%-min™! strain rate for 10 min. The
sample was cooled down to 25 °C with a cooling rate
of 5°C-min~'. The force was unloaded, and the sample

was kept at 25°C for 10 min. The sample was re-
heated at 105 °C to recover with a heating rate of
5°C-min! and kept at this temperature for 20 min.
The R¢ and R, were calculated in the unloading and
reheating steps by Equations (1) and (2):

€.
Ry = 81 -100% (D
R _Sm——ﬁp(n) 100%
T e,—g,(n—1) 7 @)

where ¢; is the residual strain in the unloading step
after deformation, &, is a maximum strain applied to
the samples, €, is the strain after recovery of the sam-
ples, and # is the number of cycles.

The recovery angle of LCE and ELC composites
was measured as a function of time to study the ef-
fect of Kraft lignin on the recovery time of the spec-
imens. The rectangular-shaped samples were pre-
heated in an oven at 105 °C for 20 min. Then, they
were deformed to a U-shape and cooled down to
room temperature. The U-shaped samples were then
put into an oven at 105 °C, where a degree protractor
was set inside. A video camera was used to record the
shape recovery behavior of these samples until they
were completely reversed to a rectangular shape.
This method was reported by Likitaporn et al. [35].

3.5. Scanning electron microscopy (SEM)

The surface morphology of the ELC composites
fraction was studied using a scanning electron mi-
croscope (Zeiss Supra 40VP, Germany) at an accel-
erating voltage of 15 kV. The micrographs were taken
at magnifications of 100% to 200%. The exposed sur-
face was coated with Au for 1 min before analyzed.

4. Results and discussion

The molecular structures of the respective liquid
crystalline monomer, namely, RM257 and the cross-
linking agent named PETMP used to polymerize
liquid crystalline elastomer, are shown in Figure 1a.
These two compositions were reacted using a DPA-
based catalyst via a thiol-Michael addition reaction.
This catalyst was responsible for accelerating the
reaction between the electron-deficient vinyl groups
of RM257 structures and the thiol groups of PETMP
[36]. This reaction was completed after curing at
room temperature for 24 h. For the ELC compos-
ites, Kraft lignin was physically mixed into the LCE
system at 3, 5, and 7 wt%. Figure 1b displays the
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Figure 1. Molecular structures of RM257 monomers and a four-armed PETMP crosslinking agent (a); molecular structure
of the crosslinked LCE (b); schematic of the ELC composites with lignin filler (¢); an image of the LCE and ELC
composite samples with Kraft lignin (d), from left to right; neat LCE, ELC composites with 3, 5, and 7 wt% lignin,
respectively.
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molecular structure of lignin utilized in this work,
which is from a pulping process. The schematic
of lignin-filled in ELC composites is shown in
Figure 1c. In addition, the neat LCE and ELC com-
posite samples with different weight ratios of Kraft
lignin after completing the synthesis process are
shown in Figure 1d.

4.1. FTIR analysis

The FTIR spectra of Kraft lignin, LC monomers
(RM257), neat LCE, and ELC composites were col-
lected to study their chemical compositions. The FTIR
spectrum of Kraft lignin was observed in Figure 2a.
The broad peak at 3215 cm™! corresponds to the
O-H stretching of hydrogen-bonded aromatic and
aliphatic groups. The peaks observed at 2934 and
1424 cm™' correspond to the C—H stretching in
methyl and methylene groups. The peaks at 1592 and
1511 cm™! correspond to aromatic ring vibration.
The O—H vibration of phenolic groups is observed at
1369 cm™!. The peaks at 1215 and 1029 cm™" are at-
tributed to vibration in the syringyl and guaiacyl
structures [37]. The O—H stretching of secondary and
primary alcohols is observed at 1123 and 1079 cm™'.
The peak at 853 cm™! corresponds to the out-of-plane
vibration of the C—H bond of aromatic deformation.
These FTIR peaks of Kraft lignin are similar to those
reported by Kong et al. [38] and Brazil et al. [39].
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S
I 3215 cm-' 2934 cm™'
s 1592 cm
=
£
[7]
] 1511 cm'
= 1424 cm™
—1
1215 em™ 4539 em-t
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2 il
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o
C
[}
= \
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5 — LCE
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— 5 wt% lignin
7 wt% lignin
3800 3600 3400 3200 3000
c) Wavenumber [cm™']

The FTIR spectra of LC monomers (RM257), LCE,
and ELC composites with different Kraft lignin con-
tents are divided into region 1 (3800 to 2200 cm™")
and region 2 (1800 to 400 cm™), as illustrated in
Figures 2b, 2c, and 2d. In region 1 (Figure 2b), the
FTIR peaks of RM257 monomers and the LCE sam-
ple present a slight shift in the range of 2992 to
2842 cm™'. This is possibly due to the formation of
inter- and intramolecular bonding of C—H stretching
groups [37]. Figure 2c¢ focuses in the range of 3800
to 3000 cm ™! of the FTIR curve, where it can be ob-
served that the FTIR peaks slightly intensifies in the
region corresponding to stretching of the O-H
groups, indicating contributions of hydrogen bond-
ing due to further increase of the lignin in the com-
posite. In region 2 (Figure 2d), the FTIR spectrum
of LC monomers (RM257) exhibits a significant
peak at 808 cm™!, corresponding to the out-of-plane
vibration of the C—H bond of the acrylate group.
While a 1715 cm™! peak relates to the C=O stretch-
ing of the mesogenic acrylate ester group. These
peaks were similarly reported by Kamal and Park
[13]. For the LCE sample, the peaks at 1636 and
810 cm™! disappear due to the interaction of acrylate
groups of RM257 and thiol groups of PETMP. This
interaction also reduces the height of a 1411 cm™!
peak of the acrylate groups of the RM257 mono-
mers. For the ELC composites, the FTIR spectrum

RM257 monomer
- -
< | LCE “a2920 cm-
8 | 3 wt% lignin
5
‘€ | 5wt% lignin
[7]
C
© .
= | 7 wt% lignin
3800 3600 3400 3200 3000 2800 2600 2400 2200
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Figure 2. The FTIR spectra of Kraft lignin (a), and region 1 and region 2 of RM257 monomer, LCE and ELC composites
from 3800 to 2200 cm™" (b), 3800 to 3000 cm™! (c), and 1800 to 400 cm™! (d).
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of these samples with different lignin contents has
no noticeable change compared to the neat LCE
sample spectrum due to a small amount of lignin
content filled in the LCE system.

4.2. Thermal properties

DSC was utilized to study the thermal properties of
the LC monomer, LCE, and ELC composites. Figure 3
shows the phase transitions of RM257 monomers
with well-defined temperature changes. The mono-
mers were heated first at a rate of 5°C-min~! and then
cooled at 3°C-min~'. In the heating step, the heat
flow of these monomers shows a minor endothermic
peak at 41 °C and two significant peaks at 76 and
128 °C. The minor peak at 41 °C is attributed to a crys-
tal-crystal phase transition of the monomers [40].
Meanwhile, the two significant peaks correspond to
solid crystalline-nematic (7¢;n) and nematic-isotrop-
ic (Tny) transition temperatures. These phase transition
behaviors were previously reported by Kim et al.
[40]. In addition, the exothermic peaks that occur in
the cooling step at 127 and 31 °C correspond to T
and re-crystallization temperature, respectively. This
figure depicts that the monomers can reorient their
molecular structure from isotropic state to nematic-
liquid crystal and solid crystalline states upon the
change in the temperature.

Figure 4 depicts the DSC thermograms of LCE and
ELC composites at various Kraft lignin contents
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x
o
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o "
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Figure 3. DSC thermogram of liquid crystalline monomer
(RM257).

from 3 to 7 wt%. A neat LCE curve demonstrates a
glass transition temperature (7,) at -4 °C and Ty at
96°C. Meanwhile, T, of the ELC composites in-
creases with increasing Kraft lignin content. The ob-
served enhancement in the 7, of the composites is
because Kraft lignin has condensed rigid phenolic
moieties that suppress the thermal mobility of the
composite structures compared to neat LCE samples
[41, 42]. However, Ty of the ELC composites could
not be detected by standard DSC due to its lower res-
olution, and hence these were determined from Tan
delta under dynamic mechanical analysis to identify
all the phase transitions. The values of 7, of neat LCE
and all ELC composites are included in Table 1.

The thermal stability of the LCE and ELC composite
samples was studied using thermogravimetric analy-
sis (TGA). This property is defined as the ability of
the polymers to resist heat and thermal decomposi-
tion upon an increase in temperature [43]. Figure 5
depicts the TGA and derivative thermogravimetric
(DTG) thermograms of the neat LCE, Kraft lignin,
and the ELC composites with 3, 5, and 7 wt% lignin
contents. From the thermograms, the TGA curve of
the Kraft lignin exhibits a slight decrease at approx-
imately 100°C due to the water evaporation. The
significant degradation of this biomaterial occurs in
the temperature range of 100 and 550 °C. The max-
imum weight loss from a DTG curve is 436°C,
which is suggested to be due to the fragmentation of

£y 7 wt% lignin
g — - 5wt% lignin
o — - 3 wt% lignin
_ — — LCE
©
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2N I o e
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= ~ o
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T

Temperature [°C]

Figure 4. DSC thermograms of liquid crystalline elastomer
(LCE) and ELC composites with different mass ra-
tios of Kraft lignin.

Table 1. DSC and DMA results of LCE and ELC composites at various weight ratios of Kraft lignin.

DSC DMA
Samples T, T T E'at 25°C E'at110°C
[°C] [°C] [°C] [MPa] [MPa]
Neat LCE —4 96 97 6.5 0.3
ELC composites + 3wt% lignin 4 - 78 11.9 1.0
ELC composites + Swt% lignin 11 - 86 14.2 1.7
ELC composites + 7wt% lignin 16 - 76 60.3 4.8
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Figure 5. TGA (a) and DTG (b) thermograms of the LCEs, Kraft lignin, and ELC composites with different lignin content,

tested in air.

carbohydrates, aromatic rings, and inter-linkages re-
leasing phenols into a vapor phase [39, 44]. Mean-
while, the residual weight of lignin at 700°C is ap-
proximately 4.8%.

The neat LCE sample indicates two maximum peaks
at 403 and 591 °C, relating to a two-step degradation.
The first peak corresponds to the fragmentation of
aliphatic chains in the LCE structure. However, the
second peak relates to the degradation of aromatic
rings in a mesogens segment. For ELC composites
with 3 to 7 wt% Kraft lignin content, three distinct
steps of degradation are observed in the DTG curve.
The peaks at 392 and 580 °C are the degradation of
aliphatic chains and mesogens of LCE, respectively.
Meanwhile, the DTG peak at 431 °C is the fragmen-
tation of Kraft lignin in the composite samples. From
these thermograms, incorporating Kraft lignin into
the LCE matrix barely affects an improvement in the
thermal stability of the composites. The ELC com-
posites exhibit their thermal properties similar to the
neat LCE samples.

4.3. Dynamic mechanical properties

Storage modulus (£") and tan 6 of LCE and ELC com-
posites were investigated using a DHR in the tensile
mode. Figure 6 shows the storage modulus (£") of
the LCE and ELC composites as a function of tem-
perature. The results show that the LCE has two ther-
mal relaxations identified as glass transition temper-
ature (7,) and nematic-isotropic temperature (7).
These transition temperatures manifest the changes
in the chain mobility and orientational order of the
LCE and ELC composite structures. In the nematic
state, the £" at above T, dramatically drops to a lower
modulus value due to the internal nematic director
(m) relaxation modes of the orientational order of the
LCE structures [45]. Above this point, the £’ shows
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Figure 6. Storage modulus (£') of LCE and ELC composites
with various lignin contents.

a minimum corresponding to 7y;. In the isotropic
phase, the £’ shows an upturn due to the entropic
rubber elasticity of the LCE [45].

For the composite samples, the £’ curves show sim-
ilar trends in thermal relaxations to that of the neat
LCE. It, therefore, seems that the amount of Kraft
lignin has no dramatic effects on the orientational
and positional orders of the LCE structures at ele-
vated temperatures. However, in absolute terms,
Kraft lignin content significantly increases the stor-
age modules (£’ values) of the ELC composites in
both nematic and isotropic states at 25 and 110 °C.
The results show that the £’ of the neat LCE at these
states are 6.5 and 0.3 MPa, respectively. The £’ of the
composites increases upon the addition of Kraft
lignin by approximately an order of magnitude at ne-
matic state and well above that at isotropic states
summarized in Table 1. This enhancement in the
storage modulus in the composites compared to neat
LCE was expected as the rigid aromatic structures
of lignin increase the stiffness of the composite
structures [33, 46].

Tan 6 of LCE and ELC composite samples are shown
in Figure 7. Tan delta is the ratio of energy dissipated
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seems to disrupt the orientational order of the LCE
structure and hence the earlier observed onset of ne-
matic to isotropic transition in the LCE composites.

4.4. Shape memory properties

Shape memory properties of the LCE and ELC com-
posites, including Rrand R,, were characterized by a
DHR in tensile mode. The samples were deformed
and recovered via a thermal-induced process using
T as a switching temperature. The Ry is the ability

10 20 30 40 50 60 70 80 90 100 110 120

Temperature [°C]

Figure 7. Tan o of neat LCE and ELC composites at various
lignin contents.

per cycle of sinusoidal deformation (loss modulus,
E") over the storage modulus, £"/E". From the dia-
gram, the overall trend in tan delta curves of all com-
posite samples is similar to the neat LCE. They ex-
hibit two distinct peaks at different temperature
regions. The first peak corresponds to 7, and the
second peak is defined as 7y;. For shape memory ap-
plications, Ty is typically used as the switching tem-
perature between the original and temporary shapes
because this temperature is commonly higher than
the room temperature and hence less sensitive to
changes in the ambient conditions. Table 1 also sum-
marizes the Ty of all samples, and it can be observed
that incorporating lignin into the LCE reduces this
temperature. As the temperature increases, the kinet-
ic energy of the structural unit in both lignin and
LCE rises, which results in both increased overall
free volume and enhanced mobility of the molecules
in LCE matrix and the lignin filler. This is the pos-
sible driving factor for the further interaction be-
tween the functional groups of the two polymers.
With the increased interaction, and perhaps through
diffusion-based mechanism, the rigid lignin structure

to maintain a temporary shape of the samples after
unloading at a low temperature. The R, relates to the
recoverability of the samples to their original shape
upon being reheated to an elevated temperature. The
values of these two key shape memory properties
were calculated by Equations (1) and (2). Figure 8
illustrates changes in the strain of the neat LCE and
3 wt% Kraft lignin ELC composites in various steps
of the shape memory process. The results show that
the Rrof the neat LCE sample is 91.2%. Meanwhile,
the LCE exhibits an excellent R,, approximately
99.7%. For the ELC composites, the Ry significantly
improved with increasing Kraft lignin content, as in-
dicated in Table 2, where composites show an R; of
nearly 100%. It is suggested that the aromatic struc-
tures of lignin with strong intermolecular hydrogen
bonding can enhance the netpoints density in the
composite system, leading to an improved Rt of the
composite samples [30, 47].

Table 2. Shape memory properties of the neat LCE and ELC
composites.

Samples

Neat
LCE

ELC
composites +
3 wt% lignin

ELC
composites +
5 wt% lignin

ELC
composites +
7 wt% lignin
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Figure 8. Changes in the strain as a function of the temperature of neat LCE sample (a) and ELC composite with 3 wt%
lignin (b) via the thermomechanical shape memory process.
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Figure 9. Steps of the thermomechanical shape memory
process of LCE and 7 wt% lignin-ELC composites.

Figure 9 illustrates the steps taken during the ther-
momechanical shape memory process for the cases
of neat LCE and ELC composites with 7 wt% lignin.
A rectangular shape of various samples was first
heated at 105 °C for 15 min by a heat gun. Then, the
sample was manually deformed to a curled shape at
this temperature. It is then cooled down to room tem-
perature to maintain the temporary shape in this step.
In the recovery step, the curl-shaped sample was re-
heated at 105 °C, resulting in a gradual recovery of
the sample to its original rectangular shape. As a
comparison, the shape memory behavior of the com-
posite samples was also studied through a similar
thermal-induced process, which turned out to be
similar to the neat LCEs; however, the recovery time
is faster than the neat LCE sample.

To evaluate the recovery time of LCE and ELC com-
posite samples at a well-defined temperature, we
measured their recovery angle over time through the
following protocol. The rectangular-shaped samples
with 3 mm thickness were deformed to a U-shape at
105°C (above their Ty;). The samples were then
cooled down to room temperature to fix this shape.
The samples were placed in an oven, and their shape
recovery behavior over time was quantified through
readings of a degree protractor set inside the oven
(see Figure 11). The initial U-shape of the samples
was set as 0° on the protector. A video camera record-
ed the recovery angle of the samples as a function of
time at 105 °C until the samples recovered to a rec-
tangular shape (180°).

Figure 10 shows the recovery angles of all the sam-
ples as a function of time. It further shows that the
angle of the neat LCE sample initiates its recovery
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Figure 10. Recovery angle of the neat LCE and ELC com-
posites with various lignin contents as a function
of time.

at 70 s and fully recovers at 100 s. In addition, the
presence of Kraft lignin content reduces the recovery
time of the composite samples. The ELC composites
with 3, 5, and 7 wt% Kraft lignin start to recover at
40, 20, and 10 s, respectively. Eventually, all-com-
posite samples recover to a rectangular shape within
85, 75, and 70 s, respectively. These results further
suggest that lignin operates as extra netpoints or hard
segments in the shape memory mechanism, leading
to an enhanced ability to store a higher degree of
elastic energy during the deformation process [48].
The release of this energy during the recovery
process associated with the mobility of the flexible
tails of the LCE structure enables the ELC compos-
ites to recover faster than the neat LCE.

Figure 11 illustrates a series of screenshots of the re-
covery behavior of all LCE and ELC composites at
various times through their recovery process at
105°C. It is observed that lignin improves the recov-
erability of the ELC composite samples compared
to the neat LCE.

4.5. Scanning electron microscopy (SEM)

The surface morphology of the 7 wt% lignin ELC
composites fracture was studied using SEM analysis
with magnifications of 100x to 200x. This analysis
allows the investigation of the dispersion of Kraft
lignin particles in the LCE matrix. Figure 12 illus-
trates that the Kraft lignin particles are spherical and
embedded within the matrix. In this case, the spher-
ical shape of Kraft lignin is necessary for its isotropic
reinforcement [49]. The Kraft lignin is liable to ag-
glomerate in the LCE matrix due to the stronger co-
hesion and weaker adhesion forces to the phenolic
structures between the lignin particles [50]. The par-
ticles further exhibit a large scatter in the particle
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Figure 11. Screenshots of recovery angle at various times during the recovery process of LCE and ELC composites at 105 °C,
recorded by a video camera; a) neat LCE, b) ELC composite with 3 wt% lignin, ¢) ELC composite with 5 wt%

lignin, and d) ELC composite with 7 wt% lignin.

size range, which is mainly 20 to 100 um. From this
figure, even though the lignin particles exhibit poor
dispersion and no surface modification, this filler can
improve the properties of the composite samples. It
can be confirmed by the DMA results that an addi-
tion of Kraft lignin content improves the storage
modulus of the ELC composites compared with the
neat LCE counterpart. In this case, the lignin parti-
cles are responsible for the rigid reinforcing phase
due to their high stiffness.

a)

For shape memory applications, Kraft lignin distrib-
utes throughout the LCE matrix, allowing an in-
crease in the netpoints density in the composite struc-
tures. Furthermore, the ability to hydrogen bonding
of this filler with other molecular structures con-
tributes to the netpoints density of the composites
[47]. Thus, the addition and distribution of this bio-
material in the LCE samples can improve the shape
memory characteristics, including Ry as well as re-
covery time of the ELC composites based on RM257.

S yato .

Figure 12. SEM fractured surface of ELC composites with 7 wt% lignin at 20 pm (a) and 100 pm (b). Arrows point out

lignin particles.
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5. Conclusions

In this work, we successfully fabricated new diacry-
late mesogen-based ELC composites with Kraft
lignin as the biobased filler for shape memory appli-
cations. The results of the lignin-ELC composites in-
dicate excellent R, via a thermomechanical shape
memory process of nearly 100%. Specifically, the
addition of lignin improves the Ry of the ELC com-
posites in the range of 94.% to 97.0% upon its addi-
tion in the range 3 to 7 wt%, respectively. This bio-
material can also reduce the recovery time of the
composites when heated at a high temperature. The
7 wt% lignin composites could fully recover within
70 s, while the neat LCE sample showed a full re-
covery in 100 s.

Lignin-ELC composites as a novel combination,
provide an excellent opportunity to develop more
sustainable shape memory composite materials, given
that they can be obtained from renewable resources
and are abundant in nature. Lignin offers versatile
chemistry due to its intrinsic structural aromatic
compounds available through functional groups, viz.
p-coumaryl, coniferyl, and syringyl alcohol.
Furthermore, the presence of Kraft lignin imparts
improved dynamic mechanical properties in the
composites by especially promoting the storage
modulus as a key indicator of structures’ true stift-
ness. The tendency of lignin particles to form spher-
ical agglomerates at a macroscopic scale provides
for an isotropic reinforcing effect in the ELC com-
posites while enhancing the shape memory charac-
teristics of the resultant composites.

The overall improved thermal and mechanical stabil-
ities of the ELC composite improve the robustness of
the applications where these are employed and hence
enhance their long-term durability against environ-
ments exerting high thermal and mechanical stresses.
Based on these results, the lignin-ELC composites
have the potential to enable more sustainable appli-
cations of shape memory elastomeric composites in
a variety of industrial environments for smart sensing
and actuations such as soft robotics, smart actuators
and sensors, and high-end space engineering.
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