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ABSTRACT

Shape memory rubber (SMR) is a type of smart rubber that can undergo reversible changes when exposed to external stimuli such as
temperature, solvent, pH, light, magnetic field and oxidation. Lightly crosslinked rubber demonstrated shape memory behaviour
without any initial heat treatment. However, the strength of lightly crosslinked natural rubber latex (NRL) film cured by sulphur is
relatively low. With the concept of sustainability in mind, the idea of fabricating green smart material for continuous development has
motivated researchers to explore the realms of sustainable materials. This research aims to investigate the mechanical behaviour of
starch nanocrystals (SNC) reinforced rubber composite films. To this end, the emphasis is laid on evaluating the effectiveness of SNC on
shape memory effect (SME) of rubber nanocomposite films. In the current work, up to 8 wt% of SNC synthesized by acid hydrolysis was
incorporated into NRL and the mixture was cast to form rubber nanocomposite films. SNC effectively increased the modulus and
energy-storing potential of the rubber nanocomposite films. Moreover, the shape memory behaviour of the rubber nanocomposite films

improved significantly with SNC content, leading to increased shape fixity (Sf) and full shape recovery (Sr).
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1. INTRODUCTION

Smart materials are advanced materials with the ability to
respond to external stimuli by altering their shape or
behaviour enabling them to perform specific tasks in a
controlled manner and distinguish themselves from the
ordinary materials. One class of smart materials are shape
memory polymers (SMPs) that can be programmed to a
temporary shape before triggering the recovery process to
return to their original shape by light [1] or temperature
[2-3] makes them an intriguing prospect to become an
essential matter of research within the field of material
engineering. SMPs present many advantages such as low
cost, ease of processability, high shape recoverability and
biodegradability raised tremendous attention for various
applications, particularly in medical devices, actuators,
sensors and other smart devices [4-6]. These SMPs are
usually crosslinked to a certain extent to retain their
original permanent shape while possessing a glass
transition or crystalline melting region responsible for
impeding the recovery process during a shape memory
cycle.

The most widely studied SMPs are segmental crosslinked
polyurethane which SME deteriorates upon cyclic
deformation due to creeping [7-8]. Thus, it opens
opportunities for the development of novel multi-
functional SMPs. Despite many efforts in developing SMPs,
elastomer based SMPs especially rubber still lack in-depth

research due to their low glass transition temperature (Tg)
that proved to be an obstacle to initiate Sf at room
temperature. In fact, natural rubber (NR) is an ideal
candidate to be developed into SMR because of its unique
molecular arrangement that allows reversible changes
when stress is applied and removed. SME in rubber can be
realized if the temporary deformed shape is fixed in the
absence of stress and returns to its original shape upon
initiating the recovery process. Previous works have
reported two strategies to induce SME in NR (i) strain-
induced crystallization (SIC) in lightly crosslinked NR [9]
and (ii) blending of NR with fatty acids that increased the
Tg of the material [10]. From our recent investigations, the
strength of lightly crosslinked NRL is relatively low due to
the minimum amount of crosslinking agent [11].
Therefore, the use of reinforcing filler such as silica,
graphene oxide, carbon nanoclay and carbon nanotubes is
common to improve the mechanical strength and elastic
modulus of rubber films [12].

Considering sustainability, the substitution of conventional
fillers with eco-friendly bio-fillers is gaining wide
acceptance for various applications, specifically in the
rubber industry. In this sector, fillers play an important
role to improve product performance. Starch is a naturally
occurring abundant biodegradable polysaccharide that is
found in most plants. In the past decades, nanomaterial
derived from renewable sources has been used as a
reinforcing filler in polymers having the term “green” bio-
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nanocomposite [13]. SNC obtained from acid hydrolysis of
native starch has been incorporated into different polymer
matrices for enhancement of mechanical properties,
solvent absorption, thermal properties and barrier
properties [14]. Indeed, SNC had proved to be an effective
nanofiller for enhancement of mechanical properties due
to the ability of SNC to form three-dimensional networks
and excellent filler-matrix interactions [14-17].
Nevertheless, previous works of literature have suggested
the negative effect of filler on shape memory behaviour of
SMPs [18-19]. In spite of this, increasing environmental
awareness and emerging interest in SMPs have motivated
researchers to contribute an immense amount of effort to
developing multi-functional SMPs. Still, considerably little
to no study had been reported on analysing the mechanical
behaviour and SME of rubber nanocomposite films. This
work aims to reaffirm the legitimacy of SME in lightly
crosslinked NRL films. To this end, the mechanical
behaviour of SNC reinforced NRL films was investigated
with an emphasis on evaluating the effectiveness of SNC in
improving shape memory behaviour of rubber
nanocomposite films. It can be regarded as the first step
towards fabrication and evaluation of novel sustainable
bio-SMR with improved mechanical properties.

2. MATERIALS AND METHODS
2.1. Materials

Commercial grade low ammonia concentrated NRL with
61.84% total solid content, 60.16% dry rubber content and
0.30% alkalinity was purchased from Getahindus (M) Sdn
Bhd. The compounding chemicals in dispersion form such
as sulphur, zinc dibutyldithiocarbamate (ZDBC) and zinc
oxide (Zn0) were supplied by Aquaspersion (M) Sdn Bhd.
Industrially available waxy maize starch was supplied by
Imextco (M) Sdn Bhd. Moisture content of the starch was
measured between 11-14% with EN ISO 1666 method.
This product is suitable for laboratory experiments as it
complies with the requirements of EU Directives and
Regulations on foods and foods ingredients.

2.2. Materials Preparation
2.2.1 Synthesising and Characterisation of SNC

Aqueous suspension of SNC was obtained through the
optimised acid hydrolysis technique [20]. 36.725g of waxy
maize starch was mixed with 250 mL of 3.16M sulphuric
acid at 40 °C under a stirring speed of 100 rpm for 5 days.
After 5 days of mechanical stirring, the suspension was
centrifuged and washed successively with distilled water
for 12 minutes at 7800 rpm by Eppendorf Centrifuge 5430
to achieve neutrality. A neutral suspension (confirmed by
pH meter) was achieved after 8 subsequent centrifuging
and washing cycles. At this stage, the native waxy maize
starch was believed to be broken down into nanocrystals
observed visually from changes in the refractive index of
the solution. Next, the aqueous suspension was sent for
ultrasonic treatment at 50% amplitude for 10 minutes to
disperse aggregates. A few drops of chloroform were then

added into the SNC aqueous suspension to prevent the
growth of bacteria before storing in a 4 °C refrigerator.

The morphology of the synthesized SNC was studied using
a Field Emission Scanning Electron Microscope (FESEM),
FEI QUANTA 400F. Aqueous suspension of SNC was
mounted on an aluminium specimen holder before being
inserted into the testing equipment. The sample was tested
at 10kV with 3000 times magnification under vacuum
conditions.

Particle size distribution of SNC was analysed using
Malvern Panalytical Nano-Zetasizer. Aqueous suspension
of SNC was placed on a quartz cuvette before running the
analyzer at 25 °C for 60s. Water with a refractive index of
1.33 and viscosity of 0.89 mPa.s was used as a dispersant
for the test.

2.2.2 Fabrication of Lightly Crosslinked NRL films

NRL was mixed with the chemical compounds shown in
Table 1. Different loadings of sulphur were introduced to
evaluate the effect of crosslink density on shape memory
behaviour of the rubber films. Low content of sulphur is
presented because the formed crystals upon deformation
remain after releasing the stretching force and stabilising
the rubber network in a highly elongated state for lightly
crosslinked rubber films [12]. Firstly, the mixtures were
continuously stirred using a magnetic stirrer at room
temperature under a stirring speed of 200 rpm for 60
minutes to ensure uniform dispersion. The homogenous
mixtures were then casted on petri dishes and glass
moulds to form thin rubber films. Subsequently, the casted
rubber films were heated to 50 °C and conditioned for 5
hours. Vulcanised rubber films were stored at room
temperature for 7 days to allow complete drying. After 7
days, the dried rubber films were removed from petri
dishes and glass moulds before cutting into rubber strips
with dimensions 30mm x 10mm x 1Imm and 150mm x
150mm x 0.3mm respectively.

Table 1 Formulation of lightly crosslinked NRL films

Samples Sulphur ZDBC Zn0

(phr) (phr) (phr)
NRL 0.0 0.00 0.00 0.00
NRL 0.2 0.20 0.40 0.25
NRL 0.3 0.30 0.50 0.25
NRL 0.4 0.40 0.60 0.25
NRL 2.0 2.00 1.00 0.25

2.2.3 Fabrication of SNC Reinforced Rubber Composite
Films

From Figure 3(a) and (b), rubber film with 0.2 phr sulphur
content exhibited the best overall shape memory
behaviour thus all rubber nanocomposite films were
crosslinked with this amount of sulphur. The
corresponding loadings of ZDBC and ZnO were 0.40 and
0.25, respectively. Table 2 shows the amount of SNC
incorporated into NRL. Firstly, SNC aqueous suspension

62



International Journal of Nanoelectronics and Materials (IJNeaM)

and compounded NRLs were stirred with a magnetic
stirrer at 200rpm for 15 minutes to ensure uniform
dispersion of the mixtures. Next, the mixtures were placed
in an ultrasonic bath operating under degas mode with
35kHz frequency and 60% amplitude for 10 minutes to
prevent the formation of irreversible bubbles during the
drying process. Then, the well-dispersed mixtures were
casted on petri dishes and glass moulds before evaporating
in a ventilated oven at 70 °C for 3 hours and subsequently
heated at 105 °C for 30 minutes. The dried rubber
nanocomposite films were conditioned at room
temperature for 7 days before cutting into rubber strips
with 1mm and 0.3mm thicknesses.

Table 2 SNC content in rubber nanocomposite films

Samples SNC (dry wt%)
NRL/SNC 0% 0.00
NRL/SNC 2% 2.00
NRL/SNC 4% 4.00
NRL/SNC 6% 6.00
NRL/SNC 8% 8.00

2.3. Characterization and Shape Memory Behavior of
Smart Rubber

2.3.1 Dynamic Mechanical Analysis (DMA)

DMA was performed using Dynamic Mechanical Analyser
8000 PerkinElmer to relate the effect of SNC on storage
modulus (E’) and tan & peaks of the reinforced rubber
composite films. In each test, rubber nanocomposite film
with dimensions (30 x 10 x 1mm) was loaded with static
force of 0.5N, 2.0 force multiplier and 0.1mm strain under
tensile mode. The operating frequency was 1Hz while the
scanning temperature was programmed from -60 to 110 °C
at 2°C/min. Purging of liquid nitrogen was done to achieve
the required testing conditions. Rubbery storage tensile
modulus at a temperature of 25° C (E’25s) was identified to
evaluate the reinforcing effect of SNC at temperatures
higher than Tg. This analysis revealed the evolution of E’
and tan & against temperature within the investigated
range.

2.3.2 Evaluation of Shape Memory Behavior

A thermomechanical cycle was performed using a special
elongation device operating under strain-controlled mode
to investigate the SME of lightly crosslinked rubber films
and rubber nanocomposite films. A rubber specimen with
dimensions of 30mm x 10mm x 1mm was secured by two
stainless steel clips that acted as clamps. Initially, each
rubber specimen was marked with a 1cm gap that acted as
initial strain (&i) before clamping on the special elongation
device. Then, the rubber specimen was stretched at room
temperature of 25 °C to 600% deformation and the
elongated length was recorded as loading strain (€1). The &
is determined from tensile test that suggested the rubber
films having elongation at break of more than 700%. Thus,
600% is used as & to prevent the overstretching of the
specimens. Subsequently, the rubber specimen was

immediately quenched in 4 °C ice water for 120s to fix the
temporary shape. The stretched sample was then unloaded
from the clips and fixed strain (&f) was recorded. The
recovery process was induced at 37 °C and the recovery
strain was measured (€:). Accuracy of all the measured
length was kept within +0.5mm. S¢ and Sr of the rubber
specimen were then calculated from Equations 1 and 2
after one shape memory cycle.

S (%) = (& / €) x 100 (1)

St (%) = (§1- &) / (€& - €) x 100 2)

3. RESULTS AND DISCUSSION
3.1. Morphology and Particle Size Distribution of SNC

The morphology and particle size distribution of SNC as
determined from FESEM and particle size analysis were
presented in Figure 1. It can be seen from Figure 1(a) that
SNC possessed a spherical shape, and no impurities nor
aggregates were found in the micrograph. This scenario
suggested that SNC was well dispersed in the suspension
and the synthesised method was deemed to not create any
impurities. However, some small parts of the SNC
appeared to be in irregular spherical morphology with
rough surface observed through the micrograph. It is
attributed to the adhesion between starch granules and
surface fracture that occurred during mechanical stirring
and ultrasonic treatment process [21]. The size of SNC in
nanoscale was proved by Figure 1(b). It is clearly shown
that most of the SNCs were distributed in the size of
approximately 600nm. The small part of SNC that was
measured in the microscale is due to incomplete hydrolysis
of native starch. It is because this microscale SNC
measured to be 6um showed equivalent size to native
starch as revealed in Figure 1(c). This event can be
optimised by filtering the SNC suspension before being
incorporated into any matrices. Nonetheless, the findings
from FESEM and Zetasizer analysis suggested that the
synthesising method is effective as SNC dispersed
homogenously in the aqueous suspension and the size was
successfully reduced to the nanoscale.

3.2. Mechanical Behavior of SNC Reinforced Rubber
Composite Films

Figures 2(a) and (b) show the plots of Log E’ and tan 6
against the temperature of the NRL nanocomposite films
with varying SNC content. As revealed in Figure 2(a), the
unfilled rubber matrix exhibited a typical high molecular
weight thermoplastic behaviour. Moreover, from Figure
2(c), lightly crosslinked NRL films showed an analogous
log E’ trend to the unfilled matrix with decreasing E’
against temperature until the glass-rubber transition zone.
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Figure 1. (a) FESEM micrograph of SNC and particle size and size distribution of (b) SNC (c) native starch.

Since NRL 0.2 and NRL/SNC 0% shared the same
formulation, the trend of Log E’ against temperature is
very much alike between each other when comparing
Figure 2(a) and (c). Indeed, rubber nanocomposite films
showed a similar pattern to the unfilled matrix indicating
the incorporation of SNC maintains the elastomeric
properties along with viscoelastic behaviour within the
material. The rubber nanocomposite films behave like a
glassy material where they are rigid and brittle at a
temperature below Tg with decreasing storage modulus
against temperature but remain in the range of 1-3GPa. A
sharp decrease of E’ accounting to approximately 2-3
decades corresponding to the primary relaxation process
related to glass-rubber transition which resulted in a
damping scenario reflected in Figure 2(b). This sharp
decrease of E’ occurred at a temperature of -60 °C for NRL
nanocomposite films. In fact, an obvious glass-rubber
transition zone corresponding to the horizontal glassy
region of the materials is not shown in Figure 2(a) and (c)
due to the certainty surrounding Tg of NRL films being -65
°C [22]. The modulus then reached a broad rubbery
plateau region that remained above 1MPa suggesting the
flexibility, elasticity and capability of returning to its
original shape for a wide range of temperatures. Indeed,
the E’ of SNC-filled rubber composite films are higher than
the unfilled matrix at the rubbery region. This advocated
that SNC possessed a significant reinforcing effect at
temperatures higher than Tg. As shown in Table 3, the E’2s
of rubber nanocomposites films containing 2%, 4%, 6%
and 8% SNC are 1.64, 2.48, 3.25 and 4.45 times higher than
the unfilled rubber matrix. This reinforcing effect is due to
the formation of a robust network of SNC interconnected
through strong hydrogen bonds and excellent filler-rubber
interactions [23-24].

The evolution of tan § against temperature displayed a
peak located at Tg of the rubber nanocomposite films as
shown in Figure 2(b). This relaxation process known as a-
relaxation is associated with the anelastic behaviour
observed during the glass-rubber transition of the
material. SNC-filled rubber composite films have
comparable Tg to unfilled rubber matrix which is at
approximately -50 °C presented through the peak of
temperature (To) displayed in Table 3. This finding is
aligned with the result identified from other literature

where the addition of SNC from different botanical origins
on NR resulted in similar Tg [25]. Thus, it can be
interpreted that the incorporation of SNC within the
dosage of 2-8% will not directly affect the chain mobility
that governs the Tg of a material. In the case of lightly
crosslinked natural rubber, increasing sulphur loading
resulted in a slight shift to the right of tan & curves as
shown in Figure 2(d). This is because higher crosslink
density restricted the movement of rubbery chains that in
turn increased Ty of the material. Moreover, the magnitude
of tan § peaks (l«) were listed in Table 3. These values
provide insight regarding the energy dissipation ability of
the NRL nanocomposite films as the viscoelastic behaviour
of rubber enables it to store part of the energy applied
upon deformation and disperse the other part through
viscous dissipation. It was found that SNC-reinforced NRL
composite films possessed lower I« than the unfilled
rubber matrix. This is due to the reduced energy loss
attributed to the decrease in molecular motions of the
polymer chain which is the result of good intermolecular
interactions between filler and matrix [26]. Therefore,
rubber nanocomposite films act more elastic and have
greater potential to store energy rather than dissipate it.
This characteristic can be explored through the shape
memory behaviour more particularly the ability to
improve St within the rubber nanocomposite films.

Table 3 E’zs, Te and I« of NRL nanocomposite films

Samples E2s 3‘“ Ia
(MPA) (°C)
NRL/SNC 0% 0.73 -46.45 2.75
NRL/SNC 2% 1.20 -50.42 2.45
NRL/SNC 4% 1.81 -49.10 2.06
NRL/SNC 6% 2.37 -49.76 2.41
NRL/SNC 8% 3.25 -48.78 2.08
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Figure 2. Plot of Log E’ against temperature for (a) NRL nanocomposite films (c) lightly crosslinked NRL films and tan
6 against temperature for (b) NRL nanocomposite films (d) lightly crosslinked NRL films.

3.3. Shape Memory Behavior of Smart Rubbers

Figure 3(a) and (b) show the SME of lightly crosslinked
NRL films. As shown in Figure 3(a), crosslink density plays
an important role in St of the rubber films. It was suggested
that the crystallinity index decreased almost linearly with
crosslink density due to the interruption of increasing
chemical crosslinks [27]. Therefore, highly crosslinked
NRL 2.0 failed to demonstrate any Sr as the rubber film
restored its original shape immediately after releasing the
stretching force. Accounting to the same reason, S¢ ranking
of the investigated lightly crosslinked rubber films is as
follows: NRL 0.2, NRL 0.3, NRL 0.4. Interestingly,
uncrosslinked rubber films referring to NRL 0.0 showed
50% of St This is due to the existence of end-linked
networks attributed from functional groups located at both
ends of the rubber chains form linkages with natural
impurities aided in the occurrence of SIC [28]. On the other
hand, the lack of crosslinking in NRL 0.0 caused permanent
plastic deformation that prevented full Sr of the rubber
films as shown in Figure 3(b). Overall, NRL 0.2 exhibited
the best SME achieving 75% Sf and 100% Sr. This finding
suggested that within the investigated context, 0.2phr
sulphur is the ideal content for the development of SMR
that is capable of keeping the rubber films constraint at
high elongation with no plastic deformation upon the
activation of Sr.

Rubbers hold significant promise for being categorised as
smart material owing to its exceptional molecular
structure and distinctive physical properties. In the case of
NRL films, the rubber matrix is an amorphous polymer at
room temperature that crystallises under strain and
promptly reverts to its initial shape upon the release of
stretching force while the crystals disappear during this
process. Furthermore, Tz of NRL that is well below room
temperature obstructs its necessary properties to exhibit
SME. However, crosslinking of NRL at the borderline
between thermoplastic and elastomer enables the
development of stable SIC at room temperature. This
characteristic can fix the temporary network at a highly
elongated state and return to its original shape at a
temperature of around 37 °C. The heterogeneity of
crosslinked network points and short chain structure of
the network regions lead to preferential growth of crystals
under tensile deformation [29]. These elements provide
the necessity for NRL to be the first SMP that can be
programmed without initial heat treatment.

It was realised that NRL 0.2 achieved the best overall SME
among the other lightly crosslinked NRL films. Therefore,
every NRL nanocomposite film with varying SNC dosage
was crosslinked with 0.2 phr of sulphur. Figure 3(c) and
(d) reveal the SME of NRL nanocomposite films
programmed at room temperature. It was shown in Figure
3(c) that St of the rubber nanocomposite films increased
with SNC content. This is primarily because of the
increased crystallinity of the material that resulted in
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Figure 3 SME of (a) & (b) lightly crosslinked NRL films, and (c) & (d) NRL nanocomposite films

improved SIC of the NRL nanocomposite films. Two clear
mechanisms of crystallisation were noted for rubber
nanocomposite films which are in contrast to the single
step of crystallisation observed in unfilled rubber films
[30-31]. The first phase is associated with the alignment of
nanofillers during deformation whereas the second phase
was ascribed to the typical SIC of rubber matrix. Thus,
strong orientation in the direction of stretching provides
SNC the fundamental condition to act as effective
nucleation sites for formation of crystallites within the
rubber. This circumstance developed a more orderly
arranged macroscopic rubber structure which enhanced
the phenomenon relating to SIC therefore resulted in
increased Sf of SNC-reinforced composite films. Such
finding has also been reported on carbon nanodots filled
NR composites [32]. The upper limit of Sr achieved by NRL
nanocomposite films is 91.7% corresponding to NRL/SNC
8%. As a result, the incorporation of 8% SNC to NRL
improved the St of the rubber nanocomposite films by 37%
compared to the unfilled matrix. Moreover, as revealed in
Figure 3(d), no negative effect was observed on S of the
investigated rubber films. In fact, all filled and unfilled
rubber films exhibited 100% S: over a single shape
memory cycle indicating the absence of plastic
deformation. As a comparison to other fillers, carbon
nanotubes filled NR/paraffin wax blend exhibited 93% St
and 82.7% Sr resembling the presence of permanent
deformation [33].

Therefore, it can be interpreted that the incorporation of
SNC increased the shape fixing capability while
maintaining the elasticity of the rubber nanocomposite
films. This demonstrated the effectiveness of SNC in
enhancing the shape memory behaviour of smart rubber.

4.0 CONCLUSION

In this work, the mechanical and shape memory behaviour
of smart rubbers have been systematically explored.
Additionally, the effectiveness of the SNC synthesising
method is evident from the homogenous dispersion of SNC
aqueous suspension, as demonstrated by FESEM. The
successful breakdown of native starch into nanoscale
particles is also confirmed. There are no significant
challenges faced during the incorporation of SNC into
rubber latex apart from the considerably long synthesising
time for SNC. It was found that SNC is an effective
reinforcing filler for NRL as E’zs of rubber nanocomposite
films constantly surpasses that of the unfilled rubber
matrix. Moreover, the incorporation of SNC into NRL has a
negligible effect on Tg while increasing the energy-storing
potential of the material. Lightly crosslinked NRL films
exhibited shape memory behaviour with NRL 0.2
demonstrating the most promising overall SME
performance, featuring 75% Sr and 100% Sr. The roles of
SIC and the degree of crosslink density were found to be
significant in developing SMEs within lightly crosslinked
rubber films. Moreover, NRL nanocomposite films have
consistently displayed higher SME compared to the
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unfilled matrix attributed to the increase in SIC and
crystallinity of the materials. Within the investigated
range, the upper limit of SME was demonstrated by
NRL/SNC 8% achieving 91.7% Srand 100% Sr. Thus, it can
be inferred that SNC effectively enhances the shape
memory behaviour of rubber films. Durability test for the
long-term performance evaluation of the smart rubber will
be taken into account as future work. Furthermore, more
characterisation works such as X-ray diffraction (XRD) will
be performed to further ascertain the presence of SNC in
the SMR.
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