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Abstract: Traditional synthetic polymers pose significant risks to the environment, and native starch-
based films usually have impaired mechanical strength and lack physical functionality. This paper
explores the physical, mechanical, and morphological characteristics of the first biocomposite films
made of arrowroot thermoplastic starch (AS) reinforced with different concentrations (1, 3, 5, and
10 wt%) of graphene nanoplatelets (GNP). The films were made by a more traditional solution-
casting technique in a combination of glycerol and sorbitol as a plasticizer. The findings showed that
there was a positive relationship between GNP loading and film thickness, with density reaching a
maximum loading of 1% and then levelling off because of the agglomeration effect of fillers. Mechanical
testing results showed that the addition of 5% GNP maximized the strength of the material, where the
tensile strength was a maximum of 2.83 MPa, and the Young’s modulus was 128.25 MPa, which was
a great improvement over that of the neat starch control. Interestingly, the elongation at break was
highest with 3% GNP loading (14.37%), and this indicated an optimum ductile balance. Field Emission
Scanning Electron Microscopy (FESEM) verified that low-to-moderate loadings resulted in dense and
integrated microstructure, whereas higher concentrations (10%) resulted in high agglomeration of
GNP and micro-voiding. Further tests showed that GNP reinforcement enhances thermal stability and
resistive response by means of Differential Scanning Calorimetry (DSC) and electrical characterisation,
respectively. These results are indicative of the fact that optimised AS/GNP biocomposites are a
potential, environmentally appropriate, and inexpensive substitute for the next generation of flexible
electronic sensors and devices.
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1. Introduction
In the pursuit of environmentally sustainable materials, scholars have increasingly focused on

biocomposites as viable substitutes for conventional synthetic polymers [1]. The primary constituents
of the material class referred to as biocomposites consist of a biodegradable polymer matrix and
one or more fillers [2]. When these components are combined, the mechanical properties improve.
Natural fibers are increasingly being used in place of synthetic fibers when making biocomposites.
Examples of these fibers include flax, hemp, sisal, and others [3]. The use of these fibers will bring
higher sustainability.

The arrowroot plant (Maranta arundinacea) is essential to the production of biodegradable goods
like biocomposites. The primary source of arrowroot’s fiber and starch is the rhizome. It has tuberous
rhizomes and lengthy, fibrous roots [4]. The rhizome of arrowroot has a high starch content. It is well
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known that the extracted starch digests quickly and has good gelling qualities. Because of its high
amylose content of 35.20%, it can be used to produce films [5]. Due to its versatility as a hydrocolloid,
thickening and gelling agent, encapsulating and coating agent, and as a component of economically
friendly electronic products such as sensors, this starch has a great deal of potential to replace ordinary
starch [6].

A single sheet of carbon atoms organized in a hexagonal pattern is called graphene [7]. It is the
thinnest substance in the world, with a thickness of just 0.334 nm [8]. They have an enormous specific
surface area of 2600 m2/g, a high electron mobility of 200,000 cm2/Vs, an enhanced thermal conductivity
of 3000–5000 Wm/K, an extreme optical transparency of 97.4%, remarkable mechanical strength, and
a Young’s modulus of 1TPa are just a few of their unique properties [9]. Industrially available graphene
nanoplatelets are a combination of graphene and graphite. Because of their planar shape, low weight,
high aspect ratio, electrical conductivity, affordability, and mechanical durability, these nanoparticles are
appealing [10]. Numerous technical fields have already made use of graphene nanoplatelets (GNP) [11].
The tribology, mechanical, biological, gas barrier, flame retardant, and heat conduction properties of
GNPs-based materials are enhanced. Moreover, GNPs could change plastic into an electrical conductor
and a conformable electronic material [12].

Biopolymer composites are under consideration to replace conventional polymers, which are
widely used for various applications that require good physical, morphological, and mechanical
properties, which are not achieved in the case of GNP and arrowroot starch (AS) biocomposite [13].
This replacement consideration is due to the polymer environmental issues and hazards during the
manufacturing process, as it produces chemicals that can be harmful to humans [14]. The high amylose
content (between 16% and 27%) of AS makes it a suitable polymeric material to produce biodegradable
films [15]. Better mechanical and physical qualities can be achieved by producing films with a higher
amylose concentration in the starch [16]. Thus, it is crucial to determine the properties of biopolymer
composites such as GNP and AS biocomposites, as they can be a potential replacement.

Although the inherent nature of the arrowroot-derived thermoplastic starch is biodegradable and
renewable, a rigorous analysis of its degradation behaviour, recyclability, and life-cycle performance
is needed to support the arguments of sustainability [17]. The incorporation of graphene nanoplatelets
(GNPs) can significantly change the environmental footprint of the composite through changing the
biodegradation rates, microstructural disintegration mechanisms, and end-of-life behaviour [18]. A
case in point, carbon nanofillers of high aspect ratio decrease water permeability and accessibility
to the microbes, and thus, they may slow down hydrolytic and enzymatic degradation of the starch
structure [19]. Besides, importances like mechanical stability of reprocessing and maintenance of filler
across repeated processing cycles should be analyzed to determine the circularity of the materials. An
analysis of environmental sustainability will be more realistic, taking into consideration all the cycles
of life, such as the sourcing of raw materials, fabrication energy requirements, duration of operations,
and disposal channels [20]. Therefore, critical analysis of degradation, recyclability potential, and life
implications is required to scientifically validate graphene-reinforced arrowroot starch films to use in
the flex route of electronics, besides just citing their bio-based origin.

Better mechanical and working capability of distinguished composites of graphene nanoplatelet-
reinforced arrowroot starch is not due to increased dispersion at all but must be explained through
the prism of a mechanistic approach only [21]. At low filler loadings, single GNPs mainly behave as
stress concentrators, but with a further increase in the concentration, a continuous conductive and load-
bearing network will develop, approaching both the electrical and mechanical percolation limits [22].
This percolated network helps in carrying out effective electron transport pathways and redistribution of
stresses across the matrix of the composite. Efficiency in reinforcing is further controlled in interfacial
stress transfer between GNPs and the thermoplastic starch matrix. The transfer of the load depends on
the interfacial adhesion, hydrogen-bonding between hydroxyl groups of starch and oxygen-containing
groups of the graphene surfaces, and an important threshold of filler interactions with the matrix, which
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has an alleviating effect on the pull-out and the slippage. The balance between filler agglomeration
and network structure determines the switch in behavior between reinforcement-dominated and defect-
dominated behavior [23]. Hence, explanation of the percolation process, interfacial bonding, and
interaction energy explains the structure-property relations, which are a unique characteristic of the
graphene-reinforced arrowroot starch films.

One of the most common applications of graphene nanoplatelets is due to their high electrical
conductivity, large specific surface area, mechanical strength, and chemicals. However, other graphene-
based nanomaterials such as graphene oxide (GO), reduced graphene oxide (rGO), and graphene
quantum dots (GQDs) have different physicochemical properties that are especially relevant in flexible
electronics and nanosensor technology [24]. GO has a lot of oxygen functional groups, such that the
groups improve the dispersibility in hydrophilic biopolymer matrices and strong interfacial interactions
with hydrogen bonds. When a sp 2 carbon network is partially restored, rGO gains an increase in
electrical conductivity without losing functional groups that enhance its compatibility with matrices, thus
making it a strain sensor, piezoelectric transmitting material, and a flexible conduction film. Quantum
confinement and edge-state motor belonging to the category of GQDs, these materials exhibit tunable
photoluminescence, large surface reactivity, and greatly highly efficient with biocompatibility, which
are beneficial to optical sensing and bioelectronic technologies [25]. The use of hybrid, more so, GNPs
in combination with GO, rGO, or GQDs allows further optimization of electrical, mechanical, and
sensing functionality by means of synergistic optimization of conductivity, functionality, and dispersion
stability [26]. Thus, the necessary accentuation of the peculiarities and nano-sensor use of these graphene
derivatives emphasizes the novelty and the topicality of the graphene-based arrowroot thermoplastic
starch composites to further electronic appliances of the next generation [27].

This research study effectively fills the essential void in the creation of material systems that
characterize sustainable, high-performance materials in flexible electronics, namely, the study of the
characteristics of a new GNP and AS biocomposite. Whereas earlier research has already covered the
topic of biocomposites, the morphological, physical, and mechanical characteristics of this combination
have not been thoroughly covered. We show that the tensile strength and Young’s modulus of the
biocomposite increase when the GNPs are introduced, with an optimal loading of 5% GNP producing the
highest tensile strength and Young’s modulus, turning the material tougher and harder. These mechanical
findings were supported by the Field Emission Scanning Electron Microscopy (FESEM) analysis,
whereby at the higher concentration (10%), GNP agglomeration forms voids that eventually destroy the
integrity of the material. These findings bridge an important gap in knowledge as they enable a clear
direction to be taken in the future to develop safer, quality, and eco-friendly sensors and other electronic
elements. The research points out that through the proper regulation of the concentration of GNP, it can
be possible to adjust the physical characteristics of the biocomposite to suit the exacting needs of the
next generation of electronic devices.

2. Experimental
2.1. Materials

Arrowroot rhizomes were obtained from a supplier through a local store. The glycerol and sorbitol
plasticizer, which has a purity value of 99.5%, is provided by Evergreen Engineering & Resources,
Semenyih, Selangor, Malaysia. The solvent for preparing filmgenic solutions was distilled water. The
GNP is procured from GO Solution Sdn. Bhd, Kuala Lumpur, Malaysia. Figure 1 shows the flow chart
of the methodology process for this research work.

2.2. Preparation of samples
2.2.1 Extraction of AS

The extraction of AS involved a conscientious process to obtain high-quality AS. With certain
modifications, AS was extracted using a technique described by Nogueira et al. [28]. The rhizomes of
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arrowroot were chosen, peeled, cleaned with pipetted water, sliced, and left in a solution of potassium
metabisulfite (0.03%, m/m) for 15 min. After that, it was crushed for five minutes in a high-speed
stainless steel industrial blender (Toshiba BL-70PR1NMY 2.0L Blender) using distilled water in the
ratio of 1:2 (m/m) of arrowroot to water, until a homogenous mass was achieved. A double cotton
cloth filter was used to filter the obtained material. Three rounds of mass washing with distilled water
were required to completely remove the starch and separate the fibers. Following around 12 h of starch
sedimentation, the water was manually separated using a flow mechanism. Figure 2 shows the flow chart
of the AS extraction.

Figure 1. Flow chart of the methodology process

Figure 2. The flow chart of AS extraction
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2.2.2 Preparation of film
The conventional solution casting method was used to prepare arrowroot-based films. The process

of dissolving a substance or polymer in an appropriate solvent and then casting or spreading the solution
onto a substrate is known as solution casting, and it is a technique used to make thin films or coatings.
This method is commonly employed in the fabrication of polymer films, composite materials, or thin
coatings. Starch was dissolved in distilled water, and the mixture is heated to 85◦C in a thermostatic
bath while stirring continuously for about five minutes. The starch solution was then homogenized after
glycerol and sorbitol of combined 30% were added in a ratio equal to 1:1.

Boonphayak et al. reported that the glycerol sorbitol mixture produced a biofilm with desirable
characteristics to be used in packaging such as significantly decreased solubility and good elongation
performance [29]. These are the qualities required in the development of good packaging materials. The
findings explain the synergistic activity of adding the glycerol sorbitol mixture at the concentration of
30 wt-based (1:1 ratio) which gave them increased water resistance and reduced solubility, especially
when strengthened with an AS/GNP composite film [29].

Then, 1, 3, 5 and 10% of GNP is added into four different solutions. There are 4 samples that
contain the GNP solution and one constant variable which does not contain GNP. The resultant solutions
were poured into 14 cm-diameter petri dish plates in aliquots of 53.85 g each. After 12 h at room
temperature (25 ± 5◦C), the films were dried [30]. The films were dried and then conditioned at 45◦C
for 18 h before being characterized. The temperatures of 45◦C and 15 h were chosen as the optimum
temperature due to the reported result using high temperatures (Ilyas et al. and Sanyang et al.). High
temperatures might cause thermal degradation or damage on the nanocomposite film; therefore, the use
of high temperatures was avoided to prevent loss of material integrity [31,32]. Figure 3 shows the film
forming process while Table 1 shows the composition formulation of AS reinforced GNP biopolymer
composite film.

Figure 3. The flow chart of AS reinforced GNP biocomposite film preparation
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Table 1. Composition formulation of AS/GNP biopolymer nanocomposite film

Type of sample AS (g) GNP Loadings (%) Sorbitol (%) Glycerol (%) Distilled water
(mL)

AS/ARNC0 10 0 15 15 180
AS/GNP1 10 1 15 15 180
AS/GNP3 10 3 15 15 180
AS/GNP5 10 5 15 15 180
AS/GNP10 10 10 15 15 180

2.3. Characterization
2.3.1 Thickness

The physical properties of the AS/GNP biocomposite film are influenced by its thickness, which is
a crucial parameter. A precise assessment of the film’s thickness is necessary to guarantee consistency
and uniformity across a range of uses. A thorough grasp of thickness helps regulate the weight and
flexibility of the material, especially in applications like packaging where adhering to strict thickness
specifications is essential to preserving product integrity. To measure the thickness of the film samples
with an accuracy of 0.001 mm, A digital micrometer can be used. This method follows ASTM method
F2251 [33].

2.3.2 Density
The measurement of the density of the composites was done on a densimeter (XS205, Mettler-Toledo

(M) Sdn Bhd.) according to the ASTM standard D792 [34]. The size of the sample was 20 × 20 mm
and ethanol was used as the immersion liquid here. Each of the three measurements was moved through
an equation to determine the density (ρ) by using Eq. (1).

ρ = m/v (1)

where the m, mass was measured in grams (g), and the v, volume was calculated by multiplying the film’s
area by its thickness. The thickness of the biopolymer composite film was measured using a micrometer
(Mitutoyo-CO, Kawasaki, Japan) having precision of 0.001 mm. Each film was also measured in three
replications and later calculated according to the ASTM Method F2251 [35]. The average value resulting
from the measurements of the film provided the actual film thickness.

2.3.3 Water content (WC)
The water content of the AS/GNP biocomposites is another significant aspect influencing their

performance in various applications. This employs the ASTM D664-07 methodology. All samples were
first weighed (Mi) and then dried at 105◦C for 24 h. Afterward, they were weighed again (Mf ). Eq. (2)
shows the equation of Water Content, WC (%) [33].

WC (%) =
(

Mi − Mf

Mi

)
× 100 (2)

2.3.4 Mechanical testing
Tensile testing was done on the films to ascertain their mechanical characteristics with ASTM D882-

02 standard. The films of all GNP loadings and controls must be cut into 70 mm × 10 mm and fastened
between the machine’s clamps. The testing is done on a 5 kN Instron 3366 tensile machine with gauge
length and crosshead speeds of 30 mm and 2 mm/min. A total of 5 samples were taken for each variation
of films and the mean value is taken [36].
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2.3.5 Field emission scanning electron microscope (FESEM)
A field emission scanning electron microscope (FEI Nova NanoSEM 230) was used to observe

the morphology of the biopolymer composite films. The samples were coated with thin layer of gold
through argon plasma sputter coating in order to avoid surface charging [37]. FESEM analysis then was
conducted at accelerating voltage of 3 kV.

2.4. Differential scanning calorimetry (DSC)
Differential scanning calorimetry of the AS/GNP composite materials were found with the help of

a Mettler Toledo (Malaysia) differential scanning calorimetry (DSC) device. The temperature of the
specimens was raised during the examination by heating them at a steady rate of 10◦C between 25 and
300◦C. The experiment was conducted in the condition of 40 mL/min nitrogen flowing.

2.5. Electrical properties
The fabrication of the film was done to fit the four-probes test apparatus as per the dimensions

needed. A Keithly 2400 Source SMU that was used in DC mode (Tektronix, Beaverton, United States)
and a 4-point probe MST-2000A Four-Point Probe System (MSTECH Co., Ltd., Republic of Korea)
were used to measure the V-I properties of the AS/GNP nanocomposite film.

3. Results and discussion
3.1. Physical testing
3.1.1 Thickness

The bar chart in Figure 4 shows the thickness of the different composite film samples, which include
a control sample and arrowroot starch reinforced with increasing loadings of GNP of 1%, 3%, 5% and
10%. An apparent trend of change is observed in which GNP addition to the starch matrix results in a
gradual increase in the film thickness compared to the control sample [38].

Figure 4. Graph of thickness with different loadings of the GNP film sample

The control film records the lowest thickness of 0.199 mm, therefore, forming a relative benchmark.
When 1% GNP (AS/GNP1) is incorporated, the thickness value significantly increases to 0.261 mm,
which suggests that the addition of nanofillers contributes to film formation and potentially films can
be improved through molecular packing. This is followed by increases in AS/GNP3 and AS/GNP5,
reaching a thickness of 0.273 and 0.312 mm, respectively. These data indicate that the increase in
the concentration of the GNP contributes to the densification of the film and the strengthening of the
structure [39].
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The highest reading of the thickness of AS/GNP10 is 0.395 mm, and it nearly doubles that of
the control samples. The analysed significant growth opportunities indicate that high GNP loadings
appear to cause reinforcement of the interfaces and facilitate the structuring and consolidation of
the film [40]. However, the same phenomenon could also refer to greater filler aggregation, thus
influencing the structure of the film [41]. Overall, the empirical data reveal that the addition of graphene
nanoparticles (GNPs) produced a direct effect on the film, thus indicating a positive correlation between
the concentration of nanoplatelets and the dimensional features of the formed film [42].

3.1.2 Density
Figure 5 shows the density of the AS/GNP composite films, which indicates there is a pronounced

correlation between density and the loading level of GNPs. The density of the unmodified control sample
is 1.175 g/cm3. Denser incorporation of 1% GNP (AS/GNP1) causes a significant increase in density
to 1.4475 g/cm3, which is the highest value of all the specimens. This sharp improvement shows that a
small addition of GNP can enhance the packing ability of the starch matrix, presumably due to enhanced
dispersion and strong interfacial behavior between AS and GNP. This densification effect is achievable
by the naturally strong intrinsic density of graphene, which leads to the corresponding increase in the
compactness of the matrix [43].

Figure 5. Graph of density with different loadings of the GNP film sample

When graphene nanoplatelets (GNP) are added to the aqueous starch (AS) matrix, the addition of
only the first batch of the filler causes increased density, but threshold changes are minimal, which
indicates a possible filler agglomeration and dispersion limitation at higher loading [44].

On the other hand, increasing the GNP content up to 3%, 5%, and 10% reduces the density to
1.1767, 1.1905, and 1.2105 g/cm3, respectively. Such values are also close to the control and significantly
less than those of AS/GNP1. The trend suggests that loading beyond 1% reduces GNP dispersion
homogeneity, which encourages agglomeration. Aggregated GNP may cause micro-voids or reduce
effective packing into the matrix, thereby compensating the expected density increase of a high-density
filler. The small incremental change from 3% to 10% is because of partial filler contribution, but the
resulting effect is not as high as in the case of 1% loading [45].

The recorded standard deviations are moderate, especially for AS/GNP1 and AS/GNP10, which can
be explained by heterogeneity in the filler distribution. Overall, the information demonstrates that GNP
loading in the AS matrix is optimized at 1%, while higher loading creates structural anomalies limiting
additional increases in density. This behavior is consistent with known nanofiller systems, where there
is an optimum filler concentration above which agglomeration prevails in the composite structure.
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3.1.3 Water content
The Figure 6 bar chart illustrates the water content (%) of AS/GNP biopolymer nanocomposite films

with varying GNP loadings compared to the control. The control sample recorded a water content of
7.69%, representing the inherent hydrophilicity of starch. When 1% GNP was introduced (AS/GNP1),
the water content increased significantly to 11.63%, indicating that at low loading, the addition of GNP
may disturb the polymer network and create additional free volume, thereby facilitating higher water
uptake [46].

Figure 6. Graph of water content with different loadings of the GNP film sample

However, when the GNP content was increased to 3% (AS/GNP3), the water content decreased
to 7.55%, which is close to the control value. This suggests that better dispersion of GNP at this
concentration could enhance barrier properties by reducing the availability of free hydroxyl groups for
water interaction. The most significant reduction was observed at 5% GNP (AS/GNP5), where the water
content dropped to 4.8%. This reduction indicates that higher filler content restricts water penetration
by forming a more compact structure and improving interfacial interactions, which reduces the mobility
of starch chains and limits water absorption [47].

Interestingly, at 10% GNP (AS/GNP10), the water content slightly increased to 6.4%, which is higher
than AS/GNP5 but still lower than the control. This increase could be attributed to possible nanoplatelet
agglomeration at high loading, which may create microvoids or structural irregularities, allowing some
water molecules to be absorbed [48]. Nonetheless, the overall water uptake remained reduced compared
to the neat starch film.

3.2. Mechanical testing
3.2.1 Maximum displacement

Figure 7 demonstrated results of the maximum displacement show that the addition of GNP produced
a significant influence on the plasticity of films made of AS. The control sample had a displacement
value of 4.44 mm which was used as a baseline in assessment. In the case where 1% GNP was
used (AS/GNP1), the highest displacement was reduced drastically to 3.11 mm. This decrement is
an indication that a low concentration of GNP initially limits the mobility of the polymer chains and
enhances their rigidity resulting in an inflexible product [49].

Interestingly, an additional increase in the GNP content to 3% (AS/GNP3) improved the maximum
displacement to 5.15 mm, the largest of all samples. It means that at such concentration GNP was
distributed well within the starch structure, which means the stress transfer was enhanced as well as
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ductility [50]. The polymer chains could bend and bend without fracturing effectively implying the
optimum filler loading at this stage [51].

Figure 7. Graph of maximum displacement with different loadings of GNP film

At the 5% loading (AS/GNP5) the displacement was marginally greater than the control (4.58 mm)
but less than AS/GNP3. This is an indication of some loss of flexibility, probably because of the onset of
the nanoplatelet aggregation and hence limits the movement of the chains. The pattern persisted in the
highest loading of AS/GNP10 with the displacement decreasing to 3.86 mm. The decreased high GNP
content performance could be explained by the low dispersion and agglomeration of the nanoplatelets
resulting in stress concentration points that restrict ductility [52].

3.2.2 Young’s modulus
Figure 8 shows Young’s modulus results demonstrates that the addition of GNP significantly

increased the film stiffness of starch (arrowroot) in the presence of starch. The control sample had
a modulus of 67.9 MPa, which is relatively low rigidity of pure starch films. With a 1 percent
GNP added (AS/GNP1) the modulus shot up to 126.3 MPa, or almost twice as high. Such a critical
increase suggests that there was good interfacial bonding between the starch backbone and GNP even
in low concentrations that actually limited the mobility of polymer chains and strengthened the film
framework [53].

The modulus was reduced a bit, at 3% loading (AS/GNP3), to 104.14 MPa, still higher than
the control. The decrease indicates that partial nanoplatelet aggregation might have taken place at a
high concentration leading to inefficient stress transfer and reduced stiffness relative to AS/GNP1.
Interestingly, modulo peaked at 5 percent GNP loading (AS/GNP5) of 128.25 MPa, as compared to all
other samples. This implies that even at this concentration, the nanoplatelets remained well dispersed,
which offered an optimal reinforcing effect to maximize rigidity [54].

Nevertheless, on further loading to 10 percent (AS/GNP10), the modulus was significantly reduced
to 74.27 MPa, which was nearly the same as the control. This decrease may be explained by the fact
that the extent of aggregation of nanoparticles is high in the case of high loadings and introduces cracks
and discontinuities into the composite. These agglomerates break homogenous distribution of stress, and
hence they weaken the reinforcing efficiency of the GNP [55].
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Figure 8. Graph of young’s modulus with different loadings of GNP

3.2.3 Tensile strength
Figure 9 shows the tensile strength against the GNP loadings. The lowest tensile strength was

registered in the control film of 0.99 MPa, which demonstrates how intrinsically weak pure starch-based
films are since they are brittle and have a low stress bearing capacity. The tensile strength increased
marginally when 1% GNP was added (AS/GNP1) to reach 1.19 MPa, indicating that even a low content
of GNP can promote stress transfer between filler and starch matrix [55].

Figure 9. Graph of tensile Strength against the graphene nanoplatelet loading

With a loading of tensile strength of 3% GNP (AS/GNP3) tensile strength increased further to
1.85 MPa, which was almost doubled at the same point relative to the control. This rise indicates that
there was good dispersion of the nanoplatelets because it is probable that interfacial adhesion was good
and the polymer chains could not slip under the tensile stress. The maximum tensile strength was realized
at 5 percent loading (AS/GNP5) which was 2.83 MPa. This notable increase shows that at this level, GNP
reinforcement was most efficient, as the ratio between filler dispersion and matrix interaction enabled
the film to sustain more applied forces until it broke [56].

Nevertheless, with the maximum concentration (AS/GNP10), tensile strength reduced to 1.48 MPa,
but this was also greater than the control. This decrease can only be attributed to aggregation of
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nanoplatelets that causes the composite to be weak as it creates sites of stress concentration and stress
transfer among the matrix is lowered [57]. This agglomeration interferes with the uniformity of the film
structure resulting into early failure under tension [58].

3.2.4 Elongation at break
Figure 10 bar chart shows the elongation at break (%) AS/GNP composite films at varying GNP

loadings in relation to the control film. The control sample had a break elongation of 12.25% which
means that the material is ductile. With 1 percent GNP added (AS/GNP1), elongation at break was much
lower at 7.67 percent, indicating that the low weight of GNP loading can limit the movement of polymer
chain because of inflexible filler-matrix interaction, resulting in a more brittle structure [59].

Figure 10. Graph Elongation at Break (%) against the GNP loading (%)

Surprisingly, the highest value of elongation of 14.37 percent was obtained with the addition of 3
percent GNP (AS/GNP3) which was higher than the control. Such an enhancement suggests that at an
optimum loading, GNPs can serve as stress-transfer agents, enhancing better dispersion and interaction
with the starch matrix, and thus increasing flexibility and toughness [60]. The enhanced interfacial
bonding could be beneficial in increasing load distribution so the film can stretch more to failure [61].

Further additions of GNP content to 5% (AS/GNP5) and 10% (AS/GNP10) however led to decreased
elongation values of 11.66% and 11.44, respectively, both lower than the control and AS/GNP3. This
drop can be explained by the presence of nanoplatelet agglomeration at greater concentrations, which
can create stress concentration regions and prevent the mobility of polymer chains [62]. These effects
cause the ductile property of the composite to be less stretchable.

3.3. Field emission scanning electron microscope (FESEM)
Figure 11 shows the FESEM micrographs also explain the morphological change in the AS/GNP

composite films by increasing the graphene nanoplatelet (GNP) loading into it. In the Figure 11a
of the control film, the broken surface is relatively rough, with clear cracks and clear holes. These
cracks represent brittleness and poor internal bonding whereas the existence of these voids reflects the
incompleteness of starch filling and the incompleteness of packing inside the starch. The structure is
seen as less compact, which is associated with the low density seen in the control sample [63].

Figure 11b, which is associated with low GNP loading (AS/GNP1), it is possible to see graphene
nanoplatelets, which are embedded in the matrix. The morphology of the surface is made more compact
when compared to the control, but cracks can still be observed. The incorporation of GNP implies
strengthening of the starch network which brings about the strengthening of the structure. The cracks
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are seen to be further driven and smaller in area, suggesting that the scattered nanoplatelets could hinder
percolation of these cracks to some extent [64].

Figure 11. FESEM micrographs of AS/GNP films: (a) Control, (b) AS/GNP1 (c) AS/GNP3,
(d) AS/GNP5, (e) AS/GNP10

Figure 11c, which is probably AS/GNP3, represents a more integrated structure where GNP is more
cosmetically distributed in the matrix. The surface is denser and more consolidated, though there are
still some voids and cracks. The interrelation between AS and GNP is seen to be more powerful through
the smaller size and the frequency of voids. The continuity of the matrix is higher, which justifies the
density results obtained in the previous study, which showed that the density was substantially increased
at this composition.

Figure 11d, which shows increased GNP loading (AS/GNP5), shows that the effects of GNP
agglomeration are visible. The general structure is small, but localized concentrations of graphene
nanoplatelets can be seen. Such agglomerated areas can be a stress concentration forming locations and
hence a starting point of cracks [65]. The morphology shows that, despite the fact that reinforcement
still exists, the dispersion quality can start to decline at this level of loading.

Lastly, Figure 11e with the highest GNP loading (AS/GNP10) shows stronger agglomeration, cracks,
and few gaps can also be seen. The rounded-off GNP dispersions indicate inefficiency of dispersion
at high filler content. Such agglomerates have the ability to interfere with the uniformity of matrix
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and prevent further densification [66]. The microstructure is ambiguous that though the composite is
still denser than the control, overloading GNP could lead to the loss of homogeneity and mechanical
performance because of aggregation of fillers [67].

In sum, the FESEM analysis indicates that with an increased amount of GNP, porous, crack-prone
pure starch matrix was transformed to a denser reinforced composite. At a certain point, however, under
the ideal loading agglomeration effects become visible, which can reduce the effect of the reinforcement
and explain the plateau witnessed by the density results.

3.4. Differential scanning calorimetry (DSC)
Figure 12 represents the differential scanning calorimetry (DSC) thermograms describing the

thermal behavior of the control material and the AS/GNP composite films over a wide temperature
range. At low-temperature conditions (below 100◦C), all specimens show a small endothermic deviation,
which is usually attributed to moisture evaporation or the loss of physically bound water. The composites
show changes in intensity compared to the control, indicating that the addition of graphene nanoplatelets
alters moisture retention and interactions within the matrix [68].

Figure 12. Differential scanning calorimetry (DSC) curves of AS/GNP films

A slight shift is also observed in the glass transition temperature (Tg) in the mid-temperature
range (around 80◦C–120◦C) when GNP is added. The AS/GNP composites show a minor change in
Tg compared to the control, meaning that polymer chain movement is restricted due to changes in
interfacial interaction between amylose starch (AS) and GNP. This observation suggests that graphene
nanoplatelets act as reinforcing fillers that restrict segmental movement of the starch chains and increase
matrix rigidity [69].

Between approximately 200◦C and 300◦C, the thermograms show a relatively stable region before
significant thermal degradation begins. The composites, especially the medium GNP-loaded samples
(AS/GNP3 and AS/GNP5), appear to display better thermal stability compared to the control. This
improvement can be attributed to the barrier effect of GNP, which slows heat transfer and delays thermal
decomposition [70].

Thermal decomposition and further degradation occur significantly above 300◦C. Heat flow
increases markedly at elevated temperatures approaching 500◦C and above. Differences among the
composites become more pronounced in this region. Optimized GNP loading produces moderated
decomposition behavior, while excessive loading may result in variations attributed to agglomeration
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effects. Overall, the DSC data indicate that incorporation of GNP enhances thermal stability up to
an optimal loading, which correlates with improved structural compactness and interfacial interaction
within the AS matrix.

3.5. Electrical properties
Figure 13 shows the voltage (V–I) curves illustrate the microelectrical response of the control

and AS/GNP films as the applied current is steadily increased. In all specimens, voltage shows
a monotonically increasing dependence on current, confirming typical resistive behavior. However,
noticeable changes in slope and absolute voltage magnitude are observed among the samples, indicating
variations in electrical performance resulting from the addition of graphene nanoplatelets (GNPs).

Figure 13. Voltage vs. Current of AS/GNP films

The control sample shows a moderate, nearly linear increase in voltage with current, reaching
approximately 0.86 V at 200 pA. This observation implies a stable but relatively lower electrical response
compared to the composite samples. Conversely, the AS/GNP1 sample exhibits the lowest recorded
voltages across the studied current range, suggesting reduced electrical efficiency at low GNP loading.
This decreased performance can be explained by the insufficient formation of conductive pathways at
low nanoplatelet concentration [71].

A significant improvement in voltage response is observed at intermediate GNP loadings, par-
ticularly for AS/GNP3 and AS/GNP5. These samples display steeper V–I slopes and higher voltage
values compared to both the control and AS/GNP1, indicating better dispersion of GNP within the
polymer matrix. This enhanced dispersion promotes improved charge transport and formation of a
more effective conductive network [72]. Among them, AS/GNP3 and AS/GNP5 show comparable high-
voltage outputs, suggesting that this loading range represents an optimal balance between filler content
and dispersion quality.

At the highest loading (AS/GNP10), voltage increases rapidly at low currents and reaches compara-
ble or slightly higher output at moderate currents relative to the other composites. However, the curve
levels off at higher current values, indicating a saturation effect. This behavior may be attributed to filler
agglomeration at high loading, which limits further development of conductive pathways [73].

Overall, the results indicate that GNP incorporation enhances the electrical performance of the AS
matrix up to an optimal loading. Intermediate GNP levels provide the most stable and efficient electrical
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performance, while excessive loading results in diminishing returns due to agglomeration-induced
limitations on network formation.

4. Conclusions
The given study establishes how graphene nanoplatelet (GNP)-reinforced arrowroot thermoplastic

starch (AS) composite films can be produced successfully with considerably high multifunctional
properties, which make them effective in flexible electronics. The systematic examination of the
physical, mechanical, morphological, thermal, and electrical properties establishes that incorporation of
GNPs changes the structure–property relation of the starch matrix fundamentally. The filler loading had
a linear relationship with film thickness and density, with an optimum at 1 wt% as a result of improved
packing before decreasing at higher filler concentrations due to agglomeration of nanoplatelets.
Mechanical analysis showed that there was indeed a strong reinforcement effect of tensile strength and
Young’s modulus, which reached extreme values at 5 wt% of GNP (2.83 and 128.25 MPa, respectively),
which was a significant improvement on neat AS, and elongation at break maximized at 3 wt%.
These results were supported by FESEM images, micro-voids, which showed uniform dispersion and
compact morphology at low to moderate loadings, but excess filler content led to agglomeration, micro-
voids, and stress-concentration regions, which weakened performance. The thermal analysis revealed
improved thermal stability at intermediate loadings because of the limitation in the mobility of the
polymer chain and the formation of barriers by well-dispersed nanoplatelets. The conducting behavior
was also demonstrated to be enhanced in the range of 3–5 wt%, and electrical characterization showed
that 3–5 wt% formed functional percolative networks, and above this, a saturation effect is seen
because of aggregation. Together, the findings prove that the controlled GNP incorporation, especially
in the 3–5 per cent range, allows the rational construction of high-performance, biodegradable, and
economical AS-based biocomposites. The paper has contributed to the development of understanding
of the reinforcement approaches of the starch–graphene system, as well as placed optimized AS/GNP
films as potential materials for future sustainable flexible electronic sensors and devices.
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