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Abstract: Biodegradable films are a viable alternative to conventional plastics, thereby
contributing to environmental pollution reduction. This study investigates the impact of
substrate type on the properties of starch-based films produced using a plasticizer-assisted
casting method. Four different substrates, namely, glass, copper, copper-free laminate,
and Teflon®, were evaluated, addressing a research gap in which previous studies pri-
marily focused on film composition. The films were analyzed for color, tensile strength,
surface free energy, and surface morphology using optical and electron microscopy. The
results demonstrated a substrate-dependent impact on surface properties, particularly
optical transparency, surface roughness, and adhesion. The films cast on glass and lami-
nate exhibited higher transparency and lower roughness, while copper substrate induced
micro-striations and strong adhesion. Teflon® substrates replicated surface imperfections,
which may be advantageous for optical applications, but caused film delamination. Ten-
sile strength did not show statistically significant differences across substrates, although
reduced elongation was observed for the films cast on Teflon®. Water vapor permeability
was also not significantly affected, indicating a dominant role of bulk material proper-
ties. It averaged 25 kg per day per square meter, which means high vapor permeability.
Surface free energy analysis revealed marked variations between top and bottom layers,
with values ranging from 35 to 70 mJ·m−2 depending on the substrate. These findings
confirm that the type of casting substrate plays a critical role in determining the surface and
optical properties of starch-based films, even at the laboratory scale. This study provides
new insights into substrate–film interactions and establishes a foundation for optimizing
biodegradable film fabrication for industrial and application-specific needs.

Keywords: biodegradable films; starch-based films; film casting; substrate influence;
surface properties; mechanical properties; optical properties; biodegradable films for
packaging applications; packaging

1. Introduction
Biodegradable films are a viable alternative to conventional packaging materials,

especially in the food industry, where environmental issues play a key role. With the
growing problem of plastic pollution and increasing environmental awareness among
consumers [1], the search for sustainable food-packaging solutions is becoming a priority
for many companies and researchers. Biodegradable films derived from natural polymers,
such as polysaccharides (e.g., starch [1], chitosan [2,3], and cellulose [4]) and proteins (e.g.,
casein [5], gelatin [6], and soy [7]), show significant potential in reducing the environmental

Processes 2025, 13, 1197 https://doi.org/10.3390/pr13041197

https://doi.org/10.3390/pr13041197
https://doi.org/10.3390/pr13041197
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-1885-4018
https://orcid.org/0000-0002-9115-9994
https://doi.org/10.3390/pr13041197
https://www.mdpi.com/article/10.3390/pr13041197?type=check_update&version=2


Processes 2025, 13, 1197 2 of 32

impact of packaging. Due to their ability to degrade under natural conditions, they can
reduce landfill waste and limit microplastic emissions to aquatic and soil ecosystems [8].

Beyond their environmental benefits, biodegradable films offer a wide range of appli-
cations not only by improving food preservation [2,3,9] but also by affecting the sanitary–
epidemiological safety of products [6,10–12]. Additionally, some biodegradable coatings
have gas-exchange-regulating properties. These coatings help regulate moisture and oxy-
gen levels, which slows product spoilage [2]. In this way, food waste may be reduced,
addressing one of the key challenges of the modern food industry [13].

The development and commercialization of biodegradable films are supported by
numerous scientific studies and legislative initiatives promoting eco-friendly packaging
solutions. A growing number of countries are introducing regulations restricting the use
of conventional plastics, fostering a growing interest in environmentally friendly alterna-
tives [14–16]. At the same time, the challenges of manufacturing costs and optimizing
the mechanical properties of these materials remain the subject of intense research and
development [9,10]. The following text highlights key applications of biodegradable films
in packaging.

Biodegradable-packaging films play a key role in extending the shelf lives of food
products. Due to their ability to incorporate natural antioxidants and antimicrobial agents,
such as essential oils, these films effectively inhibit the growth of microorganisms, which is
particularly crucial for perishable foods, especially meat [17–19].

Moisture control is another important aspect of food preservation. Films made of
hemicellulose and cellulose derivatives are characterized by a lower moisture content,
which promotes better storage conditions for food products [20,21].

The use of biodegradable packaging materials significantly contributes to reduc-
ing plastic waste. The use of polymers from natural sources reduces dependence on
petrochemical-based plastics, which helps reduce environmental pollution [22].

In addition, films based on polysaccharides come from renewable sources, thereby
supporting sustainable packaging solutions [23].

The mechanical strength of biodegradable films can be improved by adding plasti-
cizers, such as glycerol or polyethylene glycol, to them. Such modifications increase the
flexibility and durability of these films, expanding their range of applications in packag-
ing [20].

In addition, developments in nanotechnology have enabled the creation of smart
biodegradable packaging that can monitor food quality and safety. Such packaging may
include indicators detecting changes in product quality, allowing for better freshness
control [22].

Starch-based biodegradable films exhibit varied properties depending on several key
factors, including the type and concentration of plasticizers, processing techniques, and
reinforcing additives. Each of these elements plays a significant role in determining the
mechanical strength, moisture resistance, and biodegradability of the films.

Plasticizers are essential in the production of starch-based films as they influence
flexibility, mechanical strength, and structural stability.

Glycerol is the most commonly used plasticizer. Its concentration (20–80%) signifi-
cantly affects a film’s properties: a higher glycerol content generally increases flexibility
but may reduce tensile strength. Studies have shown that the addition of glycerol increases
intermolecular spacing, which enhances molecular mobility and decreases the crystallinity
of a material [24].

Ultrasound treatment applied to films containing 20% and 40% glycerol resulted
in a 20% increase in tensile strength, suggesting that specific processing methods can
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optimize film performance [25]. Such treatment also improves the surface properties of
polymer layers.

The method used to extract and gelatinize starch also affects the final film structure:
optimizing processing parameters allows for the creation of layers with desirable thickness
and density [26].

Incorporating appropriate additives into starch-based films can significantly improve
their mechanical, barrier, and functional properties. Organic and inorganic nanoparticles
enhance thermal stability, mechanical resistance, and barrier properties, making starch-
based films more competitive compared to conventional plastics [27]. Also, the addition
of antioxidants, such as dialdehyde starch and caffeic acid, not only improves mechanical
strength but also imparts antioxidant properties, making films suitable for food packaging
applications [28]. Such approaches align with recent research on thermoplastic starch
composites reinforced with mineral fillers like micronized chalcedonite, which enhance
mechanical performance without compromising biodegradability [29].

Recent studies in the literature have also demonstrated the potential of starch-based
materials in printed electronics, including biodegradable sensors and QR-coded packag-
ing [30–34]. Other polysaccharides, such as cellulose and chitosan, have been applied to
improve food safety and environmental performance in smart packaging solutions [23]. In
addition, biodegradable films show growing relevance in pharmaceutical applications as
sustainable carriers for drug delivery [35,36].

Our previous research has explored various ways of enhancing starch films, including
in regard to printability, the cytocompatibility of electroconductive composites, and the
effect of fillers like silica on surface energy and mechanical behavior.

The type of substrate used in casting methods significantly influences the surface
roughness and morphology of the resulting films. Different substrates, such as smooth
glass and patterned Teflon®, lead to distinct optical and structural properties, affecting
a film’s final characteristics. Films cast on smooth substrates, such as borosilicate glass,
exhibit higher transparency and uniformity, while those cast on rough substrates, like
Teflon®, develop increased surface roughness due to micro-patterning during drying [37].
Studies indicate that the roughness exponent and growth exponent vary depending on the
substrate type, with rough surfaces leading to a reduction in growth exponent during the
initial deposition phases [38].

On smooth substrates, nanoparticles in films tend to align in layers along the growth
direction—a phenomenon that becomes less prominent with increasing substrate rough-
ness [39]. The evolution of film morphology follows specific scaling laws, indicating that
substrate roughness significantly impacts the dynamic evolution of surface features [40].
While substrate type is a critical factor, other parameters, such as humidity, must also be
considered, as they further influence film properties, suggesting a complex interplay of
variables in film production.

Despite these advances, the role of the casting substrate as a key factor influencing
starch film structure and properties has not been fully addressed. In this study, we present
a novel approach by maintaining a fixed starch–glycerol composition and evaluating how
different casting substrates—glass, acrylic, and PTFE—influence film roughness, surface
energy, mechanical strength, and optical behavior.

The novelty of this work lies in isolating the substrate variable while keeping film
composition constant, providing clear insight into how manufacturing methods influ-
ence biodegradable films’ functionality. Such understanding is essential for scaling up
biodegradable packaging technologies, wherein substrate choice may be limited by indus-
trial processing methods.
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2. Materials and Methods
Four different substrates were prepared to investigate the effect of the surface on the

resulting film.

• Glass—a glass bed from a Zmorph S.A. Wrocław, Poland;

A glass 3D-printing bed is characterized by its exceptionally low roughness, smooth
surface, and high adhesion properties, which are essential for maintaining print stability
during fused deposition modeling (FDM).

• Laminate—a laminate plate (without copper) manufactured by Aksotrnik spółka z
ograniczoną odpowiedzialnością, Nowy Konik, Poland

Glass–epoxy composites exhibit a slightly higher surface roughness compared to
a glass printing bed while maintaining a similarly smooth surface and strong adhe-
sion properties.

• Copper—a glass–epoxy laminate with copper on one side, manufactured by OEM

The copper surface exhibits subtle, barely perceptible patterns, indicating a macro-
scopically non-ideal smoothness. However, these patterns are not tactilely discernible.

• Teflon®—a PTFE plate

The Teflon surface used in this study is a standard laboratory component, exhibiting
surface scratches likely resulting from routine usage. Additionally, the surface is char-
acterized by its inherent low adhesion properties, which contribute to its wide range
of applications.

A solution of food-grade potato starch, vegetable glycerin, and water was prepared in
the following concentrations:

Starch—5% by weight;
Glycerine—2% by weight;
Water—93% by weight.
The prepared mixture was heated with continuous stirring until a homogeneous

solution was obtained. The temperature was increased to approximately 90 degrees Celsius.
The resulting solution was then allowed to cool to a temperature between 50 and 60 degrees
Celsius, after which it was poured onto the prepared materials and spread using a doctor
blade. To ensure a uniform initial solution thickness of 3 mm, the films were cast using an
Micrometer Adjustable Film Applicator from RK Print Coat Instruments, Litlington, UK.
The coated plates were left to dry at room temperature. After 10 days of drying, the plates
were removed and subjected to static peel testing.

Tensile testing was conducted in accordance with ISO 527-3 standard [41]. The follow-
ing parameters were maintained:

• Sample Width, 15 ± 0.2 mm;
• Sample Length, 50 mm;
• Tensile Speed, 100 ± 10 mm/min.

The mechanical properties of the fabricated films were evaluated using a Zwick-Roell
Z010 tensile testing machine (ZwickRoell, Ulm, Germany) equipped with a 1 kN load cell.
Ten replicates were tested for each sample, and the average value was reported as the
final result.

The surface tension and wettability of both the starch film-forming solutions and the
resulting starch films were investigated. Water contact angle (WCA) measurements were
performed according to ISO 15989 [42] using a Drop Shape Analysis System (DSA 30E,
Krüss, Hamburg, Germany). The surface free energy was calculated using the Owens–
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Wendt–Rabel–Kaelble (OWRK) method [43] based on static contact angle measurements
with water and diiodomethane.

For the measurements, films were cut into approximately 2.5 cm × 6 cm rectangular
specimens. Sessile drops of water and diiodomethane were dispensed onto the film surface
using needles with a 0.5 mm diameter. The static contact angle was determined using the
Tangent 2 method, measured 5 s after droplet deposition.

The surface morphologies of the samples were examined using a Keyence VHX-950F
digital optical microscope equipped with a VH-Z100R zoom lens (100–1000× magnification)
(Keyence Corp., Itasca, IL, USA). In addition to acquiring standard micrographs of the
sample surfaces, three-dimensional surface topography reconstruction was performed.
This was achieved by capturing a series of images at varying focal planes, enabling the
determination of surface roughness. Photographs of cross-sections of the samples were
also taken. The material was sectioned using a punch and press.

In addition, to gain more insight into the surface morphology, electron mapping was
carried out using SEM (JOEL JCM-7000, JEOL USA Inc., Peabody, MA, USA) with an
acceleration voltage of 15 kV. Before SEM analyses, the samples were covered with a thin
gold layer.

The water vapor transmission rate (WVTR) of the films was determined, as it is
a critical parameter for packaging applications. WVTR measurements were conducted
using a Radwag MA 210.R moisture analyzer (Radwag, Radom, Poland) equipped with
a dedicated WVTR vessel. Circular film samples with a diameter of 54 ± 2 mm were
prepared. Each sample was placed on an aluminum-sealed vessel containing 5 g of distilled
water and then inserted into the analyzer’s test chamber. The chamber temperature was
maintained at 40 ◦C, while the ambient conditions were kept at 23 ± 0.5 ◦C and 50 ± 1%
relative humidity (RH).

The mass of the water within the vessel was recorded manually at 0, 1, and 2 h
intervals. The WVTR was calculated using the following equation:

WVTR =
m1 − m2

t·S (1)

The notation above is described below:

• m1 and m2 represent the mass of water (g) after 1 and 2 h, respectively;
• t is the time interval (1 h);
• S is the surface area of the film sample (m2).

Water vapor permeability was measured due to its critical importance in the packaging
industry, a major sector exploring the application of biodegradable materials. Understand-
ing the rate at which water vapor permeates packaging is essential for determining the
suitability of these materials for food product packaging.

Film colorimetric properties were assessed using an X-Rite eXact spectrophotometer
(X-Rite Inc., Grand Rapids, MI, USA) under standardized conditions: D50 illuminant,
2◦ standard observer, and M0 measurement mode. To comprehensively characterize the
films’ color behavior, measurements were conducted over both white and black backing
substrates. These substrates were selected for their near-ideal light reflectance and ab-
sorption properties, respectively. Baseline measurements were taken for the substrates
alone, and subsequent measurements were performed with the films applied. Colorimetric
changes induced by the films were then calculated by comparing the measurements with
and without the films present.
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3. Results
3.1. Process for Obtaining Samples

The initial step in sample preparation involved the creation of a homogeneous mixture.
A glass beaker was placed on an analytical balance, and potato starch, glycerol, and
deionized water were sequentially added. The mass of each component was measured
with an accuracy of 0.02 g. Following the preparation of the solution, a magnetic stir
bar was introduced, and the beaker was positioned on a hot plate with magnetic stirring
capabilities. A thermometer was immersed in the mixture, initiating a controlled heating
and stirring process.

The temperature was gradually increased to a range of 80–90 ◦C. At approximately
70–80 ◦C, an increase in both the transparency and viscosity of the mixture was observed,
originating from the heat source. Subsequently, the rate of temperature increase slowed.
Prior to this point, the temperature had been rising between 5 and 10 degrees per minute, at
which point the rise slowed to about two degrees per minute. Shortly thereafter, a decrease
in the mixture’s viscosity occurred, although it did not return to its initial value. Once the
entire mixture had undergone these transformations, it was removed from the heat source
and allowed to cool partially, facilitating the subsequent pouring process.

3.1.1. Pouring of the Film

During the casting process, Teflon exhibited distinct behavior compared to the other
materials. The application of the hot solution (50–60 ◦C) induced significant thermal
shrinkage, leading to challenges in achieving a uniform material distribution. In contrast,
all the other materials tested exhibited no noticeable reactions or dimensional changes
under the same conditions.

3.1.2. Film Removal

As anticipated, the potato starch films exhibited varying degrees of adhesion to
different substrate surfaces. This variability in adhesive strength is likely due to differences
in surface energy, roughness, and chemical compatibility between the starch film and the
respective substrates.

The potato starch films demonstrated strong adhesion to glass substrates, requiring
careful removal to obtain intact sheets for subsequent tensile testing. Despite the robust
adhesion, complete film sheets were successfully detached. However, localized areas of
thinner regions of the film were observed along the edges, resulting in partial detachment
from the glass substrate. These edge defects are visually documented in Figure 1.

The potato starch films displayed an adhesion pattern on copper-free laminate sub-
strates similar to that observed on glass. A significant adhesive force was present, yet it did
not impede the detachment of complete film sheets. Similar to the glass substrates, natural
detachments were observed, and the intact film sheets, along with the removal process,
are illustrated in Figure 2. Notably, the areas where the film naturally detached from the
laminate surface due to drying did not exhibit the cracking observed on the glass substrates.

Copper substrates exhibited the strongest adhesion to the cast potato starch films.
The adhesive forces exceeded the cohesive forces within the film, resulting in film rupture
during attempts to detach it from the copper surface. As a result, obtaining an intact film
sheet for static tensile testing was impossible. The morphology of the cast material and the
observed natural detachments are depicted in Figure 3.
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Figure 3. The copper plates (a) on which the film was poured are shown, as well as the areas where
the foil was observed to naturally detach from the substrate (b).

In contrast, Teflon® substrates demonstrated the weakest adhesion, detaching spon-
taneously from the surface. However, the resulting film material displayed incre-
ased waviness.

3.2. Tensile Testing

The results regarding mechanical properties are summarized in Table 1. The results
indicate a potential advantage of the films deposited on glass surfaces, both in terms of
the pressure required for rupture and the percentage elongation. However, considering
measurement uncertainty, these differences are not statistically significant, preventing
a definitive conclusion. Nevertheless, this does not exclude the possibility of such a
relationship.

Table 1. Results of tensile testing of samples dried on various surfaces.

Substrate Tensile Strength (MPa) ± Elongation at Break (%) ±
Laminate 4.93 0.391 88 15

Glass 5.62 0.492 93 26
Teflon® 4.69 0.74 62 16
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The films cast on Teflon exhibited statistically significantly less elongation. This may
be attributed to the drying process, which appeared more irregular as the film detached
from the surface, as previously described.

Furthermore, it is worth highlighting that the samples produced on copper-free lami-
nate exhibited the lowest measurement uncertainty and the highest repeatability.

3.3. Surface Free Energy

Table 2 shows the results of surface free energy, SFE, and its dispersive and polar
components measured on the starch films’ top or bottom surface and the substrate surface
used for film development.

Table 2. The values of SFE together with its dispersion and polar component.

Surface Dispersion
Component [mJ·m−2]

Polar Component
[mJ·m−2]

Surface Free
Energy [mJ·m−2]

Glass—top 42.01 31.59 73.60
Glass—bottom 44.77 26.95 71.71
Glass—material 40.88 22.90 63.78
Laminate—top 43.03 27.62 70.66

Laminate—bottom 42.89 29.54 72.44
Laminate—material 35.77 19.93 55.69

Copper—top 38.20 9.63 47.83
Copper—bottom 34.68 0.53 35.21
Copper—material 38.20 9.63 47.83

Teflon®—top 39.72 28.08 67.80
Teflon®—bottom 37.15 10.55 47.70

The SFE analysis demonstrated a significant influence of substrate type on the surface
characteristics of the resulting films. A nonlinear relationship was observed between the
substrate material and the SFE value. The films cast on glass and laminate exhibited similar
SFE values, approximately 70 mJ·m−2, whereas the substrates themselves showed values
of 64 and 56 mJ·m−2, respectively.

In contrast, the films cast on copper showed significantly lower SFE values, measuring
48 mJ·m−2 (top side), 35 mJ·m−2 (bottom side), and 48 mJ·m−2 (bulk material). These
results indicate that the substrate type affects not only the bottom layer of the film but also
its top surface. This finding has significant implications for the potential applications of the
films, such as printing, where a high SFE value is desirable. A higher SFE improves the
wetting of a film’s surface by ink, as the surface tension of the ink must be lower than the
SFE of the substrate to ensure proper adhesion.

3.4. Microscopic Images

Each sample was excised from a sheet and subjected to microscopic examination.
Micrographs were acquired at progressively increasing magnifications at the same sample
location, using magnification levels of 100×, 200×, 500×, and 1000×. Subsequently, a
series of images was captured to reconstruct the three-dimensional surface and analyze
its roughness. Images of the top layer are presented first, followed by those of the bot-
tom layer. Where applicable, a height map overlay is included alongside the corresp-
onding micrograph.

3.4.1. Glass

The micrographs of the top surface, presented in Figure 4 and Appendix A.1, re-
veal a corrugated and irregular morphology consistent with the expected structure of a
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starch-based film. In contrast, the bottom-surface micrographs, shown in Figure 5 and
Appendix A.2, exhibit a significantly more intriguing texture. At 1000× magnification, it is
evident that the majority of the surface is remarkably transparent, allowing clear visualiza-
tion of the film’s reverse side. Only a few irregularities are apparent, including structures
resembling microscratches and small formations of a dark, slightly reflective material.
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3.4.2. Laminate

The top-surface micrographs of the film deposited on the laminate do not reveal any
distinctive features, as presented in Figure 4, displaying only disordered structures (more
are shown in Appendix A.3). The micrographs of the bottom surface, depicted in Figure 6
and Appendix A.4, exhibit a higher degree of structural organization, although further
conclusive interpretation is challenging.
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3.4.4. Teflon 

Similarly, the top surface of the film deposited on Teflon® did not exhibit any 
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surface, shown in Figure 8 and Appendix A.8, reveals distinct substrate imperfections, 

Figure 6. Microscopic images of the bottom film layer obtained on the laminate surface with optical
zoom level of 1000 (a) and an elevation map (b), red indicates the highest points, blue the lowest.

3.4.3. Copper

The top surface of the material deposited on copper exhibits no notable deviations,
presenting solely disordered structures (shown in Appendix A.5). In contrast, the bottom
surface, depicted in Figure 7 and Appendix A.6, reveals distinct, unidirectionally aligned
striations. These striations range in width from several micrometers, with lengths spanning
tens to hundreds of micrometers. This observation may explain the high adhesion to the
copper substrate and the challenges encountered during film detachment. Notably, the
three-dimensional surface reconstruction failed to accurately replicate these microstriations,
potentially affecting roughness analysis.
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3.4.4. Teflon

Similarly, the top surface of the film deposited on Teflon® did not exhibit any unex-
pected morphological features (depicted in Appendix A.7). However, the bottom surface,
shown in Figure 8 and Appendix A.8, reveals distinct substrate imperfections, appear-
ing as if scratches from the Teflon surface were imprinted onto the material during the
drying process.
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colored inclusions. These inclusions are potentially attributable to contamination from the 
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non-uniform thickness at both lower (a) and higher (b) magnifications. 

The cross-sectional analysis of the laminate (Figure 9b) reveals a pronouncedly 
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matter can be observed, potentially indicating contamination from the cutting instrument. 
Alternatively, this observation may correlate with uncharacterized material properties. 
Future investigations are warranted to elucidate the origin of these findings. 
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Figure 8. Microscopic images of the bottom film layer obtained on the Teflon® surface with an optical
zoom of 1000 (a) and an elevation map (b), red indicates the highest points, blue the lowest.

Alongside standard surface optical images, cross-sectional optical images of the cut
material are included. When analyzing these images, it is crucial to consider that the cutting
technique itself may have introduced artifacts into the resulting cross-section.

3.4.5. Cross-Section

The cross-sectional morphology of the glass film (Figure 9a) exhibits a crystalline
or lithic appearance. The surface presents a rough texture, with observable orange-rust-
colored inclusions. These inclusions are potentially attributable to contamination from the
cutting instrument used to prepare the cross-section. Furthermore, the film demonstrates
non-uniform thickness at both lower (a) and higher (b) magnifications.

The cross-sectional analysis of the laminate (Figure 9b) reveals a pronouncedly irreg-
ular surface morphology. Furthermore, the presence of orange-copper particulate matter
can be observed, potentially indicating contamination from the cutting instrument. Alter-
natively, this observation may correlate with uncharacterized material properties. Future
investigations are warranted to elucidate the origin of these findings.
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Figure 9. The figure shows a cross-section at 500 times magnification of a film made on glass (a), 
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smooth surface morphology. Several factors may contribute to this observation. Firstly, 
the substrate upon which the foil was sectioned likely facilitated a more regular cut. 
Secondly, the robust adhesion between the deposited material and the wafer substrate 
may have mitigated irregularities during the film desiccation process. Furthermore, the 
potential influence of a controlled electrical field during fabrication cannot be discounted. 
Consequently, the observed cross-sectional structure presents a compelling subject for 
further investigation to elucidate its formation mechanism. 

The cross-sectional analysis of the film cast on Teflon (Figure 9d) revealed a reticulated 
structure, reminiscent of leaf venation. A wider field of view reveals discontinuities along the 
edge, likely attributable to fragment detachment during sectioning. We hypothesize that this 
structure is a consequence of the desiccation process, which is more stochastic on Teflon due 
to diminished surface adhesion. These findings are of significant interest. 
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Scanning electron microscopy (SEM) analysis of the surface of the film deposited on 
glass (Figure 10) revealed a predominantly uniform morphology, punctuated by localized 
speckles and irregular deposits near the periphery. These deposits are particularly prom-
inent on the top layer at higher magnification (b). Conversely, the bottom surface exhibits 
a significantly smoother texture (c, d). While the top surface generally maintains regular-
ity, the aforementioned peripheral deposits are still observable (a). 

Figure 9. The figure shows a cross-section at 500 times magnification of a film made on glass (a),
laminate (b), copper (c) and Teflon (d).

The cross-sectional analysis of the copper-cast foil (Figure 9c) reveals a uniformly
smooth surface morphology. Several factors may contribute to this observation. Firstly,
the substrate upon which the foil was sectioned likely facilitated a more regular cut.
Secondly, the robust adhesion between the deposited material and the wafer substrate
may have mitigated irregularities during the film desiccation process. Furthermore, the
potential influence of a controlled electrical field during fabrication cannot be discounted.
Consequently, the observed cross-sectional structure presents a compelling subject for
further investigation to elucidate its formation mechanism.

The cross-sectional analysis of the film cast on Teflon (Figure 9d) revealed a reticulated
structure, reminiscent of leaf venation. A wider field of view reveals discontinuities along
the edge, likely attributable to fragment detachment during sectioning. We hypothesize
that this structure is a consequence of the desiccation process, which is more stochastic on
Teflon due to diminished surface adhesion. These findings are of significant interest.

3.5. SEM
3.5.1. Glass

Scanning electron microscopy (SEM) analysis of the surface of the film deposited on
glass (Figure 10) revealed a predominantly uniform morphology, punctuated by localized
speckles and irregular deposits near the periphery. These deposits are particularly promi-
nent on the top layer at higher magnification (b). Conversely, the bottom surface exhibits a
significantly smoother texture (c, d). While the top surface generally maintains regularity,
the aforementioned peripheral deposits are still observable (a).

3.5.2. Laminate

The scanning electron microscopy (SEM) images presented in Figure 11, depicting the
surface of the film deposited on the laminate, reveal a high degree of uniformity. Both the
lower and upper (a) surfaces exhibit minimal irregularities, with the exception of pollen-
like particulates.
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showcasing the bottom layer at magnifications of 100× (a) and 500× (b).
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3.5.3. Copper

The images presented in Figure 12 reveal certain surface irregularities. Specifically,
the lower layer (a, b) exhibits punctate features, which were also shown in the opt-
ical micrographs.
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Figure 12. Scanning electron microscopy (SEM) images of a film cast on copper are presented,
showcasing the bottom layer at magnifications of 100× (a) and 500× (b).

3.5.4. Teflon

The micrographs of the film cast on Teflon (Figure 13) reveal intriguing surface char-
acteristics. The irregularities present on the upper layer are reminiscent of those seen
on the other film samples (shown in Appendix A.11). However, the lower layer exhibits
distinct linear striations (a), which correlate with the optical microscopy observations.
Furthermore, a unique textured morphology is evident (b), where the features align with
the aforementioned striations but present a significantly rougher surface topology.
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Figure 13. Scanning electron microscopy (SEM) images of a film cast on Teflon are presented,
showcasing the bottom layer at magnifications of 100× (a) and 500× (b).

3.6. Roughness

The basic surface roughness parameters are listed in Table 3.
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Table 3. Surface roughness measurement results for starch films.

Sa [µm] 1 Sz [µm] 2 Sq [µm] 3 Ssk 4 Sku 5 Sp [µm] 6 Sv [µm] 7

Glass—top 1.88 13.04 2.30 0.05 2.34 5.86 7.18
Glass—bottom 0.14 3.20 0.18 1.63 17.86 2.68 0.52
Laminate—top 0.92 7.23 1.13 0.19 2.67 3.74 3.49

Laminate—bottom 0.57 9.95 0.76 0.18 5.02 4.69 5.26
Copper—top 1.89 13.89 2.29 0.47 2.76 7.79 6.10

Copper—bottom 0.30 2.38 0.38 0.43 2.89 1.33 1.05
Teflon®—top 1.47 10.45 1.84 0.60 3.21 6.12 4.33

Teflon®—bottom 0.96 11.98 1.21 0.28 3.56 5.87 6.11
1 Sa (arithmetic mean height): the average absolute deviation of the surface from the mean plane. 2 Sz (maximum
height): the vertical distance between the highest peak and the lowest valley within the measured area. 3 Sq (root
mean square height): the root mean square (RMS) average of the height deviations from the mean plane. 4 Ssk
(skewness): indicates the asymmetry of the height distribution. A positive value suggests a surface with more
peaks than valleys. 5 Sku (Kurtosis): describes the sharpness of the height distribution. A value close to 3 indicates
a Gaussian distribution. 6 Sp (maximum peak height): the height of the tallest peak above the mean plane. 7 Sv
(maximum valley depth): the depth of the deepest valley below the mean plane.

The results of the top surface roughness measurements show similar values for copper
and glass. The Teflon® surface exhibited slightly higher roughness, whereas the laminate
surface demonstrated roughness values approximately twice as high as those of copper
and glass.

In contrast, there were varying results regarding the roughness of the bottom layer
in contact with the surface for each of the materials tested. The highest roughness was
recorded for Teflon® (0.96 µm), followed by laminate (0.57 µm) and copper (0.30 µm). The
lowest roughness was observed for glass (0.14 µm).

It is important to acknowledge that three-dimensional surface reconstruction has inher-
ent limitations; therefore, certain results may deviate from the true surface characteristics.

3.7. Water Vapor Permeability

The test was conducted at 40 degrees Celsius. Each sample was subjected to at least
two 60 min measurement cycles. Control values were recorded after 1 and after 2 h.

The results of the vapor permeability tests (Table 4) indicate that surface properties
have no significant effect on this parameter. The observed water vapor flux, oscillating
around 4 × 10−4 kg/m2s for all the films tested, suggests that the material has low va-
por permeability.

Table 4. Water vapor permeability measurement results.

Substrate m1 [g] m2 [g] ∆m [g] WVTR [kg·m−2·s−1] WVTR [kg·m−2·day−1]

Glass 4.829 4.55 0.279 0.000337 29.113043
Laminate 4.846 4.604 0.242 0.000292 25.252173
Teflon 4.890 4.669 0.221 0.000267 23.060869

The mass change plots, depicted in Figure 14, do not exhibit any anomalous behaviors.
An initial rate of change within the first hour can be observed, likely due to thermodynamic
fluctuations and the saturation of the material with water vapor. The process stabilizes
after 30 to 40 min.
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3.8. Color

To precisely evaluate the colorimetric properties of the films obtained, measurements
were performed using substrates with contrasting optical properties—white and black.
This methodology enabled a comprehensive analysis of the effect of a film’s transparency
on its perceived color while minimizing potential artifacts resulting from the interaction of
light with a single type of substrate. The values of the color parameters L, a, b with ∆L, ∆a
∆b and total color difference ∆Lab are shown in Table 5. The color difference ∆L, ∆a ∆b was
calculated as the difference between the measurement of the film on the substrate and the
substrate itself. The total color difference was determined according to the Equation (2):

∆Lab =

√
(∆L)2 + (∆a)2 + (∆b)2 (2)

Table 5. L, a, b color parameters together with ∆L, ∆a ∆b and total color difference ∆Lab for the starch
films developed.

Substrate Measuring Base L a b ∆L ∆a ∆b ∆Lab

Copper Black 32.67 −0.48 −1.15 −22.47 0.9 1.48 22.53666568
White 100.84 0.76 −5.58 2.58 0.38 −1.6 3.059542449

Glass
Black 28.87 −0.13 −0.75 −18.67 0.55 1.08 18.70929715
White 100.87 0.88 −6.54 2.55 0.26 −0.64 2.641912186

Laminate
Black 27.18 0.03 −0.05 −16.98 0.39 0.38 16.98872862
White 100.84 0.85 −6.43 2.58 0.29 −0.75 2.702406335

Colorimetric analysis of the films revealed distinct color changes, with a predomi-
nant white hue. Changes in ∆Lab values below 3 units are generally considered visually
indistinguishable. In this study, ∆Lab values within this range were measured on a white
substrate. Conversely, significant ∆Lab changes, ranging from 17 to 22 units, were observed
on a black substrate; these changes were readily perceptible to the naked eye. Furthermore,
the results indicate a substrate-dependent influence on film color. The most pronounced
∆Lab changes, on both white and black substrates, were observed for the films cast on
copper. However, further studies should be conducted to strengthen the statistical evidence
and exclude potential confounding factors. These color variations may be attributed to
material aging, solar exposure during drying, and doctor blade parameters during the film
formation process.

4. Discussion
The results of this study unequivocally demonstrate that substrate type significantly

influences the properties of the resulting starch-based films despite the laboratory-scale
nature of the casting method, which limits direct scalability to industrial production.
Nevertheless, the identification of the substrate’s influence on film properties is crucial for
optimizing the formulation and manufacturing conditions for mass production.

The observations regarding the difficulty of removing the films from copper substrates
and the damage to the films cast on Teflon® highlight the critical role of interfacial adhesion.
Optimal results were achieved for the laminate and glass substrates, suggesting that these
materials provide a favorable balance between adhesion and ease of separation.

Mechanical property analysis did not reveal statistically significant differences in
tensile strength across the various substrates. However, the lower elongation values
observed for the films cast on Teflon suggest a possible influence of drying conditions
on mechanical properties. This does not preclude potential influences of the substrate on
other aspects of mechanical performance, a topic beyond the scope of this study. Existing
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studies report varying tensile strength properties for these materials, with some indicating
values of around 5 MPa at the point of rupture, while others suggest values closer to
10 MPa [44]. This discrepancy may be attributed to variations in sample moisture content
and compositional differences.

The surface free energy (SFE) analysis revealed a non-linear correlation between sub-
strate material and the resulting film surface characteristics. Specifically, the films deposited
on glass and laminate exhibited comparable SFE values, approximating 70 mJ·m−2, de-
spite the substrates themselves presenting lower values, i.e., 64 mJ·m−2 and 56 mJ·m−2,
respectively. Conversely, the films cast on copper displayed a significantly diminished SFE,
registering 48 mJ·m−2 for the top surface, 35 mJ·m−2 for the bottom surface, and 48 mJ·m−2

for the bulk material. These findings underscore the substrate’s influence on both the top
and bottom film layers, impacting surface energy. This observation carries substantial
implications for applications such as printing, where elevated SFE values are paramount.
Enhanced SFE facilitates improved ink wetting, as effective adhesion necessitates the ink’s
surface tension to be lower than the substrate’s SFE.

Microscopic imaging did not indicate a substrate-dependent morphology of the top
film layer, as expected. However, the bottom layer exhibited substantial variations. Glass
yielded a nearly transparent surface with minimal irregularities. Laminate displayed a
more ordered bottom surface compared to the top, albeit without discernible patterns or
structures. The films cast on copper exhibited micro-striations, potentially accounting
for their enhanced adhesion. The films cast on Teflon replicated the substrate’s surface
imperfections. This suggests the potential for controlled microstructuring techniques
using Teflon®-based templates, which could be useful in specialized optical or electronic
applications. The cross-sectional analysis of the film cast on Teflon® (Figure 9) revealed
a reticulated structure, reminiscent of leaf venation, which is particularly discernible at
higher magnification (b). A wider field of view (a) reveals discontinuities along the edge,
likely due to fragment detachment during sectioning. We hypothesize that this structure
is a consequence of the desiccation process, which is more stochastic on Teflon due to
diminished surface adhesion. These findings are of significant interest.

Scanning electron microscopy (SEM) imaging corroborated the findings obtained from
optical microscopy. The microstructures observed under standard optical microscopy were
also discernible in the SEM images. However, SEM imaging provided more definitive
results by eliminating issues related to light reflection, which can introduce artifacts in
optical microscopy. Additionally, SEM imaging offered some insights into the film edge
characteristics, although the most comprehensive edge information was derived from the
cross-sectional images of the films.

The optical properties of the films, particularly transparency, were markedly substrate-
dependent. The films cast on glass and laminate displayed higher transparency, likely due
to the lower roughness of these substrates and reduced light scattering. Significant color
variations were also observed, particularly in the films cast on copper, which exhibited
the most pronounced ∆Lab shifts. Variations in water vapor permeability were observed,
though these differences did not reach statistical significance. This confirms that bulk
material properties play a more dominant role in vapor resistance than surface charac-
teristics. While not statistically significant, these findings corroborate observations from
other studies, underscoring the importance of considering substrate effects in starch-based
film research.

In summary, this study revealed a significant impact of substrate type on the surface
properties of starch-based films, including optical properties and water vapor permeability.
The absence of statistically significant differences in tensile strength under static conditions
does not exclude potential substrate influences on other mechanical properties. Further
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investigations should include dynamic mechanical testing to determine the impact of
drying-induced stresses and substrate interactions on films’ functional performance. Ex-
panding this research to industrial-scale production methods will be crucial for bridging
the gap between laboratory findings and commercial applications.

5. Conclusions
This study shows that substrate choice significantly affects starch-based films’ struc-

tural, optical, and adhesive properties. The casting process on different surfaces led to
changes in surface roughness, adhesion strength, and overall film morphology, highlighting
the importance of substrate choice in optimizing biodegradable film properties.

The films cast on glass and laminate substrates showed the most homogeneous struc-
tures, with relatively high transparency and well-balanced adhesion properties, making
them suitable candidates for controlled film formation. Copper substrates, in contrast,
induced strong adhesion that prevented removal of the intact films, probably due to the mi-
crocracks observed in the bottom layer of the films. Meanwhile, Teflon® substrates induced
weak adhesion, leading to spontaneous peeling, but introduced surface irregularities that
can be exploited for specific applications, such as microstructuring techniques.

Despite significant differences in adhesion and surface characteristics, mechanical tests
showed no statistically significant differences in the tensile strength of the films poured
on the different substrates. However, the lower elongation values observed for Teflon
cast films suggest a potential effect of drying conditions on mechanical properties. In
addition, the water vapor permeability tests showed no significant effects of substrate
type on this parameter, suggesting that bulk material properties play a dominant role in
moisture resistance.

The optical properties of the films were also found to depend on the substrate, with
noticeable color changes on copper surfaces and varying degrees of transparency dependent
on surface roughness. These findings have implications for applications where color
stability or light transmission is a critical factor.

While this study provides valuable insight into the substrate-dependent behavior of
starch-based films, further research is needed to investigate dynamic mechanical properties,
long-term environmental stability, and the potential impact of surface modification on
film adhesion and performance. Moreover, extending these findings to industrial-scale
production methods could help bridge the gap between laboratory research and commercial
applications in food packaging, pharmaceutical coatings, and biodegradable electronics.
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Appendix A
Below are microscope images of the film surfaces at approximately 100, 200 and

500× magnification.
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Figure A1. Microscopic images of the top film layer obtained on the glass surface with an optical 
zoom of 100 (a), 200 (b), and 500 (c). 

Figure A1. Microscopic images of the top film layer obtained on the glass surface with an optical
zoom of 100 (a), 200 (b), and 500 (c).
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Figure A2. Microscopic images of the bottom film layer obtained on the glass surface with an optical 
zoom of 100 (a), 200 (b), and 500 (c). 
Figure A2. Microscopic images of the bottom film layer obtained on the glass surface with an optical
zoom of 100 (a), 200 (b), and 500 (c).
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Figure A3. Microscopic images of the top film layer obtained on the laminate surface with an optical 
zoom of 100 (a), 200 (b), 500 (c), and 1000 (d) and a height map (e), red indicates the highest points, 
blue the lowest. 

  

Figure A3. Microscopic images of the top film layer obtained on the laminate surface with an optical
zoom of 100 (a), 200 (b), 500 (c), and 1000 (d) and a height map (e), red indicates the highest points,
blue the lowest.
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Figure A4. Microscopic images of the bottom film layer obtained on the laminate surface with an 
optical zoom of 100 (a), 200 (b), and 500 (c). 
Figure A4. Microscopic images of the bottom film layer obtained on the laminate surface with an
optical zoom of 100 (a), 200 (b), and 500 (c).
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Figure A5. Microscopic images of the top film layer obtained on the copper surface with an optical 
zoom of 100 (a), 200 (b), 500 (c), and 1000 (d). 
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Figure A6. Microscopic images of the bottom film layer obtained on the copper surface with an 
optical zoom of 100 (a), 200 (b), and 500 (c). 
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Figure A7. Microscopic images of the top film layer obtained on the Teflon surface with an optical
zoom of 100 (a), 200 (b), 500 (c), and 1000 (d) and a height map (e), red indicates the highest points,
blue the lowest.
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Figure A8. Microscopic images of the bottom film layer obtained on the Teflon surface with an 
optical zoom of 100 (a), 200 (b), and 500 (c). 
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Figure A9. SEM images of the top film layer obtained on the Laminate surface with an optical zoom 
of 100 (a)and 500 (b). 

Figure A8. Microscopic images of the bottom film layer obtained on the Teflon surface with an optical
zoom of 100 (a), 200 (b), and 500 (c).
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Figure A8. Microscopic images of the bottom film layer obtained on the Teflon surface with an 
optical zoom of 100 (a), 200 (b), and 500 (c). 
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Figure A9. SEM images of the top film layer obtained on the Laminate surface with an optical zoom 
of 100 (a)and 500 (b). 
Figure A9. SEM images of the top film layer obtained on the Laminate surface with an optical zoom
of 100 (a)and 500 (b).
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Figure A10. Scanning electron microscopy (SEM) images of a film cast on copper are presented, 
showcasing the top layer at magnifications of 100× (a) and 500× (b). 
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Figure A11. Scanning electron microscopy (SEM) images of a film cast on Teflon are presented, 
showcasing the top layer at magnifications of 100× (a) and 500× (b). 
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