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Based Films

ABSTRACT

The growing demand for sustainable packaging and printed products has
increased interest in biodegradable polymeric materials as environmentally
friendly alternatives to conventional plastics. However, their printability and
color reproduction characteristics remain insufficiently investigated. This
study evaluates the suitability of biodegradable polymer films based on poly
(lactic acid) (PLA) and its blends with poly (butylene succinate) (PBS), poly
(hydroxybutyrate) (PHB), and poly (hydroxybutyrate-co-valerate) (PHBV) for
UV inkjet printing applications. Biopolymer films were produced by flat-die
extrusion under controlled processing conditions. The printed samples were
obtained using a UV inkjet printing system under standardized printing pa-
rameters. Print quality was assessed through optical density and CIELAB color
measurements using a spectrophotometer, while the chemical structure of
the prepared blends was examined by FTIR spectroscopy to verify the absence
of chemical reactions during processing. The obtained results indicate that
all investigated biopolymer blends provide high optical density values with
only minor variations among formulations. Although differences in lightness
(L*) were observed between individual blends, chromatic coordinates (a* and
b*) remained relatively stable, demonstrating consistent color reproduction
across the tested materials. FTIR analysis confirmed that no new chemical
bonds were formed during extrusion, indicating that the prepared materials
represent physical polymer blends. The findings demonstrate that PLA-based
biodegradable films and their blends exhibit promising printability for UV
inkjet technology while maintaining their chemical integrity after processing.
These results contribute to the development of sustainable printed products
and provide a basis for further optimization of biodegradable substrates
intended for graphic and packaging applications.
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effort toward biodegradable and bio-based alterna-

1. Introduction

The excessive use and inadequate disposal of petro-
leum-derived plastics have led to significant environ-
mental pollution and to the accumulation of plastic
waste in terrestrial and aquatic ecosystems (Taib et

al., 2024). Conventional polymers such as low-density
polyethylene (LDPE) are widely used in flexible packag-
ing because of their low cost and ease of processing;
however, they are poorly recycled due to their flexible
nature and low residual economic value (Taib et al.,
2024). This situation has driven substantial research

tives for packaging applications (Kricheldorf, 2005).
Poly(lactic acid) (PLA) has emerged as one of the most
commercially attractive biopolymers for sustainable
packaging, offering renewability from agricultural feed-
stocks, good mechanical properties, transparency and
biocompatibility (Kricheldorf, 2005). Nevertheless, PLA
exhibits limitations that restrict its stand-alone use

in flexible packaging, including inherent brittleness,
low ductility, limited thermal endurance and weak
moisture barrier properties (Kricheldorf, 2005; Ali et
al., 2023). To overcome these limitations, PLA is fre-
quently blended with other biodegradable polyesters,
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in particular poly(butylene succinate) (PBS), poly(hy-
droxybutyrate) (PHB) and poly(hydroxybutyrate-co-hy-
droxyvalerate) (PHBV), the latter two being important
members of the polyhydroxyalkanoate family (Chuakhao
et al., 2024; Patel et al., 2022; Tubio et al., 2023).

PBS is a semicrystalline biodegradable polyester that,
when blended with PLA, improves ductility and pro-
cessability while preserving biodegradability and
compostability (Chuakhao et al., 2024). PHB, the prin-
cipal member of the polyhydroxyalkanoates, exhibits
exceptionally high crystallinity (up to 70-75 wt%), which
results in a high elastic modulus and tensile strength
comparable to conventional petrochemical polymers
such as polystyrene (Patel et al., 2022). Blending PLA
with PHB improves overall crystallinity and the barrier
properties essential for food packaging (Pate Patel).
PHBV, a copolymer of hydroxybutyrate and hydroxy-
valerate, combines the rigidity of PHB with enhanced
flexibility and elasticity (Tubio et al., 2023) PHBV/PLA
blends have been reported to yield films with improved
mechanical characteristics and increased hydrophilic-
ity compared with neat PHBV (Tubio et al., 2023).

Printability is a critical requirement for packaging materi-
als, yet the surface properties that govern ink anchorage
on biopolymer blends remain insufficiently characterized.
Surface energy, wettability, roughness and topography
together determine ink—substrate interactions and, ulti-
mately, print quality (Mahovi¢ Poljacek, Tomasegovi¢ &
Priselac, 2026). The adhesion of printing inks depends
on the reciprocal interaction of the polar and dispersive
components of the surface free energy of the film and
of the ink; greater similarity between these components
results in improved wetting and adhesion (Mahovic).
Because biopolymer blends generally exhibit phase-sep-
arated morphologies, with surface characteristics inher-
ited from each component, their printing behavior may
differ appreciably from that of single-polymer systems
(Mahovic Poljacek, Tomasegovic¢ & Priselac, 2026).

A growing body of work has specifically addressed the
printability of PLA and its blends. Early flexographic

trials on neat PLA film showed that it could reproduce
solid tones and half-tone dots to a standard comparable
with conventional PET and OPP substrates, although its
inherently low surface energy required careful matching
of ink formulation, anilox volume and plate screen rul-
ing (Rong & Keif, 2007; Jacobson et al., 2009). Because
untreated PLA surfaces are non-polar and offer limited
wettability, several studies ; have turned to plasma
activation as a pretreatment: oxygen and argon plasma
applied to PLA film raised its surface free energy suffi-
ciently to improve flexographic solid-tone density and
dot quality (Izdebska-Podsiadty, 2021), while low-pressure
plasma applied to PLA/PHB blends plasticized with acetyl
tributyl citrate increased surface energy in a way that
depended jointly on plasma power, exposure time and
blend composition (Omanikova et al., 2020). Closer to

the present study, a preliminary investigation of digital
printing on biodegradable flexible packaging materials
reported that the choice of biodegradable substrate
measurably narrows the reproducible colour gamut rela-
tive to conventional films (Manurova, Preklet & Horvath,
2021). Taken together, these studies establish that PLA
and simple PLA blends can be printed to an acceptable
standard, but each is limited either to a single poly-

mer, to flexographic rather than inkjet technology, to
the effect of an additional surface treatment, or to the
reproducible colour gamut rather than the optical den-
sity and CIELAB coordinates of a standardized full-tone
patch. None examines UV inkjet printing on PLA blended
systematically with PBS, PHB and PHBV across a compo-
sition range, which is the specific gap addressed here.

UV inkjet technology offers clear advantages for packag-
ing: it is essentially solvent-free, cures by rapid photopo-
lymerisation, and has a reduced environmental footprint
compared with conventional solvent-based processes
(Kovacik et al., 2024). Modern UV inks are formulated

to adhere to a wide range of polymer surfaces, which

in principle enables printing on sustainable biopolymer
substrates (Kovacik et al., 2024)). However, the com-
patibility and colour reproduction behavior of UV inks
on PLA/PBS, PLA/PHB and PLA/PHBV blend films have
not been systematically investigated. It is not known
whether variation of the second blend component and
its mass fraction — which changes crystallinity, phase
morphology and surface topography of the film — trans-
lates into measurable differences in optical density or in
reproduced colour. A further and largely unaddressed
guestion is methodological: extruded biopolymer films
frequently exhibit a pronounced machine-direction

line structure and micro-relief, and it is unclear to what
extent conventional spectrophotometric evaluation

of such surfaces reports genuine colour differences
rather than artefacts of measurement geometry.

The objectives of the present study were therefore
fourfold: (i) to verify, by ATR-FTIR spectroscopy, that
flat-die extrusion of PLA with PBS, PHB and PHBV yields
physical blends rather than reactively compatibilized
systems; (ii) to quantify the optical density and CIELAB
coordinates of full-tone black UV inkjet prints on ten
extruded biopolymer films; (iii) to evaluate, through total
colour differences in both the CIE 1976 and CIEDE2000
metrics, whether the choice and concentration of the
second blend component compromises the consistency
of colour reproduction and the machine readability of
printed graphic elements; and (iv) to assess the contri-
bution of surface texture to the measured variability
and to derive practical recommendations for the colori-
metric quality control of printed biodegradable films.
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2. Materials and methods

2.1. Materials

Poly(lactide) (PLA) INGEO 2003D (NatureWorks

LLC, USA) was used as the main component in all
blends. Poly(butylene succinate) (PBS) was sup-
plied by NaturePlast (France). Poly(hydroxybutyrate)
(PHB) and poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV) were purchased from Helian Polymers (The
Netherlands), grades ENMAT Y3000P and ENMAT
Y1000P, respectively. All polymers were dried prior
to extrusion in order to prevent hydrolytic degrada-
tion of the polyester chains during melt processing.

Prints were produced using the standard CMYK ink set
of the press manufacturer. For colorimetric measure-
ment, printed films were backed by a uniform white
substrate (Options cool white, 220 g/m?;, measured
CIELAB values L* =95.84 £ 0.16, a* =1.94 + 0.04, b*
=-3.60 £ 0.09; mean of five measurements) so that
the semi-transparent films were evaluated against

a reproducible and standardized background.

2.2.Film preparation

Films were produced by flat-die extrusion on a cus-
tom-built single-screw extruder. Polymer pellets were

hence of the surface topography and degree of crys-
tallinity of the film — on the subsequent print result.
The sample designation used throughout this work
combines the abbreviation of the second blend com-
ponent with its nominal mass fraction in the blend:
PHB10 denotes a film containing 90 wt% PLA and 10
wt% PHB, PHBV30 a film containing 70 wt% PLA and
30 wt% PHBV, and so forth. Samples PLA15 and PLA16
are neat PLA films and serve as the reference for all
blends. The complete list of samples and the corre-
sponding processing parameters is given in Table 1.

2.3.FTIR analysis

Fourier-transform infrared spectroscopy of the prepared
films was performed on an IRAffinity-1S spectrometer
equipped with an attenuated total reflectance (ATR)
accessory (Shimadzu, Japan). Transmittance (T, %) was
recorded over the range 400—4000 cm-1 at a spectral
resolution of 4 cm-1, accumulating 40 scans per spec-
trum. Spectra of the neat components were recorded
under identical conditions and used as references. The
purpose of the analysis was to confirm that no reactive
extrusion had taken place and that only physical blends
were obtained, which is a prerequisite for interpret-
ing the optical results in terms of blend morphology
rather than of newly formed chemical species.

2.4.Printing

dry-mixed in the required mass ratio immediately before

Printing was performed on an Artislet 3000U flat-bed UV
inkjet printer. A dedicated test chart was designed for the
study, containing full-tone patches of the process colours,
tonal step wedges and QR code elements of graded mod-
ule size. All samples were printed in a single production
run using the standard machine settings in KCMY mode,
without an opaque white underprint layer, so that the
interaction between the ink and the bare biopolymer
surface — rather than between the ink and an interme-

processing and fed into the extruder hopper without
prior compounding, so that blending occurred in the
melt during a single extrusion pass. The extruded melt
was drawn through a flat die and taken up by a cal-
ender. All samples were processed with the calender
cooled, with the single exception of sample PLA16,
which was produced without calender cooling in order
to evaluate the influence of the cooling regime — and

Table 1
List of investigated samples and flat-die extrusion processing parameters

Screw speed Calender speed
Sample T zone 1(°C) T zone 2 (°C) T zone 3 (°C) i
(rpm) (m/min)

PLA1S 165 170 175 90 2
PLA16 * 165 170 175 90 2
PHB10 160 165 170 50 1
PHB20 160 165 170 50 1
PHB30 165 170 175 100 2
PBS10 165 170 175 100 2
PBS20 165 170 175 100 2
PHBV10 165 170 175 100 2
PHBV20 165 170 175 100 2
PHBV30 165 170 175 100 2

* Processed without cooling the calender. Sample designation: the numerical suffix denotes the nominal mass fraction (wt%) of the
second component in the PLA-based blend; PLA15 and PLA16 are neat PLA films
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diate primer — determined the print result. Curing was
performed by the integrated UV lamp assembly of the
press under nominal settings. Printed films were condi-
tioned for 24h at room temperature before measurement
to allow complete dark cure and relaxation of the ink film.

2.5. Optical density and
colorimetric measurement

Optical density (D) and CIELAB coordinates (L*, a*, b*)
of the full-tone black patches were measured with a
Techkon SpectroDens spectrodensitometer. The instru-
ment was calibrated on absolute white before each
measurement series. Measurements were carried

out using the CIE standard illuminant D50 and the CIE
1931 2° standard observer. Five independent measure-
ments were taken at different positions of each printed
patch, giving fifty readings in total, and the results are
reported as arithmetic mean + standard deviation.
Measuring at several positions was considered essen-
tial, because extruded biopolymer films may exhibit a
pronounced micro-relief and machine-direction line
structure that can locally modify the measurement
geometry; as shown in Section 3.5, this precaution
proved decisive for the interpretation of the results.

Surface appearance of the printed films was addition-
ally inspected with a VT300 digital portable micro-
scope. Machine readability of the printed QR codes
was verified using two commercially available mobile
devices with different camera systems and decoding
libraries — an Apple iPhone 15 (i0S) and a Xiaomi Red-
mi Note 10 Pro (Android) — each code being tested
on both devices under diffuse office illumination.

2.6.Evaluation of colour differences
and statistical analysis

Total colour differences between printed samples were
calculated according to the CIE 1976 colour difference
formula. Because the CIE 1976 (AE76) metric is known
to overstate lightness differences in dark colours, all
pairwise differences were additionally recalculated in
the CIEDE2000 metric (AEQO), using the standard para-
metric weighting factors kL = kC = kH = 1. Chroma and
hue angle were derived as C*ab = (a*2 + b*?)1/2 and
hab = arctan(b*/a*). In the interpretation of the results,
the conventional perceptibility threshold of AE = 1 for

a trained observer under optimal viewing conditions
and the acceptability threshold of AE = 3 for commer-
cial print reproduction were used as reference levels.
The statistical significance of differences among the ten
samples was assessed by one-way analysis of variance
(ANOVA) applied separately to D, L*, a* and b*, followed
by Welch's t-test for selected pairwise comparisons. The
relationship between optical density and lightness was
examined by Pearson correlation, both across sample
means and across all fifty individual readings. A signifi-

cance level of a = 0.05 was adopted throughout. All cal-
culations were performed on the complete set of individ-
ual measurements rather than on pre-aggregated values.

3. Results and discussion

3.1. FTIR analysis — confirmation
of physical blending

FTIR spectra of all samples showed no chemical reaction
between PLA and other biopolymers in the blend, since
no new peaks occurred in the spectra. Comparison of the
FTIR spectra between pure components and blends is
shown in Figure 1.

(c)

» Figure 1 (part 1): FTIR Spectra of pure components and
blends (a) PLAT-PLA2, (b) PBS-based series of samples,
(c) PHBV-based series of samples and (d) PHB-based
series of samples
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(d)

» Figure 1 (part 2): FTIR Spectra of pure components and
blends (a) PLAT-PLA2, (b) PBS-based series of samples,
(c) PHBV-based series of samples and (d) PHB-based
series of samples

3.2. Optical density of the printed films

The measured optical density and CIELAB coodi-
nates of the full-tone black UV inkjet prints are
summarized in Table 2; the corresponding dis-
tributions are shown in Figures 2 and 3.

Optical density proved to be uniformly high on every
substrate. All fifty individual readings fell between D =
3.00 and D =3.20, and the sample means occupied the
narrow interval 3.018—-3.168 with a grand mean of 3.080.
An optical density above 3.0 corresponds to transmission
of less than 0.1% of the incident light through the print-
ed layer, indicating excellent ink holdout and complete
coverage on all ten films. Not a single measurement
position on any formulation failed to reach this level.

Within this narrow band the differences between sam-
ples are nevertheless statistically significant (ANOVA:
F(9,40) = 8.16; p < 0.001). The highest densities were
recorded on PLA16 (3.168 + 0.022) and PHB30 (3.166 +
0.056) and the lowest on PHB20 (3.018 + 0.013). The
total spread of 0.15 density units is small in absolute
terms, but it is not negligible by the standards of process

control in commercial printing, where full-tone density
tolerances of +0.05—-0.10 are typical. Substrate selection
therefore has a measurable, if modest, influence on
solid density and should be considered when a common
density target is applied across several film types.

It is notable that the ranking of densities does not
follow the mass fraction of the second component
in any of the three blend families. Within the PHB
series the density falls from 3.108 at 10 wt% to 3.018
at 20 wt% and then rises to 3.166 at 30 wt%; within
the PHBV series it varies by only 0.018 units across
the whole concentration range. Composition alone
therefore does not explain the observed behavior,
which points instead to the processing conditions and
the resulting surface state of the film — an interpre-
tation developed further in Sections 3.3 and 3.5.

» Figure 2: Optical density (D, mean + SD, n = 5) of
full-tone black UV inkjet prints on the investigated
biopolymer films. The dashed line marks D = 3.0

3.3. Lightness of the printed films

Lightness is by far the most variable of the measured
guantities. The sample means span L* =13.32-24.96, a
range of 11.65 units, and the individual readings extend
from 12.90 to 26.82. The differences between formu-
lations are highly significant (ANOVA: F(9,40) = 14.35;
p < 0.001). PHB30 produced the visually deepest black
of the study (13.32 + 0.66), followed by PLA16 (15.68

+ 0.44), while PBS20 gave by far the lightest result

Table 2
Optical density and CIELAB coordinates of full-tone black UV inkjet prints on the investigated biopolymer films (mean +SD, n = 5)
Sample D L* a* b*
PLA15 3.076 + 0.055 16.93+0.60 1.65+0.15 -0.47+0.26
PLA16 3.168 £ 0.022 15.68 £ 0.44 1.62+£0.10 -0.71+£0.14
PHB10 3108 £ 0.032 16114 2.50 1.71+0.10 -0.33+0.23
PHB20 3.018 £ 0.013 21.57 £+ 0.65 1.97+£0.10 -0.32+0.18
PHB30 3.166 + 0.056 13.32+£0.66 1.80 £ 0.47 -0.67+£0.61
PBS10 3.072 £ 0.043 16.79 £ 0.25 1.63+£0.21 -0.71+£0.14
PBS20 3.046 £ 0.021 24.96 +1.91 1.84 £0.19 -0.77 £ 0.09
PHBV10 3.048 £0.038 20.30+£1.42 1.82£0.06 -0.53+0.06
PHBV20 3.042 £ 0.030 16.61+£0.30 1.76 £ 0.19 -0.49+0.30
PHBV30 3.060 + 0.061 19.23+5.15 1.75+ 017 -0.58 £0.22




GRID 2026 - Proceedings

(24.96 +1.91), with PHB20 (21.57 + 0.65) and PHBV10
(20.30 +£1.42) also at the light end of the scale.

Critically, lightness does not vary monotonically with
the concentration of the second blend component in
any of the three families. In the PHB series L* rises from
16.11 at 10 wt% to 21.57 at 20 wt% and then falls sharp-
ly to 13.32 at 30 wt%, a non-monotonic excursion of
more than eight units. In the PHBV series the sequence
is 20.30 = 16.61 = 19.23, again with the intermediate
concentration as the extreme value. Only the PBS series
shows a simple increase, from 16.79 to 24.96. If the
mass fraction of the minor phase were the controlling
variable, a consistent and preferably monotonic trend
would be expected in each family; its absence indi-
cates that composition is not the dominant factor.

Two other observations support this conclusion. First,
the two neat PLA films differ significantly from one
another (L* =16.93 + 0.60 versus 15.68 + 0.44; Welch's
t=3.74; p = 0.007), even though they are chemically
identical and were extruded at the same tempera-
tures and screw speed. The only difference between
them is that PLA16 was processed without calender
cooling. A change in the cooling regime, which alters
the degree of crystallinity, the surface gloss and the
micro-topography of the film without altering its
chemistry, is therefore sufficient to shift measured
lightness by more than one unit and to raise optical
density by 0.09. Second, the two samples extruded at
the reduced calender speed of 1 m/min (PHB10 and
PHB20) behave very differently from one another, which
again cannot be attributed to composition alone.

Lightness and optical density are strongly and inversely
correlated, as physical consistency requires: r =-0.73
(p = 0.016) across the ten sample means and r = -0.61
(p < 0.001) across all fifty individual readings (Figure 4).
Darker prints return higher density readings, and the
two quantities respond to the same underlying prop-
erty of the printed surface. This internal consistency
provides useful validation of the measurement series,
but it also means that the two parameters should not
be treated as independent indicators of print quality.

» Figure 3: Lightness (L*, mean + SD, n = 5) of full-
tone black UV inkjet prints on the investigated
biopolymer films. Open circles show the five individual
measurement positions per sample; note the two
clearly separated populations of readings for PHBV30
and the wide spread for PHB10

» Figure 4: Relationship between lightness and optical
density for all fifty individual measurements.
The dashed line is the least-squares fit

3.4.Chromatic coordinates

In sharp contrast to lightness, the chromatic coordi-
nates are statistically indistinguishable across the entire
material set. One-way ANOVA returns no significant
effect of formulation either for a* (F(9,40) =1.42; p =
0.21) or for b* (F(9,40) =1.81; p = 0.10). The sample
means are confined to a* =1.62-1.97 and b* = -0.77
to -0.32, corresponding to chroma values of only C*ab
=1.71-2.00 and hue angles clustered between 336°
and 357°. Every substrate therefore reproduces the
full-tone black as an almost achromatic colour with a
very slight warm-red cast and a marginal blue bias.

This is the central positive finding of the study for print
production. The chemistry of the second blend com-
ponent and its concentration do not measurably affect
the hue or the saturation of the reproduced black.
Where a difference appears at all, it is a difference in
how light or dark the print is, not in what colour it is.
Since colour management systems compensate for
lightness far more readily than for hue shifts — a light-
ness offset can be corrected by a single adjustment

of the tone reproduction curve, whereas a hue shift
requires re-profiling — this behavior is considerably
more favorable than the opposite pattern would be.

Nominally, the PBS-based films display the most negative
b* values of the set (-0.71 and -0.77) and the PHB-based
films at 10 and 20 wt% the least negative (-0.33 and
-0.32), which would correspond to a marginally cool-

er black on PBS and a marginally warmer one on PHB.
However, the within-sample standard deviations of b*
are of the same order as these differences, reaching 0.61
for PHB30 and 0.30 for PHBV20, and the effect does

not survive the analysis of variance. It should there-

fore be regarded as a tendency worth confirming in a
larger series rather than as an established difference.
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3.5. Surface texture and the
reliability of the colorimetric data

The within-sample variability differs by more than an
order of magnitude between formulations and deserves
attention. The standard deviation of L* ranges from
0.25 for PBS10 and 0.30 for PHBV20 — values close to
the repeatability of the instrument — to 1.91 for PBS20,
2.50 for PHB10 and 5.15 for PHBV30. Expressed as a
coefficient of variation, the spread reaches 26.8% for
PHBV30 and 15.5% for PHB10, against 1.5% for PBS10.

The pattern of the individual readings is more reveal-
ing than the summary statistics. For PHBV30 the five
measurement positions returned L* values of 15.16,
15.61,15.65, 24.79 and 24.93: two tightly grouped
populations separated by more than nine lightness
units, with no intermediate values. The arithmetic
mean of 19.23 corresponds to no physical location on
the sample, and the median of 15.65 differs from it by
3.58 units. A comparable, though less extreme, dis-
persion is seen for PHB10, where the readings range
from 13.03 to 19.84. Such bimodality cannot arise from
the colour of a homogeneously printed ink layer; it
indicates that the measuring aperture encountered
two distinct surface states on the same specimen.

Microscopic inspection of these films showed pro-
nounced machine-direction lines and a distinct micro-re-
lief. Surface structure of this kind alters the local mea-
surement geometry: depending on the orientation of
the relief relative to the measuring beam, the aperture
may collect an increased specular component or, con-
versely, fall within a locally shaded region. The instrument
registers both cases as a change in lightness. Part of the
apparent colour difference between textured samples is
therefore of instrumental rather than colorimetric origin,
whereas the human visual system, which integrates over
a larger field and compensates for surface gradients,
does not perceive a comparable difference. This mecha-
nism also explains why the samples with the smoothest
measured behavior (PBS10, PHBV20) are those with the

lowest dispersion, and why formulation alone fails to
account for the lightness ranking discussed in Section 3.3.

Three practical consequences follow. Spectrophoto-
metric data on textured biodegradable films should be
acquired at several positions sufficient to reveal multi-
modality — five is a workable minimum, but more are
advisable for visibly structured surfaces — and the indi-
vidual readings, not only the mean, should be inspected.
Where the distribution is clearly bimodal, the median or
a mode-resolved analysis is more informative than the
arithmetic mean. Finally, instrumental results on such
substrates should be corroborated by visual assessment
before a batch is rejected on colorimetric grounds.

3.6.Total colour differences

The complete matrix of total colour differenc-

es calculated according to Eq. (1) is given in Table
3 and visualized in Figure 5; the correspond-

ing CIEDE2000 values are given in Table 4.

The largest difference in the set, AE*ab =11.65, sepa-
rates PHB30 from PBS20 — the darkest and the lightest
formulation. Nine of the forty-five pairwise comparisons
exceed 5 units and would be plainly visible in a side-
by-side presentation. At the other extreme, the closest
pairs are PLA15—PBS10 (0.28), PBS10—PHBV20 (0.31) and
PLA15—-PHBV20 (0.34), all well below the perceptibility
threshold, showing that films of quite different chemical
composition can be colorimetrically interchangeable.

Unlike in a conventional substrate series, the differences
do not organize themselves by polymer family. Within
the PHB series the three concentrations differ by 2.81

to 8.26 units, and the two PBS films differ by 8.18 units,
whereas members of different families may be nearly
identical. In every case the difference is dominated by
AL*: the chromatic contributions Aa* and Ab* never
exceed 0.5 units and typically contribute less than 2%
to the value of Eq. (1). Expressed differently, Table 3 is
essentially a map of lightness differences, and in view

Table 3
Matrix of total colour differences AE*ab (CIE 1976) between all pairs of printed biopolymer films
PLA15 PLA16 PHB10 PHB20 PHB30 PBS10 PBS20 PHBV10 PHBV20 PHBV30
PLA15 0.00 1.28 0.84 4.65 3.63 0.28 8.04 3.37 0.34 2.30
PLA16 1.28 0.00 0.58 5.91 2.37 1M 9.28 4.63 0.97 3.55
PHB10 0.84 0.58 0.00 5.46 2.81 0.78 8.87 4.20 0.53 313
PHB20 4.65 5.91 5.46 0.00 8.26 4.81 3.43 1.29 4.96 2.36
PHB30 3.63 2.37 2.81 8.26 0.00 3.48 11.65 6.99 3.30 5.91
PBS10 0.28 m 0.78 4.81 3.48 0.00 8.18 3.52 0.31 2.45
PBS20 8.04 9.28 8.87 3.43 11.65 818 0.00 4.67 8.36 5.74
PHBV10 3.37 4.63 4.20 1.29 6.99 3.52 4.67 0.00 3.69 1.08
PHBV20 0.34 0.97 0.53 4.96 3.30 0.31 8.36 3.69 0.00 2.62
PHBV30 2.30 3.55 313 2.36 5.91 2.45 5.74 1.08 2.62 0.00
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of Section 3.5 a substantial part of those differences
reflects surface texture rather than the print itself.

This interpretation is reinforced by the CIEDE2000 recal-
culation. The CIE 1976 metric is known to exaggerate
lightness differences in dark colours, where the lightness
weighting function of CIEDE2000 takes values around
1.5. Recalculating in AEOO reduces the maximum differ-
ence from 11.65 to 7.99, the PHB20-PHB30 difference
from 8.26 to 5.57, and the PBS10—PBS20 difference

from 8.18 to 5.72 — a systematic reduction of roughly
30% for the lightness-driven pairs, while the already
small chromatic differences are essentially unchanged
(PLA15—PBS10: 0.28 versus 0.25). The choice of colour
difference metric therefore has a material effect on

the conclusions, and reporting AE*ab alone overstates
the magnitude of the substrate effect for dark tones.

» Figure 5: Heat map of the total colour differences
AE*ab between all pairs of printed biopolymer films.

3.7. Print—substrate contrast
and functional readability

For printed packaging the decisive criterion is frequent-
ly not the absolute colour of the ink but the contrast

it forms with the unprinted substrate, because this
contrast governs the legibility of text and the machine
readability of coded graphic elements. Measured against
the white backing (L* = 95.84, a* =1.94, b* = -3.60),
the full-tone black prints yield total colour differences
of AE*ab =70.9-82.6. The spread of some twelve units
across the material set, though it mirrors the lightness
differences discussed above, is negligible relative to
the absolute contrast achieved: the weakest-con-

trast substrate, PBS20, still delivers AE*ab = 70.9.

Consistent with this, all printed QR codes were decoded
successfully on every substrate, using both test devices
and both operating systems, and across the full range
of module sizes present on the test chart. Neither the
choice of the second blend component nor its mass
fraction, nor the calender cooling regime, impaired

the machine readability of the printed elements. The
uniformly high optical density (every reading above

D = 3.0) provides the luminance contrast required

by the decoding algorithms with a substantial mar-

gin, and differences of ten lightness units in a colour
whose L* is below 25 are immaterial at this scale.

Taken together with the FTIR results, these findings
show that the functional performance of the print is
decoupled from the formulation of the film within the
composition range studied. Blend composition can
therefore be selected based on mechanical, thermal and
barrier requirements, or of cost and end-of-life consid-
erations, without a penalty in functional printability.

Table 4
Matrix of total colour differences AEOO between all pairs of printed biopolymer films
PLA15 PLA16 PHB10 PHB20 PHB30 PBS10 PBS20 PHBV10 PHBV20 PHBV30
PLA15 0.00 0.87 0.57 3.21 2.40 0.25 5.63 2.31 0.27 1.57
PLAT6 0.87 0.00 0.48 4.06 1.57 0.74 6.45 315 0.68 2.40
PHB10 0.57 0.48 0.00 3.75 1.86 0.59 6.18 2.86 0.37 212
PHB20 3.21 4.06 3.75 0.00 5.57 3.33 248 0.93 3.4 1.67
PHB30 2.40 1.57 1.86 5.57 0.00 2.30 7.99 4.68 217 3.94
PBS10 0.25 0.74 0.59 3.33 2.30 0.00 5.72 2.4 0.30 1.67
PBS20 5.63 6.45 6.18 2.48 7.99 5.72 0.00 3.33 5.84 4.06
PHBV10 2.31 315 2.86 0.93 4.68 2.41 3.33 0.00 2.51 0.75
PHBV20 0.27 0.68 0.37 3.41 217 0.30 5.84 2.51 0.00 177
PHBV30 1.57 2.40 212 1.67 3.94 1.67 4.06 0.75 .77 0.00
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3.8.Practical implications
and limitations

Several recommendations follow production practice.
Where the deepest possible black is required — for
high-contrast codes or fine reversed-out typography —
PHB30 and the uncooled PLA16 are the preferred sub-
strates, combining the lowest lightness with the highest
optical density. Where colour consistency across several
substrates is the priority, PLA15, PBS10 and PHBV20 form
a group that is mutually interchangeable within the per-
ceptibility threshold and can be run to a single colour
standard. Where a film with visible surface structure must
be used, the quality-control protocol should be adapted
as described in Section 3.5 rather than the material being
rejected based on a single measurement. In all cases,

the chromatic dimensions require no attention: hue and
saturation are stable across the entire material set.

Several limitations should be acknowledged. The study
evaluated a single UV inkjet system under standard set-
tings and without an opaque white underprint; other ink
chemistries, curing configurations or the introduction of a
white base layer would be expected to shift the absolute
values, although the relative behavior of the substrates
should be preserved. Only full-tone black was analyzed in
depth, so tonal reproduction, dot gain and the behavior
of the chromatic process inks remain to be character-
ized. Five measurement positions per sample proved
sufficient to reveal multimodality but are too few to
characterize the underlying distributions quantitatively; a
denser sampling grid, ideally combined with profilometric
mapping of the same positions, is the obvious next step
and would allow the contribution of surface relief to be
separated from that of the print. Surface free energy,
roughness and ink adhesion were not measured, which
limits the mechanistic interpretation of the differences
between formulations. Finally, the prints were evaluated
shortly after production, so the long-term stability of the
ink film on biodegradable substrates — including light
fastness, mechanical resistance and behavior during
composting — was outside the scope of this work.

4. Conclusions

This study evaluated the UV inkjet printability of ten
biodegradable films produced by flat-die extrusion:
neat PLA processed with and without calender cooling,
and PLA blends containing 10-30 wt% of PHB, PHBV
or PBS. The following conclusions can be drawn.

FTIR spectroscopy confirmed that single-pass flat-die
extrusion produced physical blends only. No new absorp-
tion bands appeared, and no bands of the neat compo-
nents disappeared, so the optical behavior of the films
reflects their phase morphology and surface topography
rather than any newly formed chemical structure.

All ten substrates delivered high optical density of
the full-tone black print. Every one of the fifty indi-
vidual readings exceeded D = 3.00, and the sample
means occupied the interval 3.018-3.168, indicat-
ing excellent ink holdout on all formulations.

Colour reproduction was consistent in the chro-
matic dimensions. Neither a* (p = 0.21) nor b*

(p = 0.10) differed significantly between formula-
tions; all prints remained confined to a near-neu-
tral region with C*ab =1.71-2.00 and hue angles
between 336° and 3571°. The identity and concentra-
tion of the second blend component do not affect
the hue or saturation of the reproduced black.

Lightness, by contrast, varied significantly between
formulations (L* = 13.32—-24.96; p < 0.001) and was
inversely correlated with optical density (r = -0.61
across all readings; p < 0.001). The variation was not
monotonic with the concentration of the second com-
ponent, and the two chemically identical neat PLA films
differed significantly from one another, which shows
that processing conditions — in particular the calender
cooling regime — and the resulting surface state, rather
than blend composition alone, govern this parameter.

Surface texture was shown to contribute substantially

to the measured variability. Within-sample standard
deviations of L* ranged from 0.25 to 5.15, and PHBVY30
returned two clearly separated populations of readings
differing by more than nine lightness units. Spectrophoto-
metric evaluation of structured biodegradable films must
therefore be based on multiple measurement positions,
on inspection of the individual readings rather than the
mean alone, and on corroboration by visual assessment.

Total colour differences reached AE*ab =11.65 at
most and were dominated almost entirely by light-
ness, the chromatic contributions never exceeding
0.5 units. Recalculation in the CIEDE2000 metric
reduced the lightness-driven differences by approxi-
mately 30% (maximum AEQO = 7.99), confirming that
the CIE 1976 formula overstates the substrate effect
for dark tones and that AEOO should be preferred
when evaluating black prints on such materials.

Print—substrate contrast reached AE*ab = 70.9-82.6
on every film, and all printed QR codes were decoded
successfully on two independent mobile platforms,
confirming that functional graphic elements are repro-
duced reliably on all the biopolymer films investigated.

Overall, PLA-based biodegradable films and their blends
with PBS, PHB and PHBV exhibit promising printability
for UV inkjet technology while retaining their chemical
integrity after processing. Blend composition can be
optimized for mechanical, barrier and end-of-life perfor-
mance without compromising the chromatic consistency
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of the print or the functionality of machine-readable
elements, provided that the lightness of the reproduc-
tion and the surface texture of the film are controlled

at the process level. These results contribute to the
development of sustainable printed products and provide
a basis for further optimization of biodegradable sub-
strates intended for graphic and packaging applications.
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