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Dear readers,
We are presenting the new issue of the Journal
of graphic engineering and design - JGED. As in
the previous issues of the journal, the number
of contributing researchers from different
countries is increasing. A wide array of topics
from different research areas shows a diversity
of this scientific field.
Quantification and quality assessment of
artificial light sources ability to simulate
daylight and its properties of colour rendering
is always an interesting research subject.
3D printing is dynamic and fast growing
field. 3D scanning of physical objects is
one of the frequently used methods for
generating input data for the process. One of
the basic problems in the application of this
method is accuracy, especially in the case of
small objects with complex geometry. The
3d-printed object of small dimensions was
used to test the accuracy and precision of
close-range photogrammetry.

and as materials for packaging is answered
through the preliminary study of the
correlation between films properties and
flexographic print quality defined as the
optical density of full tone.
Alongside graphic design, material, colour, etc.
packaging shape is considered as an important
tool for product differentiation and promotion.
Research gave clear insight into the influence
of packaging shape on the perception of
packaging characteristics.
As always we are grateful to all authors for
their contribution and constant improvement
of the journal’s quality.
We invite all authors interested in publishing
their research to submit their papers and to join
forces with us to improve the research field.

Prof. PhD Dragoljub Novaković
The question whether traditional plastic
films can be replaced by biodegradable and
compostable films as printing substrates
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Evaluation and Improvement of the CIE
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Abstract
All artificial light sources are intended to simulate daylight and its properties
of color rendering or ability of colour discrimination. Two indices, defined by
the CIE, are used to quantify quality of the artificial light sources. First is Color
Rendering Index which quantifies ability of light sources to render colours
and other is the Metemerism Index which describes metamerism potential
of given light source. Calculation of both indices are defined by CIE and has
been a subject of discussion and change in past. In this work particularly,
the problem of sample number and type used in calculation is addressed
here and evaluated. It is noticed that both indices depends on the choice and
sample number and that they should be determined based on application.
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Colour Rendering Index

The CIE colorimetric system is based on colour stimulus
that is described as a combination of light source, object
and an observer. Being three –chromatic in nature,
Human Visual System can have same response on physically different stimuli (i.e. different spectral reflectance)
which can be significantly higher in dimensionality. This
fact is especially true with artificial light sources where it
is, with current state of technology, very difficult to have
spectral power distribution of standard illuminats defined
by CIE. However, these light sources are designed to
provide good colour rendering. How well they do it
and with what Spectral Power Distribution (SPD) is
that achieved is quantified by CIE Color Rendering(CRI)
and Metamerism index (MI). The CRI is a well-known
descriptor for the colour rendering properties of light
sources. Being a single number the CRI is rather loose
figure of merit and the accuracy of the CRI in predicting
specific colour rendering aspects is relatively low. CRI
is an average of only eight colours and accounts only
for the magnitude of the colour shift. On the other side
MI is calculated by five metamer sets defined by the
CIE. Therefore, this work address problem that might
come with limited sample set for these two indices and
perform analysis with different (extended) sample set.

In everyday colour judging situation, either in industry or in everyday experience, the illumination greatly
affects our perception of colour. However, some colour
judgment situations are more critical than the other.
Highly accurate colour communication in industry is
one of the cases. There, some measure that quantifies
quality of the illumination source must exist. For this
purpose, CIE has defined a colour rendering index for
light sources (Lee 2005). The measure of goodness of
a light source is a correlation between colour rendering of reference illuminant (or illumination source),
and given light source. The correlation is expressed
as colour difference of rendered colour patches.
There are several concerns with this definition:
Which source should be used
as a reference source?
• Which test samples (patches, objects)
should be used in evaluation?
•

There is also a question of which chromatic adaptation should be applied when a change of illumination is introduced as well as which colour difference
formula to use and how it should be weighted.
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The compute colour rendering index, one must acquire
a Spectral Power Distribution (SPD) of the test and reference light source, as well as spectral reflectance of
the test patches. The CIE XYZ tristimulus values are then
computed for CIE1931 standard observer and for both
reference and test light source. For the reference light
source, (CIE publication 13.3) recommend standard illuminants, resembling daylight, fluorescent light sources
and incandescent light. The daylight illuminants are
identified based on their Correlated Colour Temperature
(CCT). The CCT provides an insight of the illuminant’s
bluishness and yellowishness (Hunt, 2004). The CCT of
an illuminant or illumination source resembles the same
chromaticity coordinate as the Planckian radiator but
different SPD. For a test source with CCT below 5000K,
the reference illuminant should be a Planckian radiator
with same colour temperature. If the test illumination
source is over 5000K, then one of the CIE standard
daylights illuminants should be used as a reference.
Therefore, CIE recommends usage of standard illuminants to evaluate quality of the real light sources. The
need for such recommendation came from the lighting
industry (Schanda, 2007). The characterization and classification of the daylight simulators and other light sources needed to be done based on some standardreference
source. Although real light sources up to this date are
not able to approximate SPD of CIE standard illuminants,
they are able to match in CCT. Therefore, an evaluation
of how these light sources render colours in regard to the
reference illuminant with which they share CCT, becomes
measure of quality the light sources. First methods to
characterize colour rendering capabilities of light surces
were based on spectral band methods. Here, SPD is sampled and divided into sections which are compared to the
standard illuminant. This was the first CIE colour rendering evaluation method. The problem with this method
is that it did not correlate well with visual perception. To
tackle this problem, the CIE body came with the method based on colour difference calculation. The method
established in 1974 is still in use. Full description of this
method can be found in (Schanda, 2007,Ohta, 2006).
Computations with this method are performed within CIE 1964 UCS colour space. More recently, newly
derivedcolour spaces can be also used, although there
is no significant difference that could guide change of
the method. The second method is based on CIELUV
and CIELAB colour space while colour difference formula and chromatic adaptation is not strictly defined.
Briefly described, old method uses selected Munsell
patches that sample the colour space. It is 14 colours,
approximately resembling primaries of a colorant system
and samples of human skin and green leafs (Figure 1).
Second method specifies usage of the Gretag Macbeth Colour Checker for test samples. The patches on
this colour target are similarly distributed as Munsell
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patches and second method shows high correlation
with the first, but do not offer an improvement.

»»Figure 1: Munsell samples for CRI computation
In evaluation of CRI, one can compute both general
(Ra) and special colour rendering index (Ri). The latter
is the CRI computed for each colour sample separately while former is the average score for all patches.

The problem here is that in most cases, the CRI does
not correspond to the visual colour difference (Sandor
and Schanda, 2006). This has significant consequence in
applications where people make quite critical decisions
about colour. To tackle the problem, the reference illuminant should be considered from real light sources where
these should be selected based on application. Other
problem that current methodology exhibits is its age and
lack of robustness toward new light sources such are
LEDs. Later, another experiment was set (Li, et al., 2011)
where they have tackled the problem of chromatic adaptation using more recent CAT02 instead of Von Kries. The
problem in first experiment was the simultaneous stimuli
observation which usually leads to undetermined and
poor adaptation. Chou et.al., 2011 also evaluated sample
number and type influence of the CRI applied in graphic
arts environment. There, they have selected 273 samples
with two different Chroma levels, three Lightness levels
and hue angles at 10 intervals. By working with CIECAM02 colour appearance model and by using selected
range of samples they have proposed CRI-CAM02UCS
metric for evaluation of the general colour rendering
index. This has shown significant improvements in
evaluation of the solid state (LED based) illumination
sources and shows better correlation with visual colour
difference. The colour sample set used in experiment
included: 219 evenly distributed samples and many real
world materials like textiles, prints, plastics, skin. Such
sample set should provide enough sampling points to
evaluate uneven energy levels per wavelength of daylight
simulators, spiky illumination sources and LED based
illumination. The one issue remains even with proposed

new CRI metric; it is still one number that is a figure of
merit. Using CIE recommended method averages across
only 8 samples where new suggested methods are quite
complex and computationally intensive. To tackle this
problem, Burgt and Kemenadeevaluated how the colour
set influence the colour shifts induced by narrow band
SPDs of illumination sources. A number and representatives of colour samples are directly influencingprediction of colour rendering properties. The method used
is called CRV or colour rendering vectors and has been
described in CIE 13.3 publication.According to the publication, the colour shift in a three - dimensional space
are the vectors with directions. For the experiment,
they have used a set of 215 colours uniformly distributed across the space with average magnitude of colour
difference similar to those of the CIE recommend 8
colours set. They have concluded that as some hues do
not contribute equally to the average value of the CRI,
some hue angles has to be more sampled or sample
colours must be properly selected. The final selection
is based on an average magnitude of the colour shift.
However, all mentioned metrics and methods proposed
is to derive a better single number that should be a merit
of the light source quality. Although this is a useful guidance for lighting industry, it does not provide an insight of
how the illumination source would render colours of the
specific application. As mentioned before, colour sample
selection involves many different application areas such
are: textiles, print, plastic, home interior, office lighting,
viewing cabinets, etc. therefore, this work has an aim
to experiment with CRI within a single application area.
The field of spectral printing is one of the application
areas that could benefit from such information, not just
directly by evaluating illumination source colour rendering properties, but indirectly too, in optimization of a
workflow for given application area of spectral printing.
Spectral printing utilizes multichannel printing systems
to better reproduce input reflectance and to avoid as
much as possible the metamerism. More degrees of
freedom one has, the greater the possibility to achieve
desired results. As spectra of the objects are significantly
different to one of printing inks, it is more possible to
have a multi-illuminant match than to have a spectral
match. Therefore, both reproduction goals and multi-illuminant gamut mapping(Urban and Berns, 2011) should
benefit from the information of illumination sources
for which the system is optimized. Chen et.al.2003used
colour inconstancy index to optimize multi-ink colour
separation based on maximal colour constancy.
This work will evaluate CRI and MI of the common
daylight simulators and other illumination sources
used in common viewing cabinets used in graphic arts.
Instead of using CIE recommended colour set or any
recently suggested methods, this work will calculate
CRI by using only prints made with hi-fi printer. Expec-

tations are that the CRI can be directly associated with
colour rendering of the printed materials on a paper.
Therefore,it is the goal of this project to test whether CRI and MI could be indicators of how good are
lamps for viewing printed material only and whether
numbers differ from CIE recommended method.

Metameric Index
Grasmann’s second law indicates that two lights or two
stimuli can match in colour appearance when though
their spectral selectivity is different (Kang, 2006). The
two stimuli are then called metamers and are basis for
CIE colorimetric. The CIE colorimetric system is based
on colour stimulus that is described as a combination
of light source, object and an observer. The light source
with specific spectral power distribution illuminates
a spectrally selective object and the result is spotted
by an observer. The result is expressed through CIE
Tristimulus values. Previously, the standard observer
has been defined for 2°, 10°. Also CIE defines set of
standard illuminants spectral power distributions that
represent proportion of total light emitted, transmitted
or reflected by an object at every possible wavelength.
Metamerism is a basic and most important aspect of
colour reproduction with limited number of channels.
As HVS is equipped with three colour receptors, metamerism occurs as each type of receptors responds on
the cumulative energy from a range of wavelengths.
This reduced degree of freedom exploited tri-chromatic characteristic of human visual system and give
a rise to the trichromatic or metameric colour reproduction workflow. Metamerism always involves at
least two pair of objects or stimuli. The metameric
match is achieved if two objects produce same colour
sensation under specific illuminant for the standard
observer. The metameric objects therefore have different spectral distributions but perceived as same colour
under given illuminant. The match may not hold under
second (other) illuminant or illumination source.
Metameric matches of objects are common near
neutral and dark areas of a colour space. These
are usually achieved using multiple colourant
combinations with subtractive colour mixing.
The illuminant metamerism is a situation where two
samples matches under one light source but do not
under other. Artificial light sources have very different SPD than natural daylight. For latter it can be
say to show rather broadband nature while former
exhibit narrow band (spiky) nature. Measurements of
the illuminant metamerism are through CIE defined
procedures that yield Metamerism Index (Mi) which
is the mean colour difference of the eight metameric colours illuminated with test source. Metameric
colours naturally match under reference illuminant.
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However, as MI is the average value of 5 metamers
under daylight it does not provide with an insight of real
metamerism potential. Also, index is only specified for
change of illuminant from daylight series to whatever
testing illuminant or illumination source. With approach
presented in this work, it is also possible to choose an
illuminant or illumination source under which metamer
set can be extracted. Here, the Metamer set (metameric
black decomposition) is used to estimate a reflectance
set from single XYZ values. It is out of the scope of this
work to describe in detail this method and detailed
description is given in (Finlayson and Morovic, 2001).

while maximum is 0.7 for 12 BCRA tiles. Measured spectral reflectance of 12 BCRA tiles are given on Figure 2.

Methodology
Testing Illumination Sources
The selected light sources for experiment were
D50 Daylight simulator (5000K), Incandescent light
(2865), Cool-White Fluorescent (4100K), and UL30
store illuminant (3000K). This set is selected due
to its white spread use in industry. Many environments where colour judgment is important are
equipped with same or similar illumination sources.

»»Figure 2: Measuremnts of BCRA
tiles with Datacolor 650
The instrument has effective measurement resolution of 10nm. For further computations, all measurements have been interpolated to 1nm in Matlab using spline interpolation. Spectral reflectance
curves of printing ramps are shown on Figure 3.

Printing patches
A multichannel printer has been chosen for its extended
gamut and possibility to hard proof any other printing technology. The test printer was ink - jet HPZ3200
which is equipped with 12 channels out of which seven
are independent (CMYKRGB). All channels are directly
controlled via Caldera RIP and its n-channel workflow,
where multichannel tiff separations were sent as a
binary code. The separations have been pre-halftoned
with DBS algorithm. Also through the RIP, it is possible to control transitions (e.g. from light magenta to
magenta). Each channel has been calibrated (linearized) for a dot gain to provide linear output to provided
nominal dot coverage. The test patches were ramps of
7 primaries with addition to secondary ramps of CM,
CY and MY. All ramps had eleven linear steps which
makes all together 111 patches that samples the space
in all dimensions of Hue, Chroma and Lightness.

»»Figure 3: Reflectances of the printed ramps

Measurement
Measurements of printed ramps are done with
Datacolour 650 with 20mm aperture (16mm measurement radius).Average of five measurements is
taken for further calculation. The average repeatability for this instrument is 0.02 in ∆Eab.
Inter-instrument agreement is recorded by measuring
BCRA tiles that are provided with reference data. The
mean ∆Eab value for used measuring instrument is 0.2
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»»Figure 4: SPDs of tested illuminants

The measurements of the SPD of the tested light sources
are done with Minolta CS1000 tele-spectroradiometer where BaSO4 tile has been used as a diffusor. The
instrument has resolution of 1nm which is needed to
accurately represent peaks of the expectedly spiky daylight simulator and fluorescent light sources. Average of
five measurements is taken for further computations.
Measurements of all SPDs are shown on Figure 4.

Computations
All computations are done in Matlab. To compute CRI,
the CIE still valid recommendation is followed. Although
many more recent methods are suggested, in this work
it is not method itself which is evaluated. It is rather
change of the sample set used for computation of indices
targeting to have application dependent indication of
light source quality and metamerism potential. Therefore, samples described in previous paragraph are used
instead of Munsell patches for computation of general
and special CRI. Computation is as followed (Ohta, 2006):
First, three colorimetric values of the 1964
UCS, W*, U*, V* are computed as:

colors after applying the chromatic adaptation correction; crand dr are coefficients computed as:

To compute CRI, the tristimulus values Xr,i, Yr,i and
Zr,i , as well as Xk,I ,Yk,i and Zk,i are obtained from the
spectral distribution Sr(λ) and Sk(λ), respectively, where
i is the number of color samples used for calculation.
Coordinates of the 1964 UCS space are calculated as:

The colour difference is computed then as:

From here, the CRI is gained as:

whereu (un illuminant) and v (vn illuminant) are
chromaticity coordinates of CIE 1960 UCS diagram and are computed with XYZ values as:

As chromaticity coordinates of the test light source
do not match one chosen as reference illuminant,
it has to be compensated with chromatic adaptation. Therefore, chromaticity coordinates for
test and reference source are corrected by:

Metamerism Index is computed according to (CIE
015:2004) and it represent average colour difference
for the change of illuminant. In this work CIE∆2000 is
used as a colour difference formula. In order to create
additional sample set, three primaries at 100% effective coverage are selected and subsequent metamer
set has been extracted. Further on, each of this set
has been used to compute Mi where average colour
difference of the set has been reported. Computation method is identical to one recommended by CIE
- publication 15.3 with the change of metamer set (5
metamers under D65 are recommended by CIE, many
more obtained through optimization for theoretical
metamer set). To extract a metamer set, a method
described in (Kang, 2006)is used and is based on metameric black idea and constrained optimization to compute all possible metamers of a given XYZ value. The
whole concept is based on Matrix R theory described
in detail in [12] and is onlybrieflydiscussed here.
The color matching matrix A is defined as:

where uk’ and vk are the chromaticity coordinates
of the test source after applying the chromatic
adaptation correction; ur and vr are the chromaticity coordinates of the reference illuminant; uk,ian
vk,iare the chromaticity coordinates of the test
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where n is the number of sampling points.
A set of mutual metamers will yield:

where n1,n2,n3 are mutual metamers that map
to same T=XYZ values. Further on, Matrix R that
splits metamer on it fundamental component and
residual (called metameric black) is given as:

One of the characteristics of multichannel printing
utilizing light colours is smoothness of tone transitions from light to mid-tones. Therefore, special CRI
might give much better insight of colour rendering
the smoothness. Ramps are printed with 10% of dot
area coverage increase which is in Chroma direction.
Results for cyan, red and blackfor incandescent and
D50 illumination sources are given here (Figure 5).

Fundamental component and metameric black can be then expressed as:

whereŋiis the reflectance of the stimuli, ŋ’ is the
fundamental metamer and k is the metameric black
component. From here, stimuli can be recovered as:

This provides with general principle of metamer set
recovery. To obtain proper (e.g. all positive) reflectance set, the smoothness is added (Finlayson and
Morovic, 2005) and positivity constrain in optimization routine to estimate realistic metamer set.

Results and Discussion
As mentioned, the CRI was be computed using standard
Munsell set of 13 colours and will be compared with
CRI obtained from 111 printed patches. It is a desire to
evaluate whether there is any difference when more
application specific indices are needed. In Table 1 the
results of computed general CRI are presented.
Table 1
CRI computed with Munsell set and Printed sample set
Illumination source

Munsell set

Printed set

D50 light source

90.76
93.23
59.21
71.05

88.14
91.78
53.73
74.55

Incandescent light
Cool White Fluorescent
UL30

As Table 1 shows, there is a small difference between
using two methods. This is mostly seen with CWF and
UL30 light sources which are not developed to render
printed material. Due to its rather smooth SPD, incandescent light is performing well with printed material
which has also smooth reflectance curves. D50 light
source is optimized to work well within graphic arts
environment which is also shown in the Table 1.
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»»Figure 5: D50 - Rendering of the transitions
Special CRI for two printed ramps, cyan and
magenta, shows how selected light source renders transitions. Higher the Chroma of the
channel, less CRI score it achieves.

The metamer set is computed under D65 illumination
and then computation follows recommended method.
Aim of this approach is to see to what extend metamerism can theoretically pose a problem, especially in reproduction. Therefore, such information can serve well within spectral reproduction workflow and gamut mapping.
A trade off with using this method is rather complex and
computationally intensive procedure which might not be
suitable for industrial application. An example metamer
set that extracted from a single XYZ value is presented in
Figure 7. This set is gained as an addition of fundamental metamer and metameric black space of vectors.
Further on, visible MI is computed for all selected
illumination sources and compared with metamer set
extracted from fivecolours (e.g. primaries of the printer).

»»Figure 6: Incandescent (previous page
bootom right) and D50 (above) illumination sources rendering of neutrals

Table 2
Although this trend is the same for D50 light source,
rendering of the neutrals is slightly different with incandescent and D50 illumination sources (Figure 6).

Metamerism Index
Metamerism index for same illumiantnts is computed using recommended CIE method and compared with using metamer set as the samples.

Metamerism Index comparison using two different
data set; standard metameric pairs specified by CIE and
metamer set extracted from printing primaries
Illuminant
D50
A
CWF
UL30

Mi

Avg
0.99
3.13
1.86
2.3

Metamer set Mi

Max
2.1
7.13
2.51
4.48

Avg
8.91
14.7
12.23
14.2

Max
17.38
31.28
20.44
24.3

It is worth noting that metamer set approach is rather
theoretical and there is no guarantee that all reflectances from set are reproducible. However it does
provide an insight on the magnitude of illuminantmetamerism and should provide very useful data for
optimization of the printing system.It is also worth
noting that metamer set is computed under D65 illuminant altohogh this approach can be applied to any
desired reference illuminant or illumination source.

Conclusion
The Colour Rendering and Metameric Index are
developed to rate light sources according to their
correlation with standard illuminants. Therefore they
provide relative measure of goodness that is expressed
as quality or metameric abilities of the source.
There have been many attempts to improve still existing CIE recommended methodology for computation
of indices. Expansion of solid state illumination challenged current methodology as it did not provide visual
correlation. Still, only a single number of CRI and MIis
a description of the light source characteristics.
»»Figure 7: Metameric pair (above) and
metamer set (bellow) that maps to same
XYZ values under D65 illuminant

In this work, a specific sample set for evaluation of CRI
and Mihas been created. This set is a representative of
printing technology and has the intention to evaluate

Journal of Graphic Engineering and Design, Volume 6 (2), 2015.

11

illumination sources that are commonly used in graphic
arts. The indices gathered this way give a better information of the rendering and metameric capabilities of the
light sources. It can be concluded that for colour rendering, the printed sample set gives similar score to the one
obtained with standard method. However, same cannot
be said for MI computation. The sample set for standard method is rather small and does not give a good
insight on magnitude and diversity. Intention is that with
application specific CRI and MI, the reproduction system
can be optimized and proper illumination selected.
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Investigation of the accuracy of
close-range photogrammetry –
a 3D printing case study
Abstract
3D scanning of physical objects is one of the frequently used methods for
generating input data for 3D printing process. Close-range photogrammetry
represents a cost-efficient alternative to conventional 3D scanning. However,
one of the basic problems in application of this method is accuracy, especially in the case of small objects with complex geometry. In this case study,
a 3D-printed object of small dimensions was used to test the accuracy and
precision of close-range photogrammetry. CAD Inspection was used to obtain
measurements of the scanned model and compare it with the original CAD
model, while the results were statistically analyzed. The results of statistical
analysis showed that the scanning accuracy in this experiment did not depend on the particular cross-section of the model, while the precision of 3D
scanning depended on the selection of cross-sectional profile curve.

Key words
3D printing, Fused deposition modeling, close-range photogrammetry, CAD
inspection, accuracy.

Introduction
Although most popular, CAD modelling is not the only
method which can be used to generate input data for
3D printing processes (Gibson et al, 2010). 3D scanning
is also often used to acquire 3D digital models based
on physical originals. In the recent years, the constant
advancement of hardware and software applications,
allowed the spread of photography-based reconstructive
procedures. In the available literature as well as on the
Internet, this particular method appears under several
designations, of which most frequently used are: Photo-based 3D scanning, Structure-from-Motion /SfM/
and Close-Range Photogrammetry (Mitchell, 2007).
Due to its popularity, 3D scanning based on photography is now employed by various professions, ranging
from archeologists, to terrain surveyors, architects and
art conservationists to forensics. With this in mind,
3D close-range photogrammetry scanning represents
an interesting research topic, especially regarding the
issue of geometric accuracy. Although one does not
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expect the geometric accuracy of this method to match
that of the professional 3D scanners, it is very interesting to examine the scale and configuration of errors,
as well as to assess whether this affordable scanning
method can be applied with success in numerous cases when high accuracy is not of primary concern.
In this study, close-range photogrammetry was used
to obtain a surface model of a 3D-printed small-size
figure, using a commercial 3D scanning software. Thus
obtained, the 3D scan was imported into a CAI (Computer Aided Inspection) software and compared with the
original CAD master file. Dimensional deviations were
sampled and statistically analyzed on two pre-selected
characteristic profile curves to examine the differences in accuracy and precision as the function of model
geometry. With this in mind, the paper is organized
as follows: Section 2 presents a short introduction to
close-range photogrammetry and its basic principle of
operation; covered in Section 3 are the main stages of
this case-study, from 3D printing of the scanning model,
to image acquisition, to image processing and surface
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model generation; details of CAI inspection are given in
Section 4, followed by the statistical analysis of results
in Section 5; concluding remarks are presented in Section 6, while Section 7 contains a list of references.

Close-range photogrammetry
For lack of a universally accepted definition, there are
several popular interpretations of photogrammetry. For
instance, the American Society for Photogrammetry and
Remote Sensing (ASPRS) defines the photogrammetry
as the skill, science and technology aimed at providing
reliable information on physical objects and environment, through recording measuring and interpretation
of photo images, as well as the images of EM radiation
and other phenomena (ASPRS, 2008). Schenk (Schenk,
2005) also gives a popular definition of photogrammetry
stating that photogrammetry is the science of obtaining
reliable information about the properties of surfaces
and objects without physical contact with the objects,
and of measuring and interpreting this information.
Regardless of the definition, photogrammetry employs
methods from various disciplines, including optics and
projective geometry (Luhmann, 2010). The term “photogrammetry” stems from the following Greek words;
photos meaning light, gramma meaning to draw, and
metron meaning to measure (Awange & Kiema, 2013).

Notes from the history of photogrammetry
Photogrammetry dates back to mid-nineteenth century,
while its origins are related to a French officer, Aime
Laussedat, who is attributed with the development of
the first photogrammetric devices and methods, in 1851.
Another distinguished year for the development of photogrammetry was 1858, when the German architect A.
Meydenbauer developed photogrammetric techniques
for the documentation of buildings. In addition, the
first photogrammetric institution, the Royal Prussian
Photogrammetric Institute, was established in 1885.
That same year is also related to the first successful
large-scale application of photogrammetry - the photogrammetric recording of the ancient ruins of Persepolis.
Modern photogrammetry saw its expansion
during the mid-eighties of the twentieth century, thanks to the rapid development and
improvement of PC computers and software.

Principle of operation
The usual workflow includes taking pictures (nowadays
digital cameras are predominant) from various view
perspectives with partial overlap (Figure 1). Shown in
Figure 1 are four digital cameras, i.e., their image chips,
represented schematically by four plates (a). Projecting
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from the camera are light rays (b) which form spatial
intersections and are projected onto various points
on the object being scanned (c). Each camera lens
has its focal point which is designated by a dot (d).
In the second phase, the taken images are imported
into a specialized commercial or experimental software for close-range photogrammetry where the
process called bundle triangulation takes place in an
automated mode, resulting in the generation of 3D
points coordinates. In-depth explanations of the principles of photogrammetry can be found in (Bösemann,
2005), (Awange & Kiema, 2013) and (Mitchell, 2007).

»»Figure 1: Principle schema of closerange photogrammetric process

Case study - 3D scanning of a
small-size 3D printed object
3D printing of the object
The physical model used in this study as the measuring
object, was 3D printed on Makerbot Replicator 2, which
uses Fused Deposition Modeling (FDM) technology.
The original master digital model was in STEP format
(Figure 2a) and was downloaded from http://www.
grabcad.com. Upon download, the master model was
converted into STL format (Figure 2b), imported into
MakerWare software and prepared for 3D printing.
Finally, the model was 3D printed using the settings given in Table 1. Completed model is shown in Figure 3.
Table 1
Working parameters used to 3D print the physical model used in experiment
Parameter

Value

Layer thickness

0.3 mm

Extrusion temperature

235 oC

Extrusion speed

80 mm/s

Infill

10 %

Generation of photo images of the
3D printed physical model
Tone value increase was also measured, they were determined using the Murray-Davis formula which is based on
optical density data. We found no considerable changes
in the TVI values during the experiment, the most affected was the black process colour with both substrates.
Photo images required for the close-range
photogrammetry were acquired in an improvised studio, using following equipment:
Photo camera (Canon EOS 1100D);
Camera tripod;
• Studio flash;
• Reflector panel (Visico RD).
•

»»Figure 3: Physical model on the printing plate
after completion of the 3D printing process

•

The setup is shown in Figure 4. To minimize the presence
of shadow and allow efficient masking in the subsequent phase, white cardboard backdrop was used. The
physical object was placed on an improvised platform
which was custom-made of cardboard. A calibration
mat with special markings - used by the software to
determine the angle from which each photograph was
taken - was placed on top of the platform. During experiment, the physical object was rested some 5 cm above
the mat, to prevent occlusion of the dot markings.

»»Figure 4: Setup used in the generation of photogrammetric images

Processing of photo-images

a)

A total of 21 photos were taken, of which 15 photos
represent frontal perspective (Figure 5), 5 were taken from the three-quarter perspective, while the last
photo represents birds-eye view. As shown in the
setup image (Figure 4), the camera was fixed during
the shooting, allowing the distance between the lens
and the physical object to remain constant. Each of
the 15 photos taken from the frontal perspective differed by the angular orientation of the physical object
which was incrementally rotated according to indexing
on the mat. The additional 5 three-quarter perspective shots were also taken from different angles.
Once the photo shoot was finished, calibration shots
and the rest of the photos were transferred onto a PC
computer with the installation of 3D Som Pro (3DSOM,
2014). In the following process, the photos were masked
in an automated mode, after which the majority of
photos were manually edited for mask correction.

Processing of scanned 3D model
b)

»»Figure 2: STL model before export, a) entire model,
b) detail of the head showing triangulated mesh

Upon completion of the photo processing stage, the
3D model was generated in two additional stages:
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1. Generation of the initial surface model;
2. Optimization of the generated model.

The generated diagnostic image showing deviations
between the two models is shown in Figure 7.

Within the second stage, the optimization was performed by defining the following three parameters:
(i) number of silhouettes to be used for optimization
(all silhouettes were selected, based on 21 photos); (ii)
accuracy of approximation (maximum accuracy was
avoided since, during previous attempts, it rendered
an overly faceted model surface); (iii) point cloud was
not used for optimization, considering the fact that the
model surface was more even with this option off.

»»Figure 7: Scanned model with the superimposed
color map with the deviations in ISO orientation

»»Figure 5: Photo shots ((9 out of 15) taken form the
portray perspective based on the angular indexing
The resulting models are shown in Figure 6 a-b. Figure 6a shows the model upon completion of the first
stage, where the result is the initial surface model. Shown in Figure 6b is the optimized model.

»»Figure 6: 3D model generation shown in stages– a) the
result of the first stage, b) the result of optimization

a)

b)

Cad inspection (CAI) of
the scanned 3d model
In this stage, the CAD master model and the scanned
3D model were imported into CAI software application, GOM Inspect (Gom Inspect, 2013). In the
next stage, the two imported models were aligned,
as required by the regular inspection procedure.
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c)

d)

»»Figure 8: Data acquisition in the CAI software - a)
cross-sectional plane through the head, b) the resulting Head profile curve and 30 measuring points, c)
cross-sectional plane through the belly, d) the resulting Belly profile curve and 30 measuring points

tribution. Following the results of the Levene test for
homogeneity of variances, F(1,58)=55.11, p=.000, hypothesis of homogeneity of variances was rejected. For that
reason, Welch t-test was used since it does not assume
equality of variances. Based on the Welch t-test, t(32)=
-0.01, p=.991, it was concluded that the assumption
about the differences in mean values of deviations on
the Head profile curve (M=0.406, SD=0.213) and Belly
profile curve (M=0.404, SD=0.897), cannot be rejected.
Therefore, there was no statistically significant difference in accuracies of the scanning for the two profile
curves. Boxplot diagrams (Figure 9a) indicate that the
means of the two samples are very close, while the dispersions are evidently different, as shown in Figure 9b.

Once the diagnostic image was generated, two crosssectional planes were defined on the models – Head
cross-section (Figure 8a) and Belly cross-section (Figure
8c). The two planes allowed the generation of two profile
curves which were used for the sampling of measuring
points - thirty points each. For each point a label was
generated showing the measured deviation between the
scanned 3D model and the reference CAD model (Figure
8b and Figure 8d).
Reproducible colour gamut is a useful indicator of
print quality. The range of reproducible colours can
be calculated by sampling the colour solid (gamut)
obtained for a standard colour management profile.

a)

Analysis of measurement results
In order to compare the deviations measured in two
different cross-sections of the model - head and belly,
an independent t-test was conducted. Statistical analysis was performed in Minitab v16. Based on the results
of the Anderson-Darling normality test (p<0.05) there
follows that the measurement results obtained for the
belly profile curve, do not come from the normal dis-

b)

»»Figure 9: Boxplots (a) and individual values plots
(b) for the two samples of measuring points
sampled on the Head and Belly profile curves

»»Figure 10: Deviations on the Belly and Head profile curves in the sampling order (outliers shown in red)
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Variance of the sample obtained on the Belly profile
curve is significantly greater than that on the Head profile
curve. Shown in Figure 10 is the diagram with the thirty
sampled points for both profile curves, where the order
of the deviations corresponds to the sampling order of
the points. Evidently, there are two distinctive areas on
the Belly profile curve, which contain either negative or
positive deviations (Figure 10a). Such trend is not present
in Figure 10b, which features two outliers shown in red.
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Correlation between plastic
films properties and
flexographic prints quality
Abstract
The article presents a preliminary study of the correlation between films
properties and flexographic print quality defined as the optical density of
full tone. It is also an attempt to answer the question whether traditional
plastic films can be replaced by biodegradable and compostable films as
printing substrates and as materials for packaging. Four kinds of films
were used in the experiments – two plastic films (PP and PET) and two
biodegradable films (PLA and cellulose). The permeability to water vapour
and oxygen, as well as the tensile strength and elongation at break of the
material were investigated for all samples. The measurements of the contact
angle with water, diiodomethane and printing ink were also conducted
for these films, and their surface free energy was determined. All samples
were printed on laboratory equipment by a flexographic technique using
water-based inks and the optical density of copies was measured. It has
been found that the print quality was determined by the type of film used.
Furthermore, the correlation between optical density and wettability
defined as the contact angle between film and water or printing ink turned
out to be significant. Other important parameter is surface free energy,
albeit to a little lesser extent. The barrier and mechanical properties of the
material have an even weaker impact on optical density. In addition, it is
possible to choose the biodegradable film with properties corresponding
to conventional, commonly used films which enable high quality prints.
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Introduction
The importance of plastic packaging is significant and
growing every year. According to data from Plastics
Europe, over 50% of products packed in Europe utilize
packaging made of plastics (Plastics Europe, 2014). Films
are the largest group of products made of plastic, mainly used in the packaging market. A nominal thickness
of films does not exceed 250 µm, meanwhile typically
their thickness is from over a dozen to several tens of
micrometers (Rosato, 2000). To manufacture a film
for printing purposes 3 kinds of traditional plastic are
primarily used: polyethylene (PE), polypropylene (PP),
polyethylene terephthalate (PET) (Abdel-Bary, 2003;
Ebnesajjad, 2012; Maretić, Bates & Modrić, 2014).

Nowadays, because of the environment, an attempt
to reduce waste caused by packaging by replacing the
plastic films with films based on the biodegradable
polymer. The most important among biodegradable
polymers are: polylactide (PLA), cellulose and products
based on starch. Their physical, physico-chemical, chemical and mechanical properties may be comparable to
conventional plastics (Izdebska, 2016b; Rudnik, 2008).
The properties of the film are important both because
of the implementation of the basic function of the
package, which is the product protection, and its printability. Almost all packages are printed at least with
an informative text, but most of them are decorated
with full colour image due to their marketing function.
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There are many properties of plastic films, which have a
major impact on the quality of prints. These properties
can include in particular: yield stress, tensile strength,
film deformation due to the temperature, gloss, transparency, adhesion to other materials and wettability,
polarity and electrostatic properties (Abdel-Bary, 2003).
The most common techniques for films printing are
flexography and gravure. Materials are printed using
web-fed high-speed machines, hence elongation and
tensile strength are especially important parameters.
Increased substrate stretch (mainly non-oriented PE and
softened PVC) can cause difficulties during the colour
registration. Insufficient strength may lead to breaking
of the material during printing and stop the production (Panak, 2005; Maretić, Bates & Modrić, 2014).
The films are non-absorbent materials, which means
that they are more difficult to print on than absorbent
substrates such as paper. Problems with printing are
mainly caused by: poor wettability, lack of absorbency,
low surface free energy, lack of dimensional stability
during stretching and temperature changes. Because of
problems with wettability and adhesion most films (particularly non-polar PP and PE) require the preparation of
the surface by its treatment before the printing process.
The main purpose of activation is to make the functional
groups with high binding capacity create interactions and
bonds with other functional groups which can increase
the surface free energy, but also modify surface morphology by increasing or reducing its roughness and
crystallinity, as well as remove dirt and weak boundary
layers. The corona treatment is of the most extensive
industrial use currently, often performed immediately before printing with a printing press or during the
film production (Izdebska, 2016b; Yuan & Lee, 2013).
Flexographic printing technique is crucial for the printing
of plastics. It is an example of a direct relief printing for
printing both on absorbent and non-absorbent bases.
Liquid inks with low viscosity are used for printing. There
are three kinds of inks: water-based, solvent-based and
UV-cured. Solvent and UV inks are most commonly used
inks for flexographic films printing. However, share of
water-based inks in flexographic ink market has been
growing for several years. It is related primarily to the
environmental aspect of these inks – usage of the solvents is limited and solvents are replaced with water.
The use of water-based ink also eliminates such problems as flammable volatile compounds which occurred
in case of solvents, restrictions on transportation or
storage conditions. Currently flexography is one of the
most dynamically developing sectors of the printing
industry especially in the area of packaging printing
(Dreher, 2007; FFTA, 2014; Leach, 2007; Shapiro, 2001).
Print quality is determined by many factors connected
with printing process, kind and properties of substrates
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and inks. It can be described by many parameters such
as: colour coordinates, optical density, dot shape, dot
gain, ink trapping, doubling, evenness of ink distribution,
sharpness, gradation, tone value range, etc. Among
these parameters optical density of full tone is one of
the most popular and basic. In printing industry the
value of optical density measured in reflection light is
recognized as the description of the applied ink thickness. Value of optical density depends on the type of
ink, on its pigment and concentration, on printed substrate and on printing technique (Eldred,2001; Johnson,
2008; Kipphan, 2001; Rentzhog & Fogden, 2006).
Due to the increasing importance of biodegradable films
and their application as an alternative to conventional
plastic films the correlation between the properties of
the substrate - in this case the film and the optical density
of full tone has been studied. The results are an initial
attempt to determine these relationships. Available literature (Jacobson et al., 2009; Izdebska & Nesterowicz,
2013; Izdebska, Podsiadło & Harii, 2012; Vásquez Quintero et al., 2014; Tanley, 2007; Rong & Keif, 2007) describes
the biodegradable film printing quite well and even compares the quality of prints on the films made of a biodegradable plastic material and conventional one. However,
the approach presented in this paper in contrast to previous work takes into account the correlation between
the multiple chosen parameters (barrier and mechanical
properties, wettability and surface free energy) of the
film and is not limited to only one – kind of polymer.

Methods
Studies on the effect of various film properties on
optical density of full tone fields printed with flexographic water-based ink on different kind of films were
carried out. Within the frame of the experiments,
four films as well as copies printed on these films
were examined. The relationship between optical
density and selected parameters, such as contact
angle, the surface free energy or barrier and mechanical properties of the films were determined.

Materials
Samples of four films were used. The properties of the
films are shown in Table 1. Two of them (PP and PET) are
traditional films commonly used on the packaging market, whereas the next two (PLA and NK) are the examples
of biodegradable films. Both of them are biodegradable,
compostable materials according to standard EN 13432.
The printing process was performed with black,
water-based ink – PMS Process Black (Michael
Huber, Poland). This printing ink is recommended for flexographic printing on plastic films.

Table 1
Films specification (Flexpol, 2013a; Flexpol, 2013b; Innovia Films, 2013; Sidaplax, 2012).
PP

PET

PLA

NK

BOPET CA

EARTHFIRST®
PLA BCP

Nature Flex NK

Trade name

BIFOL BG

Producer

Flexpol

Flexpol

Sidaplax

Innovia Films

Type of polymer

polypropylene

polyethylene
terephthalate

polylactide

cellulose

Thickness [μm]

20

12

20

30
mono

Film orientation

biaxial

biaxial

mono

Surface activation

yes

yes

no

no

Type of material

role

role

sheet

sheet

Role width [mm]

560

560

-

-

Sheet size [mm]

-

-

210x297

210x297

Haze [%]

2

4

3,8

4,5

Gloss (geometry)

90 (45°)

-

125 (60°)

105 (60°)

Ink test
The viscosity of the printing ink was determined by
the flow time in a flow cup (Ford cup, capacity of
100 ml, the diameter of the outflow opening – 4
mm) according to the standard ISO 2431 (2011). The
kinematic viscosity of the ink was 18 ± 0.5 s.

Films tests
The permeability of water vapour was obtained
according to the modified standard ASTM E96 (ASTM,
1995; Turhan & Şahbaz, 2004). The sample of the
investigated film was used to seal a vessel containing
freshly activated molecular sieves of type 4 Å (Union
Carbide). The vessel was kept in a desiccator at a fixed
temperature and humidity (30°C, RH 95%). The water
vapour transferred through the film was determined
by four times weighting at intervals of 24 hours.
The permeability of oxygen was performed using a gas
dialyser with oxygen and helium (WCh PW, Poland).
3 samples of each film were tested. The measurements took place after 24 hours from placement of
the sample in device at a temperature of 30 ± 0.1°C.
Testing of the mechanical properties of the plastic
films was performed using a Zwick T1105-563 tensometer (Zwick Roell, Germany). 5 samples for each film
in each direction of material (machine and traverse
direction) were prepared according to standard ISO
527-1 (2012). The width of the strip was 15 mm and
the length was 200 mm for all tested films, and initial
distance of the clamps was set to 50 mm. The speed
of stretching was 100 mm/min. Tensile stress and
elongation at break properties were determined.
The contact angle of diiodomethane and distilled
water as well as the printing ink was measured for the

films. Therefore photographs of magnified drops of
these liquids on the surface of each film by means of
camera coupled with stereoscopic optical microscope
SZ-STU2 (Olympus, USA) were taken. The ambient
conditions were: temperature: 19.1oC; RH 24%. The
contact angle was measured with the aid of Iris software. An example of measuring of the contact angle
of diiodomethane on PET film is shown in Figure 1.
Surface free energy of the films was determined according to the Owens-Wendt method which is the most
commonly used (Izdebska, Podsiadło & Harri, 2012;
Yuan & Lee, 2013; Zielecka, 2004; Żenkiewicz, 2007).

»»Figure 1: Photograph of diiodomethane
droplet on PET film
Printing process
The copies were made using of a Flexiproof 100 (RK,
United Kingdom) laboratory printing device. This device
is comparable to a single-colour flexographic printing
machine. The printing plate was prepared by a digital
laser-photochemical method. The screen frequency of
the plate was 36 l/cm (91 lpi) and the anilox roller was
200.6 l/cm (509.6 lpi). The carrying capacity of the cell
was 5 cm3/m2 and the angle of the cells was 60°. The
plate was mounted on the print cylinder using soft tesa
plate mounting tape with a thickness of 0.5 mm. Printing

Journal of Graphic Engineering and Design, Volume 6 (2), 2015.

21

took place at a constant speed – 60 m/min. Pressure
between the anilox roller and plate cylinder was 98 units
for all prints, and between the plate cylinder and impression cylinder it depends on the printed film and was
appropriately 32 units for PET, 54 units for PLA and PP,
and 61 units for NK. The pressure was determined based
on the thickness of the material. The ambient conditions were: temperature: 18.6 ± 0.3oC; RH 34.5 ± 0.6%.

Copies test
After drying of copies, densitometry measurements
were done using Spectro Eye spectrophotometer (GretagMacbeth, Switzerland). The optical density of full
tone fields were measured. 15 measurements for each
film with reflected light were taken. For this purpose
the tested samples were placed on a proofing paper
(Matchprint Proofing Paper) as a white background and
measurements were carried out with D65 illuminant for
2° observer, with polarisation filters and paper as a base.

Statistical analysis

base depends on the surface properties, its surface free
energy, the kinds of ink used and many other parameters of the printing process. There were no substantial
differences in the optical density of three films (PET,
PLA and NK), while for PP we reported a lower value
of optical density. Moreover, standard deviation was
much higher, which indicates lower print uniformity
and worse quality. However, optical density value was
very high for all copies regardless of the kind of printed
film. Foundation of Flexographic Technical Association
assumes that the value of 1.33-1.47 makes it possible to
obtain high-quality prints (FFTA, 2003). It is therefore
advisable to use an anilox roll with a smaller cell volume
during the future experiments using the same ink.
Higher values than the FIRST standard were obtained
in this study. Despite the fact that the ink was dedicated to the PET and PP film, the results obtained
for the biodegradable film were very good and comparable or even better. These results are comparable to those obtained by Jacobson, et al. (2009).

The results were expressed as the mean ± standard
deviation. They were analyzed using Excel software. A confidence interval of 95% was used.

Results and discussion
The results of the preliminary study of the correlation
between films properties and flexographic print quality
described by the optical density of solids are presented in
this article. Based on the analysis of the obtained results
we try to answer the question whether traditional plastic
films can be replaced by biodegradable, compostable
films as printing substrates and materials for packaging.

»»Figure 3: The relationship between the
optical density of the copy and permeability
of water vapour of printed film
The permeability of water vapour of the investigated films was the lowest for PP film and the highest
for PLA film. Medial results, close to each other were
obtained for PET and NK film (Figure 3). The relationship between optical density and the water vapour
permeability of materials is middling (R = 0.59).

»»Figure 2: Optical density of fully coated
fields printed on different films
Measurements of the optical density of fully coated
fields depending on the kind of film are displayed in
Figure 2. Optical density is the most useful parameter
which determines the quality of the copies. The thickness of the ink layer deposited on the non-absorbing
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»»Figure 4: The relationship between the optical density
of the copy and permeability of oxygen of printed film

direction is not critical to the elongation. The greatest
elongation was observed for PET film in the transverse
direction and for PP film in the machine direction. As
for tensile strength, no significant relationship with the
mechanical properties of the film was observed. However, it is important to point out, that excessive stretching of the film may cause problems with the colour
register of the prints, while too low tension strength
may cause the material bursting during the printing.

The oxygen permeability of each film was as follows:
PP <NK <PET <PLA (Figure 4). With respect to the
cellulose (NK) film oxygen barrier is comparable to
those characteristic of polypropylene film (PP). Furthermore, NK barrier is almost twice higher than
PET film barrier, which is similar to the one of PLA
film. Moreover, the most consistent results were
obtained for PET film. The correlation coefficient was
0.72, which indicates a relatively high relationship.

»»Figure 5: The relationship between the optical density
of the copy and tensile strength of printed film
Tensile strength depends on the film direction (Figure
5). The highest values both in traverse and machine
direction were obtained for PLA film. Moreover, these
values are almost independent of the direction of
the material. The direction of the material also has
no significant impact on the strength of PET film. PP
and NK films have different mechanical properties
depending on their direction. For PP tensile strength
in machine direction is almost two times lower than
in transverse direction. In case of NK film, relationship
is reversed – tensile strength in machine direction is
almost three times higher than in transverse direction. The results did not show a significant correlation
between the optical density and the tensile strength.

»»Figure 7: The relationship between the optical
density of the copy and contact angels of
water and printing ink on printed film
The close relationship between a contact angle of
water and water-based ink on the tested film is shown
(Figure 7). The smallest angles for both liquid was
obtained on PP film, which indicates good wettability
of this material. The results are not reflected in the
value of optical density, which is higher than standard
(it is 2.14 where the standard is about 1.4), but lower
than for other materials. It can be affected by many
other factors, such as the ink distribution in printing
unit, the surface roughness obtained as a result of
the corona treatment or very high density related to
very high ink film thickness on the print. The results
indicate a high correlation between the contact angle
and the optical density for both the printing ink and
water. This is evidenced by the obtained statistic values – for the printing ink it was: R = 0.961, F = 24.66,
p = 0.010, and for water: R = 0.975, F = 38.96, p = 0.005.

»»Figure 6: The relationship between the optical density
of the copy and the elongation at break of printed film
Elongation at break as a tensile strength depends on
the film direction (Figure 6). The smallest, only a few
percent elongation was obtained for PLA film and a
little bit higher for NK films. For these two materials

»»Figure 8: The relationship between the optical density
of the copy and surface free energy of printed film
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The test shows that the natural surface free energy
of biodegradable films was high and exceed
40 mJ/m2, which value is usually regarded as sufficient
for printing (Figure 8). PLA film has the lowest SFE
(about 43 mJ/m2), but prints prepared on those films
has the highest optical density value. The cellulose
films has slightly higher SFE – about 46 mJ/m2. PET film
has almost 50 mJ/m2 and PP more than 53 mJ/m2.
It is thought that higher SFE value means a better substrate wettability and better adhesion which has not
been confirmed in the performed tests (Zielecka, 2004;
Żenkiewicz, 2007). This may be due to the fact that only
plastic films were corona treated. Both biodegradable
films had relatively high natural SFE value and have not
been subject to modification. In addition, all of the films
had high SFE and prints printed on them have very high
optical density. Based on this research it can be concluded that untreated substrate have greater reproducibility of printing – the smaller standard deviations. The
obtained relationship is high (R = 0.81). However, due
to the data and its nature a much broader research is
required for the proper determination of the correlation.

Conclusions
The value of optical density of copies printed on biodegradable films were comparable to those printed
on traditional plastic films and even surpassed it.
Films based on polylactide and cellulose can successfully be an alternative to traditional polymer
films such as PP or PET used for printed packaging
materials. Commercially available water-based flexo
graphic ink dedicated to films printing allow to
achieve high-quality prints on biodegradable film.
The number of results is limited, besides their variation
is small, so further research is required to determine the
detailed relationships. However, based on the measured
values of different parameters the following correlation
were observed. It has been confirmed that the type
of film determined the print quality. The correlation
between optical density and wettability defined as the
contact angle between film and water or printing ink
turned out to be significant. Influence of surface free
energy was also significant, but to a noticeably lower
degree. The barrier and mechanical properties of the
material have weaker impact on optical density.
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Influence of the shape on
the consumers perception of
the packaging attributes
Abstract
Packaging for fast moving consumer goods (FMCG) demands constant
attention in order to stay competitive in modern dynamic markets. FMCG
consumers do not think about the purchasing product until they enter the
place of purchase. This emphasizes importance of the communication in a
place of purchase. Alongside promotional banners, displays and counters,
packaging can be used for this purpose. While in-store promotional banners,
displays and counters represent additional cost, the packaging as the
integral part of the product can be used as an important marketing tool
that does not add to product cost. Thus packaging becomes an important
marketing tool that does not add to product cost. Marketers, distributors
and researchers as well must take into consideration the complexity of
consumer behaviour to achieve desired results. Alongside graphic design,
material, colour, etc. packaging shape is considered as an important tool
for product differentiation and promotion. Having this in mind, it is unclear
why the influence of the packaging shape on the consumer remains the
least examined of all packaging characteristics. The aim of this research is
to understand the influence of packaging shape design on the consumer’s
perception. The survey study conducted among the consumers of the fast
moving consumer goods gave clear insight into the influence of packaging
shape on the perception of packaging characteristics. The results can help to
improve packaging shape design in order to achieve better market impact.
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Introduction
Packaging is an integral part of the product - it is almost
impossible today to find fast moving consumer goods
products (FMCG), such as food, beverages, hygiene products or medications that are sold without packaging. As a
very important tool for product presentation, packaging
requires constant attention from the marketers, distributors and researchers. Taking into consideration complexity of consumer behaviour and ever growing competition,
it is necessary to adopt adequate changes in product
packaging design and marketing to achieve positive market results. According to Connolly and Davidson [1996],
73% of purchasing decisions are done in stores. Thus,
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purchasing decisions depend on what is communicated
in point of sale. This emphasizes the importance of the
communication in a place of purchase. Today many consumers are buying under high levels of time pressure
and, thus, they do not pay attention to different packaging elements [Silayoi & Speece, 2004]. Studies suggest
that attention that people give to the FMCG is extremely
limited, where the average purchase time for this group
of products is 8.5 seconds [Hoyer, 1984]. This trend is
not affected by cultural and geographical differences.
Many claim that absence of differentiation in saturated
markets encourages fierce competition, especially in
FMCG segment.
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»»Figure 1: Photos of store shelves with tea packaging taken in stores all over the world: NY, USA;
Copenhagen, Denmark; Prijedor, BiH; Dongguan, China; Geneva, Switzerland and Novi Sad, Serbia

The problem can be observed in aisles in many supermarkets around the world. Figure 1 illustrates an overwhelming number of products offered to the consumer by
showing examples of store shelves filled with tea packaging, a typical example of FMCG, from all over the world.
Alongside promotional banners, displays and counters,
packaging can be used for this purpose. While in-store
promotional banners, displays and counters represent
additional cost, the packaging as the integral part of the
product can be used as an important marketing tool that
does not add to product cost. Packaging as a communication device is an important factor in purchasing decisions making process. It is becoming an ultimate selling
tool, which stimulates impulsive purchases. Besides the
product itself, the packaging is one of the main tools for
in-store marketing [Schoormans & Robben, 1997]. Packaging is used to attract the consumer and to ensure the
first purchase, but after the first purchase, if the product
itself does not satisfy the requirements of the consumer,
they will no repurchase of the product. Many of the studies show that packaging aesthetic and functionality attributes influence consumer behaviours and the perception
of the products value. These attributes are especially
important in the markets where all other consumer’s
needs have already been satisfied [Reimann et al, 2010].
The packaging shape can be an important factor in
the differentiation of products among the competition. Graphic design, material, colour and shape are
the most important factors taken into consideration
when judging a packaging. Influence of the packaging
shape on the consumer’s perception is the least examined of factors mentioned, although it is considered
as an important tool for product differentiation and
promotion. Possibly due to investments required for
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development and implementation of original packaging
shape. Bloch [1995] suggests that there are many limitations in developing original products’ or packaging
shape. Firstly there are production and cost restrictions,
which consider materials and machines. Labour can
also be considered as significant restriction factor since
it needs to be considered how much time it takes to
seal or to handle certain packaging of a specific shape.
It is possible that FCMG packaging shapes presented
in the market are undifferentiated for this reason.
Buying decisions are influenced by: perception, motivation, learning and beliefs. Consumers use these factors
to interact with their world, to recognize their feelings,
gather and analyse information, formulate thoughts and
opinions and take action. Therefore, the process in which
consumers select, organize and interpret stimuli into a
meaningful whole is called perception [Lamb, 2009].
Authors who have dealt with packaging shape research
determined that packaging shape is indeed a good way
to identify and classify the products. It is suggesting
perceptual categorization and it also generates inferences regarding other product attributes [Berkowitz,
1987]. The form is deliberated as an essential factor
in consumer choice, and it can create an advantage in
comparison with the competitors. The packaging form
can elicit emotions, attitudes and buying behaviours
[Pantin-Sohier, 2009]. According to Schoormans and
Robben [1997], the more the shape gets complex
and different than standard, the stronger attention is
evoked. Geometrically more complex shapes appear
larger then geometrically simpler ones of equal height
and size, which can be used for obtaining advantage
[Garbe et al, 2009]. Also, rectangular shapes are perceived as bigger than round shapes [Krider et al, 2001].

There are several ways to achieve gradation of the
packaging complexity. The shape can be manipulated
from the basic six-sided box shape to very complex
shapes by increasing the number of sides or by applying different modification operations such as slicing,
skewing, twisting, squeezing, tapering, etc. Some of the
mentioned operations are represented in Figure 2.

literature as well as the specialists in the packaging
design field, the typical shapes of packaging scaling in
complexity and creativity were chosen. Note that some
of the shapes already exist in FMCG market. Models
were stripped of all the graphic elements retaining
only the shape of the packaging. Models of packaging
were photographed under constant lighting conditions
to eliminate all influential factors except the shape.

»»Figure 2: Shape transformation operations:
a) basic six-sided cube, b) skewing,
c) twisting, d) squeezing, e) tapering.
The purpose of this research is to understand the influence of packaging shape design on the consumer’s
perception, trough insight in the judgment of the packaging attributes influenced by shape. Judged attributes
were: creativity, functionality, attractiveness, aesthetic
and perceived value (price). The correlation between
the attributes and perceived value was calculated.

Methods and materials
The experiment was divided into two parts. First, the
participants were asked to judge the importance of
packaging attributes creativity, functionality, attractiveness, aesthetic, value (price) when making purchasing
decisions, by ranking them from 1 to 6. In the second part
of the survey, an image of 6 different boxes intended for
tea packaging (Figure 3), was shown to the participants
in such a manner that all the boxes can be observed at
once. After the participants were familiarised with all
the boxes, each of the boxes was shown individually so
its attributes could be judged (Figure 4). The sequence
of the boxes was randomised for each participant. The
judgment of the attributes was done using Likert’s bipolar scaling method, grades ranging from -3 to 3 (-3 representing a negative grade of the attribute, 0 representing
indifference and 3 positive grade of the attribute). The
value of the packaging was graded from 1 to 6 (1 for the
least expensive and 6 for the most expensive box).

»»Figure 3: Models of packaging used as stimuli

The online survey conducted with 135 participants, where 127 participants successfully finished
the survey and provided meaningful data. The age
range of participants was 18-66 years with different backgrounds. Demographic data of participants,
such as age and gender, was also collected.

Results and discussion

As a typical FMCG product, a tea packaging has been
used for the purpose of the investigation. The models
of 6 differently shaped boxes were developed in Adobe Illustrator, cut and formed. By consulting design

IBM SPSS Statistics Data Editor Application and MS
Excel were used to perform the analysis. Descriptive statistics were calculated for all the attributes of
the packaging. Kruskal-Wallis test was used in order

»»Figure 4: Layout of the individual survey box
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Aesthetic

to determine if there are statistically significant differences between grades of box attributes caused
by shape factor, group and pairwise comparison.
ANOVA repeated measures was used to determine if
there are statistically significant differences between
perceived prices caused by packaging shape.

Results shown in Table 2 represent descriptive statistics,
alongside graphical representation, for the aesthetic
attribute (-3 representing ugly, 3 representing pretty).
Table 2

Creativity

Descriptive statistics for aesthetic attribute

Results shown in Table 1 represent descriptive statistics, alongside graphical representation, for creativity
attribute (-3 representing not creative, 3 representing
very creative).

Aesthetic

Box 2

Box 1

Box 3

Box 4

Box 5

Box 6

Mean

-.5276

-.0866

1.3071

1.6457

1.6378

.8583

Median

.0000

.0000

2.0000

2.0000

2.0000

1.0000

.00

1.00

2.00

2.00

3.00

2.00

Mode

Std. Dev. 1.60765 1.58877 1.35408 1.30035 1.49427 1.67959

Table 1
Descriptive statistics for creativity attribute
Box 2

Box 3

Box 4

Box 5

Box 6

Creativity

Box 1

Mean

-1.2047

.1575

1.6063

1.7795

2.0000

1.6429

-1.0000

1.0000

2.0000

2.0000

2.0000

2.0000

-3.00

1.00

3.00

3.00

3.00

3.00

1.61510 1.54007

1.35785

1.43047

1.47465

1.70395

Median

Mode
Std. Dev.

Attractiveness
Results shown in table 3 represent descriptive statistics,
alongside graphical representation, for attractiveness
attribute (-3 representing not attractive, 3 representing
very attractive).
Table 3
Kruskal-Wallis test shows a statistically significant difference between the grades for creativity attribute between
all 6 boxes (H(2) = 281.407, p = 0.000), with a mean rank of
149.29 for Box 1, 258.27 for Box 2, 438.87 for Box 3, 469.19
for Box 4, 509.09 for Box 5, 461.94 for Box 6. Pairwise
comparison done by Kruskal-Wallis test shows a statistically significant difference (p < 0.05) between the grades
for creativity attribute between all pairs except pairs Box
3 - Box 4, Box 3 – Box 6, Box 4 – Box 5, and Box 5 – Box 6.
Boxes 4 to 6 all received high grades regarding creativity
which can be attributed to the complexity of the shape.
Consumers are accustomed to square packaging as the
most usual shape of the tea packaging on the market so
that the high grades can be attributed to the surprise
factor also. Creativity can contribute to consumers
attention grabbing.
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Descriptive statistics for attractiveness attribute
Box 2

Box 3

Box 4

Box 5

Box 6

Attractiveness

Box 1

Mean

-.3937

-.1654

Median

.0000

.0000 2.0000 2.0000 2.0000 1.0000

Mode
Std. Dev.

.00

.00

1.58444

1.61227

1.6929
3.00

1.3780
2.00

1.23771 1.39687

1.4803
3.00

.5433
2.00

1.53711 1.80280

Kruskal-Wallis test shows a statistically significant
difference between the grades for attractiveness
attribute between all 6 boxes (H(2) = 177.643,
p = 0.000), with a mean rank of 235.20 for Box 1,
261.19 for Box 2, 500.07 for Box 3, 459.39 for Box 4,
476.23 for Box 5, 356.91 for Box 6. Pairwise comparison
done by Kruskal-Wallis test shows a statistically significant difference (p < 0.05) between the grades for
attractiveness attribute between all pairs except pairs
Box 1 – Box 2, Box 3 – Box 4, Box 3 – Box 5, Box 4 – Box 5.
Again, boxes 4 to 6 have received highest grades. Results
for Box 3 and Box 6, which got similar grades for creativity and aesthetic, are quite different for attractiveness attribute probably influenced by functionality.

ly mentioned functionality is an important factor in
attractiveness judgment. When judging attractiveness,
the functionality of the box has played an important
role. This can be seen by comparing grades for Box
3 and Box 6, which got similar grades for creativity and aesthetic, but are quite different in regards
to their functionality as it is shown in Table 4.

Price presumption
Results shown in Table 5 represent descriptive statistics,
alongside graphical representation, for price presumption (1 representing low price, 6 representing high price).

Table 5
Descriptive statistics for price presumption

Functionality

Box 2

Box 3

Box 5

Box 6

Mean

5.1575

4.3937

3.4882

2.6772

2.3307

2.9528

Mode

6.00

5.00

4.00

1.00

2.00

3.00

Price

Results shown in Table 4 represent descriptive statistics,
alongside graphical representation, for functionality
attribute (-3 representing not functional, 3 representing
very functional).

Std. Dev.

Box 1

Box 4

1.58076 1.07760 1.34440 1.40792 1.49632 1.41902

Table 4
Descriptive statistics for functionality attribute
Functionality

Box 1

Mean

2.1654

Median
Mode
Std. Dev.

3.0000
3.00

Box 2
-.5669

Box 3

Box 4

2.5354 -1.0630

Box 5
.6772

Box 6
-.8425

.0000 3.0000 -1.0000 1.0000 -1.0000
1.00

1.21996 1.63586

3.00

-3.00

1.00

-3.00

.81450 1.66547 1.71308 1.77024

Kruskal-Wallis test shows a statistically significant difference between the grades for functionality attribute
between all 6 boxes (H(2) = 379.561, p = 0.000), with a
mean rank of 560.71 for Box 1, 266.31 for Box 2, 605.62
for Box 3, 220.52 for Box 4, 476.23 for Box 5, 356.91 for
Box 6. Pairwise comparison done by Kruskal-Wallis test
shows a statistically significant difference (p < 0.05)
between the grades for functionality attribute between
all pairs except pairs Box 2 – Box 6, Box 4 – Box 6.
Functionality judgment shows that simple traditional
design is recognised as most functional. As previous-

Using an ANOVA repeated measures with a Greenhouse-Geisser correction, the mean scores were statistically significantly different (F(5, 127) = 63.92, p < 0.05).
This indicates that packaging shape is a significant factor
in price presumption. Box 5 judged as most valuable is
also most complex shape. Box 1, a simple rectangular
box was judged as least valuable. Post hoc tests revealed
statistically significantly differences (p < 0.05) between
all pairs of packaging except between pairs Box 4 – Box
5 and Box 4 – Box 6. This is due to similar mean value for a price between three highest ranked boxes.
Correlation between all examined attributes and the
price were calculated after the grades for the price
were reversed in order to make correlation results
more comprehensible. There was a positive correlation
between the variables creativity and price presumption,
(r=-0.961, n=6, p = 0.002). This indicates that participants perceived creative packaging shapes as more
expensive. There was also a positive correlation between
the aesthetic attribute and price presumption ranking,
(r= -0.943, n=6, p = 0.005), suggesting that participants
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perceived aesthetical shapes as more expensive. There
was a positive correlation between attractiveness attribute and price assumption (r = 0.82, n = 6, p = 0.046).
There was no correlation between attribute functionality
and price assumption. This means that price assumption is not correlated to the packaging functionality
features. Results of correlation analysis suggest a high
positive correlation between individual preference
attributes and price assumption. It is presumed that
participants contemplate the creative packaging shapes
as expensive because they are accustomed to seeing
well-designed and pleasing objects at high prices.

Conclusions
Results presented in this research can be viewed as
a preliminary report considering that the consumers’
responses to packaging designs reflect the influence
of a complex array of variables that were excluded
from this research. Attributes creativity, aesthetic and
attractiveness showed to be closely related not only
to each other but with consumers price presumption. This indicates that consumers can recognise and
appreciate well-designed packaging that is reflected
in higher presumed packaging price. Results support
earlier studies that propose that Western consumers
tend to strive towards more unusual and uncommon
shapes and designs. The functionality of the packaging is an important factor, although correlation with
the price presumption it was shown that functionality
influences attractiveness attribute of the packaging.
It would be interesting to explore if the consumers
perception of the packaging is the same when packaging is presented with all of the graphic elements.
It might be interesting to explore the influence of
packaging shape in different international markets
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