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Abstract

Embossed holograms are increasingly often used for the decorative refinement of printed products. So far, there has
not been much scientific research about quality control of embossed holograms as well as research about the influence
of the background color on the quality of embossed holograms. For this purpose, hologram samples with different
background colors were produced in a laboratory setup, using the principle of UV embossing. At first, the quality of
the samples was evaluated through a visual experiment. The conceptual design of that experiment was part of this
research. Second, gloss and color values were measured with conventional hand-held measuring instruments used
by the graphics industry. Color measurements were conducted with an X-Rite MA98 multi-angle spectrophotometer
and measurements of gloss values with a BYK micro-TRI-gloss gloss meter. The comparison of the results of the visual
experiment and the color measurement led to the conclusion that conventional color measuring instruments can
evaluate the influence of the background color on the quality of embossed holograms. It was found out that calculat-
ing the color difference AE*,, between background color and sample can be used to recreate the results of the visual
experiment, whereas the samples’ chroma C*,, is not suitable for evaluating the influence of the background color. The
number of provided measuring geometries is a limitation of this approach. Moreover, the comparison of the results
of the visual experiment and the gloss measurements showed that conventional gloss meters cannot evaluate the
influence of the background color. However, conclusions concerning the UV embossing process can be drawn from a
sample’s gloss. This suggests the usage of gloss measurement for process control.

Keywords: micro embossing, UV curing, visual experiment, nickel shim, multi-angle color measurements

1. Introduction (Masuda, 2006). Before this, only metallic background
colors were possible, which provide the desired bril-

Embossed holograms are well known from banknotes, liant effect of the classical embossed hologram. The free

identification cards or other security documents where
they serve as complex anti-counterfeit elements, but
they are also used for decorative refinement, e. g. for the
refinement of product packaging. Production processes
for embossed holograms have become high-speed mass
production processes. Consequently, a need for quality
control arises.

Another reason for an upcoming need for quality con-
trol is the following. For some years, a new scope for
design is available through the production process
UV embossing, which allows the choice of an arbi-
trary background color for the embossed hologram

choice of the background color opens up new possibil-
ities but also new challenges. Which background color
can be used to achieve a strong holographic effect? How
can the quality of an embossed hologram be measured?

So far, there has not been much scientific research about
quality control of embossed holograms and the influ-
ence of the background color. In general, one can say
that quality control of holograms is difficult because of
the great angle-dependency of the holographic effect.
Similar difficulties can be found when investigat-
ing effect coatings (Hupp and Dérsam, 2007; Kehren,
Dorsam and Hupp, 2009).
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The goal of this research is to find out, if conventional
hand-held measuring instruments for gloss and color val-
ues used by the graphic industry can evaluate the qual-
ity of embossed holograms. A part of the research was
presented at the 43" International Research Conference
of iarigai held in Toronto, Canada (Brumm et al., 2016).

For this research, several experiments are conducted
(section 2). We prepare hologram samples with dif-
ferent background colors in section 2.1 and conduct a
visual experiment, which has the aim to evaluate the
samples’ quality, in section 2.2. The development of the
visual experiment is also part of this research. In sec-
tion 2.3, we conduct gloss and color measurements and
in section 3, the results of the visual experiment and
the measurements are presented and compared to each
other. Finally, conclusions are drawn in section 4.

2. Experimental
2.1 Sample preparation

This chapter is about the production of hologram sam-
ples with different background colors, using the princi-
ple of UV embossing.

2.1.1 Pre-printed substrates

Five types of pre-printed substrates in the colors blue,
red, black, white and silver with a size of approximately
135 mm x 330 mm were used (Figure 1).

For the blue, red, black and white pre-printed substrates,
Fasson MC Offset 2S-90 (SV4565) with a thickness of
71 um and grammage of 90 g/m? was used as paper sub-
strate. For the UV coating, Saphira UV-Coating U8730
(Heidelberger Druckmaschinen AG) was used. The silver
pre-printed substrate differs from the others, because
it is produced by cold foil transfer using silver cold foil.
Moreover, another paper substrate with a grammage
around 180 g/m? was used. Table 1 shows CIELAB color
values and gloss values (measured in GU-gloss units) of
the five types of pre-printed substrates.

UV coating UV coating

UV ink blue UV ink red

N

UV coating

UV ink black

2.1.2 Embossing master

To produce an embossing master, we poured a conven-
tional transparent silicone onto a nickel shim (Iliescu,
Necsoiu and Comadnescu, 2011) and then hardened it in
an oven (Votsch Industrietechnik VTL 60/90) at 42 °C
for about three hours. Afterwards, we left it at room
temperature for about 60 hours, before gently peeling
of the replica (Figure 2). Thus, we produced a trans-
parent silicone shim (thickness approximately 3 mm),
which we later used as an embossing master for the UV
embossing of our hologram samples.

Filling in the silicone

l Hardening

Peeling off the replica

Figure 2: Production of transparent silicone shim

There do not exist clear specifications for nickel
shims. They are chosen by visual characteristics like
the ‘rainbow effect. We used a commercially available
‘rainbow effect’ nickel shim, provided by Heidelberger
Druckmaschinen AG. It has a double sine wave surface
microstructure that creates a rainbow effect due to light
diffraction. That means that in different viewing angles
different colors of the rainbow (red, orange, yellow,
green and blue) appear. We chose the rainbow effect,
because it is a simple holographic effect, which is the
base of many complex embossed holograms. The depth
of the surface microstructures is approximately 130 nm
to 140 nm and the period length is approximately
1.02 um in one direction and approximately 1.25 pm in
the perpendicular direction. We measured these val-
ues with an atomic force microscope (Nanosurf Nanite

E UV coating cold foil silver

\

paper substrate

Figure 1: Types of pre-printed substrates. 1 - Blue, 2 - Red, 3 - Black, 4 - White, 5 - Silver
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Table 1: CIELAB color values L* a* and b* of pre-printed substrates (X-Rite MA98, measuring geometry 45%0°,
illumination D65, 10° observer, n = 10) and gloss values of pre-printed substrates (BYK micro-TRI-gloss, 20° and 60°
measuring angle, n = 10) measured on one pre-printed substrate

Pre-printed substrate L* a* b* Gloss (GU)

20° 60°
Red 31.3 61.9 40.2 57.3 91.4
Blue 31.2 -15.2 -44.9 45.2 83.9
Black 7.4 -0.1 -1.8 49.6 91.3
Silver 12.8 -0.6 -3.4 1056.7 669.8
White 88.1 -0.2 -0.9 60.1 93.9

B System). Since direct measurements on the nickel
shim are technically difficult, we measured the surface
structure of one of our hologram samples, which the-
oretically shows the identical surface structure of the
nickel shim.

2.1.3 UV embossing

For the production of our hologram samples, we used
the principle of UV embossing (Figure 3). To produce
one hologram sample, we coated one of the pre-printed
substrates with UV lacquer (holographic lacquer from
Heidelberger Druckmaschinen AG) using an automatic
film applicator coater (Zehntner ZAA 2300) and a doc-
tor blade (Zehntner ZUA 2000) with the gap height of
50 um. Then, our transparent silicone shim was pressed
into the still wet UV lacquer and exposed to UV light,
using an UV curing system (IST Metz M-40-1-URS-
WIR-TR-SLC). Lastly, the transparent silicone shim was
removed. Before using the transparent silicone shim
again, we cleaned it from UV lacquer residuals with a
strip of strong adhesive tape.

For each type of pre-printed substrate (background
color blue, red, black, white and silver), ten hologram
samples were produced and numbered in the order of
their production (sample #1, #2, #3, ... #10). Preliminary
tests had shown that each silicone shim could only be

used 12 times on average for UV embossing before it
becomes brittle and eventually gets torn. In the follow-
ing, thisbehaviorisreferred to as the aging of the silicone
shim. A similar behavior is known from Theopold et al.
(2012) where the influence of solvents on flexo printing
forms isinvestigated. Fine cracks already appeared after
approximately eight times of use and could be detected
in the sample surface as well (Figure 4). For this reason,
we used a new silicone shim (100 mm x 140 mm) of the
same properties for each background color.

Figure 4: Cracks in the surface of black sample #10

We would like to emphasize that we prepared the holo-
gram samples in a laboratory setup. There also exists an
industrial process for the UV embossing of holograms,

transparent silicone
shim

transparent silicone

shim

UV lacquer UV lacquer

pre-printed substrate

pre-printed substrate

UV lacquer

hologram
sample

pre-printed substrate

Figure 3: UV embossing of hologram samples
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which is commercially referred to as ‘UV Casting’ Other
names are ‘UV Film Casting’ or ‘Cast and Cure’. Instead
of using a transparent silicone shim as in this research
paper, the industrial UV embossing process uses a
transparent plastic film which has a transparent lac-
quer coating with imprinted micro- or nanostructures
on one side (Kaule and Grauvogl, 1999). It is to mention
that the contact time of embossing master and UV lac-
quer is much shorter in the industrial UV embossing
process than in our laboratory flatbed setup.

2.2 Visual experiment

There hardly exist any scientific approaches for the
visual inspection of embossed holograms, yet. For this
reason, we developed our own visual experiment.

2.2.1 Equipment

Samples #1 and #10 of each background color were
used. For better handling and a uniform look, a black
frame (70 mm x 70 mm window size) made from card-
board was added to each sample. Besides, we used a
viewing booth Macbeth SpectraLight III covered with
black velvet inside, a self-made sample display, which
can be tilted * 5° around its basic adjustment of 45° to
the horizontal (Figure 5), and a chin rest.

%

sample

450

Figure 5: Sample display

2.2.2 Assessment criteria

Aiming to evaluate the quality of our samples, we first
had to find appropriate assessment criteria. To start
with, the reader needs to know that embossed holo-
grams produced by UV embossing - like our hologram
samples - are rather used for decorative refinement
than for security applications. This is due to their easily
damageable open holographic structure. Often, the pur-
pose of decorative refinement is to attract the viewer’s
attention. Presuming that quality is the fitness for a
special purpose (Teschner, 2010), we therefore assume
that the samples’ quality depends on certain sample

properties that are responsible to attract the viewer’s
attention, e. g. color properties.

In this research, we choose the sample properties
‘intensity’ and ‘variety of colors’ as assessment criteria
for our samples’ quality, assuming that great intensity
and great variety of colors notably attract the viewer’s
attention. Please note that the visual experiment is con-
ducted in German language, using the German terms
‘Leuchtkraft’ (intensity) and ‘Farbvielfalt’ (variety of
colors) as assessment criteria, whereby the German
and English expressions may have slightly different
meanings.

2.2.3 Subjects

26 test persons participated in this research, 17 of them
male and 9 female, from age 22 to 65 (average 32).
All were normal or corrected-to-normal sighted. No
color vision deficiencies were found according to the
Farnsworth-Munsell 100 Hue Color Vision Test. Ten of
the test persons were classified as experts, which have
experience in colorimetry or visual experiments.

2.2.4 Procedure

The experiment is part of a broad series of visual
experiments. Only the experiments directly relevant to
the topic of this research paper are described further.
All visual experiments are conducted in the so-called
‘Black Room’ at the Institute of Printing Science and
Technology, Darmstadt, Germany. This room is almost
entirely furnished black, so that as little scattered light
as possible gets into the viewing booth. The viewing
situation in the viewing booth is shown in Figure 6.

viewing booth

samples

chin rest

sample display

Figure 6: Viewing situation in the viewing booth

To create a ranking of the different samples, paired
comparisons are conducted. We chose this approach,
because the human eye is better in comparing simul-
taneously than successively (Hunter and Harold, 1987).
The order of the paired comparisons and the samples’
arrangement on the sample display is random.
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In the first experiment, each sample #1 is compared
to every other sample #1 with respect to intensity and
variety of color, which means that ten comparisons
must be done by each test person. The sample with
the highest intensity scores one point and the sample
with the highest variety of color scores one as well. In
Figure 7, you see a scene from the first experiment from
the view of a test person.

Figure 7: First experiment from the view of a test person
(exemplary scene; left - red sample #1, and right - silver
sample #1)

In the second experiment, sample #1 and sample #10
of the same background color are being compared. The
test persons must decide, whether they see a difference
between the two samples and if yes, they shall describe
it. They do not know which is #1 and which is #10. The
purpose of this experiment is to find out if the quality
of the samples is visibly changing within the production
process.

In both experiments, the test persons were told to tilt
the sample display back and forth several times so that
they could see the rainbow effect in its full range. At
this point, we want to emphasize that the test persons
were always asked to compare solely the samples’ rain-
bow effect and not their background colors. Besides,
all test persons were told to decide spontaneously and
subjectively. All instructions to the test persons were
given orally.

2.2.5 Illumination and geometry

The first experiment was conducted twice, once with
illuminant TL84 and once with illuminant D65 aim-
ing to simulate the viewing conditions in a shopping
mall (TL84) and in daylight (D65). Both illuminants are
built into the Macbeth SpectraLight III viewing booth
by default. The second experiment was conducted with
illuminant TL84 only.

The height of the chin rest, where the test persons had
to lay their chin on during all experiments, and the
position of the sample display within the viewing booth
determine the geometry of the visual experiment. The
experimental setup was chosen so that the light of the

selected illuminant strikes the sample approximately
at an incident angle of 45° to the sample’s normal and
the emergent angle is approximately 0° to the sample’s
normal (45°/0°). We chose this geometry according to
the recommendation of the nickel shim manufacturer.
Of course, the viewing geometry changes by the tilting
of the sample display in its tilting limits. To create a
reproducible visual experiment, we preferred this rela-
tively specified geometry to a free geometry.

2.3 Measurements

For the measurements of gloss and color values, we
used conventional hand-held measuring instruments
used by the graphic industry. All samples (sample #1 to
#10) of each background color were measured.

For the gloss measurements, we used the following
equipment: gloss meter BYK micro-TRI-gloss, software
Easy-Link for data handling and black cardboard as a
measuring underlay. We measured each sample ten times
on random spots (measuring angles 20°, 60° and 85°).
The measuring instrument was always oriented longi-
tudinal to the sample to eliminate possible anisotropy.

The following equipment was used for the color meas-
urements: multi-angle spectrophotometer X-Rite MA98,
software X-Color QC for data handling and black card-
board as a measuring underlay. Just like at the gloss
measurement, we measured each sample ten times
on random spots and we always oriented the measur-
ing instrument longitudinal to the sample. Measuring
angles, illumination and CIE standard photometric
observer were chosen consistent with the visual exper-
iment (see section 3.2.2).

3. Results and discussion

In this chapter, both the results of the visual experiment
and the measurements are presented and compared to
each other.

3.1 Results of the visual experiment
3.1.1 First experiment

In the first experiment, each sample #1 is compared to
every other sample #1 with respect to intensity and vari-
ety of colors. The maximum total score to be reached by
a sample is 4 x 2 x 26 = 208, since every sample is com-
pared to four other samples, gains maximum two points
per comparison for the two assessment criteria and is
assessed by 26 test persons in total.

Figure 8 shows the results of the first experiment at
illumination TL84. It displays the score reached for the
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criteria ‘variety of colors’ and ‘intensity’ as well as the
total score reached by samples of all background colors.
The silver samples gain the highest score, closely fol-
lowed by the black samples. The red and blue samples
are ranked third and fourth, as they gain rather similar
scores for their variety of colors. However, the red sam-
ples were given twice the score for their intensity than
the blue samples. The white samples gain the lowest
score since they gain no points for their intensity and
only a few for their variety of colors.

180 169
160 149
140
120 117
93
o 100 83 89 5
g 80 68
2 56
it 60 41
B 40 34 27
3 | | B
0
Red Blue Black Silver White

Background color of samples
m Variety of colors mIntensity = Total score

Figure 8: Results of the first experiment at illumination
TL84 and geometry 45%/0°,
where the maximum total score is 208

The results of the first experiment conducted at illu-
mination D65 are shown in Figure 9. In comparison to
the results in Figure 8, similar scores and nearly the
same ranking of the samples can be found. Only the
first and second placing are inverted, since the black
samples gain a slightly higher score than the silver
samples. Thereby we would like to add that those test
persons who were considered as experts on average
still assigned more points for the silver samples than
for the black samples.

160

120 114
100
80 80 80 80
60
40
20
0

Blue Black Silver White
Background color of samples

Total score

m Variety of colors mIntensity =Total score

Figure 9: Results of the first experiment at illumination D65
and geometry 45%/0°, where the maximum total score is 208

3.1.2 Second experiment

In the second experiment, sample #1 and sample #10
of the same background color are being compared. The
major results of the second experiment are presented
in Figure 10, which shows how many test persons saw

a difference between sample #1 and sample #10 of the
same background color. We want to remind the reader
that the samples were named in the order of their pro-
duction. It appears that for all background colors most
of the test persons saw a difference between the sam-
ples #1 and #10. While all test persons saw a differ-
ence between the white samples, a difference between
the silver samples was most seldom discovered. This
implies that the appearance of the silver samples is
most constant during the production process.

w
o

N
ul

N
o

=R
o wun

o wu

Number of test persons

Red Blue Black Silver White

Background color of samples

m No difference seen between the samples
m Difference seen between the samples

Figure 10: Results of the second experiment at illumination
TL84 and geometry 45°%0°

Other results of the second experiment are the follow-
ing. Those persons who named ‘intensity’ or ‘variety
of colors’ as a difference between the samples, always
- except once - related the greater intensity and the
greater variety of colors to sample #1. This means that
the samples #1 are of a better quality than samples #10.
Moreover, it became apparent that a very frequently
named difference between the samples was the shape
of the rainbow, which is influenced by the samples’ wav-
iness (Figure 11).

Figure 11: Detail of a blue sample with wavy surface
structure that influences the shape of the rainbow

3.2 Results of the measurements
3.2.1 Results of the gloss measurement

In the following, the blue, red, black and white samples
will be referred to as non-metallic samples. The 60°
measuring angle is chosen for evaluation, because the
non-metallic samples’ gloss values at a 60° measuring
angle lie between 10 GU and 70 GU (Deutsches Institut
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fiir Normung, 1982). Figure 12 shows the gloss values
from sample #1 to sample #10 of all background colors
at 60° measuring angle. The silver samples take on a
special position concerning gloss measurement since
they have more than six times higher gloss values than
the non-metallic samples. In contrast, the non-metallic
samples nearly all have the same gloss values.
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Figure 12: Gloss measurement of samples
at 60° measuring angle
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Figure 13: Gloss measurement of samples
at 60° measuring angle without silver samples

Taking a closer look at the non-metallic samples’ gloss
values (Figure 13), it can be detected that the imaginary
gloss curves, which are the imaginary connecting lines
between the measuring values of one background color,
cross each other. Consequently, the gloss measurement
is not able to provide a ranking of the samples. This
implies that gloss measurement is not able to evaluate
the influence of the background color on the quality of
embossed holograms.

However, Figure 12 clearly indicates that conclusions
concerning the UV embossing process can be drawn
from a sample’s gloss. Irrespective of the background
color, gloss values are constantly decreasing with
increasing sample number. In total, the silver samples
lose about 75 GU and all non-metallic samples about 35
GU. Comparing this to the results of the visual exper-
iment (second experiment, see section 3.1.2), which
showed that the samples #10 are of worse quality than

the samples #1, we conclude that the loss of quality
is accompanied by decreasing gloss values. Therefore,
gloss measurement can be used for process control of
the UV embossing process as conducted in this research.
For example, gloss measurement can be used as an early
warning system for the aging of the silicone shim. This
can be realized by defining a lower limit of gloss that
indicates that the silicone shim must be replaced.

3.2.2 Results of the color measurement

The multi-angle spectrophotometer X-Rite MA98 offers
different measuring geometries (Kehren etal., 2011). Due
to the angle-dependency of the holographic effect, ana-
lyzing several measuring geometries is reasonable. We
chose to analyze the measuring geometries 45°:as25°,
45°:as45° and 45°:as75° because these are the measur-
ing geometries provided by the X-Rite MA98 spectro-
photometer that lie closest to the geometry used for the
visual experiment. The first number, 45°, represents the
incident angle in respect to the surface normal. The sec-
ond number represents the viewing direction in respect
to the specular angle. Accordingly, 45°:as45° represents
the geometry used for the visual experiment (45°/0°).
As illuminant, we chose D65 and as CIE standard pho-
tometric observer, we selected the 10° observer because
in the visual experiment the samples are regarded at an
aperture angle of more than 4° (Deutsches Institut fir
Normung, 2009).

Figure 14 shows three chromaticity diagrams, one for
each of the selected measuring geometries, where the
CIELAB color values a* and b* of sample #1 to sample
#10 of each background color are plotted. It is to notice
that the displayed colors in the chromaticity diagrams
serve only for visualization purposes and do not con-
form to the real colors of the samples. This is because
the value of the lightness L* is chosen as 60 within
the chromaticity diagram although each sample has a
different L*-value. The dotted lines between the meas-
uring values serve as a guide for the eye only. Samples
#1 are marked with the number ‘1. As can be seen in all
diagrams, samples of different background color show
distinctly different color values a* and b* although
they were prepared with the same holographic surface
structure. This implies that the background color has
influence on the holographic effect.

Taking a closer look at the samples’ color locations
(Figure 14), it becomes apparent that at all measuring
geometries the red samples’ color locations rather lie
in the red area whereas the blue samples’ color loca-
tions rather lie in the blue area. In contrast, the silver
samples appear rather blue at 45°:as25° and rather red
at 45°:as45° and 45°:as75°. This leads to the conclusion
that chromatic background colors (blue, red) in con-
trast to non-chromatic background colors (e.g. silver)
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Figure 14: Chromaticity diagrams of hologram samples at L* = 60 (illumination D65, 10° observer);
measuring geometries from left to right: 45°:as25°, 45°:as45°, 45°as75°

overlay with the colors of the rainbow effect so that they
shift them into the direction of the background color.

Moreover, Figure 14 shows that the color measurement
is not able to characterize the rainbow effect in its full
range, since the three selected measuring geometries
represent only bluish and reddish parts of the rainbow.
However, the rainbow of the applied rainbow effect
contains more than these two colors. To represent all
colors of the rainbow or at least more than two colors,
ideally, a color measuring instrument with continuously
adjustable measuring geometries must be used.

In Figure 15, we investigate the development of the
chroma C*,, from sample #1 to sample #10. In gen-
eral, the dipping and rising of chroma values can be
explained by the aging of the silicone shim and by the
waviness of the pre-printed substrates which negatively
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influences the preciseness of the color measurement.
Taking a closer look at the development of the chroma
values, it becomes apparent that, at measuring geom-
etry 45°:as25°, the chroma values of all background
colors tend to go down with increasing sample number.
This fits to the results of the second visual experiment,
which shows that the samples’ rainbow effect loses
intensity from sample #1 to sample #10. However, at the
other measuring geometries (45°:as45° and 45°:as75°),
we cannot recognize any evident trend regarding the
samples’ chroma values.

Investigating the samples’ chroma C*,, and comparing
it to the visual experiment, one could assume that the
samples’ chroma values represent the samples’ quality,
since the white samples have the lowest chroma and the
silver samples have a rather great chroma at all measur-
ing geometries (Figure 15). However, it contradicts the
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Figure 15: Chroma C* , of all samples at measuring geometries 45°:as25° 45°:as45° and 45°:as75°, at D65/10°
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Figure 16: Color difference AE*,, between pre-printed substrate and hologram sample
at measuring geometries 45°:as25°, 45°as45° and 45°:as75°, at D65/10°

visual experiment that the black samples have only the
second lowest chroma, whereas they gained a rather
high scoring at the visual experiment. Consequently, the
investigation of chroma values is not a suitable method
to evaluate the influence of the background color on the
quality of our samples.

In the following, we therefore chose another approach;
we calculate the color difference AE*,, between the pre-
printed substrate and the hologram sample (Figure 16).
The consideration behind that approach is that color
appears in interaction with its surrounding (Berns,
2000) - in our case the background color, which appears
at some viewing angles alongside the rainbow effect.
Whereas the chroma C*,, is an absolute measurement
variable, the color difference AE*,, is a relative meas-
urement variable which can consider the background
color. Assuming that a greater color difference stands
for a stronger holographic effect, Figure 16 clearly states
that the black samples have a rather strong holographic
effect. This fits better to the results of the visual experi-
ment than the results from Figure 15.

To make a combined statement about the color differ-
ence, we calculated the arithmetic mean of the color
differences at all three analyzed measuring geometries
(Figure 17). This step is reasonable since the measuring
geometry 45°:as45° - which is the geometry used for
the visual experiment - represents only one color of
the rainbow effect.

However, the test persons saw the full rainbow because
the setup of the visual experiment (size of samples,
tilting of sample display) was chosen according to
that. Consequently, using only the measuring geome-
try 45°:as45° does not lead to a sufficient statement.
Taking a look at the combined statement in Figure 17, it
becomes apparent that - except the relative positioning
of the red and blue samples and the big gap between the
silver and black samples - Figure 17 well represents the
results of the visual experiment.
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Figure 17: Arithmetic mean of color difference AE*,,
between pre-printed substrate and hologram sample
at measuring geometries 45°:as25°, 45°:as45° and 45°:as75°,
at D65/10°

3.3 Accuracy of the measurements

Statistical data for the gloss measurement can be found
in Table 2, which shows that the standard deviation of
gloss values lies in the same scale, both for the ‘normal’
pre-printed substrates and the hologram samples. This
means that the gloss measurement of hologram sam-
ples can be regarded as a rather precise measurement.
However, the hologram samples’ relative standard devi-
ation tends to be a little higher than the pre-printed
substrates’ relative standard deviation since the holo-
gram samples’ gloss values are at least about two times
lower (samples #1) and up to seven times lower (sam-
ples #10) than the pre-printed substrates’ gloss values.

In Table 3, statistical data for the color measurement
- using the blue sample #1 and a blue substrate as an
example - is provided. As can be seen, the standard devi-
ation of the hologram sample is about one or two magni-
tudes higher than the pre-printed substrate’s standard
deviation. Consequently, the color measurement of our
hologram samples cannot be considered as precise as
a measurement we know from the printing industry.
The reason for the high standard deviation is the wav-
iness of the samples, which changes the appearance
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Table 2: Gloss (GU) values with standard deviation and relative standard deviation (in brackets) at 60° measuring
angle, for an exemplary pre-printed substrate of each background color and for all hologram samples #1 to #10,
measured ten times (n = 10) on different spots

Background color Red Blue Black Silver White
Pre-printed substrates 914 +1.5 83.9+1.0 913 +1.7 669.8 + 8.4 93.9+09
(+ 1.6 %) (1.2 %) (+ 1.8 %) (1.3 %) (x 0.9 %)

Hologram samples

#1 46.7 £ 0.7 45.0 + 1.5 46.7 £ 0.6 3264 £6.1 483 +0.6
(1.4 %) (£3.3%) (1.3 %) (1.9 %) (1.3 %)
#2 45.7 + 1.0 446 + 0.4 46.2+0.9 3268 +8.1 47.0+0.4
(*2.1%) (+ 0.8 %) (2.0 %) (*2.5%) (0.9 %)
#3 42.0+0.5 417+ 1.1 42.8+0.5 3107+ 114 44.2+04
(1.1 %) (*2.8%) (1.2 %) (£ 3.7 %) (+ 1.0 %)
#4 375+28 379+0.5 388+ 1.0 2819+73 40.0+0.9
(£7.5%) (1.3 %) (£2.5%) (2.6 %) (£2.3%)
#5 339+1.1 33.6 0.7 34.8+0.5 263.2+5.7 349+ 0.6
(£3.2%) (£ 2.1 %) (1.5 %) (x2.2.%) (+ 1.8 %)
#6 289+1.0 279+15 284 +0.6 233.8+4.7 29.2+1.0
(£3.3%) (£5.3%) (£ 2.1 %) (2.0 %) (+3.4 %)
#7 23.9+0.8 23.1+0.8 23.8+0.5 206.3 £ 3.0 24.6 £ 0.6
(£3.1%) (£ 3.4 %) (£2.1%) (*1.5%) (2.6 %)
#8 19.5+0.8 18.1+1.6 19.2£1.0 187.5+3.2 19.7 £ 0.8
(4.1 %) (£ 8.9 %) (£5.1%) (* 1.7 %) (+ 4.0 %)
#9 154+ 1.6 15.0 £ 0.5 15.1+04 170.6 + 4.1 16.1£0.3
(x10.2 %) (£3.5%) (2.6 %) (*2.4 %) (2.1 %)
#10 14614 11.5+0.8 123 +£0.6 1574+ 1.7 13.1+£0.3
(9.3 %) (* 6.8 %) (£5.1%) (1.1 %) (£2.7 %)

Table 3: CIELAB color values with standard deviation at 45°:as25° and D65/10° for both the pre-printed substrate and
the blue hologram sample #1, measured forty times (n = 40) on different spots

Parameter L* a* b*
Blue pre-printed substrate 31.2+04 -14.7%0.2 -45.0 £ 0.5
Blue hologram sample #1 423 +£3.0 0.3+16.2 -66.3+8.5

-
N
o

of the holographic effect and thus the measured color
values. Please note that the measurements in Table 3
were conducted for closer examination, irrespective of
the other color measurements. We did forty measure-
ments instead of ten like in the other examples because
of the rather high dispersion of the measuring values.

[ury
o
o

Regarding the rather high measurement errors of the
color values, it is important to investigate, if the meas-
urement error influences the samples’ ranking as given
in Figure 17. Therefore, a Gaussian error propagation
was done exemplarily for samples #1, based on the

Arithmetic mean of color difference AE*,,
o
o

40
) I I

measuring values in Table 4. The pre-printed substrates’ 0 ) )

.. Black #1 Blue #1 Red #1 Silver #1 White #1
standard deviations for L* a* and b* were neglected. at at at at at
Please note that the measuring software X-Color QC, TL84/2° TL84/2° TL84/2° TL84/10° D65/10°
which was used for the color measurements, provided
only the standard deviations for L* a* and b* for one Figure 18: Standard deviations for arithmetic mean of color
defined illumination/observer combination for each difference AE*,, for samples #1 resulting from Gaussian

background color. error propagation



P. BRUMM, E. D6RSAM, D.L. NGUYEN, M. SCHMITT-LEWEN - ]. PRINT MEDIA TECHNOL. RES. 6(2017)1, 7-18 1 7

Table 4: CIELAB color values and standard deviations (n = 10) at 45°as25°, 45°:as45° and 45°:as75°,
used for the Gaussian error propagation

Background color Red Blue Black Silver White
Illumination and observer TL84/2° TL84/2° TL84/2° TL84/10° D65/10°
Pre-printed substrates
L* 45°:as25° 35.5 17.4 7.1 34.7 89.0
45°:as45° 35.3 17.6 7.2 12.6 88.1
45°:as75° 35.7 17.3 7.8 10.8 87.4
a* 45°:as25° 59.9 14.6 0.2 -1.1 -0.1
45°:as45° 60.1 13.8 0.2 -1.1 -0.2
45°:as75° 60.4 15.0 0.0 -0.8 -0.3
b* 45°:as25° 45.7 -67.2 -2.4 -5.0 -0.5
45°:as45° 46.1 -67.1 -2.3 -3.8 -0.9
45°:as75° 47.8 -67.6 -19 -19 -0.9
Hologram samples #1
L* 45°:as25° 39.6 + 0.6 24.7+1.6 183 +1.3 76.3+3.0 91.5+0.3
45°:as45° 409 + 1.5 29.2+35 214+13 65.6 + 3.7 89.6 + 0.2
45°:as75° 419+19 283+23 189 £ 2.0 429+ 1.5 88.9+0.3
a* 45°:as25° 66.3+5.8 42.2+10.5 324+55 715+ 6.6 53+21
45°:as45° 633+ 1.6 342+6.1 283 %25 57.1+3.8 51+0.8
45°:as75° 63.7+1.4 32954 22.7+33 39.0+2.7 4.0+09
b* 45°:as25° -48.1 £11.0 -99.7+74 -734+56 -1989+6.2 -20.6 £3.2
45°:as45° 37.6+3.3 -48.8 £ 6.8 93+24 254 +6.1 23+0.6
45°:as75° 485+ 2.1 -48.5+3.2 12.1+2.7 182 +2.2 3.2+06

The result of the Gaussian error propagation carried
out in this research is the standard deviation for the
arithmetic mean of the color difference AE*,, for all
samples #1, shown in Figure 18 in form of error bars.
Figure 18 demonstrates that the measurement error
has no great influence on the samples’ ranking. Only
the blue and red samples’ measurement error slightly
influences the ranking.

4. Conclusion and outlook

The visual experiment conducted in this research
serves as a guideline for the design of UV embossed
holograms. We found out that the background colors sil-
ver and black achieve the strongest holographic effect.
In comparison, red and blue background colors only
evoke a mediocre and white background colors evoke
the weakest holographic effect. Besides, we learned that
the waviness of the pre-printed substrates influences
the samples’ appearance.

The comparison of the visual experiment and the gloss
measurements leads to the following conclusions:

e Conventional hand-held gloss measuring instru-
ments cannot evaluate the influence of the back-
ground color on the quality of embossed holograms.

¢« However, the samples’ gloss steadily decreases
within the UV embossing process due to the
aging of the embossing master. Besides, the gloss
measurement is very precise. This suggests the
usage of gloss measurement for process control
of the UV embossing process as conducted in this
research.

The comparison of the visual experiment and the color
measurements leads to the following conclusions:

e Conventional hand-held color measuring instru-
ments can evaluate the influence of the background
color on the quality of embossed holograms.

e (Calculating the color difference AE*,, between pre-
printed substrate and sample is a method to recre-
ate the results of the visual experiment.

e The number of provided or analyzed measuring
geometries is a limitation of color measurements;
in this research three measuring geometries
(45°:as25°, 45°:as45°, 45°as75°) lead to useful
results, but other holographic effects may require
far more measuring geometries.

e Besides, the waviness of the pre-printed sub-
strates strongly limits the precision of color meas-
urements; the results of color measurements are
rather imprecise in comparison to the results of
gloss measurement.
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In future research, the following questions may become e Can the results of this research be equally applied
important: to the industrial UV embossing process?
e Would we get similar results if we calculated AEy,
¢ What does the quality of embossed holograms instead of AE*,,?
need to look like? Are ‘intensity’ and ‘variety of e What could a control strip for embossed holo-
colors’ useful and sufficient assessment criteria? grams look like?

Does the method also work for more complex
holographic effects than the rainbow effect?
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