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Abstract:

In this research, we have examined the critical role of colour control in dry offset printing technology for
beverage cans, emphasising its contribution to sustainable production. In the presented study, we have
compared conventional and variable dry offset printing while maintaining identical manufacturing
conditions, with a focus on the stability and precision of colour reproduction. Measurements conducted,
AE2000, tone and gloss values, were obtained on a defined red colour reference patch. The first phase
of the experiment involved printing without any prior colour management inputs. It resulted in inferior
colorimetric values, underscoring the essential role of colour management, continuous measurement
and process control. Through the second phase of the experiment, we have systematically monitored
key colorimetric and surface parameters after the colour management procedure was applied. The
results gained indicated that both printing methods are capable of maintaining colour reproduction within
acceptable tolerance ranges, confirming their suitability for industrial applications. An interesting finding
was that variable printing exhibited slightly greater uniformity in certain printed areas. Ink consumption
was also assessed and remained within expected limits for both methods, reinforcing the principles of
material efficiency and waste reduction. These findings demonstrate that stringent colour control directly
supports sustainable production practices and indicate that variable printing represents a relevant and
reliable alternative within the dry offset process. Future investigations should address more complex
designs with higher technical demands and incorporate sampling of a broader range of colours, enabling
a more precise characterization of the limitations and potential of this specific printing process through
increased data quantity.
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1. INTRODUCTION

In contemporary packaging production, color reproduction control plays a central role as a key factor of
quality, consistency and brand identity preservation. Within the aluminum beverage can industry, this
function becomes particularly critical, as the dry offset printing process relies on precisely defined spot
colors rather than process colors. Maintaining the stability and predictability of color reproduction is
therefore essential not only for visual uniformity but also for ensuring the technical sustainability of
production [1,2]. In this context, color reproduction control serves as a direct bridge between print
quality and process sustainability minimizing waste, setup time and deviations that lead to material
losses or repeated printing cycles [3,4].

Modern packaging production must meet the demands of high speed, precision, and consistent quality,
all under clearly defined color and process standards [1]. Without stable and predictable color
reproduction control, it is impossible to achieve standardization and repeatability, both of which are
fundamental requirements of technically sustainable and rational production [2]. Establishing consistent
color reproduction control throughout the entire production chain not only that reduces waste and costs
but also directly contributes to technical sustainability and overall production efficiency [3]. The
consistency and frequency of production parameters contribute to visual coherence as well as to material
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efficiency, reducing costs and losses through automated process monitoring and fewer make ready
impressions [4].

The production of aluminium cans represents a multi stage process that integrates high speed forming,
surface preparation, decoration, and coating. Within this sequence, dry offset printing serves as the core
decoration technology, characterized by indirect image transfer from plate to blanket and from blanket
to substrate. This method combines the speed of letterpress with the print quality of offset, making it
ideal for non-absorbent surfaces such as metal [1,5]. The system operates at high line speeds, frequently
exceeding 2000 cans per minute, and typically uses up to eight spot colors. Given these mechanical and
chemical constraints, any small deviation in roller pressure, ink viscosity or blanket condition can result
in visible color differences, underlining the importance of precise color control.

Dry offset printing is divided into two primary methods: conventional and variable. In the conventional
process, all printing units operate with identical blanket configurations, transferring the same image
repeatedly throughout the run. In contrast, variable dry offset introduces engraved blankets that enable
multiple visuals to be printed within a single run, without replacing plates or halting the machine [6].
According to industry sources, this approach allows for the creation of individualized or regional designs
within the same production batch, offering brands greater flexibility while maintaining throughput [7].
In fact, this technology enables printing of 24 different cans within a single production run [8]. However,
engraved blankets also change the ink transfer characteristics, demanding stricter technical tolerances
and more precise process control to maintain color reproduction accuracy and visual consistency.
Unlike conventional CMYK system, dry offset relies on spot colors, where every ink must match its
defined spectral target. This makes spectrophotometric monitoring, calibration and process control
critical elements for maintaining color reproduction accuracy. From the sustainability standpoint, color
control directly affects the economic and ecological efficiency of can production. A process that
maintains consistent color, minimizes ink consumption and ensures stable transfer characteristics over
long runs, can be defined as technically sustainable. The introduction of spectral data as a complement
to visual color assessment within the overall graphic process provides all participants in the production
chain with a reliable tool for precise control of the color appearance on the can [10]. Therefore, the
ability of variable dry offset printing to maintain such stability, despite multiple design variations within
the same run, represents a critical question for both industrial practice and research.

The aim of this study is to evaluate the impact of color control on the stability and sustainability of
variable dry offset printing for aluminium cans. Through a comparative analysis of conventional and
variable methods, the study examines color deviations (AE2000), gloss levels, and ink consumption,
under identical production conditions. The results aim to determine whether variable dry offset can
maintain color stability and efficiency within tolerance ranges expected in standard production, thereby
supporting both creative flexibility and sustainable manufacturing in the packaging industry.

2. MATERIALS AND METHODS

All materials used in this study originate from actual industrial production and therefore reflect realistic
process behaviour and performance. The experiment was conducted on a Stolle Rutherford 8cd6-2200
decorator, an industrial scale dry offset press capable of printing up to 2200 aluminium cans per minute
[11]. This type of equipment is widely regarded as a production standard in metal packaging and
provides the necessary consistency and mechanical stability for reliable testing of both printing methods.
Prior to printing, the machine was inspected and calibrated to ensure stable operation throughout the
test. The materials that were used are aluminum substrate, a formed can, artwork files prepared for plates
and blankets, printing plates, standard and engraved blankets and red spot ink. Artwork files for both
the conventional and the variable method were prepared using Esko ArtPro+, following standard
production specifications. The same blankets, Day Graphica 3000, were used for both printing methods.
For the variable method blankets were engraved with SPG Thorium unit, to include specific variable
design elements. Thorium DLE (Direct Laser Engraving), offers high-quality engraving for dry offset
printing, using a CO- laser process without solvents, with a resolution of up to 10,160 dpi and special
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dot structure and shaping [12]. In this configuration, the blanket becomes part of the printing form itself,
transferring variable content directly from its engraved surface. Printing plates of type Toray
DH2S83NM were used for both methods. Plates were imaged using the Esko Spark CDI 2530, followed
by processing on a Dantex Aquaflex 480L system. This combination provides high imaging resolution
and stable reproduction of fine graphic elements throughout the production run. Colour measurements
were performed with an X-Rite Ci64 spectrophotometer, a device suitable for curved substrates such as
beverage cans. Also, this device offers the ability to measure SPIN/SPEX values, allowing for an
accurate assessment of the influence of gloss on color perception [13]. The instrument was calibrated
before each session and maintained through monthly NetProfile calibration to ensure alignment with
reference standards. Measurement data were recorded and analysed using X-Rite iQC, which supports
Lab and LCh colour spaces, AE2000 calculations, gloss measurements (SRR Gloss), and the ink film
strength parameter %STR-SUM.

2.1 Colour measurement parameters

The tested red ink, Figure 1, was defined by the following spectral values: L* = 52.2; a* = 55.41; b* =
28.73; C*=62.42; h° =27.4; SRR Gloss =27.99. These parameters form the basis for comparing color
deviations (AE2000) against the standard, both in the conventional and variable dry offset printing
methods [14].

VARIABLE Variable
RiNT ‘ariable

clement

Figure 1: Red ink tested on aluminum can substrate, with variable element presented as an example

Because aluminium cans are highly reflective, gloss can significantly affect the visual appearance of the
measured colour [15]. Therefore, all measurements in this study were performed using SPIN mode only,
ensuring better comparability across samples. The %STR-SUM parameter from iQC was used to
evaluate relative ink-film strength (target = 100%), reflecting tendencies toward oversaturation (>100)
or undersaturation (<100) [16]. AE2000 tolerances followed industry standards: Upper limit: AE2000 =
3; Preferred operational limit: AE2000 <2 [17].

2.2 Sample groups

Three sets of printed samples were collected for analysis. The first set was comprised of samples gained
using conventional dry offset printing. This set was serving as the baseline and reference for colour
stability and ink consumption under optimal process control. The second set was made of samples
printed with variable dry offset printing process using engraved blankets. Samples were evaluated
against the colour reference and compared directly with the conventional method to assess differences
in AE2000 behaviour, ink transfer and overall colour stability. The third set of samples was consisting
of samples printed using variable printing process without initial colour measurement. This test
intentionally excluded early-stage calibration to highlight the practical consequences of omitting colour
control in a high-speed production environment. These three groups provide a comprehensive
comparison of process stability, the impact of engraved blankets and the critical role of colour
monitoring.
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2.3 Measurement positioning, orientation and angle

Each can was measured at three standardised locations: middle, top and bottom, Figure 2. Although iQC
allows averaging across measurement points, each point was treated separately to obtain a more detailed
understanding of print uniformity along the vertical curvature of the can.

Figure 2: Measuring points on the printed can

Because measurements on cylindrical surfaces are sensitive to angular deviation, a fixed angle
measurement holder was used to ensure identical positioning for every reading. This setup eliminates
variations caused by inconsistent tilt or orientation of the curved surface relative to the
spectrophotometer.

2.4 Measurement frequency and data collection in iQC

During production, samples were collected every 30 minutes. Each sample set was brought to the
laboratory, where spectral values were recorded immediately to minimise the influence of surface
contamination, curing variation or handling. The iQC software presented values both numerically and
graphically, enabling real time tracking and later analysis of AE2000 deviations, L*, a*, b*, C*, h°
variations, SRR Gloss, and %STR-SUM ink film strength. This systematic collection approach ensured
consistent monitoring of colour stability across all three printing regimes and allowed the identification
of short-term and long-term variations within the run.

3. RESULTS
3.1 Results of conventional (regular) printing measurements

The results of the reference red color measurements obtained through the conventional printing process
are presented in Table 1. A set of colorimetric and additional parameters was monitored and compared
to the standard red reference. The obtained results show that the color deviation values (AE2000) ranged
between 0.76 and 2.10, with most samples within the desired industrial tolerance (<2.0), and all within
the general acceptance limit (<3.0). The highest deviations were recorded for samples 4 (2.10) and 8
(2.05). Changes in lightness (AL) ranged from —2.05 to +1.20, while the shifts in the red—green (Aa) and
yellow—blue (Ab) axes were more pronounced in several samples. Gloss values (SRR Gloss) varied
between 28.45 and 34.57, indicating moderate surface variability. The %STR-SUM parameter ranged
from 86.31 to 125.67, where extreme values indicated either excessive or insufficient ink transfer.
Analysis of measurement positions (top, middle, bottom) showed that the highest stability was achieved
in the middle area of the can, while deviations were more pronounced at the top.
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Tablel: Conventional printing — measurement results of red color reference

Sampte [ 1 . b ¢ . a 2 b s o | aE2000 (S8R Gloss [NSTR-SUM) “’m"””":"‘
1 | suse | 5788 | 2795 | e | 577 | @25 | 247 | 078 | 186 | a3 | 13 | B3 | w00 I middie
2 | syes | sses | 2953 | eses | 2673 | 052 | 323 | os | 335 | o035 | 1o | 398 | 1@ tow
3 | 5243 | ssse | 2858 | 6543 | 2586 | 023 | 3472 | 039 | 302 | a2 | 125 | 207 | 106 | bottom
4 | 016 | S68s | 2976 | 642 | 2962 | 205 | 147 | 108 | 378 | O2& | 21 | 3is | 12274 |
5 | 5054 | S7.86 | 3013 | 6523 | 2751 | 166 | 244 | 14 | 281 | 032 | 181 | 3091 | 12157
6 | 5256 | 5614 | 2711 | 6234 | 2578 | 035 | 073 | 36 | 007 | 477 | 104 | 3145 | 95A7 |
7 | 9035 | S7.04 | 2979 | 6344 | 2754 | 386 | 103 | 107 | 203 | 035 | 192 | 3176 | 12033 |
8 | 9036 | S8.22 | 3073 | 6583 | 2783 | 184 | 28 | 201 | 342 | 048 | 208 | 202 | 12567
9 | 5238 | S607 | 2747 | 6233 | 3586 | 047 | 066 | 155 | 01 | 168 | 095 | 3371 | 92 |

087 | 571 | 2898 | 6404 | 7691 | 134 | 160 | 025 | 162 | 055 | 142 | 095 | 15.22 |
11 | 5215 | $638 | 2767 | 6207 | 2616 | 005 | 093 | -3.06 | 035 | 136 | 076 | 3457 | 100
12 | 534 | SABA | 2622 | @009 | 2556 | 12 | 0S8 | 25 | 163 | 198 | 147 | 3425 | #6231 |
13 | 512 | S737 | 2891 | 6415 | 2678 | 101 | 185 | 018 | 173 | 063 | 1is | 3141 | 113.08 |
1 | %06 | 5735 | 301 | €472 | 27.69 | 3.6 | 194 | 1.57 | 236 | 032 | 171 | 3147 | 12038
15 | %086 | 5736 | 2081 | 6465 | 2746 | 135 | 155 | 108 | 223 | 006 | 14e | zaas | 21735 |
36| 5166 | 5653 | 2742 | 68 | 3SR | 055 | 112 | 130 | 041 | 167 | 108 | 306G | 10537
17 | $1.38 | 5752 | 2889 | 6419 | 2675 | O82 | 151 | 016 | 177 | 073 | 182 | 3137 | 11162
18 | S08S | 5724 | 2974 | 6AS | 2746 | 136 | 182 | 101 | 208 | 006 | 145 | 2&s1 | 117.13 |

The AE2000 values throughout the regular printing process are illustrated in Figure 3.
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Figure 3: AE2000 values during the regular printing process
3.2 Results of variable controlled printing measurements

The results of reference red color measurements obtained through the variable controlled printing
process are presented in Table 2. Compared to the standard reference, the obtained results indicate that
the color deviation values (AE2000) ranged between 0.87 and 2.06, demonstrating very stable color
reproduction within the variable process. The highest deviations were observed for samples 4 and 13,
where AE2000 values reached 1.7-2.0. Gloss values (SRR Gloss) ranged between 23.7 and 33.9,
indicating moderate surface effect variability. The %STR-SUM parameter varied from 95.6 to 121.4.
Analysis of measurement positions (top, middle, bottom) confirmed that the middle section exhibited
the highest stability, while greater deviations appeared at the top and bottom.
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Table 2: Variable controlled printing — measurement results of red reference

Sample L a b c h AL Aa Ab AC Ah | AE2000 |SRR Gloss [%STR-SUM Me:‘;fﬂ";em
1 52 57.3 277 63.64 258 -0.21 1.88 -1.03 1.22 -1.76 1.05 27.94 103.01 middle
2 52.39 57.77 27.69 64.06 25.61 0.18 2.36 -1.04 1.65 -1.98 1.19 303 101.23 top
3 52.4 56.91 27.84 63.36 26.07 0.19 1.5 -0.88 0.94 -1.46 0.87 29.95 99.16 bottom
4 50.2 57.22 29.11 64.2 26.96 -2 1.81 0.39 1.78 -0.48 2.06 23.79 121.44
5 52.12 57.96 27.41 64.12 2531 -0.08 2.55 -1.31 1.7 -2.31 1.35 26.65 103.42
6 51.69 57.91 27.9 64.28 25.73 -0.51 2.5 -0.82 1.87 -1.85 1.24 33.98 106.73
7 51.1 56.78 27.23 62.97 25.62 -1.1 1.37 =5 0.56 -1.95 1.54 26.34 108.04
8 51.37 57.06 27.01 63.13 2535 -0.84 1.64 -1.71 0.71 -2.27 1.51 31.03 104.97
9 50.81 57.2 27.5 63.47 25.67 -1.39 1.79 -1.23 1.05 =19 1.76 29.44 109.61
10 50.95 57.02 27.45 63.28 25.71 S1m25) 1.6 -1.28 0.84 -1.86 1.63 24.21 109.12
11 51.49 57.4 27.33 63.58 25.46 -0.71 1.99 -1.39 1.16 -2.13 1.41 27.4 104.99
12 51.06 56.96 27.48 63.24 25.76 -1.14 1.55 -1.24 0.83 -1.8 1.53 26.91 107
13 51.72 54.88 25.35 60.45 248 -0.49 -0.53 -3.37 -1.96 -2.79 171 26.31 95.63
14 51.81 56.59 26.54 62.51 25.13 -0.39 1.18 -2.18 0.09 -2.48 1.43 25.03 100.58
15 51.55 56.29 26.75 62.32 25.42 -0.66 0.87 -1.98 -0.1 -2.16 1.36 26.23 1001.38
16 50.82 56.49 27.1 62.65 25.63 -1.38 1.08 -1.62 0.25 -1.93 1.74 24.52 108.79
17 50.81 57.05 27.49 63.32 25.73 -1.4 1.63 -1.24 0.91 -1.84 1.74 25.79 110.81
18 50.99 56.52 26.99 62.63 25.53 -1.21 1.11 -1.74 0.22 -2.05 1.66 25.41 106.18

The AE2000 values across the controlled variable printing process are shown in Figure 4.
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3.3 Results of variable uncontrolled printing measurements

Table 3 presents the measurement results for two reference red samples printed in a variable mode where
no measurements were performed during the initial production interval. The absence of in-process
measurements led to a notable deterioration in the obtained parameters. The color deviation values
(AE2000) averaged between 2.0 and 2.7, exceeding the desired tolerance (<2.0); thus, the color quality
was marginal or outside specification. Gloss values (SRR Gloss) ranged from 45 to 49, significantly
higher than in controlled runs. The %STR-SUM parameter ranged from 126 to 139, indicating instability
and deviations from optimal printing conditions. Analysis of the measurement positions showed that the
middle section maintained the most stable results, while greater deviations were observed at the top and

bottom.
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Figure 4: AE2000 values during variable controlled printing




Scientific, Technical and Art Releases — 2026

Table 3: Uncontrolled variable printing — measurement results of reference red

sample L a b AL ha Ab AC Ah | AE2000 |SRR Gloss| %STR-SUM Mei;';teor:e"t
1 5111 | 6039 | 304 | -1309 | 4.97 168 5.19 077 | 176 | 4935 | 12673 middle
2 4988 | 5942 | 3217 | -2.32 4 3.44 5.15 1.16 274 | 4524 | 139.14 top
3 5054 | 60.08 | 31.32 | -1.66 | 4.66 2.59 5.33 0.15 214 | 4872 | 13256 bottom
4 50.75 | 6069 | 31.46 | -145 | 527 2.74 5.94 0.01 209 | 4644 | 133.64
5 503 | 5898 | 31.12 | -191 | 356 2.39 4.27 0.47 221 477 | 13043
6 5061 | 6002 | 31.24 | -159 | 461 252 5.25 0.11 2.7 4721 | 13142

The AE2000 values throughout the uncontrolled variable printing process are illustrated in Figure 5.
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Figure 5: AE2000 values during uncontrolled variable printing

3.4 Printing speed and ink consumption in both modes

Ink consumption represents one of the key sustainability factors in production, as it directly influences
cost efficiency, process stability and material waste. In the conducted experiment, Table 4, showed ink
usage within normal and controlled limits for both printing methods, without deviations that could affect
print quality or increase material loss. The standard consumption for conventional printing was slightly
higher due to greater red area coverage in the artwork. Printing speed remained consistent at 2200 cans
per minute for both methods.

Table 4. Ink consumption of standard red during conventional and variable printing

Red Ink Standard/rgference Live PFD(?iI..JCtICJn Deviation
kg/milion kg/milion
Conventional Printing 31 30.55 -0.45
Variable Printing 31 30.45 -0.55

4. DISCUSSION

The results obtained for the conventional printing process confirmed a stable workflow and predictable
color reproduction. The color deviations, expressed as AE2000, ranged from 0.76 to 2.10, with an
average of 1.39 and a standard deviation of 0.40. All values were within the generally accepted tolerance
of <3, confirming reliable and consistent color reproduction.

The %STR-SUM parameter, ideally close to 100, ranged from 86.31 to 125.67, with an average of
110.94. Although certain oscillations were observed, they remained within the acceptable technological
limits. The SRR Gloss values ranged from 28.45 to 34.57, with an average of 31.60, slightly above the
reference value of 27.99, yet without any visually significant deviation. These data confirm that
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conventional dry offset printing provides a stable and predictable process with consistent color and gloss
characteristics.

The variable controlled printing method demonstrated even greater uniformity compared to the
conventional process. The AE2000 values ranged from 0.87 to 2.06, with an average of 1.49 and a
standard deviation of 0.29, indicating lower dispersion and more consistent color maintenance during
production. The %STR-SUM parameter varied from 95.63 to 121.44, with an average of 105.92,
reflecting slightly improved control and efficiency compared to the conventional method. The SRR
Gloss values ranged between 23.79 and 33.98, with an average of 27.29, nearly identical to the target
reference (27.99). This confirms that the controlled variable printing process achieved both visually and
technically optimal results.

In contrast, the uncontrolled variable printing process showed significantly higher deviations. The
AE2000 values ranged between 1.76 and 2.74, with an average of 2.27, clearly exceeding the deviations
recorded in both regular and controlled variable printing. The %STR-SUM parameter remained
consistently higher, ranging from 126.73 to 139.14 (average 132.32), indicating excessive ink transfer
and lower process efficiency. Likewise, SRR Gloss values were considerably elevated, between 45.24
and 49.35, with an average of 47.44, far from the target reference. These findings clearly demonstrate
that the absence of in-process color monitoring in variable printing leads to reduced color reproduction
accuracy, increased ink consumption, and compromised production sustainability.

For both printing methods, the standard ink consumption for the reference red was 31.0 kg per million
prints. Measured value for conventional was 30.55 kg per million, representing a deviation of —0.45 kg,
and for the variable printing process was 30.45 kg per million, corresponding to a deviation of —0.55 kg.
These results confirm that both processes operated efficiently, with the variable method showing slightly
better alignment with the expected standard due to more uniform ink transfer.

5. CONCLUSION

Based on the conducted measurements and analysis, it can be concluded that both conventional and
controlled variable dry offset printing methods are capable of delivering results within defined safety
and technological limits. The variable printing method under controlled conditions demonstrated even
more uniform results compared to the conventional process, particularly in terms of ink laydown, gloss
reproduction and material efficiency. Such consistency may be attributed to the inherent complexity of
the variable process, which required operators to apply additional precision in machine setup, ink control
and plate and blanket adjustments, effectively minimizing the potential for variation. This experiment
therefore confirms that variable dry offset printing is a reliable and sustainable industrial process,
capable of meeting modern production and color quality standards. Ink consumption in both processes
remained within controlled limits, with minimal deviation from the target values. This indicates a high
level of process stability and further supports the conclusion that variable printing can be implemented
without compromising economic efficiency or sustainability. The uncontrolled variable printing phase,
however, underlined the critical importance of integrated process monitoring. Without continuous
measurement and color correction, material usage increases, color reproduction accuracy decreases and
process sustainability deteriorates. Importantly, the engraved blanket used during the tests did not
introduce any additional issues, nor did it negatively affect production speed or consistency, confirming
its suitability for industrial applications. Beyond its technical merits, variable printing also provides
distinct marketing advantages. The ability to personalize packaging, create limited editions and
differentiate visual designs according to market needs adds tangible commercial value.

For future research, it is recommended to explore the performance of variable dry offset printing with
more complex and visually demanding designs, where the technological limits of the process can be
more rigorously evaluated. In such scenarios, the constraints related to plate and blanket file
specifications, ink transfer, roller pressure and potential speed adjustments become more pronounced.
This would offer a more comprehensive understanding of the capabilities and boundaries of variable dry
offset printing within real world production environments and evolving market requirements.
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