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Abstract

Packaging is one of the fastest growing segments in the print industry, specifically 
the digital packaging arena. The advances in inkjet heads, inks, media range and 
color management that evident in wide-format printing are helping to advance 
inkjet print in packaging. Color digital printing for corrugated is essentially all 
inkjet and has existed for at least 20 years. High quality packaging prototyping 
allows for greater client choice and more short-run finished corrugated products. 
To exam the color reproduction capability on corrugated board using UV wide-
format inkjet printer, a Roland VersaUV LEJ-640 UV LED printer with Eco UV-
curable inks was employed in this study. The quality of color reproduction depends 
on the ability of the corrugated board to reflect red, green, and blue light. The 
VersaUV LEJ-640 UV LED printer is capable of lying down a layer of white ink 
before color printing and running at different speed mode. The main purposes of 
this experimental study are to (1) identify the most important factors that influence 
color reproduction on the corrugated board using UV wide-format inkjet printing, 
and (2) establish optimum operating conditions so that the maximum yield of optical 
density and color gamut could be obtained. The experiment was conducted using a 
randomized 23 factorial design in which every factor was run at two specified levels 
(1 = high level, -1 = low level, fixed effects). The factorial levels were determined 
based upon the practical operating conditions of the UV wide-format printer. The 
three independent factors of this study are: 1) the corrugated board (X1), 2) printing 
speed mode (X2), and 3) white ink (X3). The dependent variable (Y) is the color 
reproduction capability (optical density and gamut volume) of corrugated board. 
The treatment combination of (X1, X2, X3) = (1, -1, 1) is suggested to achieve the 
maximum yield of optical density (yellow and cyan) and color gamut.
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1. Introduction

Corrugated board is a material made of flat sheets of paper with one or more layers 
of corrugated paper between them (Figure 1). On the outer side of the board, there 
is flat paper called liner. Inside, there are corrugated layers separated by a flat 
sheet. With different combinations of corrugated layers, different degrees of board 
toughness are achieved. Corrugated board is a very sturdy material. It does not 
break at folds and is, therefore, mostly used in making transport boxes1.

Figure 1. Corrugated board

1.1 Printing for Corrugated Packaging

Corrugated board presents difficult printing challenges. First, the fluted structure of 
corrugated can easily be damaged by excessive pressure during the conventional 
printing process where transferring ink requires intimate contact between the 
printing plate and the corrugated board. Secondly, changes in the way products 
are marketed have put pressure on corrugated box manufacturers to expand their 
print capabilities to enable the printing of more sophisticated images. For example, 
Point-of-purchase retailing has created a need for corrugated packaging to expand 
its role from a simple shipping container to a selling tool at the retail store2.

Corrugated Board can be printed in inkjet printing. The advances in inkjet heads, 
inks, media range and color management are helping to advance inkjet print in 
packaging. Corrugated is seeing a lot of innovation in digital printing technology. 
Faster turnaround time, lower costs and fewer production steps are among 
the important benefits digital printing brings to the corrugated market. Digital 
packaging is also an ideal answer to market demands such as shorter runs, more 
customization, and regionalization3, 4, 5.

1.2 Print Quality of Corrugated Board

With the graphic demands on corrugated board cases steadily rising, the corrugated 
board industry needs better knowledge of printing quality properties6. 

Linerboard

Medium
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Striped surfaces are a distinctive feature of corrugated board. Some patterns make 
the board harder to print (i.e. washboarding and black streaks); some patterns give 
the printed surface a striped image (i.e. printed stripes). All the striped patterns 
occur on the liner surface and they coincide with the waves of the fluting. The 
stripes, which could be unprinted or printed, cause some quality problems for the 
corrugated board6.

Washboarding is the most common type of unprinted stripes (Figure 2); it is the 
uneven, wavy pattern on the liner surface of a corrugated board6, 7. The wave tops 
correspond with the tips of the fluting. Washboarding occurs on the single-facer and 
the double-backer liners, which causes problems since it is normally the printing 
side. On white surfaces, the washboarding pattern causes a disturbing striped 
image. The wavy pattern is reflected and may dominate the image of a printed 
picture, making it disappear in the stripy environment6.

1.3 The use of white ink

Today, the UV inkjet printer equipped with the special white ink allows users 
to achieve high density and concealment. High-density white allows for greater 
opacity on clear or dark substrates. Printing the area using white ink and the area 
using CMYK color inks simultaneously eliminates displacement during media 
feed, making stable, highly intricate printing possible. The white ink is suited to 
print on transparent media, and can be used it to create items for shop interiors and 
displays, PET bottles and other packagers, decals, and more8.

Figure 2. Washboarding on unprinted board.



2019 TAGA Proceedings	 139

2. Methodology

This study utilizes a randomized 23 factorial design in which every factor was 
run at two specified levels (fixed effects) determined based upon the practical 
operating conditions using a Roland VersaUV LEJ-640 UV LED printer. The three 
factors were corrugated board (X1), speed (X2), and white ink (X3). This resulted 
in a total of eight different treatment combinations (Table 1). The run order for 
the eight treatment combinations was randomly determined by computer to reduce 
bias introduced by unplanned changes in the experiment. Five observations were 
systematically recorded for each of the right treatment combinations for a total 
sample size of 40.

A digital four-color test chart was designed for this study. A CMYK test chart 
designed for X-Rite i1iO Spectrophotometer was created by the i1Profiler software. 
The test chart was printed with the UV LED printer. When the white ink setting is 
on, inks are overprinted in the sequence of white and then CMYK. 

Optical densities were measured using an X-rite Exact Spectro-densitometer. Color 
measurements were made using an X-rite i1iO Spectrophotometer using illuminant 
D50 and a 2-degree observer for printed corrugated board. The measurement files 
were used to generate profiles using i1 Profiler 1.8.2. The color quality of corrugated 
board was evaluated in terms of optical density and color gamut. The color gamut 
was determined by using CHROMiX ColorThink Pro 3.0.4 software. The software 
packages employed to analyze the data was Minitab 18.0. The 23 factorial analyses 
were performed. Table 2 displayed the treatment combinations, their run orders, 
and mean values of optical densities and gamut volume.

Table 1. 23 Factorial design
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3. Results and Discussion

3.1. The influence of white ink

Two commercially available white corrugated board A and B were used in the study. 
The L*a*b* value of based white corrugated board is 87.08, -0.02, 2.50. After lying 
down a layer of white ink as a base, the L*a*b* value of white corrugated board is 
88.73, 0.23, 1.21. In other words, white ink shifts the based white corrugated board 
toward more neutral color. Figure 3 shows that the white corrugated board with 
white ink (wireframe) did expand the overall color gamut.

Table 2. The mean optical density and gamut volume for the eight runs

Figure 3. Color gamut comparison of tested white corrugated board:  
without white ink (true color) vs. with white ink (wireframe).
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Figure 4. Boxplot for the optical density of yellow.

3.2. Descriptive Statistics

Figures 4-8 displays the boxplot of the optical density and color gamut. Based 
on the visual assessment, the tested white corrugated board does not have a very 
uniform coating. High variation on the color reproduction is to be expected. 

For the optical density yellow, the treatment combination of (-1, -1, 1) yield the 
highest density of yellow (0.96), followed by the treatment combination of (1, 
-1, 1) (0.95). The greatest standard deviation value was found in the treatment 
combination of (-1, -1, 1). For the optical density magenta, treatment combinations 
(-1, -1, 1), (1, 1, 1), and (1, -1, 1) produce highest density of magenta (1.31). Overall, 
white corrugated board A has higher standard deviation values. For the optical 
density cyan, the treatment combination of (-1, 1, 1) yield the highest density of 
cyan (1.11), followed by the treatment combination of (1, -1, 1) (1.10). The greatest 
standard deviation value was found in the treatment combination of (-1, -1, 1). For 
the optical density black, the treatment combination of (1, -1, 1) yielded the highest 
density of black (1.58). The greatest standard deviation value was found in the 
treatment combination of (-1, 1, 1). For the color gamut, the treatment combination 
of (1, -1, 1) produced the highest gamut volume (240,119) with smallest standard 
deviation value.
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Figure 5. Boxplot for the optical density of magenta.

Figure 6. Boxplot for the optical density of cyan.
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Figure 7. Boxplot for the optical density of black.

Figure 8. Boxplot for the color gamut.
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3.3. The ANOVA and Regression analyses

This section discusses the results of the ANOVA and Regression analyses for 
the main effects of the independent variables and their interaction effects on the 
dependent variables. The significant level was set to be .05 for all the analyses, i.e., 
α = .05. The full model derived from 23 the factorial design is:

Ŷ =α+β1X1 +β2X2 +β3X3 +β4X1X2 +β5X1X3 +β6X2X3 +β7X1X2X3 + ε, 
where X1 = corrugated board; X2 = speed; X3 = white ink.

The findings and discussion for the optical density of yellow

Table 3 shows that the p-values of 0.000 for the speed (X2), white ink (X3) and the 
interaction between speed and white ink (X2X3) are less than 0.05. In other words, 
speed (X2), white ink (X3) and the interaction between speed and white ink (X2X3) 
have a significant effect on the optical density of yellow. Figure 9 show that the 
white ink (X3) has the greatest effect on the optical density of yellow, followed by 
speed (X2) and the interaction between speed and white ink (X2X3).

Table 3. Analysis of variance for the optical density of yellow (full model)
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Figure 9. Pareto chart for the optical density of yellow.

Based on Figure 9 and Table 3, it was suggested that the terms of X2, X3, and 
X2X3 should be included in the reduced model. Therefore, a Fit Factorial procedure 
and a regression analysis that included only the terms of X2, X3, and X2X3 were 
performed and obtain the prediction information for the optical density of yellow. 
Table 4 displays the ANOVA information. It confirmed that that the p-values for the 
speed (X2) and white ink (X3) are less than 0.05. However, The p-value of 0.905 
for the interaction between speed and white ink (X2X3) is greater than 0.05. Table 5 
displayed the ANOVA information after the term of X2X3 has been removed from 
the reduced model. The estimated effects and coefficients are exhibited in Table 6. 
Table 6 confirmed that the speed (X2) and white ink (X3) have a significant effect 
on the optical density of yellow. The regression equation used to predict the optical 
density for yellow is

Optical density of yellow = 0.89480 + 0.03875 X3 - 0.01302 X2

(Equation 1)

The R2 value (89.3%) in Table 6 implies that the reduced model explains 
approximately 89.31% of the total variability in the optical density for the yellow.
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Table 4. Analysis of variance for the optical density of yellow (reduced model)

Table 5. Analysis of variance for the optical density of yellow (reduced model)

Table 6. Estimated effects and coefficients for the optical density of yellow (reduced model)

The findings and discussion for the optical density of magenta

Table 7 shows that the p-values for the corrugated board (X1), speed (X2), the set of 
two-way interactions (X1X2, X1X3, and X2X3) and the set of three-way interaction 
(X1X2X3) are less than 0.05. In other words, the corrugated board (X1), speed (X2), 
the interaction between corrugated board and speed (X1X2), the interaction between 
corrugated board and white ink (X1X3), the interaction between speed and white ink 
(X2X3), and the interaction among corrugated board, speed and white ink (X1X2X3) 
have a significant effect on the optical density of magenta. Figure 10 also shows that 
the corrugated board (X1) has the greatest effect on the optical density of magenta, 
followed by the interaction among corrugated board, speed and white ink (X1X2X3) 
and the interaction between speed and white ink (X2X3).
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Table 7. Analysis of variance for the optical density of magenta (full model)

Figure 10. Pareto chart for the optical density of magenta.

Based on Figure 10 and Table 7, it was suggested that the terms of X1, X2, X1X2, 
X1X3, X2X3, and X1X2X3 should be included in the reduced model. Therefore, a 
Fit Factorial procedure and a regression analysis that included only the terms of 
X1, X2, X1X2, X1X3, X2X3, and X1X2X3 were performed and obtain the prediction 
information for the optical density of magenta. Table 8 displays the ANOVA 
information, and the estimated effects and coefficients are exhibited in Table 9. 
Again, Table 8 confirmed that X1, X2, and interactions of X1X2, X1X3, X2X3, and 
X1X2X3 have a significant effect on the optical density of magenta. The regression 
equation used to predict the optical density for magenta is
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Optical density of magenta = 1.29571 + 0.00839 X1 + 0.00831 X1X2X3 		
+ 0.00631 X2X3 - 0.00741 X1X3 - 0.00624 X2 + 0.00519 X1X2

(Equation 2)

The R2 value (63.79%) in Table 9 implies that the reduced model explains 
approximately 63.79% of the total variability in the optical density for the magenta.

The findings and discussion for the optical density of cyan

Table 10 shows that the p-values for the speed (X2), white ink (X3), the interaction 
between corrugated board and speed (X1X2), and the interaction between speed and 
white ink (X2X3) are less than 0.05. In other words, the speed (X2), white ink (X3), 
the interaction between corrugated board and speed (X1X2), and the interaction 
between speed and white ink (X2X3) have a significant effect on the optical density 
of cyan. Figure 11 shows that white ink (X3) has the greatest effect on the optical 
density of cyan, followed by the interaction between speed and white ink (X2X3) 
and the speed (X2).

Table 8. Analysis of variance for the optical density of magenta (reduced model)

Table 9. Estimated effects and coefficients for the optical density of magenta (reduced model)
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Table 10. Analysis of variance for the optical density of cyan (full model)

Figure 11. Pareto chart for the optical density of cyan.

Based on Table 10 and Figure 11, it was suggested that the terms of X2, X3, X1X2, and 
X2X3 should be included in the reduced model. Therefore, a Fit Factorial procedure 
and a regression analysis that included only the terms of X2, X3, X1X2, and X2X3 
were performed and obtain the prediction information for the optical density of 
cyan. Table 11 displays the ANOVA information. It shows that the p-values for 
the interaction between corrugated board and speed (X1X2), and the interaction 
between speed and white ink (X2X3) are greater than 0.05. Table 12 displayed the 
ANOVA information after the terms of X1X2 and X2X3 have been removed from 
the reduced model. The estimated effects and coefficients are exhibited in Table 
13. Again, Table 13 confirmed that speed (X2) and white ink (X3) have a significant 
effect on the optical density of cyan. The regression equation used to predict the 
optical density for cyan is
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Optical density of cyan = 1.04559 + 0.05211 X3 - 0.00721 X2

(Equation 3)

The R2 value (90.82%) in Table 13 implies that the reduced model explains 
approximately 90.82% of the total variability in the optical density for the cyan.

The findings and discussion for the optical density of black

Table 14 shows that the p-values for the speed (X2), the interaction between 
corrugated board and white ink (X1X3), and the interaction between speed and 
white ink (X2X3) are less than 0.05. In other words, the speed (X2), the interaction 
between corrugated board and white ink (X1X3), and the interaction between speed 
and white ink (X2X3) have a significant effect on the optical density of black. The 
Figure 12 shows that speed (X2) has the greatest effect on the optical density of 
black.

Table 11. Analysis of variance for the optical density of cyan (reduced model)

Table 12. Analysis of variance for the optical density of cyan (reduced model)

Table 13. Estimated effects and coefficients for the optical density of cyan (reduced model)
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Table 14. Analysis of variance for the optical density of black (full model)

Figure 12. Pareto chart for the optical density of black.

Based on Figure 12 and Table 14, it was suggested that the terms of X2, X1X3, 
and X2X3 should be included in the reduced model. Therefore, a Fit Factorial 
procedure and a regression analysis that included only the terms of X2, X1X3, and 
X2X3 were performed and obtain the prediction information for the optical density 
of black. Table 15 displays the ANOVA information, and the estimated effects and 
coefficients are exhibited in Table 16. Again, Table 15 confirmed that the speed (X2), 
the interaction between corrugated board and white ink (X1X3), and the interaction 
between speed and white ink (X2X3) have a significant effect on the optical density 
of black. The regression equation used to predict the optical density for black is
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Optical density of black = 1.50655 - 0.05160 X2 - 0.00590 X1X3 			 
	 + 0.00725 X2X3

(Equation 4)

The R2 value (90.14%) in Table 16 implies that the reduced model explains 
approximately 90.14% of the total variability in the optical density for the black.

The findings and discussion for the color gamut

Table 17 shows that the p-values for the main factors (X1, X2, and X3), the interaction 
between corrugated board and speed (X1X2), and the interaction between speed and 
white ink (X2X3) are less than 0.05. In other words, the corrugated board (X1), 
speed (X2), white ink (X3), the interaction between corrugated board and speed 
(X1X2), and the interaction between speed and white ink (X2X3) have a significant 
effect on the color gamut. The Figure 13 shows that the white ink (X3) has the 
greatest effect on the color gamut, followed by the speed (X2) and the interaction 
between corrugated board and speed (X1X2).

Table 15. Analysis of variance for the optical density of black (reduced model)

Table 16. Estimated effects and coefficients for the optical density of black (reduced model)
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Table 17. Analysis of variance for the color gamut (full model)

Figure 13. Pareto chart for the color gamut.

Based on Figure 13 and Table 17, it was suggested that the terms of X1, X2, X3, 
X1X2 and X2X3 should be included in the reduced model. Therefore, a Fit Factorial 
procedure and a regression analysis that included only the terms of X1, X2, X3, X1X2 
and X2X3 were performed and obtain the prediction information for the color gamut. 
Table 18 displays that the p-values for the corrugated board (X1) and interaction 
between speed and white ink (X2X3) are greater than 0.05. Table 19 displayed the 
ANOVA information after the terms of X1 and X2X3 have been removed from the 
reduced model. The estimated effects and coefficients are exhibited in Table 20. 
Table 20 confirmed that the speed (X2), white ink (X3), and the interaction between 
corrugated board and speed (X1X2) have a significant effect on the color gamut. The 
regression equation used to predict the color gamut is
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Color Gamut = 207465 + 9456 X3 - 6016 X1X2 - 9186 X2	
(Equation 5)

The R2 value (78.16%) in Table 20 implies that the reduced model explains 
approximately 78.16% of the total variability in the color gamut.

4. Conclusions

This study conducted a randomized 23 factorial design to identify key factors 
affecting color reproduction on the corrugated board using UV wide-format inkjet 
printer. Table 21 shows the ANOVA and Stepwise Regression summary for the 
main and interaction effects on the optical density and color gamut. 

According to Table 21, the dominant effects on the optical density and color gamut 
of corrugated board were white ink (X3) and speed (X2), because its significance 
is ranked as either the top one, top two, or top three on the optical density or 
color gamut attributes, with exception of optical density magenta and black. Both 
treatment combinations (X1, X2, X3) = (1, -1, 1) and (X1, X2, X3) = (-1, -1, 1) are 
suggested to achieve the maximum yield of optical density yellow and cyan. In 

Table 18. Analysis of variance for the color gamut (reduced model)

Table 19. Analysis of variance for the color gamut (reduced model)

Table 20. Estimated effects and coefficients for the color gamut (reduced model)
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other words, the white corrugated board (X1) has no significant effects on the 
optical density yellow and cyan. The treatment combinations (X1, X2, X3) = (1, -1, 
1) is also suggested to achieve the maximum yield of color gamut, that is, when 
using corrugated board B, printing speed was set at standard, and the white ink 
setting was on. However, applying a layer of white ink will spend three times as 
much time on printing a design. The treatment combination of (X1, X2, X3) = (1, -1, 
-1) is suggested when the production efficiency is a major concern.

Table 21. Summary of ANOVA and regression analyses
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