
printing

What do we need to know about substrate? For any 
print job, we usually pick what we think are the 

best substrate qualities for our purpose: paper grade (free 
coated sheet, LWC, board, uncoated, coated, 100% cotton, 
pH, buffered, lignin free, etc.), physical properties (rough-
ness, porosity, permeability, etc.), and optical properties 
(brightness, whiteness, opacity, gloss, etc.). 

Previous work in this area has expanded our knowledge, 
but we still lack a clear understanding of the problem. Work 
by Preucil in 1962 showed that color shift of the primary col-
ors is caused by the ink surface light scattering phenomenon 
[1]. He also suggested combining two substrate surface prop-
erties into a single paper surface efficiency factor as a predic-
tive factor of the level of color reproduction. Later, Zawacki 
and Steel determined that the difference in color and light 
scattering properties of the substrate is a major factor in color 
gamut differences [2]. Yang and Kruse, in their work on chro-
matic variations and color gamut reduction resulting from ink 
penetration, found that ink penetration can cause remarkable 
color differences, or hue shifts, and significant reduction of 
color saturation and color gamut volume [3]. A study by Nör-
berg and Andersson showed the importance of including the 
influence of the paper in the color management workflow. 
They noted that the amounts of brightening agents in the 
paper or top layer of the substrate significantly affect the color 
reproduction. They also pointed out the importance of the 
ink and paper interaction in color reproduction [4]. Work by 
Klaman has described paper’s influence on International 
Color Consortium (ICC) profiles [5,6]. Crucial properties that 
influence the color rendering and reproduction for the offset 
printed substrates include the shade, structure, and absorp-
tion of the substrate.

Today’s markets are driven by customer demands. In the 
case of substrates, the brighter or whiter paper will give cus-

tomers the appearance they desire, but it also will cost more. 
To produce greater brightness and whiteness, papermakers 
stack optical brightening agents (OBAs) or fluorescent whit-
ening agents (FWAs) into the paper base and coating. The 
major uses of these chemical substances are to hide the yel-
lowish tint of paper, textiles, coatings, and plastics by giving 
them a bluish tint. [7]. Typically, these materials have excita-
tion maxima in the very near ultraviolet (UV) range (340-400 
nm) and emit in the 430-460 nm range [8].

OBA manufacturers promote their products by saying that 
with whiter paper customers will get better or more color; 
but do we really need that special, more expensive, white 
background? Is it really going to give the best results? In the 
end, how much of the substrate do we see? Aren’t we trying 
to cover it with a layer of special colored chemicals called 
inks? The real questions are: What do customers really want? 
What do we need to know about substrate? It has been pro-
posed that the right combination of different properties (e.g. 
brightness and opacity) can offer high print quality [9].

All human-visible colors can be represented as points in a 
three-dimensional (3-D) coordinate system (e.g., the CIELab 
Color Model) [10]. Knowledge of the color gamut surface is 
useful for color science-related tasks, such as visualization, 
gamut volume calculation, and deciding how many colors 
outside the color gamut can or cannot be reproduced. Two 
different methods can be used to reconstruct the color gamut 
surface. One, the colorant space method, is based on an as-
sumption that the maximum or minimum color coordinate 
points lie on the surface of the gamut. The other, the geomet-
ric method, is based only on a set of point coordinates in a 
device-independent color space. Both methods require a large 
number of color space points to precisely describe the color 
gamut surface and volume [11-17].

A color gamut is a delimited region in color space; it con-
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tains colors that are physically achievable by a given device or 
that are present in a given image. The set of all colors that can 
be produced by a printing system is that system’s color gamut. 
If all of the colors in a color gamut were plotted in a 3-D coor-
dinate system they would form a color solid. The volume of 
the solid would be proportional to the effective number of 
colors in the gamut. Color gamut mapping is an integral part 
of color management system [18,19] and has become a very 
important research tool for the quantitative comparison of the 
effects of colorants, media, and other variables that affect 
printing behavior. Color gamut often is displayed as a full 3-D 
volume, because critical data are generally lost in the two-di-
mensional (2-D) representation, which may lead to incorrect 
interpretations of the results [20]. Many software packages 
are commercially available that use the gamut’s full profile 
data to display 2-D and 3-D chromaticity plots and relevant 
statistics. 

The gamuts are always generated from measuring a large 
set of printed color patches that were created to define the 
device’s profile. An example of the chart is the ECI 2002 
CMYK chart (Fig. 1). The ECI 2002 CMYK chart is a superset 
of the current ISO 12642 graphic technology target. All 928 
patches of the current ISO 12642 (also known as ANSI IT8.7/3) 
chart are contained in the 1485 patches of the new ECI 2002 
CMYK chart [21].

Experimental
We closely investigated different samples of substrates. The 
first set of substrates represented high-end fine art ink-jet-coat-
ed papers. All the ink-jet samples had matte finishes and were 
recommended to be used for ink-jet pigmented ink sets, such 
as Epson’s UltraChrome, Canon LUCIA, or HP Vivera pigment-
based inks. Printers usually use seven or more different color 
channels: cyan (C), light cyan (c), magenta (M), light magenta 
(m), yellow (Y), black (K), light black (k), light-light black (lk), 
red (R), green (G), and blue (B). The studied set was composed 
of CcMmYKk ink set. Half of the samples contained a certain 
amount of the optical brightening agents in the coating and in 
the paper base. The other half of papers did not use the optical 

brightening agents at all. This subset of all ink-jet printed pa-
pers is sufficient to illustrate our observations.

As shown below, these papers are rougher than some 
glossy photo papers, but smoother than some matte coated 
ink-jet papers [22]. The second set represents a magazine 
grade coated free sheet; samples were printed by gravure 
printing process on the Cerutti Gravure Press at the Western 
Michigan University Printing Pilot Plant with four process 
inks: cyan, magenta, yellow, and black.

The samples names were assigned as follows:
• Ink-jet substrates with OBA: A1, A2, A3.
• Ink-jet substrates with no OBA: B1, B2, B3.
• Gravure substrates: C1, C2, C3.
Previous related work was done with larger set of ink-jet 

substrates [23], but a small set of data was sufficient for this 
study to demonstrate the findings from previous works and 
implement them with the gravure substrate set.

Porosity, roughness, and permeability
The Parker Print Surf (PPS) porosity and surface rough-

ness/smoothness of the sheets were measured according to 
TAPPI T 555  “Roughness of paper and paperboard  (Print-Surf 
method)” at different clamping pressures using a PPS tester. 
We calculated the permeability from the PPS porosity using 
the Pal equation derived from Darcy’s Law [24]. 

Permeability, K (µm2) = 0.048838 * Porosity, Q (mL/min) * 
Caliper, L (m)	 (1)

The PPS porosity was measured at 1000 kPa clamping pres-
sure and the standard parameters for the PPS tester were set 
as follows [23]:

• Air viscosity = 1.801E-5 Pa.s at 23°C.
• Standard pressure drop = 6.17 kPa.
• Cross-section area = 10 cm2.

Brightness, whiteness, and opacity
TAPPI brightness and opacity were measured for all the sub-
strates. TAPPI brightness is used as a measure of the reflec-
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1. ECI 2002 Visual CMYK Target and ECI 2002 Random CMYK Target.



tance of papers at specific wavelength. The spectral and geo-
metric conditions for TAPPI brightness are specified in TAPPI 
T 452, “Brightness of pulp, paper, and paperboard (direction-
al reflectance at 457 nm).” Opacity is a measure of media abil-
ity to avoid penetration of light from one side to the other. 
Opacity is expressed as a ratio of the single sheet reading to a 
reference measure. The standard procedures are described in 
TAPPI T 425 “Opacity of paper (15 degrees/diffuse illuminant 
A, 89% reflectance backing and paper baking).” The CIE 
whiteness was calculated from X, Y, Z color data using the 
following equation [25]: 

WCIE = Y + 800(xn – x) + 1700(yn – y),	 (2)

where:	 x = X/(X+Y+Z),
	 y = Y/(X+Y+Z),
	� xn = 0.3138, and yn = 0.3310 for D65/10, 45/0 geometry.

Paper opacity and texture affect color reproduction [26]. 
We found that high opacity and microporosity are connected 
through the presence of fillers in the substrate or receptive 
layer. Higher opacity can be explained by the higher light scat-
tering potential of paper fillers. These fillers also show an 
increase in paper microporosity [27]. 

Color gamut
To obtain a large amount of data, we used the ECI 2002 Ran-
dom CMYK Chart (Fig. 1). In the case of the gravure samples, 
the ECI 2002 Random CMYK Chart was included in the layout 
of the cylinders (Fig. 2).

Printing process
Ink-jet substrates

All ink-jet substrates were printed on an Epson Stylus Pro 4000 
printer, which employs seven color-pigmented inks: CcMmYKk. 
The ECI 2002R Chart was displayed in Adobe Photoshop and 
sent with no color management settings applied through a Pow-

erRIPX raster image processor (RIP) to the printer (Fig. 3). No 
linearization of the printer was conducted because the process 
did not improve the final print quality and might even decrease 
the amount of ink deposited on the media and thus alter the 
total color gamut that could be obtained [28]. 

Because all the substrates were art papers with receptive 
layer coatings, stochastic screen printing was used. Ink levels 
were set to 400% and resolution to 1440 dots per inch (dpi), 
as it would be set for a premium glossy photo paper, to ensure 
high ink load. The conditions were kept the same for all of the 
paper substrates in the experiments. The printed samples 
were analyzed in terms of L*a*b* values. 

Gravure substrates
The gravure substrates were printed on a Cerutti press at 1000 
ft/min. The conditions of the press were kept constant during 
the trial run. The densities were set to fall in the range C = 
1.35, M = 1.35, Y = 0.95, and K = 1.5. Specific data for the cyl-
inders were as follows:
	 Line Screen	 Cell Angle	 Cell Shape
Y	 150	 45	 Diamond - Normal
M	 175	 60	 Diamond - Elongated
C	 175	 30	 Diamond - Compressed
K	 233	 30	 Diamond - Fine Compressed

The ECI 2002R CMYK chart was measured, all the 1485 
patches of the chart were read by an automated spectropho-
tometer (a Gretag Macbeth SpectroScan), and the data were 
collected to calculate the ICC profile. Because the instruments 
used to measure the substrate properties and the spectral data 
had 45/0 geometry, gloss has been excluded from the list of 
considered effecting factors. This configuration produces 
maximum gloss rejection and is preferred for glossy samples, 
such as graphic art work or publications [30]. The color gamut 
was calculated with CHROMiX ColorThink Pro 3.0. This soft-
ware also was used as a tool for 3-D color gamut comparison 
at different L* values.

Results and Discussion
OBA presence test
All of the samples were submitted to the test by which the 

presence of OBA can be easily assessed. The spectral data of 2. ECI 2002R CMYK target on gravure cylinder layout.

Printing
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3. Printer’s setup.



the substrates were measured with a spectrophotometer 
under D50/2° geometry with no UV filter applied. That means 
all of the UV energy was included in the illumination and thus 
could be transmitted by OBAs to the higher wavelengths, 
which will show up as a higher peak in the blue region of the 
visible spectrum [4]. Figures 4-6 show the spectra of all 
ink-jet and gravure samples. 

The first set of ink-jet substrates appears to confirm the 

existence of OBAs in the receiving coating layer. None of the 
gravure samples showed an apparent peak in blue region of 
visible light. There was no type of OBA in these substrates.

Porosity, roughness, and permeability results
Table I and Figs. 7-9 demonstrate the data collected from 
the measurements. It is evident that sample A2 has the high-
est permeability coefficient and PPS porosity, which is sensi-
tive to permeability, but gives no measure of available pore 
space. The lowest values were found for sample B3, which 
had almost no flow capability. The value of the permeability 
coefficient indicates a flow controlling pore size of 5 nm. The 
least rough or the smoothest ink-jet substrate was the sample 
B2, followed by sample B3. 

In the case of gravure substrates, the highest PPS porosity 
medium was sample C1, which also had highest permeability 
coefficient. Sample C2 was the smoothest substrates from the 
whole set. 

Brightness, whiteness, and opacity results
The results from all the tests are graphically presented in 
Figs. 10-12 and relevant data are shown in Table II. 

The substrates showed different maxima for different test-
ed substrates, the brightest being A3, the whitest paper being 
A1, and the most opaque being A2. As expected, the set of 
substrates that contained optical brightening agents showed 
higher values for brightness and even more visible differences 

4. Visible reflective spectra of ink-jet samples with optical 
brightening agents A1, A2, and A3.

printing
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5. Visible reflective spectra of ink-jet samples without optical 
brightening agents, B1, B2, and B3, respectively.

6. Visible reflective spectra of gravure samples without optical 
brightening agents, C1, C2, and C3, respectively.

Paper PPS Porosity 
 (mL/min)

Roughness 
(microns)

Caliper
(mm)

Permeability 
µm2

500 CP 1000 CP 1000 CP  
A1 207.1 191.8 8.45 0.5175 0.0048
A2 998 936.3 8.56 0.6993 0.0319
A3 786.6 757.8 8.75 0.4392 0.0162
B1 111.3 102.7 8.24 0.3198 0.0016
B2 119.3 113.3 6.03 0.2961 0.0016
B3 4.09 1.08 7.1 0.4821 2.5E-05
C1 4.72 4.26 1.2 0.0747 1.55E-05
C2 2.43 2.04 1.13 0.0779 7.76E-06
C3 3.75 2.94 1.19 0.0816 1.17E-05

I. Parker Print Surf (PPS) porosity, roughness, and permeability 
results.

Paper TAPPI  
brightness

CIE  
whiteness

TAPPI opacity
(%)

A1 93.6 93.1 98.3
A2 93.6 88.9 98.9
A3 94.2 92.3 97.5

B1 90.6 80.9 95.8
B2 90.1 79.6 96.3
B3 90.9 82.2 98.0
C1 93.8 94.4 99.6
C2 90.9 92.5 99.1
C3 84.7 83.0 92.1

II. Brightness, whiteness, and opacity results.
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within whiteness values. Sample C2 from the gravure substrate 
set had the highest brightness, whiteness value, and highest 
opacity. All the ink-jet samples were brighter papers and had 
higher opacity levels compared to the gravure samples. 

How do we decide on the best substrate for our purpose 
now? It looks quite difficult to make the decision based on the 
information we gathered from the optical and physical tests 
done on all the substrates. What if we had one more tool that 
would immediately tell us which of all the substrates will pro-
vide the most exceptional properties? That tool would be the 
color gamut volume number.

Color gamut volume
Figure 13 shows the color gamut volume of all the ink-

jet substrates printed with the same pigment-based ink set 
under the same conditions. The color gamut volume, a volume 
in CIELab space, can be interpreted as the number of colors 
that are discernable within a tolerance of ΔE=√3. Thus, the 
highest number of colors that could be produced by our spe-
cific ink-jet printer and pigmented ink set was achieved using 
substrate B3, closely followed by substrate B2. Surprisingly, 
there is no correlation between the optical performance of 
the substrate and the ability to reach the highest possible ink 
level to obtain more vivid and colorful prints. On the other 
hand, color gamut does seem to correlate with permeability, 
that is, the less permeable the substrate, the higher the color 
gamut volume that can be achieved. Also, the smoothness of 
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7. Parker Print Surf porosity at 500 kPa and 1000 kPa for ink-jet 
substrates and gravure substrates, respectively.

9. Permeability calculated from Parker Print Surf porosity mea-
sured at 1000 kPa for ink-jet substrates and gravure substrates, 
respectively.

8. Parker Print Surf roughness at 1000 kPa for ink-jet substrates 
and gravure substrates, respectively.
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the substrate can play an important role in the way ink-jet pig-
ment-based ink is placed on top of the receptive coating layer. 
In addition, we compared two different substrates, A1 and B3. 
These samples reached the highest gamut volume values (A1 

= 417,193 and B3 = 439,721) in their respective groups (OBA 
and OBA-free substrates). The 3-D plot is shown to provide 
the geometrical representation of the gamut boundary differ-
ences (Fig. 14).

The 3-D plot and 2-D projection definitely supports the 
fact that the B3 sample reaches the higher gamut volume. 
In the 3-D plot the black boundary of A1 sample is all in-
cluded within the true color wireframe boundary of the B3 
sample.

To analyze the color gamuts more closely, one has to look 
very precisely at the plots showing different lightness values. 
Different levels of L*, lightness value, prove the presence of 
OBA and different performance of the ink-jet ink on different 
substrates as shown in  Fig. 14.
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10. TAPPI brightness for ink-jet substrates and gravure sub-
strates, respectively.

11. CIE whiteness for ink-jet substrates and gravure substrates, 
respectively.

12. TAPPI opacity for ink-jet substrates and gravure substrates, 
respectively.

13. Color gamut volume for ink-jet optical brightening agents 
(OBA) (A1-3) and OBA-free (B1-3) substrates, respectively.
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The lightest areas (Fig. 15), L*=93, clearly show the shift 
of the color gamut toward the yellow region for the OBA-free 
papers and the shift toward the blue region for OBA papers. 
At mid-tones, the color gamut projection does not show any 
significant discrepancies or shifts. As predicted, the darker 
colors, L*=28, can be reached with the OBA-free substrates 
(Fig. 15), because the whiter paper moves the gamut toward 
the lighter colors. This might be the reason why OBA-free 

papers are able to display a larger number of colors.
Figure 16 shows the gamut volume values for three gra-

vure magazine grade substrates printed by gravure. The high-
est color gamut volume was obtained for substrate C3 printed 
on the gravure press. Evidently, there is no correlation be-
tween the optical properties of the substrate and the size of 
gamut volume, because the results from all the tests showed 
that the sample C3 did not reach highest or lowest values 
within the measured characteristics.

Conclusions
This work presents a new way for evaluation of a substrate 
that will be used in a given printing process. We are able to 
establish which substrate or ink set will perform better or 
worse by looking at the combination of substrates and inks 
in terms of color profile and color gamut volume. We decided 
to pick different substrates, high-end fine art ink-jet papers 
with matte finish and gravure magazine grade media, to 
show how the substrate properties do or do not affect the 
overall final presentation of the prints. 

The results presented in this work show there is no clear 
correlation between the optical properties of the substrate 
(e.g., brightness, whiteness, and opacity) and the specific 
range of colors that can be produced on such substrates. 

We verified that the presence of optical brightening 
agents, which are responsible for a whiter look of the sub-
strate, do not necessarily produce higher color output. The 
optical properties of the substrate do not play the main role 
in color reproduction level. In the case of ink-jet substrates, 
the smoother and less permeable substrate can reach the 
highest values of colors printed. This could be explained by 
a thicker ink layer deposited on the top of a coated sheet, 
because of the less permeable substrate characteristics. A 
closer look at the gamut projection shows that less bright 
and white substrates could reach more colors in darker areas 
as well.

Surprisingly, the gravure samples showed no evident cor-
relation between any of the properties, optical or physical, 
and the size of the gamut volume. 

The results from this work make us ask again: What sub-
strate properties are the important ones? How far do we have 
to go to obtain the best results? TJ
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14. Two- and three-dimensional gamut comparison for optical 
brightening agent (OBA) sample A1 (black solid) and OBA-free 
sample B3 (true color wireframe).

15. Color gamut boundary projection at different L* values; high-
lights (L*=93), midtones (L*=58) and shadows (L*=28), respec-
tively. Optical brightening agent (OBA) free substrate (true 
color) and OBA included substrate (black) 2D

16. Color gamut volume for gravure substrates.
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insights from the authors
This work represents part of the 
color research projects we have 
been involved with for many 
years. We feel that the results can 
provide an additional way to 
characterize a substrate for any 
printing project.

Precise measurement and 
control of the printing and press 
conditions are very important to 
this research. The most remark-
able thing about this work is that 
tools never before used in certain 
areas can be accommodated, 
and help provide new ways for 
assessing the product 
properties. 

We feel this research is useful 
because testing and looking at 
the final products (gamuts that 
are possibly reachable on specif-
ic substrates) can help guide pro-
duction personnel. We plan to 
continue our work in color 
research. 
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