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Background
The ink industry is one of the growing markets in the world, particularly due to increas-
ing market of printing inks for packaging applications [1]. Currently, there are two types 
of printing inks based on composition: (1) solvent-based inks that are formulated using 
solvents an (2) water-based inks that are formulated using water as solvent. The volatile 
organic compounds present in solvent-based inks result in environmental issues regard-
ing their use, which lead to the increasing demand for the more environment-friendly 
water-based inks [2].

Water-based printing inks have been successfully used in different printing applica-
tions, all of them involving application of the ink on various surfaces or substrates [1]. 
While solvent-based inks have been successfully used on both porous substrates (e.g., 
paper) and non-porous substrates (e.g., plastic), water-based inks are found to be incom-
patible to non-porous substrates, resulting to poor substrate wetting. This poor ink-sub-
strate adhesion due to the water’s inherently high surface tension: non-porous substrates 
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Water-based ink formulations containing wax, surfactant, and defoamer additives 
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respect to the rub resistance, adhesion and gloss. Multi-objective optimization revealed 
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ing equal mass fractions of wax and surfactant but no defoamer.
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like polyethylene films have a surface energy of 28–32 mN/m, while water has a surface 
energy of 73  mN/m. Substrate wetting has been a main problem in the use of water-
based inks for printing in non-porous substrates, and to achieve successful substrate 
wetting, the surface tension of the ink must be lower than the surface energy of the sub-
strate to be printed on [3].

Currently, there are two ways to solve the adhesion problem of water-based inks on 
non-porous substrates: surface treatment (substrate modification) or changes in the ink 
formulation (ink modification). Surface treatments such as corona discharge treatment 
and plasma treatment [4] are done to increase the surface energy of the substrate by 
introducing functional groups in the surface that would improve the adhesion of ink on 
the surface [5]; however, the effect of the surface treatment is reversible with the dis-
sipation of the induced increase in surface energy. Corona treatment can also lead to 
unwanted physical changes in the surface if it is overtreated, and can be very costly. 
Thus, modification of ink formulation is considered as the alternative approach done in 
the ink industry.

Studies on the effects of the different ink components on the ink and print proper-
ties have been previously investigated, such as the addition of emulsion polymers for 
delivering ink properties after ink formulated [6]; among these studies, ink additives 
are deemed of particular importance. Additives are defined as “any substances that are 
added in small quantities to a coating material to improve or modify certain properties 
of the finished coating or of the coating material during its manufacture, storage, trans-
port, or application” [3]. They are generally added to ink formulations at maximum of 5% 
by weight, where typical amounts are about 1.5% of the total weight of the ink. However, 
because additives have significant effect on inks in just small additions in the formula-
tions, they are considered by researchers as points for improvement.

Several studies for ink additives and performance additives that would improve the 
print properties of water-based ink formulations [2]. Three additives generally used: (1) 
surfactants, (2) defoamers and (3) waxes. Surfactants are added to reduce the surface 
tension of water-based inks to allow adhesion on nonporous substrates; however, the 
presence of surfactants in the formulation results to production of stable foam dur-
ing mixing. To address this problem, defoamers or anti-foaming agents are also added 
used as additives together with the surfactants in the formulations of printing inks. On 
the other hand, waxes are used to impart essential surface properties such as abrasion 
resistance.

To determine the effects of these additives, the most important print properties of the 
ink with modified formulation are analyzed- namely, adhesion, rub resistance, and gloss. 
Adhesion and rub resistance are two important mechanical properties, while gloss is 
an optical property that is deemed important in many applications, such as in packag-
ing. To evaluate ink performance and analyze ink formulations, modern techniques and 
classical chemical tests are done by manufacturers to establish quality and applicability 
of their products [7], as well as standard test methods that involve qualitative assess-
ment. While there is a quantitative standard test method for gloss such as the ASTM 
Standard Test Method for Specular Gloss D523-14, adhesion and rub resistance test 
methods are mostly qualitative, such as the color fastness analysis on a grey scale for 
testing rub resistance [8] and ASTM F2252-03 peel test [9]. Hence, quantitative methods 
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for evaluating adhesion and rub resistance must be developed to obtain more accurate 
and reliable results and to allow for performing optimization with the quantitative gloss 
measurements. In this study, an image-based technique is developed and employed to 
quantify adhesion and rub resistance, and to analyze the effects of varying the relative 
amounts of the three additives on the three identified print properties. After gathering 
and analyzing the results, a formulation that would give best print properties is identi-
fied by using optimization methods.

Methods
Ink preparation

Table 1 shows the identity of the different components of the ink formulations. In this 
study, the design of experiment used is a mixture design, where three components of 
an original water-based ink formulation are used as variables [10]. Prior to the mixture 
design, the original formulation was initially modified by adjusting the fraction of the 
emulsion polymer, the wax and defoamer (shown in Table 2) and a non-ionic, silicon-
free surfactant was added as a new component. The relative amounts of the surfactant, 
wax, and defoamer were then varied to make different ink formulations. A total of ten 
(10) formulations were done, including a control sample with no surfactant. 

The preparation of the ink formulations included two parts: the millbase and the let-
down. In the millbase, the pigment, solution polymer, water, defoamer, and surfactant 
were first added together and mixed in a glass bottle. Afterwards, glass beads were added 
to grind the pigment to the required particle size of 5 μ. The amount of glass beads is 

Table 1 List of ink components

Component Description

Pigment Carbon black

Solution polymer Styrene-acrylic polymer

Emulsion polymer Styrene-acrylic polymer

Surfactant Alkoxylated alcohol

Defoamer Mineral oil

Wax Micronized polyethylene

Water Industrial/tap water

Table 2 Water-based ink formulation

Original Modified Mixture design

Component Quantity Component Quantity Component Quantity

Pigment 7.00 Pigment 7.0 Pigment 7.0

Water 2.50 Water 2.4 Water 2.4

Solution polymer 8.75 Solution polymer 8.8 Solution polymer 8.8

Emulsion polymer 67.75 Emulsion polymer 67.6 Emulsion polymer 67.2

Water 11.38 Water 11.4 Water 11.4

Wax 1 1.82 Wax 1 2.4 Wax 3.2

Wax 2 0.50 Surfactant 0 Surfactant

Defoamer 0.30 Defoamer 0.4 Defoamer

Total 100.00 Total 100.0 Total 100.0
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equal to the total amount of the ink components in the millbase. The container was then 
closed and placed in a shaker for 1 h. The millbase viscosity was controlled for proper 
pigment grinding and also to prevent breaking the container.

In the letdown, the remaining ink components are added into the millbase. A small 
amount of the ink millbase is placed on the grind measurement table and the grind is 
determined by drawing it down and measuring the distance that the ink reaches; the 
acceptable grind is equivalent to that of the distance attained in the particle size is within 
4–5 μm. After passing the grind checking, the letdown components are then added. The 
emulsion polymers are added, followed by wax, and finally the remaining water for the 
formulation. Once the components are added, the container is closed and it is mixed in 
the shaker for 10 min. After shaking the letdown for 10 min, the beads are removed from 
the ink, and the ink is placed in a new container, as shown in Fig. 1.

Printed samples preparation

Formulated water-based inks were printed on untreated polyethylene film substrates by 
drawdown method. Drawdown was done carefully to achieve successful substrate wet-
ting and to ensure that microfoams were not present on the ink that could cause print 
defects. After printing, the printed polyethylene film was dried initially using a blower 
for 10 s, and then was allowed to dry for 24 h to cure the ink (a sample of a printed film is 
shown in Fig. 2 below).

Three sets of printed polyethylene films were made for each set of ink samples, 1 set 
for each print property. Eighty printed polyethylene films were made in total.

Print property tests

Three tests were done, one for each print property (adhesion, rub resistance, and gloss). 
The tests done were standard test methods used by the local industry for evaluating print 
properties of water-based inks. For adhesion, the adhesion tape test method was done, 
using a standard 3M tape, 1–1.5 in. long, and manually pulling off the tape to determine 
the degree of ink adhesion or ink removal from the substrate. The results were inter-
preted as either percent ink adhesion or percent ink removal. For the rub resistance test, 
a rub tester machine was used. A 2-lb weight was placed on top of the substrate and then 
rubbed back and forth for a set of 20 cycles, which corresponds to 40 rubs in total. The 
resulting degree of rubbing was recorded, as it is considered as inversely related to the 
rub resistance. For the gloss measurement method, a glossmeter set at 60° angle of light 
reflection was used to measure the gloss of the ink substrate in terms of gloss units.

Fig. 1 Prepared ink formulation samples based on the mixture design for the three additives (wax, surfactant, 
defoamer)
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Data analysis

Image analysis was chosen as a method to have a more accurate and meaningful quan-
titative method for the responses adhesion and rub resistance tests, which are currently 
only evaluated qualitatively. Printed polyethylene films substrates from the three print 
property tests were scanned to obtain digital images. For adhesion test samples, the 
images were derived from the printed film parts where the tapes had been peeled off. 
For rub resistance test samples, the printed film parts that were rubbed by the rub tester 
were selected and cropped. Same image sizes were cropped per response to make results 
comparable.

Quantitative image analysis was done for determining the adhesion and rub resistance 
of all printed polyethylene film samples using  ImageJ® image processing software. Each 
scanned image was analyzed for its pixel histogram, where the different grey-scale values 
(ranging from 0 to 255) and their corresponding pixel counts. For adhesion, the percent 
adhered ink can be quantified in terms of the number of pixels in the scanned image 
(see Fig. 3). After determining the number of pixels of adhered ink, its percentage with 
respect to the total number of pixels can be determined.

For the rub resistance, quantification was expressed in terms of the degree of change 
in color of the rubbed areas of the printed ink. Unlike in adhesion test analysis, the par-
tial rubbing resulted in a range of shades of black and dark gray (as shown in Fig. 4) and 
is thus more difficult to analyze; however, by using  ImageJ®, the color change in grey-
scale value (within a range of 0–255) per pixel were determined: the image is converted 
into 8-bit and the background is adjusted until the image is completely made up of black 
(grey-scale value of 0) and white (grey-scale value of 255) pixels. The grey-scale color 
value change per pixel can then be determined by dividing the total grey-scale color 
value change with the total number of pixels in the scanned image (the pixel counting 
is done using ImageJ). Because the rubbed ink can be represented both by the white 
and black pixels, the absolute grey-scale value of the color change of a pixel is used, and 
the rub resistance is measured based on the total number of pixels with lower absolute 

Fig. 2 Printed ink film sample
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values relative to the number of dark background (i.e., number of black pixels multiplied 
by its grey-scale value of 255).

The quantified pixel values obtained were considered as indirectly proportional to the 
rub resistance of an ink film: the higher the color value change of a rubbed ink film, the 
higher the extent of rubbing and, equivalently, the lower the rub resistance. The inverse 
of the color value change per pixel was therefore used as the quantitative measure of rub 
resistance.

Modeling and optimization

Modeling of the three print properties with respect to the three ink components was 
done using response surface methodology [11], using the quantified data of the experi-
mental responses to develop multivariate equations that were solved simultaneously 
[12]. Mixture design response surface methodology was used since the mixture system 

Fig. 3 Sample results from adhesion test using  ImageJ®

Fig. 4 Processed image from rub resistance test using  ImageJ® (left) and the scan of the original rub resist-
ance test sample
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being studied has three or more components and one or more responses are analyzed 
and considered. Modeling and optimization methods were performed using Design 
 Expert®.

The summary of the mixture design of the three additives and the ten ink formulations 
are shown in Tables 3, 4.

Modeling was done by performing regression calculations to fit three different polyno-
mial models to the data (linear, quadratic, special cubic) and polynomial fitting statistical 
analyses were performed for the comparison. Each response was analyzed one at a time, 
and each analysis includes model fit summary, analysis of variance (ANOVA), and model 
graphs generation using whichever model came up with the best degree of fit.

Finally, model graphs of each response were generated to interpret and evaluate the 
model equations used. The contour plots of the mixture design model were two-dimen-
sional representations of the responses plotted against combinations of the mixture 
components. The response is shown as contour lines in the graph, indicating the actual 
values of the responses corresponding to the mass fractions of the components. The 
three-dimensional surfaces of the response models were also generated to provide better 
visual representation of the response surfaces in the design space.

Results and discussion
Adhesion and rub resistance analysis

A summary of the quantified results for the adhesion test is presented in the Table  5. 
Based on the results, it can be observed that the percent adhesion values of the 10 ink 

Table 3 Mixture design of the three additives (mass fractions)

Point Wax Surfactant Defoamer Total

A 0.50 0.25 0.25 1.00

B 0.25 0.50 0.25 1.00

C 0.25 0.25 0.50 1.00

D 0.50 0.50 – 1.00

E – 0.50 0.50 1.00

F 0.50 – 0.50 1.00

G – 1.00 – 1.00

H – – 1.00 1.00

I 1.00 – – 1.00

Table 4 Summary of ink formulations

Component A B C D E F G H I CTRL

Pigment 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0

Water 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4

Solution polymer 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8

Emulsion polymer 67.2 67.2 67.2 67.2 67.2 67.2 67.2 67.2 67.2 67.2

Water 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4

Wax 1.6 0.8 0.8 1.6 0 1.6 0 0 3.2 2.4

Surfactant 0.8 1.6 0.8 1.6 1.6 0 3.2 0 0 0

Defoamer 0.8 0.8 1.6 0 1.6 1.6 0 3.2 0 0.4
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formulations are close relative to each other. The ink with the highest % adhesion is For-
mulation H which contains only the defoamer, which indicates that the defoamer most 
significant effect in improving ink-substrate adhesion.

The summary of the quantified results for the rub resistance test is presented in 
Table 6, showing the color change per pixel values of the different ink formulations as 
a measure of the rub resistance. Based from the results, the ink with the best rub resist-
ance (lowest color change per pixel) is the CTRL formulation (contains large fraction of 
wax and small fraction of defoamer), which indicates that wax has the most significant 
effect in improving rub resistance.

Gloss analysis

A summary of the results for gloss is presented in the Table 7, showing the gloss unit 
values of the ink formulations. It can be seen from the results that Formulation G has 
the highest gloss value—about double of those of the majority—which indicates that the 
surfactant has most significant effect in improving the gloss of the printed ink.

Mixture design

A summary of all the mixture design inputs used in the software is presented in Table 8 
below. The mixture design type includes selected inner points corresponding to the 
three-component formulations (formulations containing wax, surfactant, and defoamer) 

Table 5 Adhesion image analysis results

Formulation Wax Surfactant Defoamer % Adhesion

CTRL 0.86 0 0.14 5.70

A 0.5 0.25 0.25 4.60

B 0.25 0.5 0.25 4.81

C 0.25 0.25 0.5 4.43

D 0.5 0.5 – 5.52

E – 0.5 0.5 4.54

F 0.5 – 0.5 5.45

G – 1 – 4.04

H – – 1 6.02

I 1 – – 5.34

Table 6 Rub resistance image analysis results

Formulation Wax Surfactant Defoamer Rub resistance

CTRL 0.86 0 0.14 0.340

A 0.5 0.25 0.25 0.207

B 0.25 0.5 0.25 0.143

C 0.25 0.25 0.5 0.171

D 0.5 0.5 – 0.262

E – 0.5 0.5 0.142

F 0.5 – 0.5 0.225

G – 1 – 0.200

H – – 1 0.165

I 1 – – 0.256
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and a cubic model equation to get a more accurate model of the responses. The mixture 
design imposes special constraints in the response surface methodology since the frac-
tions are bound with a constraint for their total [13].

The results for the responses are presented in Table 9. Polynomial model fitting was 
done for each response, and the best fit model was determined and suggested by the 
software. From the results, it can be observed that adhesion and gloss can be best repre-
sented by a special cubic model equation, which is the model selected for the study. On 
the other hand, rub resistance can be best represented by a linear model equation.

Table 7 Gloss data analysis results

Formulation Wax Surfactant Defoamer Gloss unit

CTRL 0.86 0 0.14 21.4

A 0.5 0.25 0.25 18.9

B 0.25 0.5 0.25 19.6

C 0.25 0.25 0.5 17.1

D 0.5 0.5 – 25.5

E – 0.5 0.5 19.2

F 0.5 – 0.5 19.7

G – 1 – 39.0

H – – 1 19.5

I 1 – – 19.5

Table 8 Mixture design data summary

Weight fraction % Adhesion Rub resistance Gloss unit

Wax Surfactant Defoamer

0.5 0.25 0.25 4.60 0.207 18.9

0.25 0.5 0.25 4.81 0.143 19.6

0.25 0.25 0.5 4.43 0.171 17.1

0.5 0.5 0 5.52 0.262 25.5

0 0.5 0.5 4.54 0.142 19.2

0.5 0 0.5 5.45 0.225 19.7

0 1 0 4.04 0.200 39.0

0 0 1 6.02 0.165 19.5

1 0 0 5.34 0.256 19.5

Table 9 Design summary

Response % Adhesion Rub resistance Gloss

Observation 9 9 9

Analysis Polynomial Polynomial Polynomial

Model Special cubic Linear Special cubic

Min 4.04 0.142 17.1

Max 6.02 0.262 39.0

Mean 4.97 0.197 22.0

Std dev 0.640 0.0451 6.79
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Adhesion

The results of model fitting and analysis of variance (ANOVA) for adhesion test are 
presented in Tables 10, 11. For mixture design, the main terms that represent the three 
factors (three ink components) in the model are already deemed significant; hence, 
the ANOVA is done only to test the significance of the interaction parameters. In this 
study, significance is defined by the nearness of the p values of a parameter to that of 
the model; thus, from the obtained values it can be concluded that the parameters AC, 
BC and ABC have far less significant effects to ink-substrate adhesion. However, before 
these insignificant terms are removed from the model, fitting error and precision must 
also be taken into consideration.

The adequate precision is calculated to measure the signal-to-noise ratio. For an ade-
quate signal, a ratio of 4 or greater is desirable. From the results of the adhesion test, the 
measured adequate precision is 6.38, which means the set special cubic model can be 
used to navigate the design space and predict response values. Also, the model has an 
R-squared value of 0.930, indicating a good data fit even without excluding the insignifi-
cant terms.

The cubic model for adhesion with the coefficients from data fitting is given in Eq. 1. 
The mixture design equation can then be used to predict the resulting ink-polyethylene 
substrate adhesion for any given formulation within the range. Among the main factors, 
the fraction of defoamer has the largest effect on adhesion, followed by that of wax and 
surfactant; this means that to optimize adhesion, the mass fraction of defoamer rela-
tive to wax and surfactant can be increased in the ink formulation. Also, it can be seen 
that the wax-surfactant interaction has a synergistic effect on adhesion, while the wax-
defoamer, surfactant-defoamer and wax-surfactant-defoamer interactions have antago-
nistic effects

Table 10 ANOVA for adhesion mixture model

Model terms: A = wax, B = surfactant, C = defoamer

Source Sum of squares Degrees of freedom Mean square F value p value 
Prob > F

Model 3.05 6 0.51 4.41 0.196

Linear mixture 1.62 2 0.81 7.02 0.125

AB 0.50 1 0.50 4.37 0.172

AC 0.060 1 0.060 0.52 0.545

BC 0.14 1 0.14 1.21 0.386

ABC 0.37 1 0.37 3.18 0.216

Table 11 ANOVA statistics for adhesion

Standard deviation 0.340

Mean 4.97

Coefficient of variance  % 6.83

R-squared 0.930

Adequate precision 6.38
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where A = wax, B = surfactant, C = defoamer.
The contour plot of the model equation determined for the response is shown in Fig. 5, 

with the color scheme showing the trend of the response is also indicated. The 3D views 
of the response surface are shown in Figs. 6, 7. From this study, it is observed that the 
lowest adhesion value corresponds to Formulation G which contains pure surfactant; 
thus, increasing the mass fraction of surfactant in the formulation decreases the adhe-
sion. This is because surfactants in general increase adhesion by improving the wetting 
of the ink on the substrate by the reducing its surface tension [14]. However, too much 
surfactant present is observed to adversely affect adhesion; therefore, the critical micelle 
concentration above which all additional surfactant molecules added to the system binds 
to the micelles [15] must be determined. These excess surfactant micelles are dispersed 
within the ink system but do not form a layer in the liquid–air interface on the ink 
surface; instead, excess surfactant can migrate to the ink-substrate interface since it is 
inherently surface-active and hinder the ink-substrate interaction and cause a decrease 
in adhesion [16].  

On the other hand, it can be seen that highest adhesion would be given by the formu-
lation containing purely defoamer (Formulation H). The defoamer causes foam destabi-
lization and breaking via bridging-dewetting mechanism, where a solid particle comes in 
contact with and bridges opposite surfaces of the foam film. If the particle is sufficiently 
hydrophobic, it is dewetted by the liquid and perforates the foam film, leading to foam 
rupture [17] and improved adhesion of the ink film surface during printing.

(1)

y = 5.320xA + 4.086xB + 5.996xC

+ 3.451xAxB − 1.193xAxC

− 1.814xBxC − 18.13xAxBxC ,

Fig. 5 Adhesion contour plot
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Rub resistance

The results from model fitting and analysis of variance for rub resistance are presented 
in Tables 12, 13. Unlike adhesion, model fitting and ANOVA suggest that the best model 
for the response is linear. The model F value of 5.21 implies that the model is significant, 
and the p value of 0.0488 that is less than 0.0500 indicates that all terms are significant. 
The adequate precision measured is 6.703, indicating that the model can be used to nav-
igate the design space and predict response values. The model also has an R-squared 
value of 0.6346, which is attributed primarily to the linear model used for the mixture 
design represented by a first-order equation.

Fig. 6 Adhesion 3D response surface

Fig. 7 Adhesion 3D response surface (rotated)
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The linear model for rub resistance derived from data fitting is given in Eq. 2. From the 
coefficients, it can be seen that wax has the largest effect on rub resistance, as indicated 
by its larger coefficient value of 0.2665 compared with surfactant and defoamer, which 
have coefficient values of 0.1796 and 0.1446, respectively. To optimize rub resistance, 
the mass fraction of wax relative to surfactant and defoamer can be increased in the ink 
formulation to obtain a printed ink with high rub resistance

where A = wax, B = surfactant, C = defoamer.
The contour plot of the model equation determined for the response is shown in Fig. 8, 

with the color scheme showing the trend of the response is also indicated, while the 3D 
views of the response surface are shown in Figs. 9, 10. Based from the model graphs, it 
can be seen that high rub resistance favors the formulation close to that with pure wax.

The lowest rub resistance values correspond to the formulation purely containing the 
defoamer, which is Formulation H, which is expected since the mineral oil defoamer 
leaves behind ink particles (from small defoamer droplets) after drying, which can be 
rubbed easily because they migrate to the surface [18]. On the other hand, the region 
near the high mass fractions of wax achieves high rub resistance because hard wax par-
ticles protrude in the ink surface and act as physical spacer between a rubbing medium 
and the surface [19], thereby reducing the amount of ink removed during rubbing.

Gloss

The results from model fitting and analysis of variance for adhesion are presented in 
Tables 14, 15. Similar to adhesion, the model used is a special cubic model are A, B, C, 
AB, AC, BC, and ABC and the significant terms for the model were determined. In this 
study, a p-value less than 0.0500 is the criterion use to define significance of the terms; 
thus, the terms A, B, C, and BC are significant. However, the model has an R-squared 
value of 0.9961, which implies a very good data fit of the special cubic equation even 
without excluding the three interactions parameters.

(2)y = 0.266xA + 0.180xB + 0.145xC ,

Table 12 ANOVA for rub resistance mixture model

Model terms: A = wax, B = surfactant, C = defoamer

Source Sum of squares Degrees of free-
dom

Mean square F value p value
Prob > F

Model 0.010 2 0.00517 5.21 0.0488

Linear mixture 0.010 2 0.00517 5.21 0.0488

Table 13 ANOVA statistics for rub resistance

Standard deviation 0.34

Mean 4.97

Coefficient of variance  % 6.83

R-squared 0.9298

Adequate precision 6.380
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The special cubic model for adhesion with the coefficients from data fitting is given in 
Eq. 1. From the model coefficients, it can be seen that among the main terms, the mass 
fraction of the surfactant has the largest effect on gloss compared to both those of the 
wax and defoamer; thus, to optimize the gloss, the mass fraction of surfactant relative to 
wax and defoamer can be increased in the ink formulation. For the interaction parame-
ters, the wax and defoamer combination is found to be the only one to have a synergistic 
effect on gloss

Fig. 8 Rub resistance contour plot

Fig. 9 Rub resistance 3D response surface
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where A = wax, B = surfactant, C = defoamer.
The contour plot of the model equation determined for the response is shown in 

Fig. 11 and the 3D views of the response surface are shown in Figs. 12, 13. Based on the 
graphs, the highest gloss would be given by the formulation containing solely of the sur-
factant; gloss is affected by the presence of the surfactant since it is composed of an ether 
mixed with ethylene oxide and propylene oxide groups (commonly found in non-ionic 

(3)
y = 19.52xA + 38.91xB + 19.53xC

−15.06xAxB + 1.602xAxC

−40.53xBxC−5.957xAxBxC ,

Fig. 10 Rub resistance 3D response surface (rotated)

Table 14 ANOVA for gloss mixture model

Model terms: A = wax, B = surfactant, C = defoamer

Source Sum of squares Degrees of freedom Mean square F value p value
Prob > F

Model 367.04 6 61.2 85.0 0.0117

Linear mixture 235.61 2 118 164 0.00610

AB 9.61 1 9.61 13.4 0.0674

AC 0.11 1 0.110 0.150 0.735

BC 69.44 1 69.4 96.5 0.0102

ABC 3.96 1 3.96 5.50 0.144

Table 15 ANOVA statistics for adhesion

Standard deviation 0.85

Mean 21.99

Coefficient of variance % 3.86

R-squared 0.9961

Adequate precision 29.683
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surfactants) that tend to form a clear smooth layer of liquid at the surface when present 
in significant excess.

On the other hand, the lowest gloss values correspond to Formulation H and Formu-
lation I, which contain purely of the wax and of the defoamer, respectively. The excess 
hardened polyethylene wax particles protrude and form a rough layer on the ink surface, 
while the excess defoamer result in the production of insoluble opaque, off-white liquid 
particles that migrate to the surface and form rough micro patches during drying.

Fig. 11 Gloss Contour Plot

Fig. 12 Gloss 3D response surface
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Optimization

Numerical optimization is done to determine solutions by using a multi-response opti-
mization method that maximize an objective function called the desirability function. 
The response is then transformed into an individual desirability function, d, that ranges 
from zero to one (with one being the most favorable). To maximize a response, d is 
defined as:

where y is the response, L is the lower value limit and U is the upper value limit of the 
response. The individual desirability functions of the three responses are combined into 
a single overall desirability, D, which is the geometric mean:

where d1, d2, and d3 are the individual desirability functions of the three responses, and 
w1, w2, and w3 are the weights assigned for each response. The objective is to maximize 
the value of D, which will be equal to 1 when all the responses are on target limits (d = 1) 
and equal to zero if any of the responses is outside the limits (d =  0). Otherwise, the 
value of the overall desirability will be between zero and one [20].

The objective of the optimization study is to maximize all the responses: the lower 
limit is adjusted to the lowest acceptable response value, while the upper limit is repre-
sented by the highest response value from the actual data. Simultaneous optimization 
is done for the three components, and each response must have a low and high value 
assigned to each goal. In this study, the mass fractions of the three additives and the 
desirability for each solution are shown in Table 16:

(4)d =
y − L

U − L

(5)D =
(

d
w1

1
· d

w1

1
· d

w1

1

)

1
∑

w

Fig. 13 Gloss 3D response surface (rotated)
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The individual and overall desirabilities of the two solutions found are presented in 
Fig. 14. It is important to note that the goal of the optimization is to find a good set of 
conditions that will meet all the goals and not to get a desirability value of 1.0. Determin-
ing an optimum region is done regardless of the value of the desirability.

The contour plots and 3D surfaces of the desirability are shown in Figs. 15, 16. Among 
the individual desirability values, rub resistance has the highest achieved value, followed 
by adhesion and gloss. Thus, it can be concluded that the determined optimum formula-
tion lies near the region of high rub resistance. It can also be seen that the area satisfy-
ing the optimization criteria set lies on the region of wax and surfactant (no defoamer). 
Therefore, based from the ink formulations, the formulation that is close to the opti-
mum composition is Formulation D, which contains equal mass fractions of wax and 
surfactant, 0.500 and 0.500, respectively (minimum defoamer).

Conclusion and recommendation
The print property test methods developed and proposed in this study are significantly 
more quantitative compared to the standard test methods used in the industry. For adhe-
sion, the quantitative test method provides a more accurate evaluation of adhesion by 
getting the actual amount of ink adhered on the substrate. It is more accurate compared 

Table 16 Numerical optimization criteria

Goal Lower limit Upper limit

Wax In range 0 1

Surfactant In range 0 1

Defoamer In range 0 1

Adhesion Maximize 5 6

Rub Maximize 0.16 0.24

Gloss Maximize 22 30

Fig. 14 Individual and overall desirabilities
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to the mostly qualitative ASTM standard test method. For rub resistance, the quantita-
tive method provides a significantly accurate evaluation of rub resistance by getting the 
actual degree of rubbing of the ink adhered on the substrate based on the total amount 
of color change of the rubbed ink to represent the actual degree of rubbing. Again, this is 
also more accurate compared to the ASTM standard test method that involves a totally 
qualitative assessment of rub resistance. Based from the experimental results, the pro-
posed methods can be feasibly adopted for use in the industry.

From all of the water-based ink formulations used in this study, the formulation that 
best corresponds to the optimum mass fractions of additives determined is to be 0.50 
wax, 0.50 surfactant, and no defoamer. It can be concluded that for the optimization 

Fig. 15 Desirability 3D response surface and contour plot

Fig. 16 Desirability 3D response surface and contour plot (rotated)
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criteria set for this study, the optimum formulation would contain only wax and sur-
factant and no defoamer.

The scope of the study can be extended to printing to treated polyethylene films, or 
to other polymer films commonly used in the ink and printing industry including poly-
propylene films, since both plastics are popularly used in many printing applications 
including packaging and publications. Additionally, study for other print properties like 
scratch resistance, crinkle resistance, and wet rub resistance can be done. Resistance 
properties of the dried ink are important in many printing applications. It would be an 
essential contribution if these properties are also studied. Also, it is recommended to use 
other mixture designs of experiment like simplex lattice or augmented simplex lattice for 
modeling and optimization of the print properties. Lastly, cost analysis can be included 
in the study for the water-based ink formulations: it is recommended to also develop a 
cost equation that would describe the cost of the ink as a function of the ink components 
under study, which is in this case the three additives by including the cost as another 
response in the optimization.
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