Abstract

JIAJUN, LIU. Ink Limiting and its Impact on Color Quality of Inkjet Printed Cotton Substrates
(Under the direction of Dr. Lisa ParrilGhapman and Dr. Renzo Shamey)

Digital printing is increasingly considered an important process in reproduction of
coloredsubstrates the textile sector. Compared to conventional printing technologies, the
advantages of digitaéxtile printing include quick reaction time, short roapability, low waste
production, high image resolution, and improved color rendesimgng otherdnkjet printing
technology was originally invented for paper printiagdstandards and evaluation procedures
are well established itis sector

To reduce ink consumption and make the production and reproduction process more
sustainable and viable at a lower cost, the concept of reducing ink limiting levels was introduced.
While severapatents and papers about ink limiting in paper printing have inggished over
the last twenty year@lewlettPackard,1997; Zeng, 2001; Urban, 208Bgestak2009 Qiao,

2012 Kirkenaer, 2013 very little research has been conducted on ink limiting for textiles
However, characteristics and applicatiorieddtile fabrics are significany differentfrom paper
media For example, it is important to have good color fastness properties in textile printing,
while thismight be less important in paper printing. Color reprodudgchniques irtextile
printing are alsosomewhatlifferentfrom those used ipaper printingThus, intextile printing,

it is not suitable to utilize theurrenttesting image and evaluation methedsch are designed
for, and used, ipaper printing.

A significant amount of researclasibeen done to improve the print quallityextiles. In
addition,color reproduction fidelity has been evaluated by examining various parameters such as
line width, dot shapeayniformity and characteristics of prints wiblid colors, as well as color

mappingfor transitions required between different devices, such as from digital media to printing



machinesThe two evaluation approaches commonly adopteldtextile printing industryare
thesubjective and objective mettm&ubjective evaluation isasy to manipulate but it is highly
dependat on the testing image. Objective approesdremore repeatable, but there are too
many metrics to tesgndthe overallevaluation results will be dependent on the selection of
metrics.Nonethelessevaluation of colors in a multiolored item is still primarily done in a
subjective manner and an agreed upon standard assessment protocol is not yet available.
To address thee two majochallenges,His researclimedto investigate the influence of
ink limiting on digital printed cotton substrates and develop a quality evaluation procedure for
the digital textile printing process. Thesearch includethree objectives. Objecti@newas to
develop a workflow and a causéfect diagram to improve the derstanding of ink limiting, ink
limiting adjustment, and factors that affect print quality. Objecim® was to develop a quality
evaluation method to investigate the impact of ink limiting on print quality. Objethxeewas

to create a testing imader ink limiting optimization.
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Chapter 1. Introduction

1.1. Background to the Problem

Color reproduction principles and associated quality issues are nothingmea
considerable amount oésearchasbeen done in this field. A number of patestsstfrom
companies such as Ricoh, HP, and Xerox discuss optimization of color management in printing
system, which are briefly highlighted here. Hewl#ickard (1997) patented an ink limiting
approach for thenk jet printing system. The claims include a method of limiting ink volume to
improve the print quality. Qiao (2012) suggested that in relation to the usage of ink, customers
prefer a reduction of the ink together with a minimum loss of color qualitye wianufactures
primarily tend to boost ink consumption. Shestak (2009) proposed the need for an improved
means of limiting the ink to reduce the costs of printing and avoid ink bleeding. Standards in
paper printing are well established, there are makyirniting related references for paper
printing.

Yang (2003) extended the Kubelkéunk theory and its application in relation to the
optical performance of a layer consisting of a-noiform medium. He proposed a few
systematic methods to study the ssthat affect image creation and color rendition such as ink
spreading and penetration. In his study ofaper interaction, three types of penetrations were
identified, i.e. uniform, linear and exponential. He successfully established a general
methoddogy to deal with various types of ink penetration and characterize the printer as well as
the optical properties of inks. It was shown that ink penetration reduces the color gamut and the
printed image becomes less saturated in color (Yang, L. 2003).

Lovell (2006) conducted a study to evaluate color and lightfastness performance of

different Epson ink sets. In her research, various parameters such as the printability,



ink/ printer/ substrate interacti onprofilespandbr ant
fading tests of printed papers were tested. Different inkjet printers and their corresponding ink
sets were adopted. In all cases it was found that matte paper profile yielded the smallest color
gamut whereas the glossy and luster papenseath@a similar and larger gamut. Pigméased

inks showed better lightfastness compared toelihged inks. Applying an optical brightening

agent (OBA) was found to improve the color profile. However, the printed colors tend to become
yellower as the optiddrighteners lose their effect.

Kagi kovil (2012) studied the influence of
materials. It was shown that a high correlation exists between color strength and the number of
ink layers. It was also shownaththe color strength, K/S value, is influenced by the
characteristics of the substrate, as well as the color of th&hekspectrophotometric
measurements showed a decrease in the relative reflection of light from the printed substrate as
the number oink layers increased. Colorfastness test results showed an increase in ink layers led
to a better product quality in terms of resistance to various environmental effects.

Urban (2009) studied ink limiting in the spectral or color constant printing. ltelgtzat
a large number of colorantallow for the production of a wide range of spectral cofpmviding
their spectral properties are significantly differdasues such as ink bleeding or bronzing may
occur by exceeding the maximum total ink coverafigine substrate and may be avoided through
ink limiting. In his study, Urban proposed a workflow and a method to simplify the ink limitation
constraints to obtain spectral and color constant separations. He also suggested that the cellular
Yule-Nielsen pectral Neugebauer model is suitable and accurate for spectral and color constant

printing.



Hardeberg (2004) presented a spectral model based on théliéiden modified
spectral Neugebauer model (YNSN) for inkjet color reproduction. A set of eightrcuste
were used in this studywo hundred fiftysix (2°8) Neugebauer primaries were printed with
50% and 100% individual ink coveragihe results of this study show prints with 50% ink
coverage are more suitable for color modeling than 10b#.amount of ink poses severe
problems especially in higboverage areas.

Hsu (2005) studied the effect of dot gain linearization, as a printer calibration criterion,
on color matching accuracy. He stated that building a reliable color management system is a
critical challenge to improving the color matching accuracy. It wasddbiat applying device
calibration alone or calibrating the printer to 0% dot gain before characterization does not
improve the color matching accuracy.

Zeng (2001) discussed ink limit control for inkjet printer color calibration. They stated
the importace of ink limit control and pointed out some limitations of traditional GCR (gray
component replacement) approach. In their article, they presented a new approach to control ink
limit locally and globally. By this new approach, the color gamut with diffemk limiting can
be reconstructed without reprinting and remeasuring all the targets. It greatly simplified the ink
limit control and color calibration process.

Kirkenaer (2013) studied ink limits and perceived print qualityeypointedout thatas
the print speed increaset may be desired to reduce the ink limits to shorten the ink drying time,
thus produce better print qualityith the development of printing technology, the printing
speed tends to increase significantly. To ensure the prihitygtlaere is also a demand on

drying characteristicK(irkenaer,2013)



However, most othe color management ink limiting related subjects were studied in
paper printingand theylack sufficient guidance in textile printinlhe extile manufactung
process is more complicateahd there are more factdatstwill affect production consistency.
Inkjet textile printing process involves printer machinery, ink chemistry, substrate
characteristics, color management software, operation procedures, etc.

From a sustainability point of view, printing with constrained ink limits can save ink
consumption, reduce waste, and reduce energy consumption while maintaining good print
quality. Print quality can be affected by many factors. Different companies ugemdififgernal
or external evaluation methods or quality control (QC) procedures. The textile inkjet printing
industry lacks a robust and generic evaluation metrics and model to simplify the QC process thus
far and therefore three research objectives vi@raed that aimed study and improve the

process

1.2. Research Objectives

The objectives of this studyere to

ObjectiveOne:develop a workflow for ink limiting adjustment;

Objective Two: investigate the impact of ink limiting on color qualityiokjet printed

cottonsubstratesit includes three subbjectives:
Objective Twea: explain the influence of ink limiting on color measurement
Objective Twab: investigate the impact of ink limiting on color appearance
Objective Twac: study the influence of ink limiting on crockfastness

Objective Threecreate a test image for textile printer ink limiting optimization.



1.3. Research Relevance

ObjectiveOne Workflow Development for Ink Limiting Adjustmenivasto identify
current industry problems related to the textile inkjet printing pracessler todevelop a
workflow for ink limiting adjustment. Through a comprehenditerature review, it was found
that color accuracy and durability are two major challenges in textile printing. Many of the
studies related to color reproduction were conducted in the paper printing industry. Test image
development, quality evaluation mies, and ink limiting related topics were discussed in a large
number of papers from different research groups and institutions gldiaeyver, there were
not many articles that covered these topics in the inkjet textile printing industry.

Both Objecive Two: Impact of Ink Limiting on Color Quality of Inkjet Printed Cotton
Substratesind Objective Three: Test Image Development for Textile Printer Ink Limiting
Optimization were important areas to study because in order for digital printing to be more
widely adopted a balance must be found between cost and quality.

Digital printing is increasingly considerechacessaryprocess irthe (re)production of
colored objects in the textile sector. A significant amount of research has been done to improve
the qudity of digital printed textiles. Color reproduction fidelity has been evaluated by
examining various parameters such as line width, dot shape, solid colors, as well as color
mapping. Physical properties of the printed material have also been téstesler, this
research sought to develop a quality evaluation procedure to investigate the impact of ink
limiting on digital printed cotton fabric. The evaluation procedure included three dimensions:
instrumental measurements, visual evaluation, and coloritityrédsting. It focused on three

evaluation metrics: color reproduction accuracy, color visual appearance, and color durability.



Chapter 2. Literature Review

2.1. Inkjet Textile Printing Technology

Inkjet printing is a versatile, necontact printingeéchnique, which has grown
dramatically over the last few decades (Leacl2@.2).1t is currently one of the fastest growing
digital imaging technologies on the market and a critical technology forenagsmization
manufacturing of textilroducts Park, H., et al. 2001)Compared to conventional printing
techniques such as roller and flatbed screen printing, the benefits of digital printing include
economic production of small runs, high customization, quick response, no chemical waste
production and low energy and water consumption among other things (K&sbdsatsaroni
2011). As inkjet printing is a necontact process, the ink is jetted on the substrate directly and as
such, it is possible to print on various types of substrate (13045).

The first modern form of digital printing wa®mmercializedn the late 1970s, which
was initially designed as a lewost industrial printing technology for the home desktop/small
office market (Fryberg, 2005). The first application of digitéhting in textiles dates back to the
1990s for carpet printing. With the development of the technology, the trends in wide format
inkjet printing include implementation of greyscale printheads to improve the image quality,
especially thgradient colorransition optimizingthe printhead to achieve higher efficiency
such as faster print speed and higher productivity, and adopting ink recirculation system and
usingmore environment friendlynks and curing (Lynn, 2010).

The four basic components of ategrated inkjet system include the printer, Rip
software, printing inks, and the substrate as shown in the schematic diagram in Figure 1
(Fryberg, 2005). Each component plays an important role in terms of production speed, print

quality, and product cost.
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Textile
Vinyl

Figurel. Integrated Inkjet System (Frybei2)05)

2.1.1 Inkjet Print head

The printhead works as an engine in the printing system. In order to obtain high
resolution and high production speeds, printer manufacturers have to arrange print heads in
arrays. Usually, the larger the number of the nozzle heads, the higher theapogsatution and
print speed. The basic requirements in mass textile printing are consistency and repeatability.
Thus, the nozzles must be capatifigenerang the desired ink droplets consistentGaill,
1998) Jetting technology will affect the proction speed, quality, and cost significantly.
Different technologies apply to different printing conditions and requirements. Figure 2 shows

the classification of different print heads based on the ink jetting mechanism (Tyler, 2015).



Ink jet printing
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Continuous ink jet Pulsed jet Dot-on-Demand
Airbrush Pneumatic Thermal
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Electrostatic Piezoelectric
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Binary Grey scale

Figure2. Classification of inkjet printing technologies for textiles (Tyler, 2015)

Two major distinctive ink jet techniques are Continuous IniJER) printing and Drop
on-Demand (DOD) inkjet printing. As the name suggests, continuous inkjet printing refers to
continuously jetting a stream of ink droplets during the printing process, while in DOD printing
ink droplet is only ejected when it is sl (See Figure 3). Thermal printheads are widely used
in office printers. However, most of the printheads adopted for textile printing are piezoelectric

due to their greater robustness and better flexibility (Tyler, 2015).
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Continuous Inkjet (Cl)) Drop on Demand Inkjet (DOD)

Figure3. Continuous Inkjet versus Drop on Demand Inkjet



2.1.1.1 Continuous Inkjet Printing

CI1J printing is commonly used for coding and marking itlirop diameter of
approximately 100mm. As the name implies, CIJ generates a continuous stream of inks, even
when no printing is required (Derby, 2010). The ink flow is forced out through the nozzles under
pressure. The diameter of the ink droplets is slightly larger than the diameter lef meeds.
After leaving the nozzles, selected ink droplets are jetted on the substrate, while unwanted inks
are collected for recycling (Martin, 2008ecause of the exposure to the environnthetjnks
for recycling might be contaminated, which maysmthe contamination of the whole ink

system (Derby, 2010).
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Figure4.Schematic diagram of a continuous inkjet (CIJ) printhead



2.1.1.2 DOD Inkjet Printing

DOD inkjet only ejects an ink drop when it is required to formdipgired image (Ujiie,
2006). Compared to continuous inkjet, DOD is simpler, more economical and efficient since no
drop selection or recycling system are required. In the DOD system, the ink drops are formed by
steering a pressure pulse in the ink charblegind the nozzles (shown in Figure 5). The ink is
held at the nozzle by surface tension and jetted out when the pulse applied exceeds the threshold.
The size of ink droplet is approximately similar to the nozzle head and it is possible to adjust the
diameer of ink drop by managing the pressure pulse (Derby, 2010). The two major technologies

used to generate the pressure pulse are thermal inkjet (TI1J) and piezoelectric inkjet (P1J).

ink
image data

nozzle
heat or piezo
& element

ink droplet @

PN

[ paper |

Figure5. Schematic diagram of Dregn-Demandprint head

Thermal inkjet printing, also known as Bubble jet, was originally developed by HP and
Canon. All HP printers use thermal print heads. In a thermal inkjet print head, there is a small
electric heater located in the fluid chamber. A small vapbble is formed when heating the ink
above its boiling temperature. The expansion and collapse of the bubble generate the pressure
pulse which results in squeezing the ink drop outside the nozzle (Derby, 2010). In PIJ printing,
the pressure pulse is gertechby a piezoelectric actuator. The volume of the ink chamber is

reduced by the actuation thus propels the ink outside the nozzle (Ujiie, 2006).
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However, most industrial printers use piezoelectric DOD technology. One reason is that
the bubble generatigorocess in thermal DOD system may vary under different conditions.
Secondly, the pressure pulse in the PIJ system is more controllable, and it is relatively easy to
adjust the actuation pulse thus to control the ink drop size and jetting velocity (D&tby, 2
Besides the two types of inkjet printing technology discussed earlier, pulsed inkjet printing is a
hybrid between continuous printing and DOD inkjet printing. In this system ink drops are jetted
out and quickly become a stream of droplets. Diffefi@mh continuous printing, the jetting

process is pulsed according to the design (Tyler, 2015).
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2.1.2 Print Mode

2.1.2.1 Multi -pass versus Singlgpass Printing Multi -pass Printing

Multi-pass scanning textile printing indicates that the printhead moves from one side to
the other over the textile substrate, hence
to left, then left to right to print horizontally, and each time azomtial bar is printed. A whole
design is completed by printing multiple horizontal bars where adjacent bars are partially
overl apped, hefmaes stohe name Amul ti

There are several advantages to adopting fpaks printing. As the printhead is one of
themost expensive components of the printing system, choosingmaskiprinting can help to
minimize the number of printheads required (Jos Netermans, 2018). Implementation of the multi
pass printing mode is a common approach to minimizing the visual iroplbanding. If some
nozzles are migdirected or are not firing, mwpass technique can hide the defect as the other
dots fired from different nozzles will partially cover the area, thus the nozzle defection may not
be perceived (Briggs, et a22000).The major drawback of this mode is the printing speed. The
more frequently the printheads move over the substrate, the lower the linear printing speed.
Furthermore, the more ink dots overlap each other, the lower image sharpness (Jos Netermans,
2018).
Single-pass Printing

Singlepass printing refers to the printing technique that produces a completed design
area in a single "pass” (Yu, 2012). It is a relatively newer printing technique, which enables a
higher printing quality with faster speed. Insteddnoving the printheathultiple times over the
substrate horizontally, singlgass printing uses multiple printheads along with the capable

printing width. The substrate will move with a constant speed while the design will be printed in

12
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one pass. The twmajor benefits of this print mode are higher production speed and high image
sharpness. The disadvantages of sipgles printing include higher cost and more sensible

printing errors (Jos Netermans, 2018).

2.1.2.2 Binary versus Greyscale Printing mode

The individual ink droplet size will affect the general image quality such as resolution
significantly. Smaller ink drops can produce more detail and higher resolution, while large drop
size can cover a larger printing area, which is important for higtdspass production.
Depending on the jetting technology, fixed or variable ink dot can be produced. Figure 6 shows
the visual difference for the same design printed using fixed or variable ink dots. Compared to
the image on the left, the image printed with variable ink dots has a smoother and better
quality (Edwards, 2008). In order to achieve a better print quality, two variable ink jet
approaches have been adopted, namely binary variable printheads and greyscale printheads

(Lynn, 2010).

Figure6.Fixed dot size print versus variable dot size print (Edwards, 2008)

Figure 7 demonstrates different types of piezo inkjet print heads including binary drop,

variable binary drop, and greyscale variable drop. Binary pgntfers to printing with only
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two levels, ink or no ink (Owens, 2010). In binary printing, the ink drop size is fixed, which is
considered anajor drawbackvhenreproducing images at high resolution. Grayscale printing

refers to an intermediate systemest ink drop®f different size can be generated. Variable

drop print heads can produce droplets of varying volume on demand. Binary variable print heads
can produce different size ink drops but only one size per image. The ink drop volume cannot be
adjused dynamically, but it can simulate grayscale printing with multiple passes (EFI white

paper 2012).

THREE TYPES OF PIEZO INKJET PRINT HEADS

BINARY VARIABLE GREYSCALE
DROP DROP VARIABLE
DROP

BINARY DROP: A single drop size is ejected from the print
head. These heads can simulate greyscale with multiple
passes, but consume more ink in doing so.

VARIABLE DROP: Some piezo heads produce different size
drops, but only one size per image. These print heads are not
capable of dynamic drop volume changes.

VARIABLE DROP GREYSCALE: These print heads are capable
of ejecting different size drops dynamically within the same
image.

Figure7. Comparison of three types of piezo inkjet print heads (NOVUS Imaging. 2016)

Another approach to reproducing smooth colors in the printing industry is to use light
color inks. The implementation of light color inks offers an additional lighter level of detail to an

image. Using light colors can trick human eyes into perceivingrinewith a higher resolution
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than the native imageight color inks are usually 40% of the optical density of the primary
colors (EFI white pape012) (Shown in Figur8). The application of light inks can produce

smoother color tones which is important in reproducing pictorial images.

2.1.2.3 Multi -Channel Printing

The basic primaries in ink jet printing are Cyan, Magenta, Yellow, and Black. Yellow
ink is usually addedbdtcontrol the hue and lightness of the produced colors. Black ink is added to
increase the contrast and details in dark shades and reduce the general ink consumption. In most
casesafour primay (CMYK) system can produce reasonably good color outpugatisfy the
customer. However, in order to enlarge the color gamut, yield better details and contrast, and
produce smoother color transitions, additional color ink channels may be added. Thus, the
conventional CMYK color printing can be extended to mchitannel printing by adding other
colored inks (Qu, Y., et al2014).
Light Ink Strategies

CcMmYK (or CMYKLcLm) is the most common six color system used to avoid a
gradient between adjacent colors and produce a smooth color appetiiaracstrategy tsed
onahalftoning technique. Adding light cydn) and light magentém) widers the color gamut
of the middle tone area (CES&R Printjri&16), produce smooth tones, and reduce the
graininess in middle tones. This method can divide the input device value into three levels:
bright, middle, and dark. When the target color is in the bright region, only light cyan or light
magenta close to thigihtness of input information is usddark inks are added when a decrease
in lightness is needed, based on various algorithms € ah 2003).

A common way to produce the light ink is to dilute the dark ink witlearerink

vehicle. In this way, t& light ink maintains a similar reflectance spectrum but in a different scale
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(Figure 8) thus the color change appears in a similar manner under a different light sdwnce

compared to the original primaryhile thecolor constancy between the two wérsions

remains similarthere are a few concerns when using light inks. In order to ensure the light ink

and the dark ink exhibit similar hues, additional chemicals may have to be added to the light

inks, which may create variations in color durabibgtween théwo inks. Another potential

problem is the ink capacity of the printed substrate. In some cases, excessive amounts of light

inks might be jetted out to achieve a midtone which may exceed the maximum ink capacity or

the absorption of printed ssipate, thus, causing ink pooling and migration failures (Ross R, et

al,, 2005).
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Figure8. Measured spectra of full tone light cyan, full tone cyan, and halftone cyan (40%) (Qu,

Y., et al, 2014)
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Dark Ink Strategies

As the color gamut of the printer is usually smaller than other devices it is common to
add additional color inks ithecommercial printing industry. The benefits of adding more colors
include increased gamut size, improved color consistency, reducedaggk, and better color
guality. The most common inks that are adotealdditionto the CMYK primary setare Blue,
Red, Orange, Green, and Gray. Hypothetically, a color gamut volume produced by a 6 channel
CMYKGB can be roughly 40% larger than a CMYikk set (Allen, et al, 2005). Empirically
howevermany factors can affect the color gamut, such as ink type, substrate type, etc. Figure 9
shows the color gamut comparison between pigment based CMYK (left) and CMYKRB (right)
inkset on same cotton substraliéhe image from the right side is the gamut with 6 ink channels,

by adding Red and Blue inks, the size of color ganmureased approximately7%.

Gamut Yolume: 1.19667 million cubic delta E Gamut Yolume: 1.40734 million cubic delta E

Figure9. Color Gamut Volume comparison of CMYK to CMYKRB inkset
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Virtual Channel Printing

Virtual channel printing is a methad printing with virtual channels created by mixing
existing physical color inks. For example, for a CMYKRB ink set, a virtual channel can be
created by mixing Red and Blue at a desired portion and step, thus, a seventh ink channel,
Purple, can be generated. There several reasons for adopting a virtual channel printing mode.
Firstly, creating a new ink channel by mixing existing colors may enlarge the printer gamut.
Secondly, a virtual channel created by mixing light and dark inks can produce smoother
gradients ad transitions. Last but not least, a new Black channel can be created by mixing black
ink with other colors, which can produce darker shades or produce customized dark colors

(RipMaster Manual2010).

2.1.3 Digital Halftone Image

Halftoning is a rendering form in binary printing. It is a process in which an appropriate
portion of each pixel is covered with ink so that the average reflectivity of the pixel is correct. It
wasinvented by Ives tproduce pictorial images 875 (Owes, 2010) At that period of time
there were only two stages in printing, inked or not inked. The only way to produce the
intermediate grays was to modulate the fractional area of the substrate covered by the ink. Ives
called this process halftoning as thaltones were printed by only toning or inking about half of
the area. Both binary printing and grayscale digital printing are bastae balftoning technique

(Owens, 2010).

2.1.3.1 Halftone Pattern
Halftone pattern is defined by the spacing of dotasueed in lines per inch. Dot area
refers to the percentage area covered by ink. The dot space defines the sharpness of the printed

image, while the dot area defines the lightness. Figure 10 (a) shows the halftone patterns of 25%,
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50% and 85% dot areasghire 10 (b) shows the corresponding halftone pattern generated on a
raster printer (Ston@001). Figure 10 (b) also shows each halftone dot is formed in a 6x6 pixel
cell, in this content, pixel refers to the smallest discrete element in the digital imaabeixel is
either covered by ink or is left blank. Thus, a 6x6 cell can yield 37 discrete values (6x6+1=37).

In other words, the total obtainable number of gray levels is 37 (Cost, 1996).

(a) -
Bl 85% =88 85%
lg% i 50% i 50%
el i 25% i 05%

Figurel0. (a) Halftonepatterns for 25%, 50% and 85% dot areas. (b) Digitally produced
hal ftone patterns for 25%, 50% and 85% dot
by Chuck Haines, Xerox Corporation)

2.1.3.2 AM and FM Halftone Techniques

Typically, there are two types of halftone technique, Amplitude Modulated (AM) and
Frequency Modulated (FM) screening. AM screening is used in conventional printing, where the
ink dot frequency is fixed while the dot amplieudaries, and vice versa in FM halftoning (Cost,
F. 1996). Ink dots with different sizes or diameters are usually equally spaced in conventional
printing (Dharavath, et al2005). AM method breaks the image into different sized dots at a
fixed frequency ad screening angle. When printing primary inks on top of each other, each layer

needs to be placed at a particular angle to avoid the moiré pattern (shown in Figure 11).
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Figurell Closeup of a halftoned image showing thalftone dots, four process colors, and
rotated screen angles (Stone. 2001)

FM screening, also known as stochastic screening, can be employed in both analog
printing and digital printing. This method renders the gray tones by varying the frequency or
spaing of uniform sized dots (Cost, 1996). Thus, the highlight is generated using fewer dots
while shadow is created by more dots (Dharavath, ,&2G05). Figure 12 demonstrates the
comparison between AM and FM halftone images. Compared to AM halftahengpt size of
FM halftoning is much smaller. As FM screening does not have dot structures with fixed

frequency or space, the moiré problem is avoided efficiently (Cost, 1996).

a. AM Halftone Image b. FM Halftone Image

Figurel2. Comparison of AM and FMalftone Image (Dharavath, et,&2005)
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2.2. Ink and Substrate

Inks are considered to be one of the most critical components-jatipkinting. They are
colored liquids or pastes, formulated to transfer and reproduce a designed pattern on the printing
substrate (Leach, 2012). The properties of inks not only affect the print quality, but also the ink
drop ejection, and the reliability of the reproduction system (Yang, 2008)rrectink
selection can result in inconsistent-jekting and undesired petration of the colorant in the
substrate. Two physical properties dominate the jettability of the colorants, which are surface

tension and viscosity (Martiret al, 2008).

2.2.1 Ink Physical Properties
Viscosity

Compared to conventionptinting, such as screginting, one of the major challenges
in digital printing is to develop a chemical system that provides high printing speed, reliability
and quality. To achieve high jetting frequency from small nozzles, the ink viscosity ndxeds to
relatively low, which is a major limitation in formulating inks for textile printing, especially for
pigmentbased inks (Leelajariyakul, et,@008). Different with analog printing process which
can deposit sufficient amount of colorants and binaéget printers operate at much lower
viscosity levels which limits the amount and type of polymers employed. This affects the
bonding of pigments to fibers, thus affecting the print durabigh(ll, 1998).
Surface Tension

Surface tension affects wetjrof nozzle surface, wetting width and penetration depth of
printing substrates, dot gain and color uniformity. High surface tension is desired in digital
textile printing as it can ensure a uniform and consistent drop formation on the nozzle heads. To

ensure good penetration, the surface tension of ink should be lower than the surface energy of the
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substrate. The suitable surface tension for textile printing-BO4®N mt. In general, in order to
archive good color quality, the ink must have proper miaysind optical properties, such as low
ink viscosity and high surface tension (Leelajariyakul, e2aD8).
Ink Density
Another important physical property in inkjet printing is ink density or optical density.
Optical density is expressed as the raficeflected light from the printed substrate (shown in
Equations 12. Y refers to the measured reflectance of light from the halftone @earesents
the reflected light intensity measured by an electronic light detéotsrthe intensity of light
delivered to the substrate surface. &efers to the image reflection density which can be
calculated using equation 2 (Ploumidis, 2008).
Y - (1)
(] a EMQ 2)
Either reflectance or ink density can be used to specify the amount of ink laid on the
substrate. In practice, however, ink density is more preferred as an equal increase in density

correlates better with human vision as shown in Figure 13 (Ploumidi8).200

1007 0

S0 0.3

60% 0.6

40% 0.9

200% 1.2

1.5

Equal Reflectance

Equal Density Increments
Increments

Figurel3. Grey Levels based on equal reflectance and density intervals
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2.2.2 Ink Classification

Based on the nature of colorants, printing inks can be classified into two categories, dye
based inks angigmentbased inks. The distinction between dyes and pigments is quite clear.
Dye-based inks consist of fully dissolved colorants, while piga@sed inks consist of
insoluble solid colorant particles in a liquid carrier (Dyes and colorants, 2014). areareany
differences between dyes and pigments. Usually, dye molecules are dissolved into the ink, which
tend to penetrate into the substrate, while pigment particles are dispersed into the ink and tend to
remain on the surface as shown schematicallygnréi 14 (Le, 1998). In general, four types of
colorants have been formulated for textile inkjet printing, namely reactive dyes, acid dyes,

disperse dyes, and pigments (Cie, 2015).

®Dye solution

Capillary
peres

Pager fiber

Ink film on paper Ink film after
immediately absorption of
after printing vehicle by

the paper

Figurel4. Dye solution and pigment dispersion paper (Le, 1998)
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2.2.2.1 Molecular Formation of Color

Pigments and dyes atgilized as colorant$o praducecolor on all sorts of substances
They alterthe colorappearancef objectseither by absorption and/or scattering of ligFtie
color absorbing properties of a colorant comes from certain chemical groups present which are
called chromophores and auxochromes. Common chromophore and auxochrome groups include
C=C, C=0, N=NandNO:.. The color properties of the colorants depend on the absorbance
property of its chromophore in visible spectrum, and where the chromophore is placed in the
molecule (Gurses, 2016).

Auxochrome groups are covalently attached to chromophore groups to tirdimge the
wavelength and intensity of absorption. They are also known as color enhancing groups or color
intensifiers. Examples of auxochromes inclinté;, OH, SH, halogens etc. An auxochrome
itself does noaibsorb light with wavelengthbove 200 nmThe combination of chromophore
and auxochromproduces chromogens with different color properties. Chromophore and
auxochrome groups are linked through a conjugated syatehtpmophore igsuallyan
electronwithdrawing group, while an auxochrome is amcélondonating groupFigure 15 is an

example of a chromogen (Solvent Yellow(@urses, 2016).

Chromophore

N
'ﬁ.N |

Chromogen

HO

= Auxochrome

Figurel5. The components ofMydroxyazobenzene (Solvent Yellow 7)
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Although the presence of a chromophore is essentabtudng color, compounds
lacking conjugated structures will not support the formation of cblgure 16 is an example of
the influence of conjugation in color appearance. The compound which has an Azo group placed
in between conjugate aromatic ringsguces a yellovorange color while the compound which

has the azo group placed in between methyl groups is colorless (IARC, 2010).

N-CH3 N‘Q
7 Y
S Q Y

Azomethane Azobenzene
(colourless) (Yellow-Orange)

Figurel16. The Effect of Conjugation on Color: Azo Group Placed between Methyl Groups
(Colorless) and Aromatic Rings (Colored)

Therefore, colorants must possess certain components (e.g. chromophores) and properties
(conjugation) to exhibit color. Based on the chemical constitution or the application
requirements, there are number of wayslassify colorants. For example, azo dyes are the
colorants that contain one or more azo groups in their structure. Anthraquinone dyes are the
colorants that have structures based on quin®tgbalocyanine is formed through the
cyclotetramerization ofarious phthalic aciderivatives that are connected to each other in a
cyclic structure by nitrogen atoms.

Considering the application process, dyes are also simply divided into these categories
e.g. direct, acid, sulfur, reactive, vat, disperse, basicDges can be classified into two groups.
Group 1 includes dyes that involve only a single stage application process, for example acid

dyes, direct dyes, basic dyes or disperse dyes. Groamrisedyes are dyes that are applied in
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a two-step procesfkeactive dyes, vat dyes and sulfur dyes belong to the second group of dyes
(Colorants, 2013).
2.2.2.2 Color Index Generic Name

There are many ways to name a colorant. Depending on the manufacturer and vendors,
these commercial names may vary. The Color Index was initially developed by the Society of
Dyers and Colourists, UK in 1924. It has been recognized as an internationftatass
system for colorants. The Color Index Generic name provides the information about the nature
of the product, the color and the chronological number of the colorants. It has been widely
adopted in textile dyeing and printing industry. Figure HoWs the structure and template of the

C.l. naming system (Fan, 2005).

One of 9 hues

‘Colour index’

T~

C.I. Pigment Yellow 12

N N

One of 19 application types Identifying code

Figurel7. Assignment of Generic Name to a Colorant in the Color Index (Fan, 2005)
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2.2.2.3 Dye-based Inks
Reactive Dyes

Reactive dyes, as the nasuggests, can react with a fiber to form covalent bonds. They
work efficiently on cellulosic materials such as cotton, linen, rayon, and so on (Global Imaging,
2017), and a special class of reactive dyes can also be used for silk/wool printing. The basic
stages of the coloration process with reactive dyes include dye absorption, fixation, and washing
off. Thesedyes arausually structurallydepicted a®-B-RG, where D refers to the chromogen, B
is a bridging group, and RG is the abbreviation of the reagtimep. Figure 18 is an example,

showing the structure of C.I. Reactive Blue 109 (Colorants, 2013).

reactive group

bridgi - g,
oging (dichlorotriazine)

group

chromogen C.I. Reactive Blue 109

Figurel8. Dye Structure of C.I. Reactive Blue 109

The major advantages of reactive inks include having good wet fastness properties, ease
of application, and availability of bright colors in a wide range of hues (Hussain & Ali, 2009).
However, since reactive dyes may be hydrolyzed as a result of thetioneaith water under
hot alkaline conditions, the hydrolyzed or unreacted dyes need to be washed off to improve the

wash fastness properties of the dyed/printed substrate. THseliskrate reaction needs alkaline
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conditions, thus a pretreatment of thbstrate with alkali is needed. This pretreatment increases
the general cost of the process. Moreover, reactive dyes are usually more expensive than other
colorants, therefore, printing process with these colorants can be costly.
Acid Dyes

Acid dyescommonly utilize acids for their application. The acid dyestuff creates ionic or
electrostatic bonds with textile materials such as silk, wool, and nylon (Global Imaging, 2017).
They are suitable for coloration of protein materials and nylon. The colo@timotton with
acid dyes under certain conditions has been found to be possible where printed cotton substrates
maintained good color fastness properties (Yang & Li, 2001). Figure 19 shows the structure of
C.l. Acid Red 73 as an example of dyes in tlaitegory. This dye has been used as a magenta

primary in inkjet formulations.

H Q
M

NHOgS

C.I. Acid Red 73 SO4Na

Figure19. Dye Structure of C.l. Acid Red 73

The advantages of using acid dyes include the wide range of producible colors, good
consistency and prodtivity, and also good performance when printing on blended fibers such
as cotton/wool, cotton/nylon, wool/nylon, rayon/wool, rayon/nylon, and so on. However, the
molecular size of acid dyes is relatively small and in the case of cellulosic substratesithe

attractive forces (van der Waals forces) between these dyes and the print medium are not strong
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enough to ensure adequate color fastness properties. Thus, there might be a need to arrive at a
compromise in relation to wash fastness properties ofegricellulosic substrates with acid dyes
(Cie, 2015, Yang & Li, 2001).

Disperse Dyes

Disperse dyes are most commonly uedlyeing polyester fabrics. These dyes are
hydrophobic and are insoluble (or sparsely soluble) in water, while they have affinity for
hydrophobic fibers. Most disperse dyes are relatively small azo compounds and some are
anthraquinone based structur€slprants, 2013).

Due to the chemical structure of polyester, dyes with large molecules are difficult to
penetrate into the core of the fiber. In addition, fiber does not have chemically active groups to
combine with other categories of dyes that fornoasior cations in an aqueous environment.

Thus, in practical terms, the most suitable dyes which can be used successfully on polyester are
disperse dyes (Clark, 2011). However, disperse dyes do not have high affinity for hydrophilic
polymers such as celhge, hence disperse dyes are not suitable for printing on cotton,

cellophane, silk and similar fibers (IARC, 2010). Some disperse dyes can be sublimated at high
temperatures to form a vapor. This can be used for rapid coloration of certain thermoplastic
fibers, such as polyester. These dyes have had a great deal of success in digital printers that use
thermal heads and for transfer printing of textiles. Temperatures in the range2#Ql&are

often applied during the application of high energy dispelyes.

In general, printing polyester with disperse dyes can produce a wide range of hues with
good color buildup and fastness properties, adequate for most purposes (Koh, 2011). In some
cases a wash off is not adequate to produce a good wet fastrfdsss and in these cases the

material is subjected to a reduction clearing process where the colored substrate is subjected to a
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strong reducing agent and alkali to remove the superficially attached dyes to improve the wet
fastness properties. Figur@ 8emonstrates an example of an azo disperse dye, C.I. Disperse Red

220.

CH3CH,0
H-N
N
H Q =0

Figure20. Dye Structure of C.I. Disperse Red 220
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2.2.2.4 Pigment-based Inks
Pigment printing is one of the most economical processegsifding textiles and is
applicable to all types of textile fibers including blends. It ranks as the major contributing factor
toward theprogression othetextile printing industry (Aspland, 1993). The benefits of pigment
printing include ease of neanél printing, wide application to all types of fabrics, ability to
avoidawashing process after fixation and low environmental impact, etc. (Haggag 2€x12).
Figures 21 and 22 shows examples of pigment colorants. The chromogens of pigments
are usubly the same as those of dyes. However, different with dyes, the structure of the pigment
is usually moreomplex,and pigments are often considered to aggregate and collate as a group
and form particleg$Rothon 2012).The shape and size of the particles can affect many of the
properties of pigments including their-gility. Pigments are also insoluble and require the
application of a binder to attach them to the surface of the textiles. In addition, pigments have
neither affinity for fibers nor are able to establish chemical bonding therefore the colored
pigments need to be fixed to the substrate through a suitable binder system (Blusdgain
2009). Pigment inks may also include dispersing agents, emuls#ietother auxiliaries. The
chemical structure of pigments makes them more stable to environmental conditions when
compared to dyes, and pigment prints usually present better light fastness properties. Wash
fastness properties of pigments are dependetiteoimteraction between the binder and the
substrate, the thickness of the printed film and the application of auxiliary compounds.
3G
O
N/H

H
N
N/ C.I. Pigment Yellow 1
H,C \ d
H
NO,

Figure21l. Chemical Structure of C.I. Pigment Yellow 1
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Figure22. Chemical Structure of C.I. Pigment Blue 15

In inkjet printing, the binder is usually applied either with theim#ispersiorn(Fasano,
et al.,2007) by a separate nozzle systeafter inkjet printing or a combination of the
aforementioned methodshe application of the binder can improve the fastness properties of the
printed substrate significantly. However, it may increase jetting failures due to blocking the
printhead, especially when the printer is restarted after being shut down for ayfe(¥dag &
Li, 2001). Binders may also affect the softness of the printed substrate and crack and flake over
time andsosofteners are often added to ink formulation to overcome this issue.

As a result of sustained efforts over the ygaiggment printingechnology is now very
well mastered in the industryhe technology of pigmeeatl inksis comparatively difficult to
master as the problem of small size of the particles to create in large quantities must be taken into
accountNanosized particlesreoftenmanufactured thare then coated with thin resin. This
resin is used for protection of the pigment against external chemical and mechanical attacks. This
can affect théransportation of the particle inside the ink, through the nozzles and fin&tly on

thesubstrate

32



On the other handjgmentbased ink show longevity and thumany printers are opting
for pigments. Manufacturing cost$é pigments tend to bieigher, therefore cost of the ink is
higher to the usdgiDaplyn& Lin, 2003).Color densityproduced by pigments generally better,
or easier to achieve than with dgased inksHowever,pigments showhetendency to promote
a defect called bronzinghis is an unpleasant metal like glow when the pribriightly lit or if

lit with low incidene.
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2.2.25. Ink Selection

Printing inks are formulated to yield specific properties. The interaction between
colorants and fabrics will affect the effectiveness of printing process. Ink selection needs to meet
the production criteria and widlffect the general quality of the final products substantially
(Kosolia et al., 2011). Many factors affect ink selections, such as end use, cost,
physical/chemical characteristics of inks, substrate type, printer type and so on. For instance,
hydrophobic gbstrates, such as polyester, do not interact with the s\saligiole colorants,
hence, disperse dyes are selected for printing on polyester (Lavery, A., et al. 1997).

Reactive inks are normally applied to cellulosic substrate, acid inks are normalgdappli
on protein materials, disperse inks are normally applied to polyester, while pigment inks are
applied to all types of fibers (Chong, 2002). Table 1 shows the most common types of ink and

their application to textile substrates in digital printing riik&aYyuen, 2012).

Tablel. Textile Substrates and Type of Ink (K&nyuen, 2012)

Substrate Types of Ink
Cotton/Rayon/Cellulosic Reactive dyébased ink
Polyester Disperse dydased ink
Nylon/wool/silk/polyamide Acid dye-based ink

All fibers / fiber blends Pigmented ink
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2.2.3. Substrate Preparation for Digital Printing

Ink colors are generated by absorbing and scattering the visible spectral light. A printer
functions as an ink distributor while the sub
the printer, physical and chemical characteristics of the stdystorant, and their mutual

interaction affect the color gamut volume and color durability significantly (Yang, 2003).

2.2.3.1 Ink -Substrate Interaction

The ink dropletsubstrate interaction can be divided into two stages, impact and wicking.
Impact efers to the short time period that ink drop impacts the substrate. Gespealkingijt
includes four sustages (Figur@23). Stage (a) is the moment before the impatthis point the
impact energy of ink drop includes kinetic energy, surface enanglypotential energy. Stage
(b) involves the maximum spreading moment, during which the liquid motion changes direction.
Stage (c) shows the maximum rebound, where ink drop changes the direction of motion under
the influence of gravity. In stage (d) quaguilibrium occurs when the ink drop possesses a

minimum surface and kinetic energy which is equal to the static surface eRargyH. et, al.

2001)
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Figure23. Ink drop impact process (Park, H., et, al. 2001)

35



The second stage of the interaction is wicking which is a much longer period compared
to impact(Park, et, al.2001) It is the spontaneous flow of a liquid in a porous substrate driven
by capillary forces (Kissdl996. There are a number of factorsttlagfect how a colorant
interacts with a substratsiich as fiber characteristics, yarn parameters, and substrate structure
(Wang, et al 2007).Due tothe variations within the substrate, the wicking behavior of ink drops
in different directions may ndite identical and thus the spreading width may Vieigure24

shows a demonstratiarf different spreading widths in different directions on the same substrate.

line width

Warp direction

. Filling directio
Print direction p S

(a) Schematic of printing in (b) Schematic of printing in
warp direction filling direction

(¢) Scanned image of printing (d) Scanned image of printing in
in warp direction (x10) filling direction (x10)

Figure24. Schematics and scanned images of printing-barness filling faced satin polyester:

(a) Schematic in warp direction. (b) Schematic in filling direction. (c) Scanned image in warp
direction. (d) Scanned image in filling direction (Pakal, 2006).

Figure25 shows the spreading width of printed straight lines on different substrates.
Compared to picture (a) which shows a straight line printed on paper, the line width varies more
nortuniformly on textile materials and on different textile structures. Thuswidth has been

adopted as an evaluation metric in many printing quality tests. A substrate promoting a wider and
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larger spreading area can be considered to give a lower printing quality compared to another

substrate that has a narrower and smaller sprgadea (Mhetre, et aR010).

Line width on transverse thread

s 4— Intended line width (100 pm) :.4—'§

.

#» Transverse direction F— ~200 pm

A

Figure25. Microscopic images of lines on: (a) paper, (b) cotton 34 fabric, (c) PET 88 fabric, (d)
PET tape fabric, and (e) sized PET fabric (Mhetre, e2@l0)

2.2.3.2 Pretreatment

A pretreatment process is required for most fabrics before thginkinting
application. There are several reasons for pretreating substrates. One reason igethat ink
printing is a norcontact printing process, where the ink droggsjatted out through very fine
nozzle heads. The ink is specially formulated to avoid drying and clogging. Some chemicals
function as thickener and binder, which canmejetted and therefore are added to the fabric,
rather thardirectly incorporated intthe printing ink.In addition some ink can only be printed
on textiles efficiently under certain conditions, for example, reactive dyes are usually applied
under alkali conditions. As a result, the fabsitypically pretreated witta thickner for pigrent
and dye printing and a bicarbonate for reactive andmaaing. Direct printing of disperse dyes
may also include an antnigrant and UV inhibitor in the preeatment.

Another important reason to apply pretreatra@nthat most inks are watbase and so

the colorantareattracedto surfacethatarehydrophilic. Applying pretreatmestcan change
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the surface energy of the substratelhydrgphilic surfaces canbecomemore hydrophobicThis
is especially importarih the case of thpolyester sutratewhichis hydrghobic.

The selection of prereatment largely depends on the printing inks. Forlmhaed inks,
some prdreatment chemicals function to inhibit dye migration while other chemicals are
designed to control pH. In pigment printifpwever, pretreatment functions as a binder to

improve the stability and fastness of colors (Yuen, e2all0).
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2.3. Color Reproduction in Digital Printing

The objective of color reproduction is to produce an identical color appearance compared
to theoriginal target (Stone, et all988). Color appearance, however, is highly subjective. The
primary components for the perception of color are object, light source, and a detector, usually
considered to be the human visual system. A change in each oékmesmts can affect the
visual appearance of colors significantly. The most common challenge in color production is that
what one sees under one set of conditions is not always reproducible under another set of
conditions. Especially in printing industme color produced using a printer may appear quite
different compared to what is designed or viewed on a monitor. As mentioned earlier, the
ultimate goal in color reproduction process is to produce a system with maximum color
capability with minimum colodistortion. In order to achieve this goal, tremendous efforts need
to be expended to ensure that different color systems can communicate accurately and precisely.
2.3.1 Color Specification and Prediction Models
2.3.1.1 Color Coordinates and Chromaticity Coordinates

Color coordinates are a set of values, which can be used to describe color numerically. A
color may be produced by mixing a set of primaries with certain proportions. Red, green and
blue are used as primary colors and they correspond todhd spectral sensitivity range of
photoreceptors in the human visual systé&vormally 'Y , "O, and ¢ are used to denote the
primaries at wavelengths corresponding to 700, 546.1 and 435.6 nm, respectively. Thus, a color
0 can be matched by usiifgamount of red;,Oamount of green, anal amount of blue (as shown
in Equation 3). Therefore, tristimulus values RGB can be used to specify a given color.

56 'YY OO0 66 3)
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By setting the target color valde p, Equation 3 can be convertedEquation 4. Here,
r, g, andb are called the chromaticity coordinates, as defined in Equation 5.
pd 1Y QO &6 (4)

~

i nQ  — (5)

It was found that to match certain colors with RGB coordinateartimint of some of
the primaries had to be negative. This caused confusion and could potentially result in
calculation errors. In order to avoid negativity in color specification, in 1931 CIE developed the
CIEXYZ system, using a set of imaginary primarwbere X represents imaginary Red, Y
denotes an imaginary Green, and Z represents an imaginary Blue (Shamey). RGB values can be

converted to XYZ values using Equations3)6

O MY ™ O (6)
W T X QWX p ¢OTEp @ O (7)
O T T8O T 6 (8)

Since XYZ tristimulus values are mathematically converted from RGB tristimulus
values, thus, they are also correlated to human visual perception of colors. Identical colors, under
a set of given conditions, will have the same s¢Kplr, Z] values, while no two different
colors under the same set of viewing and illumination conditions will have the same [X, Y, Z]
values. XYZ values can also be calculated from the spectral data as the integral functions shown

in Equation (912) (Arney, 2006).

pmmoO, U _ Jw_1Q_ 9
» O, Y_ D _ A_0Q_ (10)
O U, Y_DD_ w_0Q_ (11)
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O O, Y_DD_ AW Q_ (12)
R() refers to the spectral reflectance of the print while)R€dfers to the spectral energy
distribution (SPD) of the light under which the print is obserégd., ©wr _, &[_ are color
matching functions which are related to the spectral response of the human color vision.
Similar to rgb chromaticity coordinatexyz chromaticity coordinates can be calculated

from Equation (13).

0 o m — (13)

2.3.1.2 Color Spaces
A color space is also a color system or a color model. It aims to specify colors

mathematically. In the field of image processing, color spaces can be classified into three
categories: device dependent color spaces;argarted color spaces, and deviocdapendent
color spaces. A device dependent color space such as RGB, CMYK is tied to the specific
equipment (Ford, A., & Roberts, A. 1998). The color in these models varies by the devices used
for their display. Useoriented color spaces are consideredg@ path between the user and
various devices. They are intuitive to use. This type of color spaces includes HIS, HSV, and
HSL, which enable the user to describe and approximate what they perceive (lbraheem, 2012.
Ganesan & Sajiv, 2017). Different witledice dependent or useriented spaces, colors in a
device independent color space are not affected by the device properties and settings. In a device
independent color space, colors with the same set of parameters will appear the same. This color

space ategory includes CIE XYZ, CIE L*U*V*, CIE L*a*b*, etc. (Ibraheer2012).
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RGB Color System

The RGB color system is also known as the additive color mixing system as shown in
Figure26 (a). The three primary colors in this system are red, green, and blue. In this color
model, a wide range of colors can be produced through adding or adjusting the proportions of the
three primaries. For example, adding red and blue light can produce,mdaging red and green
can produce yellow, and adding green and blue can produce cyan. Through adding full intensities
of three primaries, white color can be achieved (Cie, 2015). The RGB color space is usually used

in scanners, monitors, cameras, aneéptimage input devices (Shar&aBala, 2002).

G Y

Figure26. (a) Additive color mixing and (b) Subtractive color mixing system

CMYK Color System

The CMYK color system is also known as the subtractive color msystem, also
shown in Figure 18 (b). Colors in this system are produced by combining the reflected lights
from the object (Cie, 2015). In this color space primaries, which are also known as process
colors, are cyan, magenta, yellow, and black. Producficnlors in this color system starts with

white, or the color of the base media. A good neutral white substrate has the ability to reflect
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equal amounts of red, green, and blue. Desired colors can be obtained through removing or
subtracting the unwantedloos. Though combining and adjusting appropriate amounts of
primary inks, a wide range of colors can be achieved. Black shades can be produced through
combining three primaries in different portions. In order to produce deeper depth and darker
shades of th pattern, black ink is added as another primary color. The CMYK color model is
normally used in printing press industry.
HSL Color Space

HSL refers to Hue, Saturation, and Lightness. Alternative names of this model are HSV
(hue, saturation, value), HSI (hue, saturation, intensity), etc. In this system (shown irR#gure
hue refers to the angle of the color on the color wheel, whileag@mturefers to the purity of the
color. There are slight differences between lightness and value. Value can be described as how
much light a color absorbs or reflects, in other words, how dark or light a color is, while
lightness denotes the relative dagiof black or white mixed with a given hue. Most of these
spaces are transferred from the RGB color space, thus they are all device dependent color spaces.
These color models are mainly used in computer vision, image processing, image segmentation,

etc. Ford& Roberts, 1998).

HSL HSV

___Saturation Saturation
- N‘\l

)Hue )Hue

Figure27. HSL and HSV color space (Miki. 2016)

Lightness
Value
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CIE Standard Color Spaces

The International Commission on lllumination (CIE, Commission internationale de
I'éclairage) is an international organization resgplbole for standardization of color metrics and
terminology. CIE introduced the first colorimetry standard in 1931, called the CIE 1931 color
space. This standard provided two systems to specify color in terms of tristimulus values, CIE
RGB and CIEXYZ (Shana& Bala, 2002).

The CIE XYZ threedimensional color space is the basis for color management systems.
All the achievable colors in this space can be described by tristimulus values XYZ (Hoffmann,
2000). However, CIE XYZ space is perceptually tumiform, which means the perceptual color
differences in the system do not correspond to the mathematical distances in the space. CIE
introduced two uniform color spaces in 1976, CIEL*u*v* (CIELUV) and CIEL*a*b* (CIELAB)
(Hoffmann, 2003). The uniformity of the ELUV and CIELAB is approximately the same, The
CIELUV color space is commonly used in the display industry, while the CIELAB is widely
used in color imaging and printing industries (Sha&nala, 2002). A schematic demonstration
of the CIE L*a*b color spee is given in Figure& The vertical axis L refers to lightnessads

represents redness/greenness, while #edrepresents yellowness/blueness.

) A <100
yellowish - (white)
greenish &
x< »
-a* K,‘ ; reddish
-b*
blueish
V1#=0
(black)

Figure28. CIE LAB colorspace
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2.3.13. Color Prediction Models

In color reproduction systerthe color we perceive is considered as the accumulated
reflectance of the substrate surface. It is important to have a robust color prediction model to
achieve a reliablggredictable and reproducible printing system. In this section, different
prediction models used in color reproduction are introduced.
Demichel Equations

Demichel equations assume all ink layers are printed separately and are independent of
one anothelincluding in halftone patterns. Since in printing the base media is,whetsuppose
the total coverage is mathematically represented as 1, the surface coverage of primaries cyan,
magenta and yellow, repressed by ¢, m, and y respectively, would have hatween 0 and 1,
where 0 means the absence of the corresponding ink layer (Hersch, 2016). In a CMY three color
system, the possible colorant combination will be 2x2x2 (shown in Pabifer example

p ®p G p o indicates the area fractiofiwhite, & , equals to the products of areas

that exclude the fractions of cyan, magenta, and yellow. Simitarly, p @& windicates the
area fraction of red color is the product of area that excludes cyan, by the area fraction of
magenta, and ya@iv. Thus, in a CMY three primary system, area fraction coverage for eight

colors, i.e. white, cyan, magenta, yellow, red, blue, green, blue, and black can be defined.
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Table2. Area fraction of primaries

Color Areafraction of each primary
White ® p OPp G p W
Cyan O wp & p W
Magenta &) P & p
Yellow W p Op G
Red G p HAG
Green O wp 6
Blue O Qap
Black O A

Neugebauer Equations

Neugebauer (1933) made the first effort to predict the CIEXYZ tristimulus values of
halftone colors. His model is based on broadband color mixing. Neugebauer identified eight
dominant colors (also called Neugebauer primaries) whemgike three subtractive primaries,
namely, white, cyan, magenta, yellow, red, green, blue, and black. In equation_ ldefers to
the spectral reflectance of the corresponding primaries. Similar to Demichel Equati@ists
to the surface carage fraction of corresponding primaries. The total spectral reflectance of the
print is the sum of the product of individual reflectances and their corresponding areas:

Y B &Y _ (14)

The XYZ color coordinates can be measured or catedilbased on this principle. The XYZ
values are calculated based on the additivity principle of individual components.
® B od (15)

®w B wb (16)
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® B O® (17)
@, ®, w are tristimulus values of each of the 8 primaries. These equations are collectively
known as Neugebauer Equations.
Murray -Davis Equation

Murray (1935) described Equation 18 to determine the relationship among fractional area

coverages of dotw the reflectance of half tone coldt, the reflectance of printed solid ink,
and the reflectance of unprinted paper The MurrayDavis euationis considered as the first
optical model of color reproduction in halftone process (Arney, €1295). This model has
been widely used as an indication of the relationship between dot area and ink density (Yule &
Nielsen 1951).

Y &Y p QY (18)
Through rearrangement of this equation, the fractional dot coverage, which normally represents

dot area, can be calculated from the measured reflectance of a halftone image.
w — (19)

Due to ink spreading and interactiohink with the substrate, the measured fraction dot
area is larger than the printer value, this phenomenon is known as dot gain or tone value increase
(TVI) (zZitinski, 2017). It is the increase of dot size during printing process (Dharavath, et al.
2005. Basically, dot gain can be classified into two categories, physical dot gain and optical dot
gain. Physical dot gain, also known as mechanical dot gain, is due to the ink spreading and
smearing behavior in the printing process. Suppose the dot eea sent to the printer, the dot
gain (DG) can be calculated based on Equation (20).

00 0w ® (20)
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Namedaniar§2014) suggested that the physical dot gain depends on ink penetration and
ink spreading properties in paper printing. Optical dot gain, also known as\\aisen effect,
occurs due to the light spreading in the substrate. It is affected by the lijatisgeeffect, the
property of substrate, the shape and size of the ink dots, etc. (Namedania@pé&#al Dot gain
is important for printing quality as taaf ahigh dot gain may reduce image sharpness and
increase the prints darkness.

Yule-NielsenModel

Yule and Nielsen (1951) discussed the light penetration and scattering effect on the
printed paper. Based on Murr®avis equation and taking the light penetration into
consideration, they generated the ¥Nidgsen model shown in equation 21. The g@nsation
factore refers to YN value. It has been normally used to compensate for both physical and
optical dot gain (Gustavsph997). Thet value usually varies from 1 to 3. Pearson (1980)
suggested af value of 1.7 is satisfactory when the actualre is unknown (Engeldrum, 1994).
The definition of other parameters is the same as previous models.

Y oY T p oY 7 (21)

Then dot area fraction can be calculated using Equation21. Using equation 22 and for a
given substrate with YN fact@r=1.7, and a substrate reflectarite 7@ ysolid ink
reflectanceY 1@t pif a print reflectance o 1@ us desired, an areawerage fraction

® 1@ ahould be used in the printer (Arn&P06).
" T T
YN ¢ -factor can also be applied to Neugebauer model as shown in Equatid@sAS

¢ -factor is an empirical correction, it is not basedany physical theory. The XYZ values

calculated through Equations-286 might be different with the corresponding calculations based
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on Equation 1€.2. Therefore, one should determine the-fiestodel experimentally based on

the given printing system Aey, 2006).

Y B oY q (23)
» B OaT (24)
» B HH7 (25)
» B OOT (26)
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2.3.2 Color Management in Digital Printing

A color management system (CMS) isadtwared r i ven approach that s
the input and output color information. Different color spaces have different applications (as
shown in Table 3). For instance, a display monitor produces colors through combing the emitted
lights red, greerand blue, and where color can be described as a set of RGB values. A printing
press produces the colors in terms of the reflectance and absorbance of the primary inks, thus the

color in this field can be specified as a set of CMYK numbers (&dRodberts,1998).

Table3. Application areas of Color Models (Ibraheem, 2012)
Color Model  Application Area

RGB Computer graphics, Image processing, Analysis, Storage

CMYK Printing press

HSL Human Visual Perception, Computgaphics, Image Processing, Video
Editing, etc.

CIE XYZ, Color Difference Evaluation, Color Matching System, Digital Graphic Desic

L*U*V*, Multimedia Products, etc.

L*a*b*

The standardbased color management systems were introduced by the ICC (International
Color Consortium) in early 1990s (Field, 200fhe ICC standard widely used inthedigital
printing industry as it allows conservation of colors throughout the ocefwoduction process. A
good color management system can minimize or eliminate the color matching issues and make

the color production portable, reliable, and predictable. CMS works as a translator and transfers
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color related information between input/outtglevices. Color management system works by
using a devicendependent color model as the neutral color language, such as the CIE color
spaces, which are widely accepted for color communication and conversion among different

systems.

2.3.21. Color Gamut Mapping

A color gamut refers to the range of producible colors in any system of color mixing
(Cie, 2015. Often times, the gamut of the input file, the display monitor, and the output device
are not identical. Due to the differences in color mixing syste¢he producible range and
starting points of colors varies. While there
smaller than that of the image file and the display monitor. The output color gamut defines the
color space of the printed igpe. Hence, the color space of the image file and monitor need to be
processed to fit the gamut of the output device (F0@4. The process of adjusting the colors
of input files so that they can be represented on a given output device is called gg@mpiagm
(Morovic, 2018). It is essential to develop robust algorithms for gamut specification and color
mappings (Fairchild2013.
Profile Connection Space (PCS)

The profile connection space (devicelependent color model) functions as a bridge
between different color spaces (shown in Figi®e 2 is used as a reference for color
transformation between different devices (Zhang, e2@05). The current official PCS color
spaces in digital color reproduction industry are CIE XYZ and CIE L*aBwth color spaces
have advantages and drawbacks. The CIE XYZ color space can be converted into the RGB color
space simply by a matrix multiplication, this makes it possible to map colors more accurately in

the device gamut. However, the CIE XYZ colorspé#s not as perceptually uniform as the CIE
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L*a*b* space. Most printer ICC profiles use the CIE L*a*b* as a profile connection space, as
this color space is better for color space sampling and linear interpolation&A¢ietsen

2001).

|

=

ﬂ = a transform between device and PCS

Figure29. Workflow based on PCS color space (Zhang, e2@05)

Conversions between RGB and CMYK

The methodology and algorithms of color conversions vary among different workflows
and vendors (Hrehorova, Shar&dleming,2006). In digital textile printing process, the image
file usually needs to be converted from RGB colors displayed on the screen to CMYK values for
printing (Ford& Roberts, 1998). There are two different paths to complete the conversions,
direct and indiect conversion. The formulas for direct conversion from RGB space to CMYK
space are shown in Equation-2d. These conversions may work well when printing bar charts

or simply reproducing spot colors (Ford & Roberts, 1998).

5 cun'y (27)
0 cu=~"O (28)
® cunb (29)
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0 0 Q& Q& 6 (30)
However, RGB color space and CMYK color space are both device dependent. In the
printing process, the same input file may appear different on the monitor due to the type of
device used, and the printed sample may appear different due to the type okprpitred, the
property of inks, different substrate, etc. If thereéanmeput devices and output devices, the

conversions need to be dohe & times, as shown in Figu0 (Sharma& Bala, 2002).

Input Device 1 Device 2 Device n
Output Device 1 Device 1 Device m

Figure30. Colorconversions directly between in/output devices (Sha&rBala, 2002)

The implementation of a device independent color space will simplify the process, as
shown in Figur81. The translations among different color spaces are completed via an
intermediarydevice independent color space, usually, CIE XYZ tristimuli (BoRboberts,

1998). In this case, when there armput devices, and m output devices, the total conversions

willbe¢ & times (Sharm& Bala, 2002).
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Input Device 1 Device 2 e Device n

T~ N\ S _—

Device independent color space

//\\

Output Device 1 Device 1 . Device m

Figure31 Color conversions through device independent color space (Sterahg2002)

The comparison of two different color management systems are shown in Figure 32.

m Old style “Color m Color Management with
Management”. device independent color
| N input l | M output | Srace P)CS) | I
N input M output
//

N+M
conversions

conversions

Figure32. Comparison of Color Management without and with PCS
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2.3.22. Color Rendering Intents

In some cases, colors from different systems cannot be matched mathematically. Not all
the lights are visible by human eyes. For example, infrared or ultraviolet light are outside of
human perception range. The existencthese invisible lights can affect the color appearance
of certain products. In addition, due to limited capability of the output device, not all the desired
colors may be producible. ICC developed different mathematical solutions to deal with the colors
that cannot be matched or may be-ofsgamut in different color systems. These are known as
color rendering intents. While the name or terminology may vary slightly among different
software applications. Four standard color replacement schemes were spybdficare relative
colorimetric, absolute colorimetric, perceptual, and saturation. These intents define how to
reproduce an input file based on the ICC profile, and how to cope with the colors that are
out side, or cl ose t oscbldrgametdngpeler o fichitva the desued p u t
colors (Graphic Quality Consultanc®018). These are briefly described in the following
sections.
Relative rendering intent

The aim of the relative colorimetric rendering intent is to change the coldrs ofdut
file as little as possible. It moves the @fitgamut colors to the closestgamut color; but it
does not change or adjust any of thgamut colors. For example, let us discuss the case of an
image that includes different colors such as bhetrad where one, e.g. blue is-@ft gamut.
When the relative colorimetric rendering intent is used the blue is altered to the closest color in
the device color gamut; while no adjustments to the red is applied as it is already inside the

output color geut (Dickinson 2010).
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Absolute rendering intent

The absolute colorimetric rendering intent is suggested for hard proofing. This method
reproduces the #rgamutcolors anctlips the outof-gamut colors to the closest producible hue,
however, it sacrifies saturation and lightness. Due to the nature of this algorithm, this intent
changes the relationship between colors in and outside of the gamut, and thus may change the
look (appearance) of the initial image (Fra2601).
Perceptual rendering intent

The perceptual rendering intent is an ideal option for photographers. The main goal of
this intent is to preserve the relationships among colors. When produciraj-aqygmutcolors,
the software matches the colors with the closesiamut colors. Howear, this intentalso shifts
all the other ingamut colors so the relationships among all colors remain the same. For example,
let us consider an image file that includes an out of gamut dark blue, andamum red. When
reproducing these colors, the tsedre matches the blue with the closesgamut color, and at
the same time, the red is shifted to the same distance so that the relationship between the dark
blue and red will remain the same (Dickins@@10). This intent is mostly used for
photographt reproduction, especially for producing gradient effect and transitions. It applies the
same gamut compression to all images, thus maintaining the same overall relative color
rendering balance (Cie, 2015).
Saturation rendering intent

The main goal of garation rendering intent is to preserve the saturation ovérufé-or
example, when reproduction af outsidethe-gamut darkblueis neededthe software may
switchthe dark bluao, for instancea dark green if thdarkgreen has a closer saturation

(Dickinson 2010). Saturation rendering intent is normally used for vector graphics, logos, and
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solid colors such as pie charts. It is not recommended for hard proofing (Graphic Quality

Consultancy, 2018).
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2.3.3 Printer Calibration

Printer calibration includes two distinct steps: calibration and characterization. These are
two crucial steps in color proofing and digital printing (Chagéal., 2004). The objective of
this process is to make sure the color of the input file appeasameson the display monitor
and the output device (Field, 2004). Tgrentercalibration aims to obtain a linear relationship
between input and outpualues;thus,it modifies the color reproduction behavior of the printer.
The characterization pvides the information pertaining to the color gamut and reproduction
characteristics of the printer (Chagasal., 2004).

Figure33 is the general overview of printer calibration. It starts with printing a swatch of
an individual ink channel with different amounts of ink. After ink limiting, the test color
swatches need to be reprinted and remeasured. Each patch is measured drahatteart to
create a linearization curve. The input is the jetted ink amount based on a ratjtmitbm;the
output is the measured ink amount on the substrate. The variation between input and output is
due to inksubstrate interactions. Once linigation is completed, a set of hundreds to thousands

of color patches may be printed and measured to generate an ICC profile.

s |

Characterization / create
ICC profile

Ink Limiting adjustment Linearization Print and measure test chart

Figure33. Overview of Printer Calibration Process
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2.3.3.1 Calibration (Linearization)

Calibration process includes ink limiting and linearization, which is used to modify the
color production behavior of the printer. It ensures a smooth transition of colors by linearizing
the relationship between input and outparameters. In general, there are two types of
linearization: dot gain linearization and LAB linearization. Dot gain linearization linearizes the
relationship between the digital input dot area and the output value, while LAB linearization
intents to incease the accuracy of the lookup tables by adjusting the CMYK values. However,
this process reduces the gamut volwgiightly; it is a tradeoff between a larger gamut volume
with a poorly behaved device and a smaller volume with a beitdrolled devicéHrehorova,
Sharma& Fleming, 2006).

Figure34 shows the variations of the dot area after printing without and with calibration.
Thex-axis refers to the reference area in the input file, whilg#rds corresponds to the paper
area coveragd-igure34 (a) showshe relationship between input and output before
linearization. As shown, when the percentage of the reference increases from 70% to 100%, only
approximately 2% variation in the paper area coverage is obsé&igede34 (b) showshe
corresponihg relationship after linearization. It shows a roughly 15% variation in the paper area
coverage when the reference area increases by 30% from 70% to 100%. These results show that
the linearization process increases the detail in the % tones rangeaighifias a variation of
30% in the input file corresponds to about 15% instead of 2% coverage on the substrate (Chagas,

Blayo & Giraud, 2004).
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Figure34. (a) Classical area coverage on paper vs digital area covsfage calibration
(b) Classical area coverage on papedigital area coverage after calibration
(Chagas, Blayé&: Giraud, 2004).

2.3.3.2 Ink Limiting

Ink limiting refers to the maximum amount of ink that can be jetted during printing. It is
an important parameter for color calibration of inkjet printers (Zeng, 2001). For each individual
channel, ink limiting varies from 0% to 100%. Thus, for a printéh @ix ink channels, the
maximum ink limit is 600%. If in a particular printing system, the ink limit is set to 300%, it
indicates the maximum amount of ink used in the printing should not be more than 300%. The
settings of ink limits depend on the absarbe of the substrate, ink quality, image resolution,
etc. The amount of ink will affect printing color and image quality. It is, therefore, important to
have a good control on ink limits (Zeng, 2001). There are multiple ways to set the ink limits,
such asndividual ink limiting, ICC profile ink limiting, and global ink limiting.

The total area coverage (TAC) refers to the sum of maxicmwarage of all inks on the
substrate. In a CMYK foucolor printing system, where four layers of ink can be printeal, t

default ink limit will be 400%. Theoretically, if a rich black was produced by using 40% cyan,
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30% magenta, 30% yellow, and 100% black, the TAC would be 200%. In practice, however,
since the TAC varies due to the interaction between ink and the sepgtistifficult to

produce good print quality when TAC is too high. High TAC may cause issues such as poor ink
drying, smudges, and result in a waste of substrate and inks. It is possible to estimate the TAC
through some test charts. Table 4 shows tiggested TAC for different types of paper printing
processes (Chagas, et 2004). However, there is no generally accepted TAC reference for
textile inkjet printing, thus far.

Table4. TAC limit for different printing process (Chagas, Blag@iraud, 2004)

Printing Process TAC  Printing Process TAC
Laser printing 260% US Web Coated (SWQO#ffset) * 300%
Ink jet printing 250% US Web Uncoated (offset)* 260%

Euroscalecoated (offset)*  350% US Sheeted Coated (175 offset) *  350%
Euroscale uncoated (offset) 260% US Sheeted Uncoated (offset)* 260%
A traditional approacko control ink amounis to use GCR (gray component

replacement GCR is a separation technique to replace cyan, magenta, and yellow to produce a
neutral gray. This technique can reduce the amount of ink used to produce dark shades by
replacing other inks with black, so when larger amounts of black are used inahe col
reproduction, a better gray balance can be maintained. GCR can also reduce the ink drying time
and cost of ink consumption from the production perspective (Bandyopadhyay, 2000). Equation
30, on pagd4, shows the maximum amount of black, that carbe used to replace cyan,

magenta, and yellow (Zeng, 2001).
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2.3.3.3 Characterization

The characterization process determines the relationship betweendiepeelent and
deviceindependent color spaces for a calibrated device (Sharma, G., & Bala, R. 2002). It is
inverted to determine the device output parameters to produce a colorespiecifie PCS color
space (Shaw Sharma, 2003). In this process, an ICC profile is generated. The profile
generation process includes printing a color target, which contains hundreds to thousands of
color patches followed by the color measurement of patdh with spectrophotometers
(Chagas, 2004). Through ICC profile, the color management software can be used to predict the
color gamut plot and the gamut volume. In addition, the conversion of color between different
color spaces can be done by using k@€files (Hrehorova, 2006).

Theoretically, the calibration and characterization processes form a pair, meaning if the
new calibration alters the device characteristic color response, the characterization must also be
re-determined (Sharm& Bala, 2002).This situation occurs frequently when changing the
substrate. A full recharacterization, however, is measurement and labor intensive. It is possible
to select a reference substrate and adjust the characterization based on the complete

characterization ahe reference substrate (Sh&wsharma, 2003).
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2 4. Print Quality Evaluation

Maintaining a high print quality is essential, as it is one of the most important factors in a
customer 6s purchasing de c,i26004).Quoalitpsfa difficulpterm nt pr o
to explain, however, since its definition not only involves instrumental measurements, but also
customer judgements. The print quality can be affected in many ways, such as interactions
among printer, ink, and substrate, color managesystem, and even the operators and the
environment. To ensure production efficiency, it is important to have a robust quality evaluation
system. However, print quality evaluation can be very board, and may require tests on physical
or chemical durabilityf the product such as hand, and color fastness; it can also depend on the
appearance, such as the quality of solid colors, patterns, text, etc. In this study, we focus mainly
on the print appearance and related characteristics, which is widely knowntasmage quality.

In the following discussions, image quality (IQ) specifically represents the appearance related
print quality.

There are two approaches to modeling image quality evaluation: impairment and quality.
Impairment approach considers themases in quality from some reference, while quality
approach deals with a direct quality judgement which in most cases does not include a standard.
This type of assessment may involve, for example, evaluation of the print quality compared to
the digitaldesign on the display monitor (Engeldrut899). Many technologies and devices can
be used for such print quality evaluations, such as light booths, spectrophotometers, flatbed

scanners, digital cameras, €tstreckelet al, 2003)
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24.1 Image Quality Preferences and Metrics

The concept of the image quality (IQ) started very early. However, the 1Q problem is still
not fully resolved. The major challenge is the lack of a structure or a framework in quality
evaluation (Engeldrum, 1998Basdcally, there are two ways to evaluate image quality (IQ):
subjective and objective. Subjective evaluation is usually carried out by observers with normal
color vision, while objective approach can be carried out in many ways, such as instrumental
measurenents, using algorithms or 1Q metriedc. (Pederse2010).

Dalal (1998)discussed the advantages and disadvantages of subjective and objective
evaluation methods. Image preference is widely used in subjective evaluations. In this approach,
customers are shown an image and are asked to provide their evaluation of the othaity of
image. It can thus be used to determine which particular images are preferred by customers.
However, the image preference is hard to qualify as it is too subjective, and strongly depends on
image content. On the other hand, image quality metricsasichlor rendition, uniformity are
widely used in objective evaluations. These metrics are well defined for quantitative
measurement of specific 1Q features. However, not all metrics take human perception into
account. In addition, there are too many mstavailable, which can make the evaluation

process too complicated (Dalat al, 1998).
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2.4.2 Image Quality Attributes

Due to the inherent drawbacks of objective image metrics and subjective image
preferences, image quality attributes were proposed as another approach to evaluate the overall
print quality. An image quality attribute needs to be aéylel image quality escriptor. It
combines the good features of image metrics and image preferences. Selection of image quality
attributes can affect the efficiency of the overall evaluation process, thus, for a certain product,
the evaluation attributes need to be selectedralingly. Figure5shows two radar charts with
different image quality attributes that were used for image quality evaluation at Xerox Inc. In
both figures, the red solid line and blue dashed line represent the evaluation of two different

printers (Da#, et al. 1998. NataleHoffman, et al.1999).

Line quaity
10§

Transparency quality
100

Spot color quality 80+ »Range of substrates

Image shape stability (—/ \—— Paper flatness

Color stability < / Archival

Effective tone levels Macro uniformity

Document feel Duplex quality

Effective resolution

Figure35. Example of Radar Chart for printer performance evaluation

The selection of attributes for 1Q evaluation varies. Shin et al (2004) selected mottle,
visual noiseyisual structure, streaks & bands, RDRR (Relative Dynamic Range Reduction), and
RTRCE (Relative Tone Reduction Curve Error) for their print quality prediction model.
Pedersen et al (2010) defined five attributes for color print evaluation, which conglose ¢

lightness, sharpness, artifacts, and physical.
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2.4.3 Image Quality Circle (IQC)

Image Quality Circle was first introduced by Engelrum in 1988. Figure 28 shows the 1QC
proposed by Engeldrum (1989,1999) originally and modified by Arney (2006). Isiges
designers aim to connect the technology variables of the imaging system to the customer quality
preference. In this IQC, the connection between customer quality preference and technology
variables is determined by selecting suitable attributesjqimhages or patterns, and asking

customers to evaluate the quality of the prints (Engeldrum,1999).

2.4.3.1 Estimating Parameters

The major four estimating parameters are marked as A, B, C, and D, as shown in Figure
36. Customer image qualitsating (A) is the overall image qualitgsjudged by the customer.
The image quality can be defined numerically, for exanipleating the quality from 0 to 100
with acertain interval; it can also lskneadjectivally,by usingterms uc h as fopad o, A g
A e x ¢ e. Custemet perceptions (B) are the major perception attributes for the evaluation. It is
al so called the finesseso, whi c hTheseatiribuied@n d ar k n
be considered as unbiased, quantitatively measurabtrics in print quality evaluation.
Observers can be asked to judge the relative
Physical image parameters (C) are the terms usually astoilimage quality The image quality
can be characterized withsat of instrumental measurememsisch aseflectancespectra,
colonmetry, density,noise, contrast, resolutioatc. Physical image parameters can be used as
predictor s Tethnotogyearidblese(Bpse called printer device variablesfer to
thedeviceparametershat may change the image qualguch as dpi (dots per inch), dot size,

substratesoughnessand so onThese variables are usually printing manufactures and operators,
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and they ultimately control the characteristics of phgisimage parameters (C) (Engeldrum,

1999, Arney, 2006).
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Figure36. The Image Quality Circle (Arney, 2006. Engeldrum, 1999)

2.4.3.2 Image Quality Modeling

There are four different models connecting the evalugi@mameters to a circle, which

are:DevicelDependent Models (D Y B), System Model s

and | mage Qual i (Epgelitand @99 Arney, 06 DeAi¢eDependent

Model s describe t he r elndthatecineldgy variatles.tWe eaa mse t h e

the Ainesseso ratings as the measurements
print speed, substrate type, and so on to calibrate a printer for the best print quality.
Technology variables contrtie physical image properties directly. For example,
increased print speed may result in a lower print resolution. System Models are useful for
troubleshooting difficulties in a printing system, and they are important to a print production
specialist taunderstand the relationship between technology variables and physical image

properties.

67

t

0]

a



Chapter 3. Methodology

3.1. O1: Workflow Development for Ink Limiting Adjustment

Objective Onaimedto develop a workflow for ink limiting adjustment in digital textile
printing. A comprehensive literature review was complébedietermine the main areas of the
workflow. The literature review included foahaptersprinting technologies, printing ink
classifications color management, and print quality evaluation.

Chapter one summarized different printing technologies, such as prirthegdnt
mode Chapter two focused on ink classification and selection. Chapter three focused on color
reproduction technologies in digital textile printing which was the foundation of this research.
Different color prediction models were discussed. The color managsystam was introduced
in detail which filled the knowledge gap of inkjet printingtimetextile field. Chapter four
reviewed different existing quality evaluation models and approaBlgesssessing thewn
advantages and disadvantages ofetkistingevaluation methag the authosoughtto develop a
well-accepted systematic approach for the quality evaluation in digital textile printing field.

Through this comprehensive literature review, the author dex@bflowchart for ink
limiting adjustmentn digital textile printinghat could be used frovide aclearand

straightforward guideline for industrial operations.
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3.2. Materials and Devices

Printers

Two textile printers were utilized in this study, MSJP 5 and Mutoh 1938XMhdP5Evo

printer wasequipped witHour KyocerapiezoprintheadsThe Mutoh printer was installed with

two staggered piezo printheadsble 5 shows the information of the perg that had been used

in this research project.

Tableb. Printer Information

Printer Printhead Ink Channels Print Mode
MSJP 5 Kyocera Piezo | Pigment 8 C
Mutoh VJ1938X | Piezo Reactive 8 C

Print Mode C waslised in botlprinters as this mode is most often employed in

production settings requiring a balance between production speed and print qhalipyint

mode and drop size information is listed in Ta®l®rint mode C uses seven variable drop sizes

(4,7,11, 14, @, 19, and 24l); at 600600 dpi, passesusing Bidirectional printing and the

carriage speed is fAHiIigho.
Table6. Print Mode and Drops Size
A 4 7 12
B 7 12 18
C 4 7 11 14 16 19 24
D 4 8 12 16 19
E 4 8 12 15 19 21 26 31 36
F 4 8 16 19 22 25 28 33 38 43 48
G 4 8 12 16 20 28 36 42 48 54
H 4 8 12 16 20 24 28 32 36 40 48 54 60 66 72
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Ink set
Three ink seswereutilized in this research. CMYK pigmebased ink setvas not
commercialized andias used for th®bjective Two-aandTwo-b. CMYKRB pigmentbased
ink set from JK Group was used f0bjective Twac andObjective Thredesting image
development.
Reactive mks from Everlighwvereinstalled in Mutoh 1938 X printer, the ink colors were:
Black, Cyan, Magenta, Gra@range, Red, Blue, and Yellow. This set up was use@lijctive
Threetesting image application.
Substrates
Fourtypes of fabric were used this research
1. Cotton satin 3014 (246gsm) atice MSJP5 printer were used for the image
developmenand crockfastness tesihis printer/fabric combination was also
used for theaesting image developmerfthetesting image wasubsequently
utilized for ink limiting optimization fothereactive dyebased printing
2. Warp satin 6978 wagrinted on theMSJP5 printeandused for evlwating the
impact of ink limiting on color qualitieg.he prototype of the testing image was
developed based on pigment printing
3. A 5mm100%silk habotai (120yas printed on the Mutoh 1938X aunsed for
the ink limiting adjustment
4. A cotton percale @2gsm)was also printed on the Mutoh 1938X arsed for the

ink limiting adjustment
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Both the 5mm 100%silk habotaiandcotton percale (142gsmjeretreated for reactive
printing and sourced from Jacquard Inkjet Fabric Syst&hms informatiorpertaining to the
fabrics are shown in Table

Table?. Fabric Information

Fabric Supply Material Fabric Weight| Ink type

3014 warp satin Premex cotton 246 gsm pigment

6978 warp satin Premex cotton 172 gsm pigment

Percale Jacquard Inkjet Fabriq cotton 142 gsm reactive

5 mm silk Jacquard Inkjet Fabriq silk (with paperback)| 125 gsm reactive
Software

Two Rip softwareapplicationsvere used for printing managemeWtasatch and
RipMaster Wasatch was installed in the computetconnected to MSJRarinter. RIPMaster
software was installed in both computers that connected to the MSJP5 and Mutoh printer.

Xrite 11 profiler softwarewvas usedor color measurements addvelopng different
profiles. The profiles were then uploaded to Wasatch. As RIPMaster has the build in calibration
function, the il pro spectrophotometer was only used for color measurements.

Adobe Photoshop 2020 was used for the testing image develofgrheriesing image
development iDbjective Threavasinitially developed andested through Wasatch software.
Then the testing image was printed through Mutoh which was controlled by RIPMaster software.
Spectrophotometer

Two types of spectrophotometgereusedin this researchDataColor 850 and il pro
from Xrite. The measurementsing DataColoB50 spectrophotometavere conducted using

D65 illuminant; CIE 2° standard observandthe measurement geometry was 4&¢0ording to
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ISO 13655:2009The aperture size w&mm and specular and UV lightereexcludedduring
each measurement.

Xrite i1 pro was used to measure the color patches when developing the profile for
differentprinting set upThe measurement mode was MO, which is normally used for the
measurements of substrates without optical brighter. llluminant D65 was used for the
measurement, each color was measured twice, and the average Lab value was obtained.
Crockmeter

Teskex TF411 Electronic Crock Metgras used for the crockfastness testing in this
researchColorfastness to dry was tested using AATCC TM 8 procedure, to observe the amount
of color transfer from the printed cotton woven fabric surface to the surface dectegt
square.

Heat setMachine
Rotary heat set machine from Practix-Okwas used for heat setting after printing.

Fabrics printed using th@gmentbasednks were cured at 350 F for 2 min in the heat press
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3.3. Objective Two: Impact of ink limiting on color quality of inkjet printed cotton

substrates

3.3.1. Objective Two-a: Influence of Ink Limiting on Color Measurements

This researcloughtto investigate the influence of ink coverage on measured color
quality in digital textile printingThe color that human eye perceives is the accumulated light
reflectance of the subject. Theoretically, if the accumulated reflectance is the same, adding mo
ink will not change the color appearance Wil causequality issus andincrease inkvaste. In
order to reduce the cost and waste during the printing production, it is essential to optimize the
ink consumptioramount Linearization is an important @cedure to correlate the relationship of
input and output ink amount.

Figure37 showsanexample othelinearizationprocesswherethe y-axis is the output of
the ink amount, and theakxis is the input ink amounthis linearizatiorshows that the curve
turns flat when the input ink amount was around 7i#icaing that adding more ink will not

change the output appearance.

Figure37. Example of Linearization (Image original from Colourgen)
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One common way to define a color is to util@eumeric system, in this study Lab
values were used to define a print color. If the Lab value of two printjaied it means
instrumentally these two colors ahe same.TheLab values of different ink limiting were
measured and comparexhdthe resuk were plotted in a chromaticity chart. The volumes of

color gamut of different ink adjustment were also compared.

3.3.2. Objective Two-b: Influence of Ink Limiting on Color Appearance

This researclaimedto investigate the influence of ink coverage on perceived color
quality in digital textile printing.The objective wereto attain an improved understanding of the
relationship between ink coverage and the visual appearance and acceptaieiityegdrinting
and to generate a method to produce high quadityr printswith a minimum amount of ink
consumption.

A colorful pattern (with a resolution not less than 300 dpi) was selected to print on a
pretreated cotton substraline color profies were generated using thei il profiler which
were then uploaded to Wasatch. The gamut vohohdifferent ink setsverethen compared.

The same digital file was printed under different color profiles. Visual evaluation of samples was
conducted byomparing the printed sample at different ink levels to the referenceTpsienty
participants were asked to rate the samples based on a reference, which was printed using a
100% ink limit profile per channel he ranking levels were selected basedhe®ATCC visual

~

evaluation method EP9 and wer e: Aequal , 0 fAsli
Aconsiderabligmdchferehér @&éntand
Pigment based CMYK ink set was utilizedtims experimentThe ink used for stage one

was not commercigded. The printer selected for this study was MSJP 5 equipped with four

Kyocera heads from MS/Dover Corporation. The printing resolution was 600x600 dpi, using
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print mode C with variable drop sizes (4,7,11,14,16,19, and 2Apl)1 pro handheld
spectropbtometer (XRite) was used toreate different profilesand a SPLIII light booth (X

Rite) was used for the visual evaluation of samples. A simulated illuminant D65 was used for
visual evaluation and color measurements. The RIP software used in thisvasi#yasatchand

the substrate was pteeated warp satin 6978 obtained from PreGwutions(Atlanta, GA US).

3.3.3. Objective Two-c: Influence of Ink Limiting on Crockfastness

This studyaimedto investigate whether ink limiting reduction damprove the print
color fastness propertgamely crockfastnesB8y definition, colorfastness is the resistance of a
material to change its color appearance as a result of the exposure of the material to any
environment that might be encountered duringptteeessing, testing, storage, and application.
There are many testing methods that are used to test the colorfastness of the textile products,
such as light fastness, laundry fastness, crockfastness, etc. The selection of the testing attributes
depends othe materials and applications of the end products.

Crockfastness (also called rub fastness) is one of the common color fastness testing
methods for pigment printindt. is the resistance of the colorant from the textile surface transfer
to another surfze or to an adjacent area of the same fabric by rubBimgpard to lightfastness
and laundry fastness, crockfastnesdrigss easier to carry out arelsstime consuming
Crockfastness is also one of the major challenges in pigment printing. Theretbige study,
crockfastness was selected to represent the color fastness property. Testing M&hed8m
AATCC was adopted in this section.

Figure38shows the AATCC Gray Scale for Staining, a value of 5 corresponds to
excellent colorfastness, whereas 1 indicates poor colorfastness. The rating specification is shown

in Table8. The unit of color difference is delta(BATCC TM8-2016, ISO 105x12).
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Figure38. AATCC Gray Scale for Staining

Table8. Gray Scale for Staining Ratings

Grade| Color Difference | Specification

5 0+0.2 negligible or no color transfer

4-5 2.210.3 color transfer equivalent to Stegb%n the Gray Scale for Stainir
4 4.3+0.3 color transfer equivalent to Step 4 on the Gray Scale for Stair
3-4 6+0.4 color transfer equivalent to Stepd3®n the Gray Scale for Stainir
3 8.5+0.5 color transfer equivalent to Step 3 on the Gray Scale for Stair
2-3 12.0+0.7 color transfer equivalent to StegB2n the Gray Scale for Stainir
2 16.9+1.0 color transfer equivalent to Step 2 on the Gray Scale for Stair
1-2 24.0£1.5 color trarsfer equivalent to Step4 on the Gray Scale for Stainir
1 34.1+2.0 color transfer equivalent to Step 1 on the Gray Scale for Stair
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3.4. Industrial Survey Development

For ObjectiveThree,asurvey instrument was developed to collect information from
industry experts pertaining to the development of digital textile printing and its quality
evaluation. Sixty experts were pigentified and recruited through email and an online survey
platformto take part in the survey. Twertgven people participat@d the studyandtwenty-five
participants completed this survey. Qualtrics software application was utilized to generate the
survey. This activity was approved by the North Carolina State UrntiyéiRi8 office according
to the protocol number 14132. The survey questionnaire is listed in Appendix A.

The guestionnaire was divided into three sections. Section one included five questions
and was developed to gather general information from the paritsipThese included how long
the experts had been working in the digital textile printing industry, and a description of the
advantages and challenges of digital printing technology from their perspective. Section two
included five questions and was dedpd to investigate the quality evaluation methods that are
currently utilized in the industry. The first three questions were designed to determine the
importance of the print quality and determine different testing methods. The fourth and fifth
guestionsn this section were developed to obtain an insight about existing evaluation metrics.
For example, participants were asked to state what evaluation metrics are important and how
|l i kely the participant s ¢ o mp dionyualitysevatuationut i | i z
Section three was designed to better distinguish the important subjects for textile printing quality
evaluation.

While there are a number of testing images available in the printing industry, most of the
testing images are devekxgfor the paper printing industry, which include images that may not

be reproduced frequently in the textile printing industry. For example, pictorial images for
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graphics printing may not be suitable for textile printing. Thus, it is important to deaelop
generic testing image particularly for textile printing. Section 11l was designed to obtain the
insights from industry experts for the testing image development for digital textile printing.

The survey results in this research were used as a guidediogl¢he testing image for
textiles and to determine the best quality evaluation methods. The following sections include a

more detailed examination of the responses obtained from this survey.

3.5. Objective Three: Testing Image Development

This studyaimedto develop a testing image for ink limiting adjustment. The survey
results were uset guide of the development of the test imdgsed orthe surveyresults it
was found that both objective and subjective evaluation methodsm@sEleedimportantby
participating expertsThe most likely adopted evaluation attributese found to b€olor
Difference (Visual), Print Sharpness, Print Resolution, Crock Fastness, Wash Fastness, Light
Fastness, Colorfulness/ Saturation, and Line Qudlhg. most relevant types of images for the
guality evaluationsvere selected af€olor Patches, Primary Ink Density Chart, Line Quality
Pattern, Text Quality Pattern, and Gradient Color Mixing.

The gradient color mixing was included in the eadysions of the testing imagand it
was printed through MSJP5 with pigmémis (shown in Figur&89). However since this digital
file was supposed to be printed before calibration the gradient effect is affected by the digital file
and there can be n@omization during the printing process. Therefore, the gradient color

mixing part was excluded from this digital file.
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Figure39. Example of Gradient Colors Printed with Pigment Inks

The test image was printed by two digital printers, MSJP 5 and Mutoh 1938X. The
MSJPS5 printer was installed with pigmerdsed inks, the order of the ink colors was Cyan,
Magenta, Yellow, Black, Red, Blue, Green, and Orange. The Mutoh 1938TX printer was
installed with reactive inks provided by Everlight Chemicals. The colors installed in Mutoh
printer were Black, Cyan, Magenta, Gr@range, Red, Blue, and Yellow. Both printers were

connected to the computer that installed with RIP Master software.
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Chapter 4. Experiments

4.1. Objective Two: Influence of Ink Limiting on Color Quality of Digital Printed Cotton
Substrates

The objective of this study was to investigate the influence of ink limiting on color
quality of digital printed cottosubstrates. It was addressed in three dimengiinsluded both
subjective and objective quality evaluation appro&atstly, the colorimetric data was collected
to evaluate the impact of ink limiting on instrumental measurements. Second, the visual
assessment was carried out to investigate the how the ink limiting affect color gamut and visual
appearance. Lastly, crockfastness testing was conductéutiypthe impatcof ink limiting on
physical color durability.
4.1.1 Objective Two-a: Influence of Ink Limiting on Color Measurements

The color swatch was created through Adobe Photoshop 2020. The swatch included six
ink colors, cyan, magenta, yellow, black, red, alug bEach color was printed in ten different
ink amounts, from 10% to 100% with 10% inter{gthown in Figurel0). Color of thefabric was

alsomeasuredandit wasset asstandard that printed with 0% ink

HEEN
HEENE

Figure40. Ink Limiting Chart for Color Measurements
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The fabric used in this study wastton warp satin 6978 obtained from Premex (US)
whichwas pretreated for pigment printinbhe printing process was conducted through a MS
JP5 digitaprinter using a pigmerttased ink system.ffer printing, d the samples had been
heat fixed at 350F for two minutes after printing. Datacolor 850 Spectrophotometer was utilized
for the color measurements. Each of the color sveatehs printed threerties, and each ink
level was measudghree timesTherefore, each ink level has nine measurementshand t
average Lab values were calculated and plotted in a chromaticity Thanprofiles of different
ink limiting adjustment were compared in terms afryt volume and producible lightness

range.

4.1.2. Objective 2b: Influence of Ink Limiting on Color Appearance
In this study, nine color profiles with different individual ink limiting were created.
Different ink limits were applied to generate a new calibration of the priftes.color gamut of
each profiles was compared. The profiles were then uploaded in WadptsoftwareFabric
that used in this study was warp satin 69¥8olorful print was selected and printed under
different printing configurationgifter printing, the prints were heat set at 350F for 2 minutes.
The reference for each channel was 100% ink limit and the total area coverage for this
level was 400%. Individual adjustments and combinations of ink limits are listed in9 dlile

adjustments were done at the beginning of the calibration.
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Table9. Ink limiting adjustments

Ink Limiting C (w) M (%) Y (%) K (%)

Reference 100 100 100 100
90C 90 100 100 100
90M 100 90 100 100
90Y 100 100 90 100
90K 100 100 100 90
80C 80 100 100 100
80M 100 80 100 100
80Y 100 100 80 100
80K 100 100 100 80

After printing, visual evaluation was carried out to evaluate the impact of ink limiting on
visual appearance of digital textile printirfigventy volunteers with normal color vision
participated the visual evaluatid®PIIl Light Booth with D65 illuminant was utilized for the
visual evaluation. The evaluation angle was 45 degree. The reference print was placed on the
left, and the sample print was placed on the right side. Participants were asked to rate how likely
thesample print is comparing to the reference piiihe ranking levels were selected based on
the AATCC visual evaluation method EP9 and we
di fferent, 0 fcondiimberha WliThefwbikfferoéthisstudy ijs&hownn d

in Figure4l.
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Figure4l. Workflow of Profiling and Visual Evaluation

4.1.3. Objective Two-c: Influence of Ink Limiting on Crockfastness

In this study, the test print was generated through Adobe Photdshiofilypes of cotton
fabric with different ink amount were tested in this study. The variables in this experiment were
ink amount and fabric type. Fabric A is warp satin 3014 (246 gsm), fabric B is warp satin 6978
(172gsm). These two fabrics hae same woven structure but different fabric weigland
thickness. Both fabrics were pretreated for pigment printing and sourced from PremexSolutions.

The inks used in this study were digital pigment inks from JK grobere were four levels of
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ink amount, 100900%, 85%, and 80%. Sampliémat printed with 95% ink amount was
excluded because the color measuremamtivisual difference®etween 95% and 100% was
deemedoo small.

Each ink level was printed three times and all the samples were cured in a heat set
machine at 350F for 2 minuteBhenthepr i nt ed f abrics were cut to a
diagonaldirection. Before the crockfastnessts, the fabric samples and white test squares were
conditioned overnight in 21 N 1 eC (70 N 2 eC
on the crockmeter and rubbed against the surface of the dry or wet white test square by cranking
the metehandle back and forth 10 times. Afteocking thetesting square was measured
utilizing a DataColor S850 spectrophotometer. Theeasuremergettings icludeda 9mm
aperturespecular and UV light excludednd using D65 illuminant and CIE 1964 (1)
Standard ObserverThe samples were rotated 90 degrees dutirgmeasuremest and lhe

crockingresultswererated by means of the gray scale for staining.
4.2. Objective Three: Creating a Test Image

4.2.1 Digital File Set Up

Animage that includgseven components was developethis study for use astasting
image for the assessment of the quality of textile digital prifite seven componeritgluded
ink density chart, line quality chart, text quality ch&&mens star, spot colors, and color
patches. Adobe Photoshop version 2020 was utilized for the image development. The image
modewasMultichannel(asshown in Figurel2), no gamut was imbedded in this file, and the

image size was set as A3.
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Figure42. Creation of Multichannel mode Image file

By default,in the multichannel modeherearethree existing channels, which are Cyan,
Magenta, and YellowHowever, a this imagevasdesigned foa CMYKRB six ink system,
threeadditionalchannels weracorporated which weneenamedn the settingsccording tahe

color of theinks usedand thé installation ordergsshown in Figuret3 a-c).

Channels  Paths Channels  Paths = ayers  Channels  Paths

Cyan

o Cyan

O . Magenta
O . Yellow

(2]
<
s
5
@ <
g 2
= 2

o
[-%

0
0

(a) Default channels (b) Adding three channels (c) Rename Channels
Figure43. Setting up Six¥nk Channels
4.2.2 Color Rendering Specification
In order to render the imagg@propriatelythesix channels were assignexsix colors.

The CMYK values of each channel are listed in TableAs CMYK color space is device

dependent, different monitors may render theders differenly. However herethe selection of
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thespotcolorson the monitomwasjust for rendering purposeThus, m this scenario, the

selection of spot colof®r each channel will not affect the print colors.

Table10. The CMYK values of the six channels

C M Y K Swatch
Cyan 100 0 0 0 -
Magenta 0 100 0 0 -
Yellow 0 0 100 0
Black 0 0 0 100 -
Red 0 100 100 0 _
Blue 93 67 0 20 -

The channels set foinis digital fileare designed to be directisonnected to the printer
ink channelsandno othercolor conversionare involved in thetransfer of information from this
file. In other word, the designs or patterns in each layer ditkectly influencethe ink injection
of the corresporidg printer channel. For example, if an areae Cyan channel in Photoshap
selectedhnd filledwith a colorat80% opacity the printer will jet 80% cyan on the substride
that section The prinedcolors will alsodepend on the characteristics ofsn&ubstate, and their
interactions. The coloithatappear in the image are the percersajehe coverage area, or the
combination of different primary colors.

Figure44 is an example of Black channel set up in Photoshop. This channel was renamed
to Black, with the assigned CMYK valuex (0,0,0,100). Thé Glor Indicates settingwas set

tofi BlectedAress 0 as s h o whherefore, ifan agea in the digital fils selected and
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filled with 100% color opacity, the printer will print 10086 theink amount in tle selected area
on the substrate. The color of the print in this selected area depends on which colored ink is
connected to this channdlhus,it maynot betheactualcolorthatthe digital channel was

assigned to.

Color Picker (Channel Color)

Color Indicates:
Cancel Cancel
Masked Areas

O Selected Areas Add to Swatches

@
O

Spot Color current
Color Libraries
Color

L
Opacity: 100 % s M %
14 %
O 35
31
Only Web Colors S 32

# 231f20

Figure44. Example of Black Channel Set up

Figure45is a captured image the Photoshop working space. Each of the selected color
blocksin each of the six channatan befilled with a given color, in this casE)0% black with
RGB values 0f(0,0,0).However the colors shown on the monitwill be based orthe colos
assigned to each chanm@ldnot necessarilyplack (unless the assignelor is set to be black)
For example, at the top left of Figure 4, a rectangle shape was selected in the Cyan channel and
maskedvith 100% black. The coldhatappeas onthis spot is not thenaskedlack color, by
thecyancolorwith CMYK values 0f100,0,0,0)that areassigned tohe Cyan channel. In
conclusion, the colors or patterns thet rendered the monitomwill depend on the area

selected and the color opacity filleat each channel.
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Figure45. Example ofColor Appearance on the Monitor

4.2.3 Testing Image Development

In order tothe review the testg imagedeveloped for thguality control of printed
textiles wasseparated into thresections Section Icontains thénk Density Charand Line
Quiality whichcan be used for individual ink limiting evaluation and adjustment. Section Il
includes text qualitySiemens star, spot colors, and total ink limiting testing squares. This section
can be utilized for the evaluation of line and tgxality, print resolution, and total ink limiting
adjustmentSectionlll includes24 color swatches printed with different ink amounts and
combinations. This section provides the observer with a reference for the visual evaluation based

on different inklimiting adjustments.
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Ink Density Chart and Line Quality

The ink density chart was developedadjustindividual inklimits. It includes a group of
0.5x0.5-inch small squares thatecoveredat different color opacityevels or in other word
different ink coveragevalues(asshown in Figuret6). Fromtheleft to theright, the colors in
each channel afdled from 100% to 5%ata 5% interval.There is a 4 pixels distance between
rows. This space was designed to observe the ink spreading behawnaheliek limiting is set
too high.

This chart carbe utilized to visually detect if any over inking artifacse presentf ink
pooling is obvious in one channel, it suggests that the inkfiomihis channel needs to be
reducedThis chart can also be used for linearization and individual ink limiting adjustment. For
example, if theevaluatorcannot perceiva color differencefor cyanat 100% and 90% ink
limiting levels or the colorimetric measurements of 100% and 90%uedged to be close
enoughijt suggests that the ink limiting of this channel can be reduced to 90%.

The line quality chart was developed for theluationof line quality. The sizes dines
for each primarycolorare 1 pixel, 3 pixels, 5 pixels, 7 pixels, 9 pixels, 11 pixels, 13 pixels, and

15 pixels. The distance between the center of eachvliseset td.2 inches.
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Figure46. Ink Density and Line Quality Chart

Text Quality, Siemens Star, and Total Ink Limiting
The text quality chart was developed for the evaluaiidime quality. The sizes dines
for each primarycolorare: 3 pixels, 6 pixels, 9 pixels, pikels. The selection of the font size
was based on practitprinting experiencelt was found that the print quality was problematic on
textured cottorfiabricswhen the font size was less than 3 pixels. The Siemens Star patterns with
128 spokes were uséat the evaluation of print resolution and sharpnassshown in Figuré7.
The diamond shape blocks were designed for the total ink limiting adjusthhené are
four smaller squares on the left side of the image. The total ink coverage for thess fgua
left to right are 150%, 2009250%,and300%. The total ink coveragef the larger squares
rangefrom 300% to 600% witla 50% interval Each of thesix primary inkswasadded equally
in the diamond blocks. The color appearance in the testingishast the rendering format, the

actual print colois determined by the ink and substrate characteristics.
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Figure47. Section Il of the Testing image
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Color Swatches
The color swatcbsincluded twenty-four 1x1-inch blocksthatwere designed texhibit
the color appearander different amourg of primary inks as shown in Figuré8. Each block
was filled witha different percentage and combination of primary inks. The color selection was

based on the Xite color clecker test chartThe ink coverage combination of eatuarerom

} 3 -

top left to bottom righis listed in Tablel.

Figure48. Digital Color Swatches Included in the Testing Image

Table11. The inkcoverage combination of test color patches

Q1 2 3 4 5 6 7 8

4o

1 | C20M70Y80 | M10Y30R | C40K10 | C80Y100 | CIOM10R20 | Y10C6 | M30Y100 | C50K10B80
K80 20 B60 K10 B70 0 R20

2 | C10M40Y20| M50R70B | C25Y10 | M20Y100 | C50K50B10 | C70Y1 | Y20R100 | Y100
R60 70 0 0 00

3 | C100B20 M8OR20 | K5 K15 K30 K60 K100 C30M30Y30

K100

In Table 1, “Gndicates the roypositionof the color swatchQndicates the column

positionof the color swatchthusd represents the color patch in ré&nd columnQ
CMYKRB represent Cyan, Magentéellow, Black, Red, and Blumks. The numbefollowing

each letter represents the ink coverage of the corresgpmamary ink. For exampld) is the
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patch in thedth column and the second row. The codbown forthis patch is C50K50B100,

which meangshis patch will be printed with 50% cyan, 50% black, and 100% blue.
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Chapter 5. Results and Discussion

5.1. Objective One: Workflow Development of Ink Limiting Adjustment

Ink limiting refers to the maximum amount of ink that can be jetted dpringng. It is
an important parameter for color calibration of inkjet printers (Z26@1) Many printing issues
may occur when the ink limiting is too high, such as ink pooling, prelddgying time etc
Therefore, it is important to have a standagdiprocedure for ink limiting adjustmefiowever,
in the published literature, there was also lack of understanding about color management and ink
limiting adjustment for textiles.

Throughtheliterature review anthe author®practical working experiares, a workflow
of ink limiting adjustment was developét/hile ink limiting can be adjusted durinige design
phasemeaningt can be controlled when the digital file was creatkd focus of this studyas
on the printing production phaskehe investigtorfound that there are threeethodgo adjust
the ink limiting during printer profiling.

The firstink limit adjustment method can ocaaifiter printingtheink limiting swatches
(shown in Figure 9). One can simplyisually compare the color appeararafecolor patches
with different coverage If the path with alower ink coverage appedise sameas that othe

higher coverage, the ink limiting can be reduced to a lower coverage.

94



-
(%) Calibration w

— |
v 4”“:,
Calibration Curves I
[ =
Ink Reduction
[T Lock Default (Clear All) l

...........................................................................................

85%  Black

70% Cyen

........................................................ &% M 5

g 85%  Yelow
I

Figure49. Example of Individual Inlimiting Adjustment

Another approach is to measure the color swatches and plot the input and output ink
amount in a chart, called linearization. The cutoff point for ink amount can be defined when the
linearization curve reaches the peak ands¢émdbe avertical line (Shown in Figurg0). These
two methods can be defined as individual ink limiting adjustment, which means that the ink

channel was adjusted individually.

o —

Figure50. Example of Linearization (Image original from Colourgen)
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The secondavay to adjust the ink limiting is after printing otlte profile color swatches.
The third method of ink adjustment occurshe last stagef profiling. After creatinghelCC
profile and printing outhetest chartsone can check if there are ink pooling, ink drying issue
or oversaturated color problenasdthus identify if theres too much ink on the substrate
surface The inklimiting accordinglycan then be adjustedtcordingly Figure 51 shows the
example of total ink limiting adjustment in Wasatch softwateese two approaches are

considered as global ink limiting adjustmemnt total ink limiting adjustment

.
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Figure51. Example of Tothlnk Limiting Adjustment

Based on the ink limiting adjustment approaches discussed, the workflow of ink limiting
adjustment was develeg (seeFigure52). This workflow involves subjective evaluation and

instrumental measurements.
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The investigator found thabéreare two distinct phases for ink limiting adjustment. One
is individual ink limiting adjustment, which meatigtonly the maximum ink amount ehch
channel was adjusted individuallijhe other approach is called global ink limiting adjustment or
total ink limiting adjustmentindrefers to that the total maximum amount of ink is adjusted.
Dependingon the color management software, the algorithmotad ink limiting adjustment

varies.

Print Ink Limiting Swatches
Visual Evaluation Ink Limiting Adjustment
Instrumental Measurement
Linearization
Print Production
Print Profile Color Patches |
Visual Evaluation *| Ink Limiting Adjustment
Instrumental Measurement Visual Evaluation
Create ICC Profile Print Test Image

Figure52. Workflow of Ink Limiting Adjustment
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Many factors will affect print quality, such as machinery settings, operation procedures,
guality evaluation methods, etc. Througk literature reviewand working experience of the
author a cause effect diagram was credggdtbwn in Figuré3). It included six major
component that affect printing quality, which are input file type, substrate, printer, ink, color
management system, aoperation. Each of these elements plays a significant role in color
reproduction of digital textile printing. This diagram provides a guideline for understanding

digital printing technology and troubleshooting when printing defect occurs.

Color Management System

Input File
Computer
AM screening FM screening Printer "
Spectrophotometer Number Piezo Input device
i\ Printhead Camera Scanner
b CMYK RGB
Colorimeter Densiometer Manutsciu: Thermel = 5
Software Vender T-shirt Flat Belt Color Mode
Perceptual Absolute Printer Type MultiChannel
g Intent Whole Garment Large Format Resolution File size
Saturation Relative Print Mode Format
Prediction Model Print speed Print direction Drop size Raster Vector
Digital Textile Printing Quality
Quality Control Surface tension Viscosity Structure
Obijective Subjective Physical property Non-woven Knits Woven
Operater Environment Ink carrier Particle size Density ion & Finishing
Dotk \ Pigment-based Post-treatment Pretreatment
Standard Cost Conventional Latex Nano pigment Material
Operation Reactive Blends Polyester Wool
Dye-based Nylon Cotton
Rayon Silk
Disperse Acid % 3 y
Ik Synthetic Natural
Substrate

Figure53. Cause and Effect Diagram of Digital Textile Printing Quality
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5.2. Objective Two: Influence of Ink Limiting on Digital Printed Cotton Substrates

5.2.1 Objective Two-a: Color Measurementsand Color Gamut Comparisons

This study aimed to examine how ink limiting affects the colorimetric properties of
digital textile printing. Six ink channels were tested, which were Cyan, Magenta, Yellow, Black,
Red, and Blue. Each channel was printed uaiMSJP5 printer at ten different ink levels, from
10% to 100% with a 10% interval. The fabric utilized for this study was warp satin 3014 (246
gsm). The prints were hesét at 350F for 2 minutes after printing. The prints were then
measured with a Data@@w 850 spectrophotometer, and the CIEL@hroma (CIE C), and Hue
(CIE h)values were recorded adELab values werplotted (as shown in Figuél). The
color measurement results of 100%, 90%, and 80% ink limiting were shown in Table 12. The

full results from 10% to 100% were listed in Appendix

Ve:l:'w * 100%
e * 90%
H
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* 70%
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Figure54. CIELab plot of Different Ink Limiting of CMYKRB
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Table12. Color Measurement Results

Batch

Name Batch CIE L| Batch CIE a| Batch CIE b| Batch CIE ¢ Batch CIE h
100C 52.95 -16.59 -38.77 42.17 246.83
90C 54.92 -17.51 -38.68 42.46 245.64
80C 61.05 -18.96 -35.62 40.35 241.97
100M 53.07 50.25 -11.04 51.45 347.61
90M 55.26 49.26 -12.04 50.71 346.27
80M 61.64 43.47 -13.51 45,52 342.74
100Y 85.10 -1.69 79.88 79.90 91.22
90Y 86.47 -2.91 75.90 75.96 92.20
80Y 87.86 -4.30 63.35 63.50 93.88
100K 24.53 0.75 1.84 1.98 67.75
90K 27.67 0.79 1.81 1.97 66.36
80K 36.29 0.86 1.81 2.01 64.74
100R 53.21 51.26 15.44 53.54 16.76
90R 55.83 49.90 13.52 51.70 15.16
80R 62.32 42.65 8.03 43.40 10.66
100B 47.77 6.13 -38.80 39.29 278.98
90B 51.12 5.28 -38.75 39.11 277.76
80B 60.02 2.45 -34.06 34.14 27411

Figure 54- left shows the a*b* plot for different ink limiting levels for each of the inks.
The point in the center of the coordinates shows the colorimetric values of the substrate. The
L*a*b* values of the substrate were (90.27, 0.89, 0.37). Whilestw each ink are color coded
according to the ink, those for the black are concentrated in the center of the chart due to their
achromatic nature. The further away the data from the center, the larger their chroma and
colorfulness and also their colaffdrence from the substrate. Lines representing chromatic
values at different ink limiting levels may be used to represent the colorupupdoperties of
inks. If points representing different ink levels are sufficiently far away from each other on the
radial line representing chroma then it can be concluded that the change in colorant amount

results in an appreciable colorimetric, and visual, variation. Otherwise, the difference may not
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be large enough to warrant an increase in the amount of colsesht As shown, the C* values

at 90% and 100% ink limiting levels for all the colors except for yellow are very close.
Therefore, it may be said that the cdbaildsup beyond 90% ink limiting level is poor in most
cases. | n a-dde o irdpriesereing bheomdiar color build up for each ink tend to
curve when the ink limiting level increased especially beyond 80%. This indicates that at large
individual ink limiting levels some hue shifts and deviation from linearity occur. This fact
emphasies the importance of linearization in color calibration.

Figure 54right shows the lightness value for each ink at different ink limiting levels. The
lightness plot shows that different inks exhibit different ranges of producible lightness values.
The lightness range for yellow at different ink limiting levels varies between 80 to 100, which
indicates yellow ink is essential for the (re)production of light and bright colors. The lightness
ranges for various ink levels for cyan, magenta, red, and bls®arewhat similar, and are
roughly between 50 and100. These inks are thus important in the reproduction of colors in
middle tones. Black ink had the widest range of producible lightness, which indicated that black
ink is important for the production of maijty of colors including dark shades. However, the
lowest attained L* value was 24.53, which is essentially a dark gray color rather than black. This
is likely due to the property of the selected black ink, and the absorbance properties of the
substrate.n such cases and to reproduce dark black colors, additional colored inks may have to
be also jetted. As mentioned in the literature review, it is possible to (re)produce rich black
colors by jetting 100% black, and 30 to 50% of other inks, dependingeainéinacteristics of
inks, substrate, and their interactions.

Table13 shows the gamut volume of the printed colors after individual ink limiting

adjustmentsTwo software were used in this analysis. Gamut volume (W) indicates that the data
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was obtained through Wasatch software, the unit of the gamut volume is million cubic delt E.
Gamut volume (C) suggested the data was obtained through Color Think softe/ane} tbf
gamut volume in this circumstance is number of producible colors.

As expected, the color gamut volumhecreased when the ink limits were reduced
However, there was a severe difference in terms of gamut volume when yellow was reduced to
80%, conpared to the reference ink limit setting. In contrast, when the black ink limit was
reduced to either 90K or 80K, the gamut volume of the reference (11.13 million cubic DE) was
not affected significantly. The gamut volume of the reduced black limit fan8iB0% limits
was 11.09 and 11.07 million cubic delta E, respectively. The results for 80C and 80M seem
abnormal when compared to the reference setting.

Table13. Gamut volume of profiles with different ink coveraggdtings

Color profile Reference| 90C 90M 90Y 90K 80C 80M 80Y | 80K

Gamut volume| 1.13 111 1.09 1.09 1.12 1.27 1.23 0.61 | 1.07

(W)

Gamut volume| 189,215 | 185,000| 180,654| 180,654 | 189,202| 74,099 | 59,880 | -1 37,225

©

Figure55 shows the comparison of the color gamut of 90Y and 80Y to the reference color gamut
(shown in purplish blue color). As shown in Figieleft, there was a moderate shrinkage in the

+b axis, which indicated that the production capability of yellow wasced slightly. As shown

in Figure55-right, when the yellow limit was reduced to 80% there was a visible shrinkage in the
+b axis, and a big difference in the vertical axis, which represents the lightness. This comparison
suggested that yellow ink is cratifor color reproduction, especially in relation to the attainable

lightness range.
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Figure55. Color gamut comparisons for 90Y ink limit (left) versus 80Y (right)

The left side of Figur&6 shows the maximum producible ligless of each color profile.
There is no significant difference in terms of lightness when individual ink limits were reduced
to 90%. When the cyan and magenta were reduced to 80%, the maximum lightness was not
affected. When yellow and black were reducefG®o, the lightness was affected significantly,
especially when the yellow limit was changed. The right side of Fisfusiows the lightness
range among different profiles. It shows that the ink reduction for yellow and black will affect
the producible fjhtness range significantly. The reduction of black increases the lightness
attainablewhich indicates that having the maximum black limit is crucial for producing darker

shades.

10z



Run Chart

Run Chart of Maximum L

Run Chart of Maximum L

95

20

85

80

75

70

65

60

55

Reference

90C

90M

Overlay Plot

90 ¥ [ 2 ¥ L3 & [ 3
80
70
>
40
30
& L g & &
& &
20
> X O = > x
=1 =] (=] o
8 8 8 8 & 8 x > x >
=] < =1 -1
Ink Set
Ink Set Y ® MaximumL ® Mimimum L

Figure56. Maximum Lightness and tlrange of lightness

104



5.2.2 Objective Two-b: Visual Color Evaluation

Figure ¥ shows the color appearance evaluation results. ¥hasxindicates the
maximum ink amount of each color. For example, 80C indicates that the sample was printed
with 80% ink limiting of Cyan. Compared to the reference (standard) print, theculdted
prints printed with different ink limiting profiles were evaluated under light source D65. Twenty
participants with normal color vision participated in the assessments. When the ink limit for cyan
was reduced to 90%, 70% of the participants consideredititeappearance to be equal to the
reference print, while 30% of the participants considered the test print sample to be slightly
different from the reference print. None of the participants gave a noticeable or considerably
difference between test andesénce samples. When the ink limit of cyan was reduced to 90%,
70% of the participants considered the print appearance to be equal to the reference print, while
30% of the participants considered felt there was a slight difference between the testlprint an
reference print. All ink limit reductions to 80% resulted in observers failing the test sample and
giving the fimuch differento rating.

Appearance of Prints Compared to the
Standard

Equa

Shghtly Different
MNoticeably Different
Considerably Different

W Much Different = =

PERCENT OBSERVER RESPONSE

30C 30M 80Y 80K 90C S0M S0Y 90K

Figure57. Visual Evaluation Results
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5.2.3 Objective Two-c: Crockfastness

In this study, two types of fabric were used to evaluate the impact of ink limiting on

crockfastness. Fabric A was, fabric B wake average values of the dry crock result of fabric A

were listed in Tablé4. It shows that the dry crock of cyan sampleseased from 1.99 to 2.56

when ink amount reduced from 100% to 80%. The dry crock of magenta samples increased from

2.03 to 2.33 when ink amount reduced from 100% to 80%.

Tablel14. Dry Crock Results of Cyan and Magenta on Fabric A

Ink Amount 100% 90% 85% 80%
Cyan 1.99 2.13 2.1 2.56
Magenta 2.03 2.29 2.24 2.33

Figure58 shows the trend of crockfastnedswo inks. The gray scale rating value

increased when the ink amount was reduced for both inks, which indicates that reducing ink limit

can improve crockfastness property. The gray scale rating value of cyan and magenta were

different when printing wh the same amount of colorant on same substrate, which suggests that

the colorants utilized in the ink affected the color fastness property.

3.0
m Cyanm Magenta

100 90 85 80

% Ink Amount Applied on Fabric A

Gray Scale Rating
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o v o o

o
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o
o

Figure58. Dry Crockfastness Results of Fabric A
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Table15 shows the dry crock results of printing on fabric B. Similar to the results of

fabric A, the testing value increased when the ink amount was reduced. The gray scale staining

value increased from 2.33 to 2.5 for cyan, and 1.99 to 2.56 for magenta wivdndheunt was

reduced from 100% to 80%.

Table15. Dry Crock Results of Different Ink Amount on Fabric B

Ink Amount 100% 90% 85% 80%
Cyan 2.33 2.35 2.43 2.5
Magenta 1.99 2.09 2.09 2.56

Figure59 shows the comparison of crocking result of cyan and magenta printing on

fabric B. The gray scale rating increased when the ink amount was reduced, which indicates that

ink amount affected the crockfastness property of fabric B. Different with the cisdksref

fabric A, the gray scale rating values of cyan were higher than magenta when the ink amount was

85% to 100%. It suggested that fabric also plays an important role regarding to color fastness

property.

Gray Scale Rating
o = = n N w
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o

Figure59. Dry Crokfastness Results of Fabric B

m Cyan®m Magenta

100 90 85 80

% Ink Amount Applied on Fabric B



5.3. Objective Three: Test Image Development

5.3.1 Survey Results

This survey was designed to gather information about quality control in digital textile
printing. Sixty experts were invited to participate this study. Tweetyen participated the
survey and twentfive participants completed the survey. As two of theigpaants did not fully
participate this study, their responses were eliminated for the analysis.
Sectionl. General Information

The questions in Section | were developed to collect data on the frequency and number of
years participants conducted quality. Sectignestions were also developed to collect data on
participantds type wor k and neaalsb askethdtiple year s e
choice andpenrendedguestions about their opinions on the advantages and challenges of digital
textile printing. Figur&dOs hows a pi e chart diagram of part.i

their experience in the digital textileipting industry.

m0-lyear m2-4years 5-10 years m>10 years

Figure60. Participants Year of Experiences in Digital Textile Printing
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From the participants who responded to this question, 12% had one year or less
experience, 28% participants had two to four years expmasean digital printing, 48% of
participants had five to ten years experiences, while 12% had more than ten years experiences.
Question 2 aimed to identify how frequently the participant conducted quality evaluations.
Twenty-five participants responded tiois question. Figuré1 shows the frequency distribution
of responsesThe y-axis shows the weekly based evaluation frequency, anddkis shows the
count of participants for each evaluation frequency categoryy percent of participants on
average stated that they conduct one or fewer evaluations per weekokogrcent conduct
two to four quality evaluations per week. Four percent conduct five to ten quality evaluations per
week, while 12% conduct more than ten evaluations per i8asled on the quality evaluation
frequency, the participants can be considerediagtive expert group in this areahich

validated the expertise of the participant group.

2-4 per week 11

>10 per week

5-10 per week

0 2 4 6 8 10 12

Frequency of Quality Evaluations

Number of response

Figure6l. Frequency of Quality Evaluations by Participants



Question 3 aimed to investigate the role of participants in the digital textile printing
industry. Eight different stakeholder categories weregeatified as shown in Figui@?. Printer
manufacturer refers to companies that build digital printers whattides machine components,
for example, printhead manufactures. Substrate manufacturer refers to companies that produce
fabrics for printing. Software developer refers to color management software companies. Design
Company refers to companies that foonsapparel and textile pattern designs, potentially
outsourcing the printing job to a printing company. Ink Manufacturer refers to companies that
produce or formulate inks. Chemical Finishing refers to companies that work-angrpost
treatment of digal printed textiles. Printing Company refers to companies that use printers and
run actual printing businesses. Media/ Education Institute/ Professional Organization refers to

research institutions, standards organizations, and media who discuss an joligited

P

printing technologies.

4%
V

m Printer Maufacture m Ink Manufacture

= Substrate Manufacture Chemical Finshing

m Software Developer = Printing Company

m Design Company = Media/ Education Institude/Professional Organization

Figure62. Participants Classification and Fraction of Stakeholders
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The survey results indicate 40% participaméesefrom Media/ Education group, 10%
werefrom design company, 13%erefrom a printing company, 7%ererom the software
developer group, 3% are from chemical finishing group, 7% are from substrate manufacture, 3%
are from ink manufacture, and 17% of the participants are printer manufadtigemformation
indicated that tis survey was successfully delivered to all the stakeholders. However, the
participant ratio was not equal, which suggested the results of this survey might be biased.

Questions 4 and 5 were designed to determine what adyemand challenges are
perceived for the digital t exFigule63ap@idweret i ng fr
the results of question 4 andThey-axis shows the listed advantage or disadvantage of digital
printing, x-axis shows the number pérticipants who selected the corresponding optiBiggire
63 shows that théop three advantages of digital textile printing are considered to beppfint
demand, short runs, and flexibility. The results for question 5 show that the top three challenge
of digital textile printing technology are determined to be: high capital investment, color
accuracy, and poor color fastneshis resultvalidated the advantages of digital printing which

discussed in introduction part.

Print-on-demand
Short runs
Flexibility
Less labor NN
Low cost for small runs | NG
Others (please describe) IR
Better quality

Advantage of digital printing

0 5 10 15 20 25

Number of response

Figure63. Advantages of Digital Textile Printing Technology
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Challenge of digital printing

High capital investment ||| )
Cotor accurecy Y
poor color fastness || N2
Labor training
others (please describe | NG
Poor hand property ||| IEE

0 5 10 15 20

Number of response

Figure64. Challenges of Digital Textile Printing Technology
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Sectionll. Quality Evaluation Methods
This section included five questions which were designed to investigate the quality
evaluation methods that are currently utilized in the industry.
Question 6 explored the participantsd perc
printing reproductin. The results are shown in Fig@é® They-axis shows the options in
guestion 6 that which attribute was more important to print productiaris shows the number
of participants who selected the corresponding optibims.result shows that the majgrof
participants chose both cost and print qualltycan be concluded that both print cost and print
guality are considered important, and print quality is an important priority in the reproduction of

textile prints.

Print cost

Others (please describe)

Priority of Factors for Reproduction of
Digital Textile Prints

0 2 4 6 8 10 12 14 16 18

Number of response

Figure65. Priority of Factors for Reproduction of Digital Textile Prints

There are two major quality evaluation methods that are used in the peixtileg
industry, subjective objective methddisual assessment is one of the most common subjective
evaluation methods when comparing the physical appearance of textile samples. Instrumental

measurement such as using spectrophotometer is considetgdcisremethod Questions 7
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and 8 aimed to werstand which method is utilized more frequently, and which one is more
reliable from the par 66ishowspnashgarsicipants mdicated thatf v i e w
both subjective and objective evaluation methods were used in their companies6Fghure/s

both evaluation methods are considered reliable, while objective method slightly outweighs the
former with a few more responseBhe results supported thterature review about quality

evaluation methods.

Subjective methods

Objective methods

methods

Others (please describe)

0 5 10 15 20

Preference of subjective and objective

Number of response

Figure66. Preference of Subjective and Objective Evaluation Methods
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Objective methods

Subjective methods

Others (please describe

Reliability of Subjective and Objective
Evaluation methods
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Figure67. Reliability of Subjective and Objective Evaluation Methods

Question 9 investigated the most common quality evaluation metricaréhatilized in
each company, and how likely participants would be to use those metrics as evaluation attributes.
Sixteen common evaluation metrics were selected by the author based on prior research
experience; and ail5 ratingscale was used wherardicated the response to be the least
likely, and 5 indicated the most likely. For convenience in data analysis the name of each
attribute was coded as shown in Talfe

The violin plot (shown in Figuré8) was created using JMP to show the data digioh
for each category. The mean, median, and standard deviation are also shown 6. TEtxe 1

wider the section of the violin in the plot, the higher the data point density is in that area.
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Tablel16. Rating Results adQuality Evaluation Attributes (by descending order of mean values)

Quality Attributes Code Mean | Median | Std Deviation | Variance
Color Difference (Visual) CDV 4.44 5 0.94 0.89
WashFastness WF 4.40 5 0.94 0.88
Print Sharpness PS 4.36 5 0.89 0.79
CrockFastness CF 4.36 5 0.93 0.87
Colorfulness/Saturation CF/IST | 4.28 4 0.72 0.52
Line Quality LQ 4.21 4 0.82 0.66
Print Resolution PR 4.20 4 0.89 0.80
Light Fastness LF 4.08 4 0.89 0.79
Text Quality TQ 3.96 4 0.98 0.96
Banding BD 3.76 4 1.34 1.78
Graininess/Noise G/N 3.75 4 1.13 1.27
Color Difference (Instrumental)) CDI 3.72 4 1.37 1.88
Color Smoothness CS 3.71 4 1.06 1.12
Ghosting GST 3.46 4 1.41 2.00
Color Gamut Size CGS 3.36 4 1.26 1.59
Color Contrast CC 3.25 3 1.09 1.19
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Violin Plot of Quality Evaluation Attributes Likelihood Rating

6
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Figure68. Rating Results for Evaluation Attributes

Question 10 was an op@&mded question to collect additional information about
evaluation attributes beyond the 16 attributes identified by the PI. explored if there are other
eval uation attributes that are used in the par-
selected 16 attributes in the survey. The results show that some companies are also concerned
about the tactile/hand properties of prints. In these casess indigated that hard-meters are
sued to evaluate these properties. The results of these two questions were used as references for

the quality evaluation development in this research.



Sectionlll. Developmentof a Testing Image

Section Il of thesurvey instrument had questions aimed at identifying the most relevant
image subjects that can be used or are being used for the quality evaluation of digital textile
prints. It included three questiqradl of these three questions were multiple choicetawhile
participant also have option to add ogarded response with texQuestion 11 (with
corresponding results shown in Figé® was designed to investigate the types of test images
that the participant companies are or have used for qualityasiadwof digital prints. Sixty
eight percent of participants indicated they used a test images developed internally within the
company. Twenty percent of participants stated that they used test images provided by the
software packages used for printing.&lve percent of participants indicated other sources for
their test images. Within the twelve percent, one participant indicated that their company
developed and uses different test prints for different situations, for example based on the quality
requirenents, print speed, and different colors. One participant specified that they developed test
images based on different profiles; another participant mentioned that they utilized several image
categories that were listed in the survey question. Based anrddgmonses, the last 12% of
participants that use other sources for test images may also be classified together with those that
develop their own test image. Thus, 80% of participants indicated that they developed their own
testing image, while only 20%ilized a testing image that is supplied by the software or
machinery manufacturerd.he result of this question shows that the image used for quality
evaluation varies among companies, there lack of a standardized image. As discussed in
literature review The quality evaluation method affects product quality. It is important to

develop a generic image that can be used as reference to reduce the bias caused by image types.
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Figure69. Test Image Utilization Categories

Question 2 listed different types of images representing various testing patterns that
currently exist on the market. Many of the testing images were initially developed for paper
printing and were then adopted for use in the textile printing sector over thedasedr so.
Nonetheless, there are not many testing images that have been developed specifically for textile
printing. In addition, due to different characteristics and applications of paper prints, some of the
images may not be suitable for textile pingt

The multiplechoice question in the survey aimed to identify which of those shown would
constitute the most important and relevant testing images for digital textile printing from
participants perspective. The results are shown in Figfyrdne horzontal axis shows the
number of participants that selected a specific choice.

The results show thaventy-one participant chose color patches, sixteen selected ink

density chartfifteen chose line quality, thirteen selected text quality and gradient color mixing



image. Color Patches, Primary Ink Density Chart, Line Quality Pattern, Text Quality Pattern,
Gradient Color Mixing were selected as the top five choices for use dettedopment of a

testing image for digital textile printing. In addition, six participants also selected the Floral
Pattern, while five participants selected the Pictorial Skin Tone, and four participants selected the

Landscape Image.

Color Patches
Primary Ink Density Chartiilll s -
Line Quality Pattern
Gradient Color Mixing
Tex Quality Pattern
Floral Pattern
Pictorial Skin Tone N
Landscape Image S
Still Life Image
Architectural Image
Geometric Pattern [l
Dot Repeat Pattern il

Survey Results for Testing Image Development

0 5 10 15 20 25
Number of response

Figure70. Results of the Survey Question Pertaining to Suitability/Applicability of Various
Images for the Development of a Testing Image for Digital Textile Printing

The last question surveyed whether the participants used any other typeges ihe
were not listed in the survey question. Twetlitsee participants responded to this question.
Ei ghteen participants responded they do not,
participants who responded dicated ihat they utitizedite qu e s
jet ID test to determine the printhead status; one responded that instead of using the testing

image, they compared the original art work and the printed image directly; one mentioned that
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they used the same set of imagescithey had found to be the most troublesome in their prior
printing productions. One participant stated that they would print a full color photo as well as
solid colors; and the last participant indicated that they utilized a customized testing inhage tha

they had developed internally.
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5.3.2 Digital File Adjustment

As thedigital file developed for testinig in theMultiple Channelimage modeit has no
gamut imbedded. TUs, trere are no color calculations conversionsvereinvolved in the
printing process. Each channel in the digital filesconnectedo the corresporidg printer
channel. The order of the digital channel should be the aartt&t orthe printer ink channel or
shouldbe adjustecccordingly to avoid mispria. There are two ways &ortthe channels ahe
digital file and printing inkgo bein thesame orderThe first methods to physicallyswap the
orderof ink cartridges or change the configuration of the printer through the color management
software The second way is tadjust the order of the digital file lragging and mong the
channels in Photoshop. Figufgis an examplevherethe Red and Blue chanrshreswapped in

Photoshop.

Layers  Channels Paths Layers Channels Paths

= I =
O I Magenta
o I Yellow

< . cvan
O Magenta

o) Yellow

o . Black

O . Black
O I Blue
o . Red

° .Red

Figure71. Example of Swapping Inkhannels in Photoshop

The digital file in this study waset upfor printing with six ink channelsHowever, 1 can
also beadjustedor use withfour ink channels or eight ink channelsditherreduang or adding
the number o€hannels in the digital &#. However,it should be noted thélhe change will also
affect the associated colaréthe patches. Therefore, ink combinatishsuldbereadjusted

when ink colors or ink channels are changed.
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5.3.3 Application of Testing Image
Test Print on Silk

Figure72is the test print of ink density chart and Line Quality using a Mutoh ValueJet
1938TX printer, installed with EverLight reactive inks. The color management software that was
installed on this priter was RIP Master. The printing mode was C2 with erdghthannels
Without any ink channel and ink limiting adjustments, the ink density chart of the test print
would likely show colors that are different from those set up in the first six ink channels

To demonstrate this a test print using the Mutoh printer is shown where the order of the
ink channels installed in the printer was Black, Cyan, Magenta, Gray, Orange, Red, Blue, and
Yellow, whereas the order of the colors in the digital file was CMYKR#& digital file was
designed for six ink channels, while the printer was installed with eight color inks. FRjure
illustrates a clear mismatch between the orders of the printed ink channels between two settings.

Therefore, an adjustment of either thiafer configuration or the digital file is needed.

Figure72. Ink Density and Line Quality Test Print with Default Settings
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Figure73-left shows the default channel setting in the digital file and Figimight
depicts the adjusted channel order in Photoshop. The adjustment was made according to the
order of the inks installed in the printer. First, two channels were added to dresprater can
process the digital file under aghtcolor configuration. Channel Alpha 1 was assigned to Gray
ink, and Alpha 2 was connected to the Orange ink. The purpose of this activity was not to
investigate the influence of these additional col®tais, these channels were left blank so that

the printer would not jet any gray or orange inks.

Layers Channels Paths = Layers Channels Paths

o E Cyan o a Black

~ % Magenta o E Cyan
O E Yellow o E Magenta
o E Black o . Alpha 1

o E Red o . Alpha 2

O E Blue O E Red
O E Blue
O E Yellow

Figure73. Digital File Channel Adjustment

Another severe failure shown in this test print was the over inking issue (as noted in
Figure74). The edges of all the printed sections are clearly blurred and neither line quality nor
text quality was satisfactory. This was especially obvious in the total ink limiting testing squares
and color patch areas. This test indicated that botimtinadual and total ink limiting values

had to be reduced.
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“Essentially, all models are wrong,
but some are useful.”--Box,George
“Essentially, all models are wrong, but some
are useful.”— Box George
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Figure74. Testing Print with Default Settings

To address the failure of printing at 100% individual ink limiting level, for the second
trial printing, the ink channels were adjusted and the ink limiting of each channel was reduced to
50%. Figurer5 is the test print of ink density and line qualitys@@6 ink limiting level. It should
be noted that the order of the test print in this case is the same as that in the digital file.-The over
inking problem after adjustment was improved significantly. However, there was still a very
subtle wicking issue irhe Line Quality test print area which was not noticeable from distance.
The colors of the first few patches of different inks appeared to be about the same in the ink
density chart. It suggested that the ink limiting level of individual channels couétibeed

further.
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Figure75. Test Print of Ink Density and Line Quality at 50% Ink Limiting Level on Silk

However, there is a noticeable banding issue in the blue channel. This may have been
causedy differentfactors Onecommoncause is the printhead clogging. This problem can be
resolved by cleaning the nozzle heads regularly. This file was printed asisitkreactive inks,
and the prints were scanned directly after printing and prior to further processing. The banding
problem may thus be removed after steaming and washing.

The quality of the substrate may also cause a banding issue, especiallyaisetio¢ ¢
blended fabrics. Nonetheless, if the banding issue is present, a slight increase in the ink limiting
level may cover the affected region as the increased ink amount results in further spreading of
the ink and covering the area that had an insufftcGenount of ink.

The text quality and print sharpness were improved significantly after reducing the ink
limiting level to 50% (as shown in Figuv®). The print quality of the total ink limiting squares

was also improved after reducing each ink levél@®o of their original ink coverage values.
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The blurring effect also nearly disappeared for the ink coverage squares using 300% and 350%
ink levels. In this case, the results suggested that the total ink limiting for this fabric and inkset
should be aroun#l50% to 175% and that the total ink limiting should not exceed 200% to obtain

a good quality print.
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Figure76. Test Print with 50% Individual Ink Limiting on Silk

To determine the suitable level of individual ink limiting this substrate, the digital file
was printed at 25% ink limiting levéshown in Figure 7). This resulted in no further ink
bleeding issues in the entire printed image. The line quality improved slightly compared to the

print at 50% ink levelHowever, he colorfulness of the print was reduced.



Figure77. Test Prinof Ink Density and Line Quality at 25% Individual Ink Limiting Level

The text quality was also improved compared to 50% level. The print sharpness is also

difference between prints at 25% and 50% ink levels.
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slightly better than that at 50% (as shown in Figile However, there is a noticeable color

25% Individual Ink Limiting

50% Individual Ink Limiting

Figure78. Comparison of Prints at 25% and 50% Individual Ink Limiting Levels
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In conclusion while reduced amounts of ink may improve the print sharpness, it may
result in sacrificing the chromatic quality of the print. However, since the toleranceldo
difference in the textile industry is often very low, it may not be worthwhile to scarify color
guality to achieve cost effective productions at the lowest amount of ink. Thus, the individual ink
limiting level for a substrate and ink set needsd@djusted accordingly. In this case the value
was found to be between 25% to 50% and to determine the optimized value, 35% or 40% ink
levels might be a good starting point for the printing process.

Test Print on Cotton

Figure79is a sectional test print of reactive dye on cotton substrate at 100% individual
ink limiting level. Compared to printing on silk, the quality of printing on cotton at 100% ink
limiting is much better. This indicates that the substrate plays an impaiaim the
determination of ink limiting level. The figure shows an obvious overlap between the cyan and
magenta colors in the ink density section of the test print which suggests the individual ink

limiting level should be reduced.



Figure79. Ink Density and Line Quality Test Print at 100% Ink Limiting Level on Cotton

Figure80is the capturel image of text qualityat 100% ink limitinglevel on cottonlt
shows the ghosting effect, which suggests the printer configufatitims substrate ttba print-
head alignment issue. The printhead helgitito bethereforeadjusted. As different substrate
have different thicknesss which can affect the distance between the head and the substrate and

therefore the flight timethe printer should be calibrated when the subsisateanged.

“Essentially, all models are wrong,
but some are useful.” —-Box,George
“Essentiaily, all models are wrong, but some
are usefl.”—
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Figure80. Captured Text Quality Test Print at 100% Ink Limiting Level on Cotton
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Figure81 is the captured image of total ink limiting test squares. The total ink limiting
levelsfrom left to right are 300% to 600% witb0% interval An over inking issués clearly
observedvhen the total ink limitindevel reacheg50% and above. The edgddlme diamonds
at 300% to 400%nk levelsare clean and much sharper thianse a##50%.This suggest that

the total ink limitinglevel for this substratehould not exceed 400%.

[ A

Figure81. Total Ink Limiting Test Print at00% Ink Limiting Level on Cotton

Figure82 is the test print of Ink Density and Line Qualgt50% ink limitinglevelon
cotton substratdt shows thathie overlapping issue between cyan and magentaimisated
Thisindicategthat printingat 100%ink limiting level not onlyconsums excessive amounts of
ink, it also adverselaffects print quality. This problem can be resolved by reducing the ink
limiting level. However, the visual appearance of shbstrate should also be considered. In this
case thénk density chart was desaturated comgaoeprintingat 100% inklevel. It should be
obviousnow, that printing withexcessiver insufficient inkamountscan cause problems.

Therefore, determining suitable ink limiting tocommencehe printingoperations essential.
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Figure82. Test Print of Ink Desity and Line Quality at 50% Ink Limiting Level on Cotton

At the reducedotal ink limiting testingof 50% no over inking sue in theprintedarea
was observed, ahown in Figure33. The text quality was also improved after adjusting the
height ofthe printer head. There were ink stains in the spot color, Aaever This was due to
the adjustment of the printesincethe printhead was lowered dowrmight have touchethe
surface of the substrate. This problem can be resolvetiBasing théensionof the substrate
using thewinding bar The problem may also leercomeafter few minutesf printing as the

printerusually takes a few minutés adapt to the adjusted setting.
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Figure83. Test Print at 50% Ink Limiting Level on cotton
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Chapter 6. Conclusions

This research was carried outdeterminghe impact of ink limiting orquality
evaluation ofdigital printed cotton substrateBhe work included three objective3bjectiveOne
was to develop a workflow for ink limiting adjustmemhis was achieved bfirst conducting a
comprehensive literature revieamd then analyzing various pertinent resources to determine the
best approachObjectiveTwo was to mvestigate the impact of ink limiting on color quality of
inkjet printedcotton substrate3 hiswas caried outthrougha series of specifiexperimentand
analysis of their result®©bjectiveThree was to create a test imag@ptimizeink limiting
levelsin textile printersit was addressduay developinga specific surveyhich wassent to
sixty industial experts and then analyzing the results. This was followed by generdigitaa
testingfile andvalidatingthe suitability of themage ora number of printers, software
applications and textile substrates typicalprinting process Thes are briefly described in the

following sections.

6.1 Development of aWorkflow for Ink Limiting Adjustment

From theworkflow developedor ink limiting adjustmentthe investigator found that
there ardwo major ink limiting adjustment approaesthat are useah digital printing The first
approachs individual ink limiting adjustmentandthe secondapproachs total ink limiting
adjustmentDifferent approacsfor ink limiting adjustmentan beemployedn different phase
of theprinter colorcalibrationprocessindividual ink limiting can be adjusted duritige
linearizationprocesslt is essential to ensupeoperink consumption amoutior eachchannelo
that the input and output ink amosan be linearized effectivelfhe outcome ign increase

the proficiency and accuracy of color predictions.
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Total ink limiting can be adjusted duritige characterization phasad it was found to
bemportantstepto optimize the total ink amounmiccording to the literaturgertaining to
available color prediction mods| thereare multiple ways to produdbe same target colors.
Setting a proper total ink limiting camsure the target colavill be produced in the most
efficient way. Ink limiting canestrainthe total ink consumptiowhich will also avoid potential
ink pooling issus. Reducinghetotal ink amount can also decrease the drying time after
printing, which results imeducednk contanination possibililesandsavings irenergy
consumptiorrequiredfor drying.

Many factors affect the quality of printed material and thoauseeffect diagram was
also developed in this sectiofhis diagram summarizeéherole of potential factors thaiffect
print quality.It will provide a clear guideline for future digital printing quality evaluation and

improvement.
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6.2 Impact of Ink Limiting on Color Quality of Inkjet Printed Cotton Substrates

The impact of ink limiting on color quality of inject printed cotton substrates was
examinedn three subsections. First, the influence of ink limiting on color measurement was
investigatedPigment inks were utilized in this studywas found that reducing ink limiting to
90% did not change the lab values and gamut volume significantly. Wasrebvious shrinkage
in terms of gamut volume when yellow and black was reduced to 80%.

Secondavisual assessmeakperimenivas conducted to evaluate the impagpigiment
ink limiting on color quality of digital printed textileRigment inks were uized in this study.
The primary colors were cyan, magenta, yellow, and bRekults from this study indicated that
it is possible to reduce the cyan ink to 90% without losing the color appearance quality. When
individual ink limits were reduced to 90%e gamut volume was onkgducedslightly. The
gamut volume of the profile at 90% black limit was not affectéis may be due to the
compensation of the loss by the remaining three CMY, iaggellow and black ink limits play
an important role in proding dark shades and light colors. Also, at the 80% ink limits all
samples were considered to be much different from the standard and failed in the visual
evaluation procesdhis study provided evidence that reducing individual ink limiting may
maintain he same or close print quality.

Third, aockfastness testing waslized toevaluate the impact of ink limiting on color
fastness of digital textile prigtPigment inks were utilized in this study. Cyan and magenta inks
were tested in this studyheoketically, astheamount ofink on theprint decreaseghe less the
ink will be rubbed off. The crockfastness resultpraits on two different cotton substrates with
two different colorantsupportedhis assumption. There welgoweveryariations in terms of

the crockfastnegsropertiesdetween cyan and mageimés forthe same amount of irdpplied
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which again was expected sindéferent colorantgeneratalifferent color fastness properties on
the same substrabmsed on the typend level of their interaction with the material and the mode
of their adhesion to the surfacEhere were also variations between different subsérates r o ¢ k
resultswhen printed withthe same colorant, which suggested thatdhdace properties of the
substrateplay an important role otie crockfastness properties the colorantapplied The

results of thistudysupport the fadhat ink amount, coloranype and substrate affect prints

color fastness propertig$.is shown, however, that a contesl redudion of ink amount can

result inimproved dry crockfastneswithout affecting color appearance and quality significantly



6.3. Developmentof a Testing Imagefor Ink Limiting Adjustment

A specificsurveywas developed and distributed to industrial printing experdgtelop
a testing image. &ponsewerecollected from twentfive industry experts who are currently
involved in the digital textile printing. Sectiorof the surveybtained general infornian from
participants and investigated their opinions about digital printing technology. The responses
indicate that the top three advantages of digital textile printing are theoprdiemandeature
availability ofsmall runs, and flexibility. The tojhiree challenges are considered to be the high
capital investment required, inadequate color accuracy, and poor color fastness.

According to theanalysis ofesponses obtained for question$attion Il, it can be
concluded that print quality is esseht@the success of digital textile printing. Both subjective
and objective methods are currently used for the quality evaluation of prints. The tdigeipst
adopted evaluation attributes were selected as: Color Difference (Visual), Print Sharpniess, Prin
Resolution, Crock Fastness, Wash Fastness, Light Fastness, Colorfulness/ Saturation, and Line
Quiality. All of these attributes received a rating of at least 4 b &iltert scale, indicating their
importance and relevanoeherel indicategheleast mportant and 5 suggedte most
importantattribute

Results from section Il show th80% of participants preferred to develop their own
testing images for their quality evaluatiangen though there are existing testing images for the
quality evaluation of textile prints that may be included in the software package. This indicates a
needin the industryto develop anddopt a universal model for evaluation of textile digital
prints. The availability of a universal modeanminimizedisagreemestamong parties and
improve communication in the supply chain. The most relevant types ofspsatgrted by the

participantsfor the quality evaluations were Color Patches, Primary Ink Density Chart, Line
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Quiality Pattern, Text Quality Pattern, and Gradient Color Mixing. These images are highly
relevantto color accuracy and print sharpness asdltgion. The more detailed images received
fewerpositiveresponses. It can be concluded that the inclusion of fundantestiabimage
types is essential to the development of a robust quality evaluation method. Nonetheless, image
typeswith more detailmay still beemployedn specific cases rather than be included in the
generic testing image faverall evaluation ofligital printed textiles.

A testing image wathussuccessfully developed and whagntested on different printer
using both pigmerand dyebased inkswith differentsoftware, andising different cotton
substrates. The application process proved that testing imlexgéopedcan beeasily and
successfullyused to optimize ink limiting amouwnforindividual channés as well as forglobal
ink level adjustmentt is shown that dferent substrateequiresdifferent ink limiting
adjustmerg and thus the testing process should be carried out each time the substrate, ink or the

machine is changed to ensure appropriate and acceptatilguality levels



Chapter 7. Limitations and Future Work
7.1 Limitations

Due to the limited amount of time and facilitibés studyexperiences. number of
limitations. First of all, theavailability of differentfabricsfor testng in this research were very
limited. In total only four types of fabscwereused, including two pretreated cottons for
pigment printing, one pretreated cotton for reactive printing, and one type of pretreated silk for
reactive printingHowever, # pretreatments werearried ouby fabric vendorsand thushis
work could not examine the role of any speqifietreatmerst on the quality of the printing
processChanging the fabric or the pretreatment of the substratehaegfordead to different
outcones

The results of the color measuremantlicatethata controlledredudion in ink limiting
levelscanproducecolors with fairly similarchromaticites However,only one fabric was
utilized for this component of thetudy. Theraveresome overlapin the chromaticityevels
only when the ink limitindevel was reduced from 100% to 90%. The difference among
different ink limitinglevels betwee®0% to 10%evelswas significantThismay, in part, be
due to the high absorbance of substrate, or the characteristaf pigment inksused A
repeaedstudy withadditionalinks anddifferentsubstrate can improve theesultsof this
component of the work

The visual evaluatiostudy suggestthat it is possible to reduce the ink limits while
maintaining the perceived quality of the printed material at the equal or acceptable color quality
levels. However, there are several limitations. Tomponent of thetudy was conducted with
the simplst CMYK ink set and only one type of substrate was usedther colos
compensai for the reduction of CMYK inks. Thus, reducing the amourihkffor one colorto

a level greatethan 20% resulted iasignificanty different color appearance. Addingditional

14C



colors such as red, blue, orange, or green may compdoisegeuctions irthe primary ink
levelswhile utilizing less inkHowever, here might bedditionaluncontrollable variables when
thenumber ofinksis changed to 6 or 8 colors and tkeeults may varyor other types of
substrates or different colorants.

The color appearance evaluation was done based on evaluating only one print design.
Using other patterns or designs may result in different evaluation outcomes. In terms of the ink
limiting reductions, only two levels of individual ink channels were considered. At the same total
ink limit level, a combination of smaller reductions of multiple ink channels may yield better
results.

Crockfastness testimoves there is correlation betweiak amount and crockfastness
property. However, it was only tested in pigment printing on cotton substrates. Different inks
and/or substrates may lead to different restitaddition, since pigments are adhered to the
surface with a binder, and sindeetbinder properties were not disclosed it was not possible to
determine the role of the binder type on crock properties. Moretwecrock results did not
reach the industl requiremers, whereprinted textiles are expected toave a dry crockfastnes
of at least 4 and a wet crotkstness of at least 3. The results indicated the deficiency of the ink
systemandthat the binder was not sufficieot appropriate for cotton substrateksing different
substrates or applying pre or pastatment may inmprove the crock results.

This survey included participants from eight-pentified stakeholder categories in the
digital textile printing industry. Sixty percent of the participants had more than five years of
experience in the digital textile printing field, which indicated tha information collected in
this survey can be considered to be reliable and a good reflectiomonirrent statusf the

industry. It is therefore noteworthy to see that 40% of participants indicated that they only
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conducted zero to one quality evaluations per week. Meanwhile for 44% of participants quality
evaluations are conducted more frequently, i.e. two to fowastiper week, whereas for only
16% of participants quality evaluations are carried out routinely and more than five times per
week. For the last category it appears that quality evaluation of digital prints is conducted in
daily productions by specialist$.should be noted that an attempt was made to collect as many
responses from as many industry experts as possible. However, the group of participants that
finally responded to this survey were mainly focused on the education, management and trading
side d digital printing rather than the actual quality control of the process. This is, therefore, one
of the limitations of this study

Lastly, atesting image was developed for ink limiting adjustm&he imagecan be
employedn different printing set upand it works efficiently for ink limiting adjustment
However, the format of the digital file limited the applications. It can only beggkprior to
printercolor calibrationlt would be also valuable if another testing image can be developed for

print quality evaluation after color calibration.
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7.2 Additional Future Work

In addition to the points listed above in the limitations section, the following
considerations should be notéd this study, different experiments were conductealimited
set up. Only the impact of individual ink limiting wasamined The impact of total ink limiting
adjustment should be studied in the future. The CMYK pigrhastd inkset was utilized forkin
limiting adjusting. In future, six or eight color pigmerdsedsetsas well asdye-based inkset
should be used to validate the study.

The color prediction model was discussethiliterature reviewThe modeplays an
important rolen accuratecolor reproductionn digital printing.Most of the current prediction
modek arebased on paper printing. Due to the complexity of texéited differences between
textile substrateand paper, it is critical to devel@pitablecolor prediction modsifor textile
printing. The N-factor of different substrates can be calculated based oANfelgen model. A
method to classify fabrics based on fabric weight or the structure shisalae developed.

The durability of pigment printing still remaims a significanthallengen the sectar
According to crockfastness testirgsults pigment printingoropertiesverenot sufficient for
commercial application#\ study of the effect oforetreatment ad posttreatmens can beuseful

with a viewto improve the print quality.
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Appendix-1.

Color Measurement Results

Batch Name

Cyan100%
Cyan90%
Cyan80%
Cyan70%
Cyan60%
Cyan50%
Cyan40%
Cyan30%
Cyan20%
Cyanl10%

Magental00%
Magenta90%
Magenta80%
Magenta70%
Magenta60%
Magentab50%
Magenta40%
Magenta30%
Magenta20%
Magental0%
Yellow100%

Yellow90%
Yellow80%
Yellow70%
Yellow60%
Yellow50%
Yellow40%
Yellow30%
Yellow20%
Yellow10%
Black100%
Black90%
Black80%
Black70%
Black60%
Black50%
Black40%
Black30%

52.95
54.92
61.05
69.20
74.80
79.41
83.15
86.05
88.50
91.26
53.07
55.26
61.64
69.73
75.06
79.67
83.38
86.31
88.68
91.11
85.10
86.47
87.86
89.18
90.33
91.33
92.04
92.50
93.03
93.56
24.53
27.67
36.29
47.74
56.80
65.98
72.93
78.35

246.83
245.64
241.97
238.09
236.33
235.10
234.14
233.20
232.39
230.39
347.61
346.27
342.74
339.46
337.87
336.57
335.63
335.37
335.46
338.08
91.22
92.20
93.88
95.51
96.65
97.91
98.71
99.31
99.83
100.41
67.75
66.36
64.74
65.10
65.97
65.73
65.03
68.64

42.17
42.46
40.35
33.86
28.28
22.59
17.50
13.22
9.39
4.94
51.45
50.71
45.52
36.17
29.26
22.66
17.23
12.67
8.93
4.81
79.90
75.96
63.50
50.51
41.04
31.33
23.95
18.02
12.98
7.22
1.98
1.97
2.01
2.04
1.80
141
1.09
0.91

Batch CIE Batch CIE Batch CIE
Batch CIE L h

-38.77
-38.68
-35.62
-28.74
-23.54
-18.53
-14.19
-10.58
-7.44
-3.80
-11.04
-12.04
-13.51
-12.69
-11.02
-9.01
-7.11
-5.28
-3.71
-1.79
79.88
75.90
63.35
50.28
40.76
31.03
23.67
17.78
12.79
7.10
1.84
1.81
1.81
1.85
1.65
1.28
0.99
0.85

-16.59
-17.51
-18.96
-17.90
-15.68
-12.93
-10.25
-7.92
-5.73
-3.15
50.25
49.26
43.47
33.87
27.10
20.79
15.69
11.52
8.12
4.46
-1.69
-2.91
-4.30
-4.85
-4.75
-4.31
-3.63
-2.92
-2.22
-1.30
0.75
0.79
0.86
0.86
0.73
0.58
0.46
0.33

Batch CIE ¢ CIE DL

-37.32
-35.35
-29.22
-21.06
-15.47
-10.86
-7.12
-4.22
-1.77
0.99
-37.20
-35.01
-28.62
-20.53
-15.21
-10.60
-6.89
-3.96
-1.59
0.84
-5.17
-3.80
-2.41
-1.09
0.06
1.06
1.77
2.23
2.76
3.30
-65.74
-62.60
-53.98
-42.52
-33.47
-24.29
-17.34
-11.91
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Black20%
Black10%
Red100%
Red90%
Red80%
Red70%
Red60%
Red50%
Red40%
Red30%
Red20%
Red10%
Blue100%
Blue90%
Blue80%
Blue70%
Blue60%
Blue50%
Blue40%
Blue30%
Blue20%
Blue10%

83.00
88.38
53.21
55.83
62.32
69.40
74.51
79.55
83.18
85.95
88.46
91.24
47.77
51.12
60.02
68.73
74.26
79.60
83.54
86.34
88.73
91.41

74.89
84.55
16.76
15.16
10.66
6.43
4.16
2.39
1.05
0.49
1.44
5.34
278.98
277.76
274.11
270.71
268.74
266.84
265.42
264.52
263.37
261.03

0.74
0.69
53.54
51.70
43.40
33.76
26.73
19.90
14.91
11.20
7.78
4.08
39.29
39.11
34.14
27.01
21.84
16.32
12.03
8.91
6.13
2.84

0.72
0.69
15.44
13.52
8.03
3.78
1.94
0.83
0.27
0.10
0.20
0.38
-38.80
-38.75
-34.06
-27.01
-21.83
-16.29
-11.99
-8.87
-6.09
-2.81

0.19
0.07
51.26
49.90
42.65
33.55
26.66
19.88
14.91
11.20
7.78
4.06
6.13
5.28
2.45
0.33
-0.48
-0.90
-0.96
-0.85
-0.71
-0.44

-7.27
-1.89
-37.06
-34.44
-27.95
-20.87
-15.75
-10.72
-7.09
-4.32
-1.81
0.97
-42.49
-39.14
-30.25
-21.54
-16.00
-10.66
-6.72
-3.93
-1.53
1.14
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Appendix-2.

Test Printed Images

“Essentially, all models are wrong,

but some are useful.”--Box,George

*Essentially, all models are wrong, but some

are useful Box,George

Essentially. all models are wrong, bt some are usefi

“Essentially, all models are wrong,
but some are useful.”--Box,George

‘Essentially, all models are wrong, but some

are useful w,George
Exsentially, ¢

Bos Georye

(s are wrong, bt some are usefi

“Essentially, all models are wrong,
but some are useful.”--Box,George

Figure 1. Testing Image for Adjustment of Ink Limiting Level
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“Essentially, all models are wrong,
but some are useful.”--Box,George
“Essentially, ail models are wrong, but some
are useful.”-- Box George
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“Essentially, all models are wrong, but some ave uscful.”
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“Essentially, all models are wrong,
but some are useful.” ~Box, George
“Essentiaily, all models are wrong, but some
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Figure 2. Test Print at 100% Ink Limiting Level on Silk Substrate.
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Figure 4. Test Print at 25% Ink Limiting Level on Silk Substrate.
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