
 
 

 

Abstract 

JIAJUN, LIU. Ink Limiting and its Impact on Color Quality of Inkjet Printed Cotton Substrates 

(Under the direction of Dr. Lisa Parrillo-Chapman and Dr. Renzo Shamey). 

Digital printing is increasingly considered an important process in reproduction of 

colored substrates in the textile sector. Compared to conventional printing technologies, the 

advantages of digital textile printing include quick reaction time, short run capability, low waste 

production, high image resolution, and improved color rendering, among others. Inkjet printing 

technology was originally invented for paper printing, and standards and evaluation procedures 

are well established in this 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 several patents and papers about ink limiting in paper printing have been published over 

the last twenty years (Hewlett-Packard,1997; Zeng, 2001; Urban, 2009; Shestak, 2009; Qiao, 

2012; Kirkenaer, 2013), very little research has been conducted on ink limiting for textiles. 

However, characteristics and application of textile fabrics are significantly different from paper 

media. For example, it is important to have good color fastness properties in textile printing, 

while this might be less important in paper printing. Color reproduction techniques in textile 

printing are also somewhat different from those used in paper printing. Thus, in textile printing, 

it is not suitable to utilize the current testing image and evaluation methods which are designed 

for, and used, in paper printing.  

A significant amount of research has been done to improve the print quality in textiles. In 

addition, color reproduction fidelity has been evaluated by examining various parameters such as 

line width, dot shape, uniformity and characteristics of prints with solid colors, as well as color 

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



 

machines. The two evaluation approaches commonly adopted in the textile printing industry are 

the subjective and objective methods. Subjective evaluation is easy to manipulate but it is highly 

dependent on the testing image. Objective approaches are more repeatable, but there are too 

many metrics to test, and the overall evaluation results will be dependent on the selection of 

metrics. Nonetheless, evaluation of colors in a multi-colored item is still primarily done in a 

subjective manner and an agreed upon standard assessment protocol is not yet available. 

To address these two major challenges, this research aimed to investigate the influence of 

ink limiting on digital printed cotton substrates and develop a quality evaluation procedure for 

the digital textile printing process. The research included three objectives. Objective One was to 

develop a workflow and a cause-effect diagram to improve the understanding of ink limiting, ink 

limiting adjustment, and factors that affect print quality. Objective Two was to develop a quality 

evaluation method to investigate the impact of ink limiting on print quality. Objective Three was 

to create a testing image for ink limiting optimization.  
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Chapter 1. Introduction 

1.1. Background to the Problem 

Color reproduction principles and associated quality issues are nothing new, and a 

considerable amount of research has been done in this field. A number of patents exist from 

companies such as Ricoh, HP, and Xerox discuss optimization of color management in printing 

system, which are briefly highlighted here. Hewlett-Packard (1997) patented an ink limiting 

approach for the ink 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 quality, while manufactures 

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 many ink limiting related references for paper 

printing. 

Yang (2003) extended the Kubelka-Munk theory and its application in relation to the 

optical performance of a layer consisting of a non-uniform medium. He proposed a few 

systematic methods to study the issues that affect image creation and color rendition such as ink 

spreading and penetration. In his study of ink-paper interaction, three types of penetrations were 

identified, i.e. uniform, linear and exponential. He successfully established a general 

methodology 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, 
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ink/printer/substrate interaction, colorant particle size, accuracy of printer’s color profiles, and 

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 papers showed a similar and larger gamut. Pigment-based 

inks showed better lightfastness compared to dye-based inks. Applying an optical brightening 

agent (OBA) was found to improve the color profile. However, the printed colors tend to become 

yellower as the optical brighteners lose their effect.  

Kašiković (2012) studied the influence of ink layers on the quality of inkjet printed textile 

materials. It was shown that a high correlation exists between color strength and the number of 

ink layers. It was also shown that the color strength, K/S value, is influenced by the 

characteristics of the substrate, as well as the color of the ink. The spectrophotometric 

measurements showed a decrease in the relative reflection of light from the printed substrate as 

the number of ink 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. He stated that 

a larger number of colorants allow for the production of a wide range of spectral colors providing 

their spectral properties are significantly different. Issues such as ink bleeding or bronzing may 

occur by exceeding the maximum total ink coverage of the 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 spectral Neugebauer model is suitable and accurate for spectral and color constant 

printing.  
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Hardeberg (2004) presented a spectral model based on the Yule-Nielsen modified 

spectral Neugebauer model (YNSN) for inkjet color reproduction. A set of eight custom inks 

were used in this study. Two hundred fifty-six (2^8) Neugebauer primaries were printed with 

50% and 100% individual ink coverage. The results of this study show prints with 50% ink 

coverage are more suitable for color modeling than 100%. The amount of ink poses severe 

problems especially in high-coverage 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 was found that 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 importance 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 different ink 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 quality. They pointed out that as 

the print speed increases, it may be desired to reduce the ink limits to shorten the ink drying time, 

thus produce better print quality. With the development of printing technology, the printing 

speed tends to increase significantly. To ensure the print quality, there is also a demand on 

drying characteristics (Kirkenaer, 2013).  
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However, most of the color management ink limiting related subjects were studied in 

paper printing, and they lack sufficient guidance in textile printing. The textile manufacturing 

process is more complicated, and there are more factors that will 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 use different internal 

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 were formed that aimed study and improve the 

process.  

1.2. Research Objectives 

The objectives of this study were to:  

Objective One: develop a workflow for ink limiting adjustment; 

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

cotton substrates. It includes three sub-objectives: 

Objective Two-a: explain the influence of ink limiting on color measurement 

Objective Two-b: investigate the impact of ink limiting on color appearance 

Objective Two-c: study the influence of ink limiting on crockfastness 

Objective Three: create a test image for textile printer ink limiting optimization.  
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1.3. Research Relevance 

Objective One: Workflow Development for Ink Limiting Adjustment, was to identify 

current industry problems related to the textile inkjet printing process in order to develop a 

workflow for ink limiting adjustment. Through a comprehensive literature 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 metrics, and ink limiting related topics were discussed in a large 

number of papers from different research groups and institutions globally, however, there were 

not many articles that covered these topics in the inkjet textile printing industry.  

Both Objective Two: Impact of Ink Limiting on Color Quality of Inkjet Printed Cotton 

Substrates and 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 considered a necessary process in the (re)production of 

colored objects in the textile sector. A significant amount of research has been done to improve 

the quality 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 tested. However, 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 color durability testing. It focused on three 

evaluation metrics:  color reproduction accuracy, color visual appearance, and color durability. 
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 Chapter 2. Literature Review 

2.1. Inkjet Textile Printing Technology 

Inkjet printing is a versatile, non-contact printing technique, which has grown 

dramatically over the last few decades (Leach, R, 2012). It is currently one of the fastest growing 

digital imaging technologies on the market and a critical technology for mass-customization 

manufacturing of textile products (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 (Kosolia & Tsatsaroni, 

2011). As inkjet printing is a non-contact process, the ink is jetted on the substrate directly and as 

such, it is possible to print on various types of substrate (Tyler, 2015).  

The first modern form of digital printing was commercialized in the late 1970s, which 

was initially designed as a low-cost industrial printing technology for the home desktop/small 

office market (Fryberg, 2005). The first application of digital printing 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 the gradient color transition, optimizing the printhead to achieve higher efficiency 

such as faster print speed and higher productivity, and adopting ink recirculation system and 

using more environment friendly inks and curing (Lynn, 2010).  

The four basic components of an integrated 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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Figure 1. Integrated Inkjet System (Fryberg, 2005) 

 

2.1.1. Inkjet Print head 

The print-head 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 the potential resolution and 

print speed. The basic requirements in mass textile printing are consistency and repeatability. 

Thus, the nozzles must be capable of generating the desired ink droplets consistently (Cahill, 

1998). Jetting technology will affect the production 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).   
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Figure 2. Classification of inkjet printing technologies for textiles (Tyler, 2015) 

 

Two major distinctive ink jet techniques are Continuous InkJet (CIJ) 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 needed (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).  

 

 

Figure 3. Continuous Inkjet versus Drop on Demand Inkjet  
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2.1.1.1. Continuous Inkjet Printing 

CIJ printing is commonly used for coding and marking with a drop diameter of 

approximately 100 m. 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 of nozzle heads.  

After leaving the nozzles, selected ink droplets are jetted on the substrate, while unwanted inks 

are collected for recycling (Martin, 2008). Because of the exposure to the environment, the inks 

for recycling might be contaminated, which may cause the contamination of the whole ink 

system (Derby, 2010). 

 

 

Figure 4.Schematic diagram of a continuous inkjet (CIJ) printhead 
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2.1.1.2. DOD Inkjet Printing 

DOD inkjet only ejects an ink drop when it is required to form the desired 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 chamber behind 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 

diameter of ink drop by managing the pressure pulse (Derby, 2010). The two major technologies 

used to generate the pressure pulse are thermal inkjet (TIJ) and piezoelectric inkjet (PIJ).  

 

Figure 5. Schematic diagram of Drop-on-Demand print 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 vapor bubble 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 generated by 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 generation process 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 (Derby, 2010). 

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. Different from 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 Single-pass 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 the name “scanning”. The printhead moves from right 

to left, then left to right to print horizontally, and each time a horizontal bar is printed. A whole 

design is completed by printing multiple horizontal bars where adjacent bars are partially 

overlapped, hence the name “multi-pass”.  

There are several advantages to adopting multi-pass printing. As the printhead is one of 

the most expensive components of the printing system, choosing multi-pass printing 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 impact of banding. If some 

nozzles are mis-directed or are not firing, multi-pass 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 al., 2000). 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 

Single-pass 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. Instead of moving the printhead multiple times over the 

substrate horizontally, single-pass 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 
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one pass. The two major benefits of this print mode are higher production speed and high image 

sharpness. The disadvantages of single-pass 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 high speed mass 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 the 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).  

 

 

Figure 6.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 printing refers 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 a major drawback when reproducing images at high resolution. Grayscale printing 

refers to an intermediate system where ink drops of 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 

adjusted dynamically, but it can simulate grayscale printing with multiple passes (EFI white 

paper, 2012).  

 

 
 

Figure 7. 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 perceiving the print with a higher resolution 
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than the native image. Light color inks are usually 40% of the optical density of the primary 

colors (EFI white paper, 2012) (Shown in Figure 8).  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 added to control 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 

cases, a four primary (CMYK) system can produce reasonably good color outputs to satisfy 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 multi-channel printing by adding other 

colored inks (Qu, Y., et al., 2014).  

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 appearance. It is a strategy based 

on a halftoning technique. Adding light cyan (c) and light magenta (m) widens the color gamut 

of the middle tone area (CES&R Printing, 2016), 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 the lightness of input information is used. Dark inks are added when a decrease 

in lightness is needed, based on various algorithms (Son, et al., 2003). 

A common way to produce the light ink is to dilute the dark ink with a clearer ink 

vehicle. In this way, the 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 source when 

compared to the original primary. While the color constancy between the two ink versions 

remains similar, there 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 durability between the two 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 substrate, thus, causing ink pooling and migration failures (Ross R, et 

al., 2005).  

 

 

Figure 8. 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 in the commercial printing industry. The benefits of adding more colors 

include increased gamut size, improved color consistency, reduced ink usage, and better color 

quality. The most common inks that are added in addition to the CMYK primary set are Blue, 

Red, Orange, Green, and Gray. Hypothetically, a color gamut volume produced by a 6 channel 

CMYKGB can be roughly 40% larger than a CMYK ink set (Allen, et al., 2005). Empirically 

however, many 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 substrate.  The image from the right side is the gamut with 6 ink channels, 

by adding Red and Blue inks, the size of color gamut increased approximately 17%.  

 

 

Figure 9. Color Gamut Volume comparison of CMYK to CMYKRB inkset 
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Virtual Channel Printing  

 

Virtual channel printing is a method of 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 are 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 and 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 Manual, 2010).  

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 

was invented by Ives to produce pictorial images in 1875 (Owens, 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 the midtones were printed by only toning or inking about half of 

the area. Both binary printing and grayscale digital printing are based on the halftoning technique 

(Owens, 2010). 

2.1.3.1. Halftone Pattern 

Halftone pattern is defined by the spacing of dots measured 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 areas, Figure 10 (b) shows the corresponding halftone pattern generated on a 

raster printer (Stone, 2001). Figure 10 (b) also shows each halftone dot is formed in a 6×6 pixel 

cell, in this content, pixel refers to the smallest discrete element in the digital image, each pixel is 

either covered by ink or is left blank. Thus, a 6x6 cell can yield 37 discrete values (6×6+1=37). 

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

 

Figure 10. (a) Halftone patterns for 25%, 50% and 85% dot areas. (b) Digitally produced 

halftone patterns for 25%, 50% and 85% dot areas using Holladay’s algorithm (Original image 

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 amplitude varies, 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 al., 2005). AM method breaks the image into different sized dots at a 

fixed frequency and 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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Figure 11. Close-up of a halftoned image showing the halftone 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 

spacing of uniform sized dots (Cost, 1996).  Thus, the highlight is generated using fewer dots 

while shadow is created by more dots (Dharavath, et al., 2005). Figure 12 demonstrates the 

comparison between AM and FM halftone images. Compared to AM halftoning, the dot 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).  

 

Figure 12.  Comparison of AM and FM Halftone Image (Dharavath, et al., 2005) 
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2.2. Ink and Substrate 

Inks are considered to be one of the most critical components in ink-jet printing. 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, 2003).  Incorrect ink 

selection can result in inconsistent ink-jetting and undesired penetration of the colorant in the 

substrate. Two physical properties dominate the jettability of the colorants, which are surface 

tension and viscosity (Martin, et al., 2008).  

2.2.1. Ink Physical Properties 

Viscosity 

Compared to conventional printing, such as screen-printing, 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 needs to be 

relatively low, which is a major limitation in formulating inks for textile printing, especially for 

pigment-based inks (Leelajariyakul, et al., 2008). Different with analog printing process which 

can deposit sufficient amount of colorants and binder, inkjet 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 durability (Cahill, 1998).  

Surface Tension 

Surface tension affects wetting of 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 is 40-60 mN m-1. In general, in order to 

archive good color quality, the ink must have proper physical and optical properties, such as low 

ink viscosity and high surface tension (Leelajariyakul, et al., 2008). 

Ink Density 

Another important physical property in inkjet printing is ink density or optical density. 

Optical density is expressed as the ratio of reflected light from the printed substrate (shown in 

Equations 1-2. 𝑅 refers to the measured reflectance of light from the halftone area, 𝐼 represents 

the reflected light intensity measured by an electronic light detector, 𝐼0 is the intensity of light 

delivered to the substrate surface. and 𝐷 refers to the image reflection density which can be 

calculated using equation 2 (Ploumidis, 2008).  

𝑅 =
𝐼

𝐼0
        (1) 

𝐷 = − 𝑙𝑜𝑔 𝑅       (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 (Ploumidis, 2008).  

 

 

Figure 13. 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 and pigment-based inks. The distinction between dyes and pigments is quite clear. 

Dye-based inks consist of fully dissolved colorants, while pigment-based inks consist of 

insoluble solid colorant particles in a liquid carrier (Dyes and colorants, 2014). There are many 

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 schematically in Figure 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).  

 

 

Figure 14. Dye solution and pigment dispersion on paper (Le, 1998) 
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2.2.2.1. Molecular Formation of Color  

Pigments and dyes are utilized as colorants to produce color on all sorts of substances. 

They alter the color appearance of objects either by absorption and/or scattering of light. The 

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=O, N=N, and NO2. 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 further change the 

wavelength and intensity of absorption.  They are also known as color enhancing groups or color 

intensifiers. Examples of auxochromes include NH2, OH, SH, halogens etc. An auxochrome 

itself does not absorb light with wavelength above 200 nm. The combination of chromophore 

and auxochrome produces chromogens with different color properties. Chromophore and 

auxochrome groups are linked through a conjugated system, a chromophore is usually an 

electron-withdrawing group, while an auxochrome is an electron-donating group. Figure 15 is an 

example of a chromogen (Solvent Yellow 7) (Gurses, 2016). 

 

 

 

Figure 15. The components of 4-Hydroxyazobenzene (Solvent Yellow 7) 
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Although the presence of a chromophore is essential to producing color, compounds 

lacking conjugated structures will not support the formation of color. Figure 16 is an example of 

the influence of conjugation in color appearance. The compound which has an Azo group placed 

in between conjugate aromatic rings produces a yellow-orange color while the compound which 

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

 

Figure 16. 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 ways to classify 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 quinones. Phthalocyanine is formed through the 

cyclotetramerization of various phthalic acid derivatives 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, basic, etc. Dyes 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. Group 2 comprise dyes are dyes that are applied in 
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a two-step process. Reactive 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 international classification 

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 17 shows the structure and template of the 

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

 

Figure 17. Assignment of Generic Name to a Colorant in the Color Index (Fan, 2005) 

 

  



 27 

2.2.2.3. Dye-based Inks 

Reactive Dyes 

Reactive dyes, as the name suggests, 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. These dyes are usually structurally depicted as D-B-RG, where D refers to the chromogen, B 

is a bridging group, and RG is the abbreviation of the reactive group. Figure 18 is an example, 

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

 

Figure 18. 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 their reaction with 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. The ink-substrate reaction needs alkaline 
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conditions, thus a pretreatment of the substrate 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 dyes commonly 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 coloration of cotton 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.I. Acid Red 73 as an example of dyes in this category. This dye has been used as a magenta 

primary in inkjet formulations. 

 

 

Figure 19. Dye Structure of C.I. Acid Red 73 

 

The advantages of using acid dyes include the wide range of producible colors, good 

consistency and productivity, 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 substrates the main 

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 of printed cellulosic substrates with acid dyes 

(Cie, 2015, Yang & Li, 2001). 

Disperse Dyes 

Disperse dyes are most commonly used for dyeing 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 structures (Colorants, 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 form anions or 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 cellulose, 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 range of 180-220 oC are 

often applied during the application of high energy disperse dyes.  

In general, printing polyester with disperse dyes can produce a wide range of hues with 

good color build-up and fastness properties, adequate for most purposes (Koh, 2011).  In some 

cases a wash off is not adequate to produce a good wet fastness on fibers 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. Figure 20 demonstrates an example of an azo disperse dye, C.I. Disperse Red 

220.   

 

Figure 20. 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 processes for printing textiles and is 

applicable to all types of textile fibers including blends. It ranks as the major contributing factor 

toward the progression of the textile printing industry (Aspland, 1993). The benefits of pigment 

printing include ease of near final printing, wide application to all types of fabrics, ability to 

avoid a washing process after fixation and low environmental impact, etc. (Haggag, et al., 2012).  

Figures 21 and 22 shows examples of pigment colorants. The chromogens of pigments 

are usually the same as those of dyes. However, different with dyes, the structure of the pigment 

is usually more complex, and pigments are often considered to aggregate and collate as a group 

and form particles (Rothon, 2012). The shape and size of the particles can affect many of the 

properties of pigments including their jet-ability.  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, and therefore the colored 

pigments need to be fixed to the substrate through a suitable binder system (Hussain & Ali, 

2009). Pigment inks may also include dispersing agents, emulsifiers, and other 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 dependent on the interaction between the binder and the 

substrate, the thickness of the printed film and the application of auxiliary compounds.  

 

Figure 21. Chemical Structure of C.I. Pigment Yellow 1 
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Figure 22. Chemical Structure of C.I. Pigment Blue 15 

 

In inkjet printing, the binder is usually applied either with the ink in dispersion (Fasano, 

et al., 2007), by a separate nozzle system, after ink-jet printing, or a combination of the 

aforementioned methods. The 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 a few days (Yang & 

Li, 2001). Binders may also affect the softness of the printed substrate and crack and flake over 

time and so softeners are often added to ink formulation to overcome this issue. 

As a result of sustained efforts over the years, pigment printing technology is now very 

well mastered in the industry. The technology of pigmented inks is comparatively difficult to 

master as the problem of small size of the particles to create in large quantities must be taken into 

account. Nano-sized particles are often manufactured that are then coated with a thin resin. This 

resin is used for protection of the pigment against external chemical and mechanical attacks. This 

can affect the transportation of the particle inside the ink, through the nozzles and finally onto 

the substrate. 
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On the other hand, pigment-based inks show longevity and thus many printers are opting 

for pigments. Manufacturing costs of pigments tend to be higher, therefore cost of the ink is 

higher to the user (Daplyn & Lin, 2003). Color density produced by pigments is generally better, 

or easier to achieve than with dye-based inks. However, pigments show the tendency to promote 

a defect called bronzing. This is an unpleasant metal like glow when the print is brightly lit or if 

lit with low incidence. 
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2.2.2.5. 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 will affect 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 substrates, such as polyester, do not interact with the water-soluble 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 normally applied 

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 (Kan &Yuen, 2012).  

 

Table 1. Textile Substrates and Type of Ink (Kan & Yuen, 2012) 

Substrate Types of Ink 

Cotton/Rayon/Cellulosic Reactive dye-based ink 

Polyester Disperse dye-based 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 substrate’s role is to receive the ink. The capability of 

the printer, physical and chemical characteristics of the substrate, colorant, and their mutual 

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

2.2.3.1. Ink-Substrate Interaction 

The ink droplet-substrate interaction can be divided into two stages, impact and wicking. 

Impact refers to the short time period that ink drop impacts the substrate. Generally speaking, it 

includes four sub-stages (Figure 23). Stage (a) is the moment before the impact. At this point the 

impact energy of ink drop includes kinetic energy, surface energy, and potential 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) quasi equilibrium occurs when the ink drop possesses a 

minimum surface and kinetic energy which is equal to the static surface energy (Park, H. et, al. 

2001).  

 

Figure 23. Ink drop impact process (Park, H., et, al. 2001) 
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 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 (Kissa, 1996). There are a number of factors that affect how a colorant 

interacts with a substrate, such as fiber characteristics, yarn parameters, and substrate structure 

(Wang, et al., 2007). Due to the variations within the substrate, the wicking behavior of ink drops 

in different directions may not be identical and thus the spreading width may vary. Figure 24 

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

 

Figure 24. Schematics and scanned images of printing on 5-harness 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 (Park, et al., 2006). 

 

Figure 25 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 

non-uniformly on textile materials and on different textile structures. Thus, line width 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 spreading area (Mhetre, et al., 2010). 

 

Figure 25. 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, et al., 2010) 

 

2.2.3.2. Pretreatment  

A pre-treatment process is required for most fabrics before the ink-jet printing 

application. There are several reasons for pretreating substrates. One reason is that ink-jet 

printing is a non-contact printing process, where the ink drops are jetted out through very fine 

nozzle heads. The ink is specially formulated to avoid drying and clogging. Some chemicals 

function as thickener and binder, which cannot be jetted and therefore are added to the fabric, 

rather than directly incorporated into the printing ink. In addition, some inks can only be printed 

on textiles efficiently under certain conditions, for example, reactive dyes are usually applied 

under alkali conditions. As a result, the fabric is typically pretreated with a thickner for pigment 

and dye printing and a bicarbonate for reactive and acid printing. Direct printing of disperse dyes 

may also include an anti-migrant and UV inhibitor in the pre-treatment. 

Another important reason to apply pretreatments is that most inks are water-based and so 

the colorants are attracted to surfaces that are hydrophilic. Applying pretreatments can change 
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the surface energy of the substrate and hydrophilic surfaces can become more hydrophobic. This 

is especially important in the case of the polyester substrate which is hydrophobic. 

The selection of pre-treatment largely depends on the printing inks. For dye-based inks, 

some pre-treatment chemicals function to inhibit dye migration while other chemicals are 

designed to control pH. In pigment printing, however, pretreatment functions as a binder to 

improve the stability and fastness of colors (Yuen, et al., 2010).   
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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 the original target (Stone, et al., 1988). 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 of these elements 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 industry, the 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 color distortion. 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 to the broad spectral sensitivity range of 

photoreceptors in the human visual system.  Normally [𝑅] , [𝐺], and  [𝐵] are used to denote the 

primaries at wavelengths corresponding to 700, 546.1 and 435.6 nm, respectively. Thus, a color 

𝐶 can be matched by using 𝑅 amount of red, 𝐺 amount of green, and 𝐵 amount of blue (as shown 

in Equation 3). Therefore, tristimulus values RGB can be used to specify a given color.  

𝐶[𝐶] = 𝑅[𝑅] + 𝐺[𝐺] + 𝐵[𝐵]     (3) 
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By setting the target color value 𝐶 = 1, Equation 3 can be converted to Equation 4. Here, 

r, g, and b are called the chromaticity coordinates, as defined in Equation 5.  

1[𝐶] = 𝑟[𝑅] + 𝑔[𝐺] + 𝑏[𝐵]      (4) 

𝑟 =
𝑅

𝑅+𝐺+𝐵
; 𝑔 =

𝐺

𝑅+𝐺+𝐵
; 𝑏 =

𝐵

𝑅+𝐺+𝐵
     (5) 

It was found that to match certain colors with RGB coordinates the amount 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 primaries, where 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 Equations (6-8).  

𝑋 = 0.49𝑅 + 0.31𝐺 + 0.20𝐵     (6) 

𝑌 = 0.17697𝑅 + 0.81240𝐺 + 0.01063𝐵    (7) 

𝑍 = 0.00𝑅 + 0.01𝐺 + 0.99𝐵     (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 set of [X, Y, 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 (9-12) (Arney, 2006). 

100 = 𝐾 ∫ 𝑃(𝜆) ∙ �̅�(𝜆)𝑑𝜆
700

400
     (9) 

𝑋 = 𝐾 ∫ 𝑅(𝜆) ∙ 𝑃(𝜆) ∙ �̅�(𝜆)𝑑𝜆
700

400
    (10) 

𝑌 = 𝐾 ∫ 𝑅(𝜆) ∙ 𝑃(𝜆) ∙ �̅�(𝜆)
700

400
𝑑𝜆    (11) 
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𝑍 = 𝐾 ∫ 𝑅(𝜆) ∙ 𝑃(𝜆) ∙ 𝑧̅(𝜆)
700

400
𝑑𝜆    (12) 

R(𝜆) refers to the spectral reflectance of the print while P (𝜆) refers to the spectral energy 

distribution (SPD) of the light under which the print is observed. �̅�(𝜆), �̅�(𝛾𝜆), 𝑧̅(𝜆) are color 

matching functions which are related to the spectral response of the human color vision.  

Similar to rgb chromaticity coordinates, xyz chromaticity coordinates can be calculated 

from Equation (13).  

𝑥 =
𝑋

𝑋+𝑌+𝑍
; 𝑦 =

𝑌

𝑋+𝑌+𝑍
; 𝑧 =

𝑍

𝑋+𝑌+𝑍
     (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, user-oriented color spaces, and device independent 

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. User-oriented color spaces are considered to be a 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 (Ibraheem, 2012. 

Ganesan & Sajiv, 2017). Different with device dependent or user-oriented 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 category includes CIE XYZ, CIE L*U*V*, CIE L*a*b*, etc. (Ibraheem, 2012).  
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RGB Color System 

The RGB color system is also known as the additive color mixing system as shown in 

Figure 26 (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 purple, adding 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, and other image input devices (Sharma & Bala, 2002).  

 

   

Figure 26. (a) Additive color mixing and (b) Subtractive color mixing system 

 
 

 

CMYK Color System 

The CMYK color system is also known as the subtractive color mixing system, 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. Production of colors 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 unwanted colors. 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 the 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 in Figure 27), 

hue refers to the angle of the color on the color wheel, while saturation refers 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 degree of 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). 

 

 

Figure 27. HSL and HSV color space (Miki. 2016) 
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CIE Standard Color Spaces 

The International Commission on Illumination (CIE, Commission internationale de 

l'éclairage) is an international organization responsible 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 (Sharma & Bala, 2002). 

 The CIE XYZ three-dimensional 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 non-uniform, 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 CIELUV 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 (Sharma & Bala, 2002). A schematic demonstration 

of the CIE L*a*b color space is given in Figure 28. The vertical axis L refers to lightness, a-axis 

represents redness/greenness, while the b-axis represents yellowness/blueness. 

 

Figure 28. CIE LAB color space 
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2.3.1.3. Color Prediction Models 

In color reproduction system, the 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 reliable, predictable 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 another, including in halftone patterns. Since in printing the base media is white, we suppose 

the total coverage is mathematically represented as 1, the surface coverage of primaries cyan, 

magenta and yellow, repressed by c, m, and y respectively, would have values between 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 2×2×2 (shown in Table 2). For example, 𝑎𝑤 =

(1 − 𝑐)(1 − 𝑚)(1 − 𝑦) indicates the area fraction of white, 𝑎𝑤, equals to the products of areas 

that exclude the fractions of cyan, magenta, and yellow. Similarly, 𝑎𝑟 = (1 − 𝑐)𝑚𝑦 indicates the 

area fraction of red color is the product of area that excludes cyan, by the area fraction of 

magenta, and yellow. 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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Table 2. Area fraction of primaries 

Color Area fraction of each primary 

White 𝑎𝑤 = (1 − 𝑐)(1 − 𝑚)(1 − 𝑦) 

Cyan 𝑎𝑐 = 𝑐(1 − 𝑚)(1 − 𝑦) 

Magenta 𝑎𝑚 = (1 − 𝑐)𝑚(1 − 𝑦) 

Yellow 𝑎𝑦 = (1 − 𝑐)(1 − 𝑚)𝑦 

Red 𝑎𝑟 = (1 − 𝑐)𝑚𝑦 

Green 𝑎𝑔 = 𝑐(1 − 𝑚)𝑦 

Blue 𝑎𝑏 = 𝑐𝑚(1 − 𝑦) 

Black 𝑎𝑘 = 𝑐𝑚𝑦 

 

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) when mixing the three subtractive primaries, 

namely, white, cyan, magenta, yellow, red, green, blue, and black. In equation 14 𝑅𝑖(𝜆) refers to 

the spectral reflectance of the corresponding primaries. Similar to Demichel Equations, 𝑎𝑖 refers 

to the surface coverage fraction of corresponding primaries. The total spectral reflectance of the 

print is the sum of the product of individual reflectances and their corresponding areas: 

𝑅(𝜆) = ∑ 𝑎𝑖𝑅𝑖(𝜆)8
𝑖=1       (14) 

The XYZ color coordinates can be measured or calculated based on this principle. The XYZ 

values are calculated based on the additivity principle of individual components.  

𝑋 = ∑ 𝑎𝑖𝑋𝑖
8
𝑖=1        (15) 

𝑌 = ∑ 𝑎𝑖𝑌𝑖
8
𝑖=1        (16) 
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𝑍 = ∑ 𝑎𝑖𝑍𝑖
8
𝑖=1        (17) 

𝑋𝑖, 𝑌𝑖, 𝑍𝑖 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 dots 𝑎, the reflectance of half tone color 𝑅𝑎, the reflectance of printed solid ink 𝑅𝑠, 

and the reflectance of unprinted paper 𝑅0. The Murray-Davis equation is considered as the first 

optical model of color reproduction in halftone process (Arney, et al., 1995). This model has 

been widely used as an indication of the relationship between dot area and ink density (Yule & 

Nielsen, 1951).   

𝑅𝑎 = 𝑎𝑅𝑠 + (1 − 𝑎)𝑅0      (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. 

𝑎 =
𝑅0−𝑅𝑎

𝑅0−𝑅𝑆
      (19) 

Due to ink spreading and interaction of ink 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) (Zitinski, 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 𝑎𝑛 is the dot area sent to the printer, the dot 

gain (DG) can be calculated based on Equation (20). 

𝐷𝐺 = 𝑎 − 𝑎𝑛        (20) 
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Namedanian (2014) suggested that the physical dot gain depends on ink penetration and 

ink spreading properties in paper printing. Optical dot gain, also known as Yule-Nielsen effect, 

occurs due to the light spreading in the substrate. It is affected by the light scattering effect, the 

property of substrate, the shape and size of the ink dots, etc. (Namedanian, et al., 2014). Dot gain 

is important for printing quality as too of a high dot gain may reduce image sharpness and 

increase the prints darkness.  

Yule-Nielsen Model 

Yule and Nielsen (1951) discussed the light penetration and scattering effect on the 

printed paper. Based on Murray-Davis equation and taking the light penetration into 

consideration, they generated the Yule-Nilsen model shown in equation 21. The compensation 

factor 𝑛 refers to YN value. It has been normally used to compensate for both physical and 

optical dot gain (Gustavson, 1997). The 𝑛 value usually varies from 1 to 3. Pearson (1980) 

suggested an 𝑛 value of 1.7 is satisfactory when the actual value is unknown (Engeldrum, 1994).  

The definition of other parameters is the same as previous models.  

𝑅𝑎 = (𝑎𝑅𝑠
1/𝑛 + (1 − 𝑎)𝑅0

1/𝑛)𝑛    (21) 

Then dot area fraction can be calculated using Equation21. Using equation 22 and for a 

given substrate with YN factor 𝑛 =1.7, and a substrate reflectance 𝑅0 = 0.85, solid ink 

reflectance 𝑅𝑠 = 0.05, if a print reflectance of 𝑅𝑎 = 0.25 is desired, an area coverage fraction 

𝑎 = 0.63 should be used in the printer (Arney, 2006).  

𝑎 =
𝑅0

1/𝑛−𝑅𝑎
1/𝑛

𝑅0
1/𝑛−𝑅𝑠

1/𝑛       (22) 

YN 𝑛-factor can also be applied to Neugebauer model as shown in Equations 23-26. As 

𝑛-factor is an empirical correction, it is not based on any physical theory. The XYZ values 

calculated through Equations 24-26 might be different with the corresponding calculations based 
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on Equation 10-12. Therefore, one should determine the best-fit model experimentally based on 

the given printing system (Arney, 2006).  

𝑅 = [∑ 𝑎𝑖𝑅𝑖
1/𝑛

(𝛾)8
𝑖=1 ]𝑛     (23) 

𝑋 = [∑ 𝑎𝑖𝑋𝑖
1/𝑛8

𝑖=1 ]𝑛            (24) 

𝑌 = [∑ 𝑎𝑖𝑌𝑖
1/𝑛8

𝑖=1 ]𝑛       (25) 

𝑍 = [∑ 𝑎𝑖𝑍𝑖
1/𝑛8

𝑖=1 ]𝑛      (26)  
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2.3.2. Color Management in Digital Printing 

A color management system (CMS) is a software-driven approach that seeks to “manage” 

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, green, and 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 (Ford & Roberts, 1998).  

 

Table 3. 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, Computer graphics, Image Processing, Video 

Editing, etc. 

CIE XYZ, 

L*U*V*, 

L*a*b* 

Color Difference Evaluation, Color Matching System, Digital Graphic Design, 

Multimedia Products, etc. 

 

The standard-based color management systems were introduced by the ICC (International 

Color Consortium) in early 1990s (Field, 2004). The ICC standard is widely used in the digital 

printing industry as it allows conservation of colors throughout the color reproduction 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/output devices. Color management system works by 

using a device-independent 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.  

2.3.2.1. 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 systems, the producible range and 

starting points of colors varies. While there are exceptions, the output device’s gamut is typically 

smaller than that of the image file and the display monitor. The output color gamut defines the 

color space of the printed image. Hence, the color space of the image file and monitor need to be 

processed to fit the gamut of the output device (Field, 2004). The process of adjusting the colors 

of input files so that they can be represented on a given output device is called gamut mapping 

(Morovic, 2018). It is essential to develop robust algorithms for gamut specification and color 

mappings (Fairchild, 2013).  

Profile Connection Space (PCS) 

The profile connection space (device-independent color model) functions as a bridge 

between different color spaces (shown in Figure 29); it is used as a reference for color 

transformation between different devices (Zhang, et al., 2005). The current official PCS color 

spaces in digital color reproduction industry are CIE XYZ and CIE L*a*b*. Both 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 color space is 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 (Zeng & Nielsen, 

2001).  

 

Figure 29. Workflow based on PCS color space (Zhang, et al., 2005) 

 

Conversions between RGB and CMYK  

The methodology and algorithms of color conversions vary among different workflows 

and vendors (Hrehorova, Sharma & Fleming, 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 indirect conversion. The formulas for direct conversion from RGB space to CMYK 

space are shown in Equation 27-30. These conversions may work well when printing bar charts 

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

𝐶 = 255 − 𝑅      (27) 

𝑀 = 255 − 𝐺      (28) 

𝑌 = 255 − 𝐵      (29) 
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𝐾 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 (𝐶, 𝑀, 𝑌)    (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 of printer employed, the 

property of inks, different substrate, etc. If there are 𝑛 input devices and 𝑚 output devices, the 

conversions need to be done 𝑛 × 𝑚 times, as shown in Figure 30 (Sharma & Bala, 2002). 

 

 

Figure 30. Color conversions directly between in/output devices (Sharma & Bala, 2002) 

 

 

The implementation of a device independent color space will simplify the process, as 

shown in Figure 31. The translations among different color spaces are completed via an 

intermediary device independent color space, usually, CIE XYZ tristimuli (Ford & Roberts, 

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

will be 𝑛 + 𝑚 times (Sharma & Bala, 2002).  
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Figure 31. Color conversions through device independent color space (Sharma, et al., 2002) 

 

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

 

 

Figure 32. Comparison of Color Management without and with PCS 

 

  



 55 

2.3.2.2. 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 existence of these 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 out-of-gamut 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 specific, which are 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 

outside, or close to the edge of the output device’s color gamut, in order to achieve the desired 

colors (Graphic Quality Consultancy, 2018). These are briefly described in the following 

sections.  

Relative rendering intent 

 The aim of the relative colorimetric rendering intent is to change the colors of the input 

file as little as possible. It moves the out-of-gamut colors to the closest in-gamut color; but it 

does not change or adjust any of the in-gamut colors. For example, let us discuss the case of an 

image that includes different colors such as blue and red where one, e.g. blue is out-of- 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 gamut (Dickinson, 2010).   
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Absolute rendering intent 

The absolute colorimetric rendering intent is suggested for hard proofing. This method 

reproduces the in- gamut colors and clips the out-of-gamut colors to the closest producible hue, 

however, it sacrifices 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 (Fraser, 2001).  

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 producing out- of- gamut colors, 

the software matches the colors with the closest in- gamut colors. However, this intent also shifts 

all the other in-gamut 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, and an in-gamut red. When 

reproducing these colors, the software matches the blue with the closest in-gamut 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 (Dickinson, 2010).  This intent is mostly used for 

photographic 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 saturation rendering intent is to preserve the saturation over the hue. For 

example, when reproduction of an outside-the-gamut dark blue is needed, the software may 

switch the dark blue to, for instance, a dark green if the dark green 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 (Chagas, et al., 2004). The objective of 

this process is to make sure the color of the input file appears the same as on the display monitor 

and the output device (Field, 2004).  The printer calibration aims to obtain a linear relationship 

between input and output values; thus, it modifies the color reproduction behavior of the printer. 

The characterization provides the information pertaining to the color gamut and reproduction 

characteristics of the printer (Chagas, et al., 2004).  

Figure 33 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 and plotted on a chart to 

create a linearization curve. The input is the jetted ink amount based on a halftone algorithm; the 

output is the measured ink amount on the substrate. The variation between input and output is 

due to ink-substrate interactions. Once linearization is completed, a set of hundreds to thousands 

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

 

 

Figure 33. 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 output parameters. 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 increase the accuracy of the lookup tables by adjusting the CMYK values. However, 

this process reduces the gamut volume slightly; it is a trade-off between a larger gamut volume 

with a poorly behaved device and a smaller volume with a better-controlled device (Hrehorova, 

Sharma & Fleming, 2006).  

Figure 34 shows the variations of the dot area after printing without and with calibration. 

The x-axis refers to the reference area in the input file, while the y-axis corresponds to the paper 

area coverage. Figure 34 (a) shows the 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 observed. Figure 34 (b) shows the 

corresponding 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 ¾ tones range significantly; as 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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Figure 34. (a) Classical area coverage on paper vs digital area coverage before calibration 

(b) Classical area coverage on paper vs digital area coverage after calibration 

(Chagas, Blayo & 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 printer with six 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 absorbance 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 as individual ink limiting, ICC profile ink limiting, and global ink limiting.  

The total area coverage (TAC) refers to the sum of maximum coverage of all inks on the 

substrate. In a CMYK four-color printing system, where four layers of ink can be printed, the 

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 substrate, it is difficult 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 the suggested TAC for different types of paper printing 

processes (Chagas, et al., 2004). However, there is no generally accepted TAC reference for 

textile inkjet printing, thus far. 

Table 4. TAC limit for different printing process (Chagas, Blayo & Giraud, 2004) 

Printing Process TAC Printing Process TAC 

Laser printing 260% US Web Coated (SWOP-offset) * 300% 

Ink jet printing 250% US Web Uncoated (offset)* 260% 

Euroscale coated (offset)* 350% US Sheeted Coated (175 offset) * 350% 

Euroscale uncoated (offset)* 260% US Sheeted Uncoated (offset)* 260% 

 

A traditional approach to control ink amount is 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 in the color 

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 page 44, shows the maximum amount of black, 𝐾𝑃, that can be used to replace cyan, 

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

The characterization process determines the relationship between device-dependent and 

device-independent color spaces for a calibrated device (Sharma, G., & Bala, R. 2002). It is 

inverted to determine the device output parameters to produce a color specified in the 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 each patch 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 ICC profiles (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 (Sharma & Bala, 2002). This situation occurs frequently when changing the 

substrate. A full re-characterization, however, is measurement and labor intensive. It is possible 

to select a reference substrate and adjust the characterization based on the complete 

characterization of the reference substrate (Shaw & Sharma, 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’s purchasing decision of a print product (Shin, et al., 2004). Quality is a difficult term 

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 management system, 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 durability of 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 known as print image 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 the decreases 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 digital design on the display monitor (Engeldrum, 1999). Many technologies and devices can 

be used for such print quality evaluations, such as light booths, spectrophotometers, flatbed 

scanners, digital cameras, etc. (Streckel, et al., 2003). 
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2.4.1. Image Quality Preferences and Metrics 

The concept of the image quality (IQ) started very early. However, the IQ problem is still 

not fully resolved. The major challenge is the lack of a structure or a framework in quality 

evaluation (Engeldrum, 1999). Basically, 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 

measurements, using algorithms or IQ metrics, etc. (Pedersen, 2010).  

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 quality of the 

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 metrics such as color rendition, uniformity are 

widely used in objective evaluations. These metrics are well defined for quantitative 

measurement of specific IQ features. However, not all metrics take human perception into 

account.  In addition, there are too many metrics available, which can make the evaluation 

process too complicated (Dalal, et 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 a high-level image quality descriptor. 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 selected accordingly.  Figure 35 shows 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 (Dala, et al., 1998. Natale-Hoffman, et al., 1999). 

 

 

Figure 35. Example of Radar Chart for printer performance evaluation 

 

The selection of attributes for IQ evaluation varies. Shin et al (2004) selected mottle, 

visual noise, visual 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 comprise color, 

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 IQC 

proposed by Engeldrum (1989,1999) originally and modified by Arney (2006). Image system 

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 attributes, printing images 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 quality rating (A) is the overall image quality as judged by the customer. 

The image quality can be defined numerically, for example, by rating the quality from 0 to 100 

with a certain interval; it can also be done adjectivally, by using terms such as “bad”, “good”, or 

“excellent”. Customer perceptions (B) are the major perception attributes for the evaluation. It is 

also called the “nesses”, which include darkness, sharpness, graininess, etc. These attributes can 

be considered as unbiased, quantitatively measurable metrics in print quality evaluation. 

Observers can be asked to judge the relative degree of the “nesses” perception attributes.  

Physical image parameters (C) are the terms usually ascribed to image quality. The image quality 

can be characterized with a set of instrumental measurements, such as reflectance spectra, 

colorimetry, density, noise, contrast, resolution, etc. Physical image parameters can be used as 

predictors of the “nesses”. Technology variables (D), also called printer device variables, refer to 

the device parameters that may change the image quality, such as dpi (dots per inch), dot size, 

substrates roughness, and so on. These variables are usually printing manufactures and operators, 
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and they ultimately control the characteristics of physical image parameters (C) (Engeldrum, 

1999, Arney, 2006). 

 

Figure 36. The Image Quality Circle (Arney, 2006. Engeldrum, 1999) 

 

2.4.3.2. Image Quality Modeling  

There are four different models connecting the evaluation parameters to a circle, which 

are: Device-Dependent Models (D → B), System Models (D → C), Visual Algorithms (C → B), 

and Image Quality Models (B → A). (Engeldrum, 1999, Arney, 2006). Device-Dependent 

Models describe the relationship between the “nesses” and the technology variables. We can use 

the “nesses” ratings as the measurements to adjust the technology variables such as ink limiting, 

print speed, substrate type, and so on to calibrate a printer for the best print quality. 

Technology variables control the physical image properties directly. For example, 

increased print speed may result in a lower print resolution. System Models are useful for 

trouble-shooting difficulties in a printing system, and they are important to a print production 

specialist to understand the relationship between technology variables and physical image 

properties.  
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Chapter 3. Methodology 

3.1. O1: Workflow Development for Ink Limiting Adjustment  

Objective One aimed to develop a workflow for ink limiting adjustment in digital textile 

printing. A comprehensive literature review was completed to determine the main areas of the 

workflow. The literature review included four chapters, printing technologies, printing ink 

classifications, color management, and print quality evaluation.  

Chapter one summarized different printing technologies, such as printhead and print 

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 management system was introduced 

in detail, which filled the knowledge gap of inkjet printing in the textile field. Chapter four 

reviewed different existing quality evaluation models and approaches. By assessing the own 

advantages and disadvantages of the existing evaluation methods, the author sought to develop a 

well-accepted systematic approach for the quality evaluation in digital textile printing field.  

Through this comprehensive literature review, the author developed a flowchart for ink 

limiting adjustment in digital textile printing that could be used to provide a clear and 

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 1938X. The MS JP5Evo 

printer was equipped with four Kyocera piezo printheads. The Mutoh printer was installed with 

two staggered piezo printheads. Table 5 shows the information of the printers that had been used 

in this research project. 

Table 5. Printer Information 

Printer Printhead Ink Channels Print Mode 

MSJP 5 Kyocera Piezo Pigment 8 C 

Mutoh VJ-1938X Piezo Reactive 8 C 

 

Print Mode C was used in both printers, as this mode is most often employed in 

production settings requiring a balance between production speed and print quality. The print 

mode and drop size information is listed in Table 6. Print mode C uses seven variable drop sizes 

(4, 7, 11, 14, 16, 19, and 24 pl); at 600×600 dpi, 4 passes, using Bi-directional printing and the 

carriage speed is “High”.  

Table 6. Print Mode and Drops Size 
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Ink set 

Three ink sets were utilized in this research. CMYK pigment-based ink set was not 

commercialized and was used for the Objective Two -a and Two-b. CMYKRB pigment-based 

ink set from JK Group was used for Objective Two-c and Objective Three testing image 

development.  

Reactive inks from Everlight were installed in Mutoh 1938 X printer, the ink colors were: 

Black, Cyan, Magenta, Gray, Orange, Red, Blue, and Yellow. This set up was used for Objective 

Three testing image application.  

Substrates 

Four types of fabric were used in this research:  

1. Cotton satin 3014 (246gsm) and the MSJP5 printer were used for the image 

development and crockfastness tests. This printer/fabric combination was also 

used for the testing image development. The testing image was subsequently 

utilized for ink limiting optimization for the reactive dye-based printing 

2. Warp satin 6978 was printed on the MSJP5 printer and used for evaluating the 

impact of ink limiting on color qualities. The prototype of the testing image was 

developed based on pigment printing.  

3. A 5mm 100% silk habotai (120) was printed on the Mutoh 1938X and used for 

the ink limiting adjustment.  

4. A cotton percale (142gsm) was also printed on the Mutoh 1938X and used for the 

ink limiting adjustment.  



 71 

Both the 5mm 100% silk habotai and cotton percale (142gsm) were treated for reactive 

printing and sourced from Jacquard Inkjet Fabric Systems. The information pertaining to the 

fabrics are shown in Table 7. 

Table 7. 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 Fabric cotton 142 gsm reactive 

5 mm silk Jacquard Inkjet Fabric silk (with paperback) 125 gsm reactive 

 

Software 

Two Rip software applications were used for printing management: Wasatch and 

RipMaster.  Wasatch was installed in the computer that connected to MSJP5 printer. RIPMaster 

software was installed in both computers that connected to the MSJP5 and Mutoh printer.  

Xrite I1 profiler software was used for color measurements and developing different 

profiles. The profiles were then uploaded to Wasatch. As RIPMaster has the build in calibration 

function, the i1 pro spectrophotometer was only used for color measurements.  

Adobe Photoshop 2020 was used for the testing image development. The testing image 

development in Objective Three was initially developed and tested through Wasatch software. 

Then the testing image was printed through Mutoh which was controlled by RIPMaster software. 

Spectrophotometer 

Two types of spectrophotometer were used in this research: DataColor 850 and i1 pro 

from Xrite. The measurements using DataColor 850 spectrophotometer were conducted using 

D65 illuminant; CIE 2° standard observer; and the measurement geometry was 45/0 according to 
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ISO 13655:2009. The aperture size was 9 mm and specular and UV light were excluded during 

each measurement.   

Xrite i1 pro was used to measure the color patches when developing the profile for 

different printing set up. The measurement mode was M0, which is normally used for the 

measurements of substrates without optical brighter. Illuminant D65 was used for the 

measurement, each color was measured twice, and the average Lab value was obtained. 

Crockmeter 

Testex TF411 Electronic Crock Meter was used for the crockfastness testing in this 

research. Colorfastness 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 of a white test 

square.  

Heat set Machine 

Rotary heat set machine from Practix Ok-12 was used for heat setting after printing. 

Fabrics printed using the pigment-based inks 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 research sought to investigate the influence of ink coverage on measured color 

quality in digital textile printing. The color that human eye perceives is the accumulated light 

reflectance of the subject. Theoretically, if the accumulated reflectance is the same, adding more 

ink will not change the color appearance but will cause quality issues and increase ink waste. In 

order to reduce the cost and waste during the printing production, it is essential to optimize the 

ink consumption amount. Linearization is an important procedure to correlate the relationship of 

input and output ink amount. 

Figure 37 shows an example of the linearization process, where the y-axis is the output of 

the ink amount, and the x-axis is the input ink amount. This linearization shows that the curve 

turns flat when the input ink amount was around 75%, indicating that adding more ink will not 

change the output appearance.  

 

Figure 37. Example of Linearization (Image original from Colourgen) 
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One common way to define a color is to utilize a numeric system, in this study Lab 

values were used to define a print color. If the Lab value of two prints are equal, it means 

instrumentally these two colors are the same. The Lab values of different ink limiting were 

measured and compared, and the results 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 research aimed to investigate the influence of ink coverage on perceived color 

quality in digital textile printing.  The objectives were to attain an improved understanding of the 

relationship between ink coverage and the visual appearance and acceptability of textile printing; 

and to generate a method to produce high quality color prints with 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 substrate. Nine color profiles were generated using the X-rite i1 profiler which 

were then uploaded to Wasatch. The gamut volumes of different ink sets were then compared. 

The same digital file was printed under different color profiles. Visual evaluation of samples was 

conducted by comparing the printed sample at different ink levels to the reference print. Twenty 

participants were asked to rate the samples based on a reference, which was printed using a 

100% ink limit profile per channel. The ranking levels were selected based on the AATCC visual 

evaluation method EP9 and were: “equal,” “slightly different,” “noticeably different,” 

“considerably different,” and “much different.” 

Pigment based CMYK ink set was utilized in this experiment. The ink used for stage one 

was not commercialized. 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 24pl).  An i1 pro handheld 

spectrophotometer (X-Rite) was used to create different profiles, and 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 this study was Wasatch, and 

the substrate was pre-treated warp satin 6978 obtained from PremexSolutions (Atlanta, GA, US).  

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

This study aimed to investigate whether ink limiting reduction can improve the print 

color fastness property, namely crockfastness. By 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 during the processing, 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 on the materials and applications of the end products.  

Crockfastness (also called rub fastness) is one of the common color fastness testing 

methods for pigment printing. It is the resistance of the colorant from the textile surface transfer 

to another surface or to an adjacent area of the same fabric by rubbing. Compared to lightfastness 

and laundry fastness, crockfastness testing is easier to carry out and less time consuming. 

Crockfastness is also one of the major challenges in pigment printing. Therefore, in this study, 

crockfastness was selected to represent the color fastness property. Testing Method 8-2016 from 

AATCC was adopted in this section.  

Figure 38 shows 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 Table 8. The unit of color difference is delta E (AATCC TM8-2016, ISO 105x12). 
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Figure 38. AATCC Gray Scale for Staining 

 

Table 8. Gray Scale for Staining Ratings 

Grade Color Difference  Specification 

5 0+0.2 negligible or no color transfer 

4-5 2.2±0.3 color transfer equivalent to Step 4-5 on the Gray Scale for Staining  

4 4.3±0.3 color transfer equivalent to Step 4 on the Gray Scale for Staining  

3-4 6±0.4 color transfer equivalent to Step 3-4 on the Gray Scale for Staining  

3 8.5±0.5 color transfer equivalent to Step 3 on the Gray Scale for Staining  

2-3 12.0±0.7 color transfer equivalent to Step 2-3 on the Gray Scale for Staining  

2 16.9±1.0 color transfer equivalent to Step 2 on the Gray Scale for Staining  

1-2 24.0±1.5 color transfer equivalent to Step 1-2 on the Gray Scale for Staining  

1 34.1±2.0 color transfer equivalent to Step 1 on the Gray Scale for Staining  
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3.4. Industrial Survey Development 

For Objective Three, a survey instrument was developed to collect information from 

industry experts pertaining to the development of digital textile printing and its quality 

evaluation. Sixty experts were pre-identified and recruited through email and an online survey 

platform to take part in the survey. Twenty-seven people participated in the studyand twenty-five 

participants completed this survey. Qualtrics software application was utilized to generate the 

survey. This activity was approved by the North Carolina State University IRB office according 

to the protocol number 14132. The survey questionnaire is listed in Appendix A. 

The questionnaire was divided into three sections. Section one included five questions 

and was developed to gather general information from the participants. These 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 developed 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 

questions in 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 

likely the participant’s company is to utilize those metrics in their production quality evaluation. 

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 developed for 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 develop a 

generic testing image particularly for textile printing. Section III 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 guide to develop the 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 study aimed to develop a testing image for ink limiting adjustment. The survey 

results were used to guide of the development of the test image. Based on the survey results, it 

was found that both objective and subjective evaluation methods are considered important by 

participating experts. The most likely adopted evaluation attributes were found to be Color 

Difference (Visual), Print Sharpness, Print Resolution, Crock Fastness, Wash Fastness, Light 

Fastness, Colorfulness/ Saturation, and Line Quality. The most relevant types of images for the 

quality evaluations were selected as: Color Patches, Primary Ink Density Chart, Line Quality 

Pattern, Text Quality Pattern, and Gradient Color Mixing. 

The gradient color mixing was included in the early versions of the testing image, and it 

was printed through MSJP5 with pigment inks (shown in Figure 39). 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 no optimization during the printing process. Therefore, the gradient color 

mixing part was excluded from this digital file. 
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Figure 39. Example of Gradient Colors Printed with Pigment Inks 

 

The test image was printed by two digital printers, MSJP 5 and Mutoh 1938X. The 

MSJP5 printer was installed with pigment-based 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, Gray, Orange, 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 cotton substrates. It was addressed in three dimensions, it included both 

subjective and objective quality evaluation approach. Firstly, 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 conducted to study the impact of 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, and blue. Each color was printed in ten different 

ink amounts, from 10% to 100% with 10% interval (shown in Figure 40). Color of the fabric was 

also measured, and it was set as standard that printed with 0% ink.  

 

Figure 40. Ink Limiting Chart for Color Measurements 
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The fabric used in this study was cotton warp satin 6978 obtained from Premex (US), 

which was pretreated for pigment printing. The printing process was conducted through a MS 

JP5 digital printer using a pigment-based ink system. After printing, all 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 swatches was printed three times, and each ink 

level was measured three times. Therefore, each ink level has nine measurements, and the 

average Lab values were calculated and plotted in a chromaticity chart. The profiles of different 

ink limiting adjustment were compared in terms of gamut 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 printer. The color gamut of 

each profiles was compared. The profiles were then uploaded in Wasatch Rip software. Fabric 

that used in this study was warp satin 6978. A colorful print was selected and printed under 

different printing configurations. After 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 in Table 9. The 

adjustments were done at the beginning of the calibration. 
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Table 9. Ink limiting adjustments 

Ink Limiting C (%) 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 printing. Twenty volunteers with normal color vision 

participated the visual evaluation. SPIII 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 

the sample print is comparing to the reference print. The ranking levels were selected based on 

the AATCC visual evaluation method EP9 and were: “equal,” “slightly different,” “noticeably 

different,” “considerably different,” and “much different.” The workflow of this study is shown 

in Figure 41.  
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Figure 41. 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 Photoshop. Two types 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 have the same woven structure but different fabric weights and 

thickness. Both fabrics were pretreated for pigment printing and sourced from PremexSolutions. 

The inks used in this study were digital pigment inks from JK group. There were four levels of 
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ink amount, 100%, 90%, 85%, and 80%. Samples that printed with 95% ink amount was 

excluded because the color measurements and visual differences between 95% and 100% was 

deemed too small.  

Each ink level was printed three times and all the samples were cured in a heat set 

machine at 350F for 2 minutes. Then the printed fabrics were cut to at least 5.1ʺ by 2ʺ in 

diagonal direction. Before the crockfastness tests, the fabric samples and white test squares were 

conditioned overnight in 21 ± 1 ˚C (70 ± 2 ˚C) and 65 ± 2 % RH. Each fabric sample was placed 

on the crockmeter and rubbed against the surface of the dry or wet white test square by cranking 

the meter handle back and forth 10 times. After crocking, the testing square was measured 

utilizing a DataColor SF850 spectrophotometer. The measurement settings included a 9-mm 

aperture, specular and UV light excluded, and using D65 illuminant and CIE 1964 (100) 

Standard Observer.  The samples were rotated 90 degrees during the measurements, and the 

crocking results were rated by means of the gray scale for staining. 

4.2. Objective Three: Creating a Test Image  

4.2.1. Digital File Set Up 

An image that included seven components was developed in this study for use as a testing 

image for the assessment of the quality of textile digital prints. The seven components included 

ink density chart, line quality chart, text quality chart, Siemens star, spot colors, and color 

patches. Adobe Photoshop version 2020 was utilized for the image development. The image 

mode was Multichannel (as shown in Figure 42), no gamut was imbedded in this file, and the 

image size was set as A3.  
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Figure 42. Creation of Multichannel mode Image file 

 

By default, in the multichannel mode there are three existing channels, which are Cyan, 

Magenta, and Yellow. However, as this image was designed for a CMYKRB six ink system, 

three additional channels were incorporated which were renamed in the settings according to the 

color of the inks used and their installation order (as shown in Figure 43 a-c).    

 

Figure 43. Setting up Six-ink Channels 

 

4.2.2. Color Rendering Specification 

 In order to render the image appropriately, the six channels were assigned to six colors. 

The CMYK values of each channel are listed in Table 10. As CMYK color space is device 

dependent, different monitors may render these colors differently. However, here the selection of 
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the spot colors on the monitor was just for rendering purposes. Thus, in this scenario, the 

selection of spot colors for each channel will not affect the print colors. 

 

Table 10. 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 for this digital file are designed to be directly connected to the printer 

ink channels; and no other color conversions are involved in the transfer of information from this 

file.  In other words, the designs or patterns in each layer will directly influence the ink injection 

of the corresponding printer channel. For example, if an area in the Cyan channel in Photoshop is 

selected and filled with a color at 80% opacity, the printer will jet 80% cyan on the substrate for 

that section. The printed colors will also depend on the characteristics of inks, substrate, and their 

interactions. The colors that appear in the image are the percentages of the coverage area, or the 

combination of different primary colors. 

Figure 44 is an example of Black channel set up in Photoshop. This channel was renamed 

to Black, with the assigned CMYK values of (0,0,0,100). The “Color Indicates” setting was set 

to “Selected Areas” as shown in Figure 3. Therefore, if an area in the digital file is selected and 
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filled with 100% color opacity, the printer will print 100% of the ink amount in the selected area 

on the substrate. The color of the print in this selected area depends on which colored ink is 

connected to this channel. Thus, it may not be the actual color that the digital channel was 

assigned to. 

 

 

Figure 44. Example of Black Channel Set up 

 

Figure 45 is a captured image in the Photoshop working space. Each of the selected color 

blocks in each of the six channels can be filled with a given color, in this case 100% black with 

RGB values of (0,0,0). However, the colors shown on the monitor will be based on the colors 

assigned to each channel and not necessarily black (unless the assigned color is set to be black). 

For example, at the top left of Figure 4, a rectangle shape was selected in the Cyan channel and 

masked with 100% black. The color that appears on this spot is not the masked black color, by 

the cyan color with CMYK values of (100,0,0,0) that are assigned to the Cyan channel. In 

conclusion, the colors or patterns that are rendered in the monitor will depend on the area 

selected and the color opacity filled for each channel.  
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Figure 45. Example of Color Appearance on the Monitor 

 

4.2.3. Testing Image Development 

In order to the review the testing image developed for the quality control of printed 

textiles was separated into three sections. Section I contains the Ink Density Chart and Line 

Quality which can be used for individual ink limiting evaluation and adjustment. Section II 

includes text quality, Siemens star, spot colors, and total ink limiting testing squares. This section 

can be utilized for the evaluation of line and text quality, print resolution, and total ink limiting 

adjustment. Section III includes 24 color swatches printed with different ink amounts and 

combinations. This section provides the observer with a reference for the visual evaluation based 

on different ink limiting adjustments.  
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Ink Density Chart and Line Quality 

The ink density chart was developed to adjust individual ink limits. It includes a group of 

0.5×0.5-inch small squares that are covered at different color opacity levels, or in other words 

different ink coverage values (as shown in Figure 46). From the left to the right, the colors in 

each channel are filled from 100% to 5% at a 5% interval. There is a 4 pixels distance between 

rows. This space was designed to observe the ink spreading behavior when the ink limiting is set 

too high. 

This chart can be utilized to visually detect if any over inking artifacts are present. If ink 

pooling is obvious in one channel, it suggests that the ink limit for this channel needs to be 

reduced. This chart can also be used for linearization and individual ink limiting adjustment. For 

example, if the evaluator cannot perceive a color difference for cyan at 100% and 90% ink 

limiting levels, or the colorimetric measurements of 100% and 90% are judged to be close 

enough, it suggests that the ink limiting of this channel can be reduced to 90%.  

The line quality chart was developed for the evaluation of line quality. The sizes of lines 

for each primary color are 1 pixel, 3 pixels, 5 pixels, 7 pixels, 9 pixels, 11 pixels, 13 pixels, and 

15 pixels. The distance between the center of each line was set to 0.2 inches. 
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Figure 46. Ink Density and Line Quality Chart 

 

Text Quality, Siemens Star, and Total Ink Limiting 

The text quality chart was developed for the evaluation of line quality. The sizes of lines 

for each primary color are: 3 pixels, 6 pixels, 9 pixels, 12 pixels. The selection of the font size 

was based on practical printing experience. It was found that the print quality was problematic on 

textured cotton fabrics when the font size was less than 3 pixels. The Siemens Star patterns with 

128 spokes were used for the evaluation of print resolution and sharpness, as shown in Figure 47.  

The diamond shape blocks were designed for the total ink limiting adjustment. There are 

four smaller squares on the left side of the image. The total ink coverage for these squares from 

left to right are 150%, 200%, 250%, and 300%. The total ink coverages of the larger squares 

range from 300% to 600% with a 50% interval. Each of the six primary inks was added equally 

in the diamond blocks. The color appearance in the testing chart is just the rendering format, the 

actual print color is determined by the ink and substrate characteristics.  
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Figure 47. Section II of the Testing image 
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Color Swatches 

The color swatches included twenty-four 1×1-inch blocks that were designed to exhibit 

the color appearance for different amounts of primary inks, as shown in Figure 48. Each block 

was filled with a different percentage and combination of primary inks. The color selection was 

based on the X-rite color checker test chart. The ink coverage combination of each square from 

top left to bottom right is listed in Table11.  

 

Figure 48. Digital Color Swatches Included in the Testing Image 

 

Table 11. The ink coverage combination of test color patches 

𝑖
/𝑗 

1 2 3 4 5 6 7 8 

1 C20M70Y80

K80 

M10Y30R

20 

C40K10

B60 

C80Y100

K10 

C10M10R20

B70 

Y10C6

0 

M30Y100

R20 

C50K10B80 

2 C10M40Y20

R60 

M50R70B

70 

C25Y10

0 

M20Y100 C50K50B10

0 

C70Y1

00 

Y20R100 Y100 

3 C100B20 M80R20 K5 K15 K30 K60 K100 C30M30Y30

K100 

 

In Table 11,  𝑖 indicates the row position of the color swatch, 𝑗 indicates the column 

position of the color swatch, thus 𝑃𝑖𝑗 represents the color patch in row 𝑖 and column 𝑗. 

CMYKRB represent Cyan, Magenta, Yellow, Black, Red, and Blue inks. The number following 

each letter represents the ink coverage of the corresponding primary ink. For example, 𝑃25 is the 
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patch in the 5th column and the second row. The code shown for this patch is C50K50B100, 

which means this patch will be printed with 50% cyan, 50% black, and 100% blue.  

 

  



 94 

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 during printing. It is 

an important parameter for color calibration of inkjet printers (Zeng. 2001). Many printing issues 

may occur when the ink limiting is too high, such as ink pooling, prolonged drying time, etc. 

Therefore, it is important to have a standardized procedure for ink limiting adjustment. However, 

in the published literature, there was also lack of understanding about color management and ink 

limiting adjustment for textiles.  

Through the literature review and the authors’ practical working experiences, a workflow 

of ink limiting adjustment was developed. While ink limiting can be adjusted during the design 

phase, meaning it can be controlled when the digital file was created, the focus of this study was 

on the printing production phase. The investigator found that there are three methods to adjust 

the ink limiting during printer profiling. 

The first ink limit adjustment method can occur after printing the ink limiting swatches 

(shown in Figure 49). One can simply visually compare the color appearance of color patches 

with different coverages. If the patch with a lower ink coverage appears the same as that of the 

higher coverage, the ink limiting can be reduced to a lower coverage.  
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Figure 49. Example of Individual Ink Limiting 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 and tends to be a vertical line (Shown in Figure 50). These 

two methods can be defined as individual ink limiting adjustment, which means that the ink 

channel was adjusted individually.   

 

 

Figure 50. Example of Linearization (Image original from Colourgen) 
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The second way to adjust the ink limiting is after printing out the profile color swatches. 

The third method of ink adjustment occurs at the last stage of profiling. After creating the ICC 

profile and printing out the test charts, one can check if there are ink pooling, ink drying issues, 

or oversaturated color problems, and thus identify if there is too much ink on the substrate 

surface. The ink limiting accordingly can then be adjusted accordingly. Figure 51 shows the 

example of total ink limiting adjustment in Wasatch software. These two approaches are 

considered as global ink limiting adjustment, or total ink limiting adjustment.  

 

 

Figure 51. Example of Total Ink Limiting Adjustment 

 

Based on the ink limiting adjustment approaches discussed, the workflow of ink limiting 

adjustment was developed, (see Figure 52). This workflow involves subjective evaluation and 

instrumental measurements.  
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The investigator found that there are two distinct phases for ink limiting adjustment. One 

is individual ink limiting adjustment, which means that only the maximum ink amount of each 

channel was adjusted individually. The other approach is called global ink limiting adjustment or 

total ink limiting adjustment and refers to that the total maximum amount of ink is adjusted. 

Depending on the color management software, the algorithm of total ink limiting adjustment 

varies. 

  

 

 

Figure 52. Workflow of Ink Limiting Adjustment 
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Many factors will affect print quality, such as machinery settings, operation procedures, 

quality evaluation methods, etc. Through the literature review and working experience of the 

author, a cause effect diagram was created (shown in Figure 53). It included six major 

component that affect printing quality, which are input file type, substrate, printer, ink, color 

management system, and operation. 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. 

 

Figure 53. Cause and Effect Diagram of Digital Textile Printing Quality 

 

 

 

  



 99 

5.2. Objective Two: Influence of Ink Limiting on Digital Printed Cotton Substrates 

5.2.1. Objective Two-a: Color Measurements and 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 using a MSJP5 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 heat-set at 350F for 2 minutes after printing. The prints were then 

measured with a DataColor 850 spectrophotometer, and the CIELab, Chroma (CIE C), and Hue 

(CIE h) values were recorded and CIELab values were plotted (as shown in Figure 54). 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-1. 

 

 

Figure 54. CIELab plot of Different Ink Limiting of CMYKRB 
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Table 12. Color Measurement Results 

Batch 
Name Batch CIE L Batch CIE a Batch CIE b Batch CIE C 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 34.14 274.11 

 

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).  While plots for 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 color difference from the substrate. Lines representing chromatic 

values at different ink limiting levels may be used to represent the color build-up properties 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 colorant used. 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 color builds up beyond 90% ink limiting level is poor in most 

cases. In addition, the “iso-hue” lines representing chroma or 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 

emphasizes the importance of linearization in color calibration.  

Figure 54-right 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 blue are somewhat 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 majority 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. In 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, depending on the characteristics of 

inks, substrate, and their interactions.  

Table 13 shows the gamut volume of the printed colors after individual ink limiting 

adjustments. Two 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 software, the unit of 

gamut volume in this circumstance is number of producible colors.  

As expected, the color gamut volume decreased when the ink limits were reduced. 

However, there was a severe difference in terms of gamut volume when yellow was reduced to 

80%, compared 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 for 90 and 80% 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.  

Table 13. Gamut volume of profiles with different ink coverage settings 

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

Gamut volume 

(W) 

1.13 1.11 1.09 1.09 1.12 1.27 1.23 0.61 1.07 

Gamut volume 

(C) 

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

 

Figure 55 shows the comparison of the color gamut of 90Y and 80Y to the reference color gamut 

(shown in purplish blue color). As shown in Figure 55-left, there was a moderate shrinkage in the 

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

in Figure 55-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 crucial for color reproduction, especially in relation to the attainable 

lightness range. 
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Figure 55. Color gamut comparisons for 90Y ink limit (left) versus 80Y (right) 

 

The left side of Figure 56 shows the maximum producible lightness 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 reduced to 80%, the lightness was affected significantly, 

especially when the yellow limit was changed. The right side of Figure 56 shows the lightness 

range among different profiles. It shows that the ink reduction for yellow and black will affect 

the producible lightness range significantly. The reduction of black increases the lightness 

attainable, which indicates that having the maximum black limit is crucial for producing darker 

shades. 
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Figure 56. Maximum Lightness and the range of lightness  
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5.2.2. Objective Two-b: Visual Color Evaluation 

Figure 57 shows the color appearance evaluation results. The x-axis indicates 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, the multi-colored 

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 considered the print appearance 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 and reference 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 test print and 

reference print.  All ink limit reductions to 80% resulted in observers failing the test sample and 

giving the “much different” rating. 

 

Figure 57. 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 was. The average values of the dry crock result of fabric A 

were listed in Table 14. It shows that the dry crock of cyan samples increased 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%.   

Table 14. 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 

 

Figure 58 shows the trend of crockfastness of two 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 with the same amount of colorant on same substrate, which suggests that 

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

 

Figure 58. Dry Crockfastness Results of Fabric A 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

100 90 85 80

G
ra

y 
Sc

al
e 

R
at

in
g

% Ink Amount Applied on Fabric A

Cyan Magenta



 107 

Table 15 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 when the ink amount was 

reduced from 100% to 80%. 

Table 15. 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 

 

 

Figure 59 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 crock results of 

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. 

 

Figure 59. Dry Crockfastness Results of Fabric B 
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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. Twenty-seven participated the 

survey and twenty-five participants completed the survey. As two of the participants did not fully 

participate this study, their responses were eliminated for the analysis.  

Section I. General Information 

The questions in Section I were developed to collect data on the frequency and number of 

years participants conducted quality. Section I questions were also developed to collect data on 

participant’s type work and number of years employed. Participants were also asked multiple 

choice and open-ended questions about their opinions on the advantages and challenges of digital 

textile printing.  Figure 60 shows a pie chart diagram of participants’ responses pertaining to 

their experience in the digital textile printing industry.  

 

Figure 60. 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 experiences in 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 to this question. Figure 61 shows the frequency distribution 

of responses. The y-axis shows the weekly based evaluation frequency, and the x-axis shows the 

count of participants for each evaluation frequency category. Forty percent of participants on 

average stated that they conduct one or fewer evaluations per week. Forty-four percent 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 week. Based on the quality evaluation 

frequency, the participants can be considered highly active expert group in this area, which 

validated the expertise of the participant group. 

 

 

Figure 61. Frequency of Quality Evaluations by Participants 
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Question 3 aimed to investigate the role of participants in the digital textile printing 

industry. Eight different stakeholder categories were pre-identified as shown in Figure 62. Printer 

manufacturer refers to companies that build digital printers which includes 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 focus on apparel 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 on pre- and post-

treatment of digital 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 and promote digital 

printing technologies.  

 

 
Figure 62. Participants Classification and Fraction of Stakeholders 



 111 

The survey results indicate 40% participants were from Media/ Education group, 10% 

were from design company, 13% were from a printing company, 7% werefrom 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 manufactures. This information 

indicated that this 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 advantages and challenges are 

perceived for the digital textile printing from participants’ perspectives. Figure 63 and 64 were 

the results of question 4 and 5. The y-axis shows the listed advantage or disadvantage of digital 

printing, x-axis shows the number of participants who selected the corresponding options. Figure 

63 shows that the top three advantages of digital textile printing are considered to be: print-on-

demand, short runs, and flexibility. The results for question 5 show that the top three challenges 

of digital textile printing technology are determined to be: high capital investment, color 

accuracy, and poor color fastness. This result validated the advantages of digital printing which 

discussed in introduction part.  

 

Figure 63. Advantages of Digital Textile Printing Technology  
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Figure 64. Challenges of Digital Textile Printing Technology  
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Section II. 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 participants’ perceived priorities in evaluation of for textile 

printing reproduction. The results are shown in Figure 65. The y-axis shows the options in 

question 6 that which attribute was more important to print production, x-axis shows the number 

of participants who selected the corresponding options. The result shows that the majority of 

participants chose both cost and print quality.  It can be concluded that both print cost and print 

quality are considered important, and print quality is an important priority in the reproduction of 

textile prints. 

 

 

Figure 65. Priority of Factors for Reproduction of Digital Textile Prints 
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and 8 aimed to understand which method is utilized more frequently, and which one is more 

reliable from the participants’ point of view. Figure 66 shows most participants indicated that 

both subjective and objective evaluation methods were used in their companies. Figure 67 shows 

both evaluation methods are considered reliable, while objective method slightly outweighs the 

former with a few more responses.  The results supported the literature review about quality 

evaluation methods. 

 

 

Figure 66. Preference of Subjective and Objective Evaluation Methods 
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Figure 67. Reliability of Subjective and Objective Evaluation Methods 
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Table 16. Rating Results of Quality 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 

Wash Fastness WF 4.40 5 0.94 0.88 

Print Sharpness PS 4.36 5 0.89 0.79 

Crock Fastness CF 4.36 5 0.93 0.87 

Colorfulness/Saturation CF/ST 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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Figure 68. Rating Results for Evaluation Attributes 

 

Question 10 was an open-ended question to collect additional information about 

evaluation attributes beyond the 16 attributes identified by the PI. explored if there are other 

evaluation attributes that are used in the participants’ company which are not included among the 

selected 16 attributes in the survey. The results show that some companies are also concerned 

about the tactile/hand properties of prints. In these cases, it was indicated that hand-o-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.  
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Section III. Development of a Testing Image  

Section III of the survey 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 questions, all of these three questions were multiple choice based, while 

participant also have option to add open-ended response with text. Question 11 (with 

corresponding results shown in Figure 69) was designed to investigate the types of test images 

that the participant companies are or have used for quality evaluation of 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. Twelve 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 

requirements, 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 on these responses, 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% utilized a testing image that is supplied by the software or 

machinery manufacturers.  The 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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Figure 69. Test Image Utilization Categories 

 

Question 12 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 the last decade or 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 printing.  

The multiple-choice 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 Figure 70, the horizontal axis shows the 

number of participants that selected a specific choice.  

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

density chart, fifteen chose line quality, thirteen selected text quality and gradient color mixing 
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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 in the development 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.  

 

 

Figure 70. Results of the Survey Question Pertaining to Suitability/Applicability of Various 

Images for the Development of a Testing Image for Digital Textile Printing 
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they used the same set of images which they 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 image that 

they had developed internally.  
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5.3.2. Digital File Adjustment  

As the digital file developed for testing is in the Multiple Channel image mode, it has no 

gamut imbedded. Thus, there are no color calculations or conversions were involved in the 

printing process. Each channel in the digital file was connected to the corresponding printer 

channel. The order of the digital channel should be the same as that on the printer ink channel or 

should be adjusted accordingly to avoid misprints. There are two ways to sort the channels of the 

digital file and printing inks to be in the same order. The first method is to physically swap the 

order of ink cartridges or change the configuration of the printer through the color management 

software. The second way is to adjust the order of the digital file by dragging and moving the 

channels in Photoshop. Figure 71 is an example where the Red and Blue channels are swapped in 

Photoshop.  

 

Figure 71. Example of Swapping Ink Channels in Photoshop 

The digital file in this study was set up for printing with six ink channels. However, it can 

also be adjusted for use with four ink channels or eight ink channels by either reducing or adding 

the number of channels in the digital file. However, it should be noted that the change will also 

affect the associated colors of the patches. Therefore, ink combinations should be readjusted 

when ink colors or ink channels are changed. 
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5.3.3. Application of Testing Image   

Test Print on Silk 

Figure 72 is 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 printer was RIP Master. The printing mode was C2 with eight ink channels. 

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 CMYKRB. The digital file was 

designed for six ink channels, while the printer was installed with eight color inks. Figure 72 

illustrates a clear mismatch between the orders of the printed ink channels between two settings. 

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

 

Figure 72. Ink Density and Line Quality Test Print with Default Settings 
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Figure 73-left shows the default channel setting in the digital file and Figure 73-right 

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 ensure the printer can 

process the digital file under an eight-color 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 colors. Thus, these channels were left blank so that 

the printer would not jet any gray or orange inks.  

 

Figure 73. Digital File Channel Adjustment 

 

Another severe failure shown in this test print was the over inking issue (as noted in 

Figure 74). 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 both the individual and total ink limiting values 

had to be reduced. 
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Figure 74. 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%. Figure 75 is the test print of ink density and line quality at 50% 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 in the 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 could be reduced 

further.  
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Figure 75. 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 

caused by different factors. One common cause is the printhead clogging. This problem can be 

resolved by cleaning the nozzle heads regularly. This file was printed on silk using reactive 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, especially in the case of 

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 insufficient amount of ink.  

The text quality and print sharpness were improved significantly after reducing the ink 

limiting level to 50% (as shown in Figure 76). The print quality of the total ink limiting squares 

was also improved after reducing each ink level to 50% 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 around 150% to 175% and that the total ink limiting should not exceed 200% to obtain 

a good quality print.  

 

Figure 76. Test Print with 50% Individual Ink Limiting on Silk 

 

To determine the suitable level of individual ink limiting for this substrate, the digital file 

was printed at 25% ink limiting level (shown in Figure 77). 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 level. However, the colorfulness of the print was reduced.  
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Figure 77. Test Print of 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 

slightly better than that at 50% (as shown in Figure 78). However, there is a noticeable color 

difference between prints at 25% and 50% ink levels. 

 

Figure 78. 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 tolerance for color 

difference in the textile industry is often very low, it may not be worthwhile to scarify color 

quality to achieve cost effective productions at the lowest amount of ink. Thus, the individual ink 

limiting level for a substrate and ink set needs to be adjusted 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 

Figure 79 is 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 important role in 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. 
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Figure 79. Ink Density and Line Quality Test Print at 100% Ink Limiting Level on Cotton 

 

Figure 80 is the captured image of text quality at 100% ink limiting level on cotton. It 

shows the ghosting effect, which suggests the printer configuration for this substrate had a print-

head alignment issue. The printhead height had to be therefore adjusted. As different substrates 

have different thicknesses which can affect the distance between the head and the substrate and 

therefore the flight time, the printer should be calibrated when the substrate is changed. 

 

Figure 80. Captured Text Quality Test Print at 100% Ink Limiting Level on Cotton 
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Figure 81 is the captured image of total ink limiting test squares. The total ink limiting 

levels from left to right are 300% to 600% with a 50% interval. An over inking issue is clearly 

observed when the total ink limiting level reaches 450% and above. The edges of the diamonds 

at 300% to 400% ink levels are clean and much sharper than those at 450%. This suggests that 

the total ink limiting level for this substrate should not exceed 400%.  

 

Figure 81. Total Ink Limiting Test Print at 100% Ink Limiting Level on Cotton 

 

Figure 82 is the test print of Ink Density and Line Quality at 50% ink limiting level on 

cotton substrate. It shows that the overlapping issue between cyan and magenta was eliminated. 

This indicates that printing at 100% ink limiting level not only consumes excessive amounts of 

ink, it also adversely affects print quality. This problem can be resolved by reducing the ink 

limiting level. However, the visual appearance of the substrate should also be considered. In this 

case the ink density chart was desaturated compared to printing at 100% ink level. It should be 

obvious now, that printing with excessive or insufficient ink amounts can cause problems. 

Therefore, determining a suitable ink limiting to commence the printing operation is essential.  
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Figure 82. Test Print of Ink Desity and Line Quality at 50% Ink Limiting Level on Cotton 

 

At the reduced total ink limiting testing of 50% no over inking issue in the printed area 

was observed, as shown in Figure 83. The text quality was also improved after adjusting the 

height of the printer head. There were ink stains in the spot color area, however. This was due to 

the adjustment of the printer, since the printhead was lowered down it might have touched the 

surface of the substrate. This problem can be resolved by increasing the tension of the substrate 

using the winding bar. The problem may also be overcome after few minutes of printing as the 

printer usually takes a few minutes to adapt to the adjusted setting. 

 



 133 

 

Figure 83. Test Print at 50% Ink Limiting Level on cotton 
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Chapter 6. Conclusions 

 

This research was carried out to determine the impact of ink limiting on quality 

evaluation of digital printed cotton substrates. The work included three objectives. Objective One 

was to develop a workflow for ink limiting adjustment. This was achieved by first conducting a 

comprehensive literature review and then analyzing various pertinent resources to determine the 

best approach.  Objective Two was to investigate the impact of ink limiting on color quality of 

inkjet printed cotton substrates. This was carried out through a series of specific experiments and 

analysis of their results. Objective Three was to create a test image to optimize ink limiting 

levels in textile printers. It was addressed by developing a specific survey which was sent to 

sixty industrial experts and then analyzing the results. This was followed by generating a digital 

testing file and validating the suitability of the image on a number of printers, software 

applications and textile substrates in a typical printing process.  These are briefly described in the 

following sections.  

6.1. Development of a Workflow for Ink Limiting Adjustment 

From the workflow developed for ink limiting adjustment, the investigator found that 

there are two major ink limiting adjustment approaches that are used in digital printing. The first 

approach is individual ink limiting adjustment, and the second approach is total ink limiting 

adjustment. Different approaches for ink limiting adjustment can be employed in different phases 

of the printer color calibration process. Individual ink limiting can be adjusted during the 

linearization process. It is essential to ensure proper ink consumption amount for each channel so 

that the input and output ink amounts can be linearized effectively. The outcome is an increase in 

the proficiency and accuracy of color predictions.  
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Total ink limiting can be adjusted during the characterization phase and it was found to 

beimportant step to optimize the total ink amount. According to the literature pertaining to 

available color prediction models, there are multiple ways to produce the same target colors. 

Setting a proper total ink limiting can ensure the target color will be produced in the most 

efficient way. Ink limiting can restrain the total ink consumption which will also avoid potential 

ink pooling issues. Reducing the total ink amount can also decrease the drying time after 

printing, which results in reduced ink contamination possibilities and savings in energy 

consumption required for drying. 

Many factors affect the quality of printed material and thus a cause-effect diagram was 

also developed in this section. This diagram summarizes the role of potential factors that affect 

print quality. It will provide a clear guideline for future digital printing quality evaluation and 

improvement.  

 

  



 136 

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 

examined in three subsections. First, the influence of ink limiting on color measurement was 

investigated. Pigment inks were utilized in this study. It was found that reducing ink limiting to 

90% did not change the lab values and gamut volume significantly. There was obvious shrinkage 

in terms of gamut volume when yellow and black was reduced to 80%. 

Second, a visual assessment experiment was conducted to evaluate the impact of pigment 

ink limiting on color quality of digital printed textiles. Pigment inks were utilized in this study. 

The primary colors were cyan, magenta, yellow, and black. Results 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%, the gamut volume was only reduced slightly. The 

gamut volume of the profile at 90% black limit was not affected. This may be due to the 

compensation of the loss by the remaining three CMY inks, as yellow and black ink limits play 

an important role in producing 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 process. This study provided evidence that reducing individual ink limiting may 

maintain the same or close print quality.  

Third, crockfastness testing was utilized to evaluate the impact of ink limiting on color 

fastness of digital textile prints. Pigment inks were utilized in this study.  Cyan and magenta inks 

were tested in this study. Theoretically, as the amount of ink on the print decreases, the less the 

ink will be rubbed off. The crockfastness results of prints on two different cotton substrates with 

two different colorants supported this assumption. There were, however, variations in terms of 

the crockfastness properties between cyan and magenta inks for the same amount of ink applied, 
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which again was expected since different colorants generate different color fastness properties on 

the same substrate based on the type and level of their interaction with the material and the mode 

of their adhesion to the surface. There were also variations between different substrates’ crock 

results when printed with the same colorant, which suggested that the surface properties of the 

substrate play an important role on the crockfastness properties for the colorants applied. The 

results of this study support the fact that ink amount, colorant type, and substrate affect prints 

color fastness properties. It is shown, however, that a controlled reduction of ink amount can 

result in improved dry crockfastness without affecting color appearance and quality significantly. 
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6.3. Development of a Testing Image for Ink Limiting Adjustment 

A specific survey was developed and distributed to industrial printing experts to develop 

a testing image. Responses were collected from twenty-five industry experts who are currently 

involved in the digital textile printing. Section I of the survey obtained general information from 

participants and investigated their opinions about digital printing technology. The responses 

indicate that the top three advantages of digital textile printing are the print-on-demand feature, 

availability of small runs, and flexibility. The top three challenges are considered to be the high 

capital investment required, inadequate color accuracy, and poor color fastness. 

According to the analysis of responses obtained for questions in Section II, it can be 

concluded that print quality is essential to the success of digital textile printing. Both subjective 

and objective methods are currently used for the quality evaluation of prints. The topmost-likely 

adopted evaluation attributes were selected as: Color Difference (Visual), Print Sharpness, Print 

Resolution, Crock Fastness, Wash Fastness, Light Fastness, Colorfulness/ Saturation, and Line 

Quality. All of these attributes received a rating of at least 4 on a 1-5 Likert scale, indicating their 

importance and relevance, where 1 indicates the least important and 5 suggests the most 

important attribute.  

Results from section III show that 80% of participants preferred to develop their own 

testing images for their quality evaluations even though there are existing testing images for the 

quality evaluation of textile prints that may be included in the software package.  This indicates a 

need in the industry to develop and adopt a universal model for evaluation of textile digital 

prints.  The availability of a universal model can minimize disagreements among parties and 

improve communication in the supply chain. The most relevant types of images, selected by the 

participants, for the quality evaluations were Color Patches, Primary Ink Density Chart, Line 
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Quality Pattern, Text Quality Pattern, and Gradient Color Mixing. These images are highly 

relevant to color accuracy and print sharpness and resolution. The more detailed images received 

fewer positive responses. It can be concluded that the inclusion of fundamental testing image 

types is essential to the development of a robust quality evaluation method. Nonetheless, image 

types with more detail may still be employed in specific cases rather than be included in the 

generic testing image for overall evaluation of digital printed textiles.  

A testing image was thus successfully developed and was then tested on different printers 

using both pigment and dye-based inks, with different software, and using different cotton 

substrates. The application process proved that testing image developed can be easily and 

successfully used to optimize ink limiting amounts for individual channels as well as for global 

ink level adjustment. It is shown that different substrate requires different ink limiting 

adjustments and thus the testing process should be carried out each time the substrate, ink or the 

machine is changed to ensure appropriate and acceptable print quality levels.  
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Chapter 7. Limitations and Future Work 

7.1. Limitations 

 Due to the limited amount of time and facilities this study experiences a number of 

limitations. First of all, the availability of different fabrics for testing in this research were very 

limited. In total only four types of fabrics were used, including two pretreated cottons for 

pigment printing, one pretreated cotton for reactive printing, and one type of pretreated silk for 

reactive printing. However, all pretreatments were carried out by fabric vendors and thus this 

work could not examine the role of any specific pretreatments on the quality of the printing 

process. Changing the fabric or the pretreatment of the substrate may therefore lead to different 

outcomes. 

The results of the color measurements indicate that a controlled reduction in ink limiting 

levels can produce colors with fairly similar chromaticities. However, only one fabric was 

utilized for this component of the study. There were some overlaps in the chromaticity levels 

only when the ink limiting level was reduced from 100% to 90%.  The difference among 

different ink limiting levels between 90% to 10% levels was significant. This may, in part, be 

due to the high absorbance of the substrate, or the characteristics of pigment inks used.  A 

repeated study with additional inks and different substrates can improve the results of this 

component of the work.  

The visual evaluation study suggested that 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. This component of the study was conducted with 

the simplest CMYK ink set and only one type of substrate was used. No other colors 

compensated for the reduction of CMYK inks. Thus, reducing the amount of ink for one color to 

a level greater than 20% resulted in a significantly different color appearance. Adding additional 
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colors such as red, blue, orange, or green may compensate for reductions in the primary ink 

levels while utilizing less ink. However, there might be additional uncontrollable variables when 

the number of inks is changed to 6 or 8 colors and the results may vary for 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 testing proves there is correlation between ink amount and crockfastness 

property. However, it was only tested in pigment printing on cotton substrates. Different inks 

and/or substrates may lead to different results. In addition, since pigments are adhered to the 

surface with a binder, and since the binder properties were not disclosed it was not possible to 

determine the role of the binder type on crock properties. Moreover, the crock results did not 

reach the industrial requirements, where printed textiles are expected to have a dry crock-fastness 

of at least 4 and a wet crock-fastness of at least 3. The results indicated the deficiency of the ink 

system and that the binder was not sufficient or appropriate for cotton substrates. Using different 

substrates or applying pre or post-treatments may improve the crock results. 

This survey included participants from eight pre-identified 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 that the information collected in 

this survey can be considered to be reliable and a good reflection of the current status of 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 four times per 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 specialists. It 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 of digital printing rather than the actual quality control of the process. This is, therefore, one 

of the limitations of this study. 

Lastly, a testing image was developed for ink limiting adjustment. The image can be 

employed in different printing set ups and it works efficiently for ink limiting adjustment. 

However, the format of the digital file limited the applications. It can only be printed prior to 

printer color calibration. It 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 noted. In this study, different experiments were conducted in a limited 

set up. Only the impact of individual ink limiting was examined. The impact of total ink limiting 

adjustment should be studied in the future. The CMYK pigment-based inkset was utilized for ink 

limiting adjusting. In future, six or eight color pigment-based sets as well as dye-based inkset 

should be used to validate the study.  

The color prediction model was discussed in the literature review. The model plays an 

important role in accurate color reproduction in digital printing. Most of the current prediction 

models are based on paper printing. Due to the complexity of textiles and differences between 

textile substrates and paper, it is critical to develop suitable color prediction models for textile 

printing. The N-factor of different substrates can be calculated based on Yule-Nielsen model. A 

method to classify fabrics based on fabric weight or the structure should also be developed.  

The durability of pigment printing still remains as a significant challenge in the sector. 

According to crockfastness testing results, pigment printing properties were not sufficient for 

commercial applications. A study of the effect of pre-treatment and post-treatments can be useful 

with a view to improve the print quality.   
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Appendix-1. 

Color Measurement Results 

Batch Name Batch CIE L 
Batch CIE 
h 

Batch CIE 
C 

Batch CIE 
b Batch CIE a CIE DL 

Cyan100% 52.95 246.83 42.17 -38.77 -16.59 -37.32 

Cyan90% 54.92 245.64 42.46 -38.68 -17.51 -35.35 

Cyan80% 61.05 241.97 40.35 -35.62 -18.96 -29.22 

Cyan70% 69.20 238.09 33.86 -28.74 -17.90 -21.06 

Cyan60% 74.80 236.33 28.28 -23.54 -15.68 -15.47 

Cyan50% 79.41 235.10 22.59 -18.53 -12.93 -10.86 

Cyan40% 83.15 234.14 17.50 -14.19 -10.25 -7.12 

Cyan30% 86.05 233.20 13.22 -10.58 -7.92 -4.22 

Cyan20% 88.50 232.39 9.39 -7.44 -5.73 -1.77 

Cyan10% 91.26 230.39 4.94 -3.80 -3.15 0.99 

Magenta100% 53.07 347.61 51.45 -11.04 50.25 -37.20 

Magenta90% 55.26 346.27 50.71 -12.04 49.26 -35.01 

Magenta80% 61.64 342.74 45.52 -13.51 43.47 -28.62 

Magenta70% 69.73 339.46 36.17 -12.69 33.87 -20.53 

Magenta60% 75.06 337.87 29.26 -11.02 27.10 -15.21 

Magenta50% 79.67 336.57 22.66 -9.01 20.79 -10.60 

Magenta40% 83.38 335.63 17.23 -7.11 15.69 -6.89 

Magenta30% 86.31 335.37 12.67 -5.28 11.52 -3.96 

Magenta20% 88.68 335.46 8.93 -3.71 8.12 -1.59 

Magenta10% 91.11 338.08 4.81 -1.79 4.46 0.84 

Yellow100% 85.10 91.22 79.90 79.88 -1.69 -5.17 

Yellow90% 86.47 92.20 75.96 75.90 -2.91 -3.80 

Yellow80% 87.86 93.88 63.50 63.35 -4.30 -2.41 

Yellow70% 89.18 95.51 50.51 50.28 -4.85 -1.09 

Yellow60% 90.33 96.65 41.04 40.76 -4.75 0.06 

Yellow50% 91.33 97.91 31.33 31.03 -4.31 1.06 

Yellow40% 92.04 98.71 23.95 23.67 -3.63 1.77 

Yellow30% 92.50 99.31 18.02 17.78 -2.92 2.23 

Yellow20% 93.03 99.83 12.98 12.79 -2.22 2.76 

Yellow10% 93.56 100.41 7.22 7.10 -1.30 3.30 

Black100% 24.53 67.75 1.98 1.84 0.75 -65.74 

Black90% 27.67 66.36 1.97 1.81 0.79 -62.60 

Black80% 36.29 64.74 2.01 1.81 0.86 -53.98 

Black70% 47.74 65.10 2.04 1.85 0.86 -42.52 

Black60% 56.80 65.97 1.80 1.65 0.73 -33.47 

Black50% 65.98 65.73 1.41 1.28 0.58 -24.29 

Black40% 72.93 65.03 1.09 0.99 0.46 -17.34 

Black30% 78.35 68.64 0.91 0.85 0.33 -11.91 
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Black20% 83.00 74.89 0.74 0.72 0.19 -7.27 

Black10% 88.38 84.55 0.69 0.69 0.07 -1.89 

Red100% 53.21 16.76 53.54 15.44 51.26 -37.06 

Red90% 55.83 15.16 51.70 13.52 49.90 -34.44 

Red80% 62.32 10.66 43.40 8.03 42.65 -27.95 

Red70% 69.40 6.43 33.76 3.78 33.55 -20.87 

Red60% 74.51 4.16 26.73 1.94 26.66 -15.75 

Red50% 79.55 2.39 19.90 0.83 19.88 -10.72 

Red40% 83.18 1.05 14.91 0.27 14.91 -7.09 

Red30% 85.95 0.49 11.20 0.10 11.20 -4.32 

Red20% 88.46 1.44 7.78 0.20 7.78 -1.81 

Red10% 91.24 5.34 4.08 0.38 4.06 0.97 

Blue100% 47.77 278.98 39.29 -38.80 6.13 -42.49 

Blue90% 51.12 277.76 39.11 -38.75 5.28 -39.14 

Blue80% 60.02 274.11 34.14 -34.06 2.45 -30.25 

Blue70% 68.73 270.71 27.01 -27.01 0.33 -21.54 

Blue60% 74.26 268.74 21.84 -21.83 -0.48 -16.00 

Blue50% 79.60 266.84 16.32 -16.29 -0.90 -10.66 

Blue40% 83.54 265.42 12.03 -11.99 -0.96 -6.72 

Blue30% 86.34 264.52 8.91 -8.87 -0.85 -3.93 

Blue20% 88.73 263.37 6.13 -6.09 -0.71 -1.53 

Blue10% 91.41 261.03 2.84 -2.81 -0.44 1.14 
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Appendix-2. 

Test Printed Images  

 

Figure 1. Testing Image for Adjustment of Ink Limiting Level 
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Figure 2. Test Print at 100% Ink Limiting Level on Silk Substrate. 
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Figure 3. Test Print at 50% 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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Figure 5. Test Print at 100% Ink Limiting Level on Cotton Substrate. 
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Figure 6. Test Print at 50% Ink Limiting Level on Cotton Substrate.  
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Appendix-3. 

Visual Evaluation Chart 

Welcome to participate this study. This research aims to quantify the influence of ink limit on 

visual color appearance, each group has two pieces of printed pattern with either same of 

different ink coverage. Please review the two samples and let me know whether you see them as: 

 

 Equal Slightly 

different 

Noticeably 

different 

Considerably 

different 

Much 

different 

More 

attractive 

Less 

attractive 

Group1        

Group2        

Group3        

Group4        

Group5        

Group6        

Group7        

Group8        

Group9        

Group10        

Group11        

Group12        

Group13        

Group14        

Group15        

Group16        

Group17        

Group18        

Group19        

Group20        

Group21        

Group22        

Group23        

Group24        
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Appendix-4. 

Quality Evaluation and Test Image Development Survey 

We thank you for your time and hope you will be able to participate in this survey which aims to 

explore the quality evaluation and test image development in digital textile printing.  

If you agree to participate in this study, you will be asked to respond to a series of multiple-

choice questions. We greatly appreciate your assistance is completion of this survey.  

There should be no risks associated with completion of this survey and there is NO monetary 

compensation, and your participation will be considered as completely voluntary. The survey is 

anticipated to take approximately 5 minutes to complete. All the information collected in this 

survey will be treated as confidential and none of your details nor information will be disclosed 

to other parties or made public.   

If you agree to participate in this study, please review the consent form provided. By clicking 

forward (or by signing your name in the printed copy) you indicate your consent to participate in 

this research.                                 



 163 

Section 1. General Information 

Q1. How many years have you been working in the digital textile printing industry? 

 0-1   

 2-4   

 5-10   

 > 10   

 

Q2. How often do you evaluate the final quality of digitally printed fabrics? 

 0-1 per week   

 2-4 per week   

 5-10 per week   

 > 10 per week   

 

Q3. Which of the following best describes the activities of your company or organization is in 

this field? 

 Printer manufacturer 

 Ink manufacturer 

 Substrate manufacturer 

 Chemical/ finishing  

 Software developer 

 Printing company 

 Media / Education Institute / Professional Organization 

 Other _________________________________ (please describe) 

 

Q4. In your opinion what are the top 3 advantages of digital textile printing? 

 Print-on-demand 

 Short runs 

 Flexibility 

 Low cost 

 Better color quality 

 Less labor  

 Others_________________________________ (please describe) 

 

Q5. In your opinion what are the top 3 challenges of digital textile printing? 

 Poor color fastness 

 Poor hand property 

 High capital investment 

 Color accuracy  

 Labor training 

 Others_________________________________ (please describe) 
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(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

(1    2    3    4    5) 

 

 

 

 

 

Section 2. Quality Evaluation for Inkjet Textile Printing 

Q6. In your opinion which of the following is more important? 

 Print quality 

 Print cost 

 Both cost and quality   

 Other _________________________________ (please describe) 

 

Q7. What quality evaluation method do you use to assess the success of your process?  

 Subjective methods (E.g. visual evaluation, gray scale rating, etc.) 

 Objective (E.g. spectrophotometric or other instrumental measurements) 

 Both subjective and objective methods   

 Others _________________________________ (please describe) 

 

Q8. Which of the following evaluation methods do you consider to be more reliable?  

 Subjective methods (E.g. visual evaluation, gray scale rating, etc.) 

 Objective (E.g. spectrophotometric or other instrumental measurements) 

 Both subjective and objective   

 Other _________________________________ (please describe) 

 

Q9. Which of the following attributes does your company use for the evaluation of quality of 

printed textiles, how likely you will choose it as the evaluation attribute, 5 indicates most likely, 

while 1 indicates least likely (choose all that apply)?  

 Color difference (visual) -------------------------------------------- 

 Color difference (instrumental) ------------------------------------ 

 Color Smoothness ---------------------------------------------------- 

 Color contrast --------------------------------------------------------- 

 Graininess / noise ----------------------------------------------------- 

 Print resolution -------------------------------------------------------- 

 Print Sharpness ------------------------------------------------------- 

 Crock fastness --------------------------------------------------------- 

 Wash fastness --------------------------------------------------------- 

 Light fastness ---------------------------------------------------------- 

 Line quality ------------------------------------------------------------ 

 Text Quality------------------------------------------------------------- 

 Color gamut size ------------------------------------------------------ 

 Banding ----------------------------------------------------------------- 

 Ghosting ---------------------------------------------------------------- 

 Colorfulness Saturation ----------------------------------------------- 

 

Q10 Have you used a different testing method that is not listed above? 

 Yes (Please describe) ________________________________________________ 

 No   
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Session 3. Test patterns for quality evaluation of inkjet printed textiles 

Q11.Which of the following best describes your approach to quality evaluation of printed 

products?  

 Use test print provided by the software package 

 Use the test print developed by your own company  

 Other _________________________________ (please describe) 

 

Q12. In your opinion which of the following images are most suitable for inclusion in a test print 

image that will be used for evaluation of quality of inkjet printed textiles?  

 

 

  

 

 

 

 Primary mixing chart 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q13 Have you used an image type that is not listed above? 

 Yes (please describe) ________________________________________________ 

 No 

 Gradient color mixing 

 
 

 Color patches 

 
 

 Primary Ink Density Chart 

 
 

 Line Quality Pattern 

 
 

 Text Quality Pattern 

 
 

 Pictorial Skin Tone 

 
 

 Dot Repeat Pattern 

 
 

 Floral pattern 

 
 

 Still life picture 

 
 

 Geometric pattern 

 
 

 Landscape Image 

 

 Architecture image 
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Appendix-5.  

Adult Informed Consent Form 

Title of Study:  <Digital Textile Printing> (eIRB # <14132>) 

Principal Investigator: <Lisa Chapman, llparril@ncsu.edu, 9196737916>  

Funding Source:< None>    

What are some general things you should know about research studies? 

You are invited to take part in a research study.  Your participation in this study is voluntary. 

You have the right to be a part of this study, to choose not to participate, and to stop participating 

at any time without penalty. The purpose of this research study is to optimize the digital textile 

printing process and quality and explore how textile digital printing technology can be used for 

new applications. We will do this through asking you to participate in an online survey or in 

person interview.  

 

You are not guaranteed any personal benefits from being in this study. Research studies also may 

pose risks to those who participate. You may want to participate in this research because your 

knowledge and expertise can provide us with a better understanding of the digital printing 

industry. You may not want to participate in this research because there is no direct benefit by 

participating this study.  

 

Specific details about the research in which you are invited to participate are contained below. If 

you do not understand something in this form, please ask the researcher for clarification or more 

information. A copy of this consent form will be provided to you. If, at any time, you have 

questions about your participation in this research, do not hesitate to contact the researcher(s) 

named above or the NC State IRB office. The IRB office’s contact information is listed in the 

What if you have questions about your rights as a research participant? section of this form.  

 

What is the purpose of this study? 

The purpose of the study is to improve printing quality, identify market opportunities, and 

optimize the digital textile printing process. An online survey will be conducted to collect 

general information about digital printing and to develop the evaluation metrics and test image 

for print quality evaluation. Interviews will be conducted to understand the application of digital 

printing in denim field and garment production.  

 

Am I eligible to be a participant in this study? 

There will be approximately 44 to 75 participants in this study. 

In order to be a participant in this study, you must agree to be in the study and select ‘I consent 

and would like to start the survey’ for the online survey or sign the consent form for the 

interview study.  

You cannot participate in this study if you do not want to be in the study or select ‘I do not 

consent, I do not wish to participate’ for the online survey or refuse to sign the consent form for 

the interview study. 
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What will happen if you take part in the study? 

If you agree to participate in this study, you will be asked to do one or multiple of the following: 

1. Take an online survey about digital textile printing, we anticipate it will take you 5 to 8 

minutes 

2. Participate an interview through phone call or in person, it might take you 15 to 30 

minutes 

3. Participate visual quality evaluation in a lab environment, it might take you 30 to 40 

minutes 

 

Recording and images 

If you want to participate in this research, you may be audio recorded. 

 

Risks and benefits 

There are minimal risks associated with participation in this research.  

 

There are no direct benefits to your participation in the research. The indirect benefits are that 

you are contributing to the greater body of knowledge. 

Right to withdraw your participation  

You can stop participating in this study at any time for any reason. In order to stop your 

participation, for survey you can simply exit the online survey link, for interview, please inform 

the main PI, Lisa Chapman in person or via e-mail (lisa_chapman@ncsu.edu) that you wish to 

stop participating in this research.  

 

Recording and images 

If you want to participate in this research, you may be audio recorded.  

 

Confidentiality, personal privacy, and data management 

Participant’s names and company names will be removed from the data and replaced with letters 

to protect their identity. No names or identifying information will be used that could potentially 

identify the participants. Participants will be able to review material before publishing to ensure 

that no unwanted identification factors are made public. All of the data and materials will be only 

used for research purpose.  

 

Your participation will be anonymous because the purpose of this study is to understand the 

general technology development and application of digital textile printing, and identifiable and 

personal information is not the focus of this study. To help maximize the benefits of your 

participation in this project, by further contributing to science and our community, your 

anonymous information will be stored for future research. 

 

Compensation  

For your participation in this study, you will not receive monetary compensate.  

 

If you withdraw from the study prior to its completion, you will expect no further participation of 

this study.   

 

Emergency medical treatment 
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If you are hurt or injured during the study session(s), the researcher will call 911 for necessary 

care.  There is no provision for compensation or free medical care for you if you are injured as a 

result of this study. 

 

What if you are an NCSU student? 

Your participation in this study is not a course requirement and your participation or lack thereof, 

will not affect your class standing or grades at NC State.   

 

What if you are an NCSU employee? 

Your participation in this study is not a requirement of your employment at NCSU, and your 

participation or lack thereof, will not affect your job.   

 

What if you have questions about this study? 

If you have questions at any time about the study itself or the procedures implemented in this 

study, you may contact the PI. Dr. Lisa Chapman, 1020 Main Campus Drive, Raleigh, NC, 

27610. Email: llparril@ncsu.edu, Phone number: 9196737916.  

 

What if you have questions about your rights as a research participant? 

If you feel you have not been treated according to the descriptions in this form, or your rights as 

a participant in research have been violated during the course of this project, you may contact the 

NC State IRB (Institutional Review Board) Office. An IRB office helps participants if they have 

any issues regarding research activities. You can contact the NC State IRB Office via email at 

irb-director@ncsu.edu or via phone at (919) 515-8754.  

 

Consent To Participate 

By signing this consent form, I am affirming that I have read and understand the above 

information. All of the questions that I had about this research have been answered. I have 

chosen to participate in this study with the understanding that I may stop participating at any 

time without penalty or loss of benefits to which I am otherwise entitled. I am aware that I may 

revoke my consent at any time. 

 

Participant’s printed name _____________________________________________ 

 

Participant's signature ___________________________ Date _________________ 

 

Investigator's signature __________________________  Date _________________ 

 

 

mailto:irb-director@ncsu.edu

