
 
 

 

ABSTRACT 

BAE, JIHYUN. Color in Ink-Jet Printing: Influence of Structural and Optical Characteristics 
of Textiles. (Under the direction of Dr. Traci A.M. Lamar and Dr. Trevor J. Little.) 
  

In the ink jet printing process, the colors in the design are typically generated through 

CAD software. Drops of ink, as specified by the CAD software are ejected onto the surface of 

a pre-treated fabric substrate. Effective pre-treatment prevents migration and bleeding prior to 

fixation. During post-treatment, some inks react with the pre-treated fiber and inks left on the 

surface are removed by washing.  

 This dissertation presents some important issues concerning color reproduction quality for 

dye-based ink-jet printing on various cotton fabric structures, such as color mixing and color 

appearance variation in relation to surface characteristics. The data gathered is both 

instrumental and perceptual. This research investigated Kubelka-Munk theory for non-uniform 

ink penetration into textile substrates. Following calculation of the scattering and absorption 

coefficients, the ink percentage on the cotton substrate and the reflectance values of the 

secondary colors were computed. An evaluation of the chromatic effects of the ink fixation 

onto the fiber has also been carried out, based on experimental data.  

In general, the surface properties of textiles have been specified using Kawabata 

Evaluation System for Fabric for tactile characteristics, which includes friction coefficient, the 

mean deviation of friction coefficient, and surface roughness. This research focused on the



relationship between the surface texture characteristics and color appearance of the inkjet 

printed fabrics. Color appearance was evaluated through instrumental measurement and visual 

assessment. The surface texture characteristics of the substrate affected the color appearance of 

inkjet printed cotton fabrics in a different manner from dyed samples, especially in lightness 

(CIE L*). Several surface texture parameters were found to be linearly associated with the L* 

value in inkjet printed cotton fabrics. Rank order methods were employed to determine 

differences in the perceived colors and textures for a given set of samples and to estimate these 

differences. Results showed a high correlation between instrumental measurement and visual 

assessment of color lightness. Also, several surface characteristics were found to be highly 

correlated with the perceived surface texture.  
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CHAPTER 1 

INTRODUCTION 
  

Color creates an important visual impression which can provide the basis for decisions in 

virtually every walk of life. At a basic level, we judge our health by the color of our skin, and 

colors indicate that produce in the supermarket is fresh and ripe. Color is used for 

identification; for instance, a product brand may use color to symbolize the institute or 

organization and we expect to see the same exact color on every product. It is challenging to 

produce the right shade to the right tolerance every time. To do so requires that color be 

controlled closely and consistently.  

 In textile products, color often first attracts the consumer and plays an important role in a 

buying decision. Textile coloration can take place at several processing stages including 

stock-dyeing of fiber, sliver-dyeing, yarn-dyeing, piece-dyeing of fabric and printing of fabric 

or finished garments (Cho 2004). Hence, correct color information should be communicated 

through the whole supply chain, and color reproduction should be consistent and repeatable. 

Digital communication allows the representation of products through a computer monitor and, 

in e-commerce applications, forces consumers to make decisions about purchasing products 

based on such representations. When a consumer orders a red skirt, for instance, she or he will 
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not expect to get more yellowish-red or more bluish-red than the one ordered.  

 The use of digital textile printing, an innovative technology for coloration in the textile 

industry, has grown dramatically since the 1990’s and has provided opportunities for many 

new markets (Yuikawa 2001; Chapman 2002; Tyler 2005). Color is a significant issue with the 

adoption of digital textile printing because it has been a challenge to accurately reproduce a 

given hue with a range of substrate and ink combinations (King 2002). 

 For reproducibility, color in digital textile printing systems should be controlled with 

specific tools for color measurement, calibration, and profiling. Other variables, such as ink, 

substrate, fabric pre-treatment, steaming and other finishing processes should also be 

considered. To control the reproduction of color on digitally printed textiles, it is important to 

know how color will be rendered through different processes and on different substrates and 

also how the geometric and optical properties of each substrate will influence the color 

rendering.  

The purpose of this research is to investigate the color and color appearance of ink-jet 

printed textiles in relation to geometrical considerations and the optics of the material. The 

printing process for textiles is different from paper printing. The surface of textile materials is 

very highly textured, commonly in non-uniform ways. Because of the effect of texture, the 

textile surface appears rougher and more porous than paper, which can cause dot deformation, 

physical dot gain and ink penetration. This research begins with a study of the Kubelka-Munk 

theory as a model to accommodate non-uniform ink penetration into textile substrates. The 

Kubelka-Munk theory has been the most widely used for color prediction of dye or pigment 

mixtures in dyed textiles. Because dyed textiles are opaque, absorbing and scattering materials, 

single-constant Kubelka-Munk theory has been applied successfully to describe the 
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complex-subtractive color mixing of dyed textiles. With the knowledge of scattering and 

absorption coefficients, the percentage of ink on a cotton substrate was computed along with 

the reflectance values of the secondary colors. An evaluation of the chromatic effects of the 

ink fixation onto the fiber was also carried out based on experimental data. 

The surface properties of textiles have been emphasized through tactile characteristics. 

Normally, surface roughness is considered a fabric hand parameter. However, the surface 

characteristics of woven textiles, such as cross-sectional shape in micro-scale or even yarn 

orientations in macro-scale, can affect the light interaction. For instance, man-made filament 

yarns that have a circular cross-section and a smooth surface reflect the incident light more 

specularly than cotton staple yarns. Yarn count, yarn twist and different weave structures 

dramatically influence light interaction with the surface. Therefore, the fundamental 

geometric characteristics of woven textiles have been identified and investigated in relation to 

the light interaction as well as color appearance. This research has focused on the relationship 

between the surface texture characteristics and color appearance of inkjet printed fabrics. The 

color appearance was evaluated through instrumental measurement and visual assessment. 

Rank order methods were employed to determine the relative perceived lightness and texture 

of a given set of samples and to estimate the difference in perceived lightness and texture.  

In the literature review, color science fundamentals and color specification standards 

established by CIE including standard observers, standard illuminants, and standard 

instrument geometry will be discussed. In addition, contemporary color management systems 

and procedures will be considered. Digital textile printing technology and color appearance, in 

relation to printing parameters such as ink, substrate, pre-treatment, and post-treatment, will 

be summarized. 
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CHAPTER 2  

REVIEW OF LITERATURE 

 
2.1 Color Science 

 Color results from the interaction of a light source, with an object, and with the observer’s 

eye and brain. To understand color, it is necessary to examine the light source, the 

characteristics of the object, and the human factors. Light can be described as electromagnetic 

radiation with a wavelength that is visible to the human eye (Figure 1). The wavelength of 

visible light is between 380 nm and 750 nm (1nm = 10-9m). The different wavelengths are 

detected by the human eye and then interpreted by the brain as colors, ranging from red at the 

longest wavelengths of about 700 nm (lowest frequencies) to violet at the shortest 

wavelengths of about 400 nm (highest frequencies).  

 Any light source, including the sun, hot metals, and fluorescent lamps, can be described in 

terms of the relative power emitted by each wavelength. Plotting this power as a function of 

the wavelength gives the spectral power distribution curve of the light source which can be 

used to describe each light source.  
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Figure 1 Electromagnetic radiation from the sun (Malacara 2002) 

 When light impinges upon an object, it can be transmitted through the material, reflected, 

scattered and/or absorbed, depending on the nature of the object. The human eye perceives 

color as a result of the reaction of the object with the light source. Along with the chromatic 

attributes of an object, its geometric surface attributes, such as gloss, shape, texture, and 

pattern may affect the reaction to light and influence the perceived color (Good 2005; 

HunterLab 2000).  

2.2 Color-order Systems and CIE systems of Colorimetry 

 A color-order system can be defined as a logical framework which allows 

interrelationships of colors to be unambiguously expressed (McDonald 1997). Historically, 

more than 400 color order systems have been compiled over the years. The first color-order 

system to be recorded was devised by Aristotle, in about 350 BC. The Munsell color-order 

system, developed in 1905, was the first three-dimensional arrangement based on the basic 

attributes of color including hue (Munsell hue H), saturation (Munsell chroma C), and 

lightness (Munsell value V) (Smith 1997). All color systems depict these attributes and they 

provide the foundation for the quantification of colors.  

Visible Light                                       Frequency 

Red                  Violet 

Wavelength 
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The ICI1 color atlas, through the most comprehensive systematic sampling of color space 

produced, includes only about 27,000 colors. This is not enough to specify precisely the 

several million colors that can be perceived by the human eye. For a more precise 

specification of color using the ICI atlas, interpolation between chips is therefore almost 

always necessary (Hunt, 1971; McDonald 1997).  

 The CIE2 in 1931 established the basis for Colorimetry, which is the science and 

technology used to quantify and describe, physically, human color perception (Ohno 2000, 

McDonald 1997). Almost all modern color measurement is based on the CIE system of color 

specification.  

2.2.1 CIE Standard Colorimetric Observer 

 By the early 19th century, Young’s Trichromatic Theory postulated that there were three 

types of color sensing cones in the human eye corresponding to red, green and blue. It was 

also known that two light stimuli having different spectra could produce the same color 

(metamerism3). (Ohno 2000) 

 In 1930, using three RGB primaries, Wright and Guild conducted visual experiments to 

derive color matching functions (McDonald 1997). In their experiment, 17 observers viewed a 

2° circular split field, in which the color in half of the viewing field was a mixture of the RGB 

primaries and other half was a single wavelength. The three primaries were then adjusted 

sequentially to match the monochromatic stimuli at each wavelength. The amounts r , g , and 

b , required to match one unit of energy of each wavelength, were called distribution 

                                                        
 
1 Imperial Chemical Industries: They provide a comprehensive range of color specification tools (www.ici.com).  
 
2 Commission Internationale de l’Éclairage (McDonald 1997, P. 82) 
3 Metamerism is commonly defined as the situation when two samples match in color under one condition, but fail 
to match under another condition. 
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coefficients and they can be expressed as color matching functions throughout the visible 

region (Ohno 2000; Berns 2000). Figure 2 shows the results for a set of primaries at 435.8nm, 

546.1nm and 700nm.  

 

Figure 2 CIE 1931 RGB color matching functions (Ohno 2000) 

 In 1931, CIE adopted these results as the standard RGB color matching function, and 

developed convenient standard imaginary primaries, X, Y, and Z by linear transformation of 

the real primaries. Linear transformation removed all negative values of r  and made the g  

function exactly the perceived brightness as a function of wavelength, and the b function zero 

at 560 nm (McDonald 1997). These transformed functions are called the CIE 1931 XYZ color 

matching functions, shown in Figure 3. There are two important assumptions in these 

functions: the narrow field of view (2°) is representative and the additivity of light stimuli 

(Grassmans’s Law). The ideal observer whose color matching conditions correspond to the 

color matching functions x (λ), y (λ), and z (λ) with the 2° field of view and satisfy 

Grassmans’s Law is called the CIE 1931 standard colorimetric observer (Ohno 2000; Berns 

2000). In 1964, the CIE defined a supplementary standard color matching function for a 10° 

field-of-view, denoted as x 10(λ), y 10 (λ), z 10 (λ). 
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Figure 3 CIE 1931 and CIE 1963 XYZ color matching functions (Data provided from Munsell Color 
Science Laboratory) 
 

2.2.2 CIE Standard Illuminants 

 A number of spectral power distributions, known as illuminants, have been defined by the 

CIE for use in describing color (Berns 2000). For instance, illuminant A represents an indoor 

tungsten lamp with a color temperature of 2856 K, average daylight is measured by the 

illuminant D65 correlated with color temperature 6500 K, and F series illuminants represent 

different forms of fluorescent lamps (McDonald 1997). Industries such as paints, plastics, and 

textiles have adopted D65 as the standard illuminant (Berns 2000). These CIE illuminants are 

theoretical spectral plots that have been established as a standard, not an actual, light source. 

In color measurement, the selection of the appropriate illuminant is very important for 

evaluation of printed samples, and it should be consistent. 

2.2.3 CIE Standard Instrumental Geometries 

 The CIE specified that opaque samples should either be illuminated at 45° from the 

normal (perpendicular to the specimen surface) and viewed at an angle close to the normal 

(45/0), or be illuminated at an angle close to the normal and viewed at an angel 45° to the 

normal (0/45). Two other geometries are known as diffuse/normal and normal/diffuse and 
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refer to the use of integrating spheres. An integrating sphere4 collects all the light reflected in 

the sphere from the surface of a sample placed against an opening (Berns 2000) (Figure 4, (c) 

and (d)).  

 

Figure 4 CIE-recommended illuminating and viewing geometries (McDonald 1997) 

 
Figure 5 Comparison between D/8 specular-included and specular-excluded modes (McDonald 1997) 

 When using an integrating sphere, the CIE has allowed a viewing angle up to 10 ° away 

from the normal so that a gloss port can be either included or excluded (Figure 5). In the 

specular-included mode, the total reflectance (diffuse + specular) can be measured. Therefore, 

specular-included readings negate the effect of the specular (or gloss component), and provide 

the same color information even though the two samples have a large appearance differential.  

 The graph in Figure 6 shows four different readings from two identically pigmented 

plastics, one that has a smooth surface and the other that is highly textured. In the 

                                                        
 
4 Hollow sphere whose internal surface is a diffuse reflector  
Note: An integrating sphere is used frequently with a radiometer and spectrophotometer (CIE 1987). 
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specular-included mode, the measurements of both smooth and textured plastics are the same, 

as shown with a solid and a dotted line. In the specular-excluded mode, the specular 

component of the smooth surface can be properly excluded when all specular light passes 

through the port, so that the readings (dark shaded bars) are smaller than those of textured 

plastic (light shaded bars). When measuring medium-gloss, low-gloss, or textured specimens, 

the specular is spread over an angle greater than which can be properly excluded by the port 

opening (Good 2000). Thus, a small, variable portion of the specular will inevitably be 

included. This is the reason why the readings of the textured plastic are the same in included 

and excluded modes (dot line and light shaded bars). When measurements that correspond to 

visual changes in the sample caused by surface texture or pattern are desired, a 45/0 or 0/45 

geometry instrument should be used.  

 

Figure 6 The specular included vs. excluded readings between smooth and textured plastics (Mouw 1995) 

2.2.4 CIE Color Spaces 

 By using the color matching function (section 2.2.1), light stimuli expressed by a spectral 

power distribution can be specified by three values, known as the tristimulus values of light 

stimuli: 
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Hunt (1987) declared that if two color stimuli have the same tristimulus values, they will look 

alike when viewed under the same photopic conditions by an observer whose color vision is 

not significantly different from that of the CIE 1931 Standard Colorimetric Observer. 

Conversely, if the tristimulus values are different, the colors may be expected to look different 

in these circumstances.  

 In practice, it is difficult to relate the tristimulus values of an object to its appearance 

because the XYZ values have very little real meaning to most observers (McDonald 1997). By 

projecting the tristimulus values onto the unit plane (x + y + z =1), color can be specified in a 

two-dimensional plane with the lightness (Y) of a sample. This plane is known as the 

chromaticity diagram (CIExyY) using the chromaticity coordinates, x, and y (Kaman 2002). 

The chromaticity coordinates can be obtained from the XYZ tristimulus values as shown in 

Equation [2.2]. 

 

 The CIExyY color space is not perceptually uniform and the color differences in the color 

space are not uniform. In other words, equal distances in the diagram do not correspond to 

equal visual differences (Hunt 1971; Ohno 2000). The minimum perceivable color differences 
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in the CIExyY diagram, known as MacAdam ellipses, are shown in Figure 7 (a). For a fixed 

difference in x and y, the difference seen would be much smaller for a pair of green samples 

than for pair of blue or grey samples. To improve this limitation, CIE developed improved 

diagrams such as the CIE 1960 uniform chromaticity scale (UCS) diagram, and the further 

modified CIE 1976 UCS diagram. The CIE 1976 UCS diagram is illustrated in Figure 7 (b) 

(Ohno 2000).  

 

Figure 7 MacAdam Ellipses in CIE 1931 x, y diagram and the CIE 1976 u’v’ diagram. The ellipses are 
plotted 10 times their actual size (Ohno 2000) 

 
The coordinates of the CIE 1976 UCS diagram, 'u and 'v  are defined as Equations [2.3]. 

 

Both the CIE chromaticity diagram and the CIE 1976 UCS diagram are 2-dimensional 

diagrams, and the lightness factor is not considered. For more accurate specifications of object 

colors and color difference, CIE recommended three-dimensional color spaces, CIELAB and 

CIELUV in 1976. The CIELUV is called an approximately uniform color space, created from 

the uniform chromaticity diagram by the addition of an axis of lightness, so that it is 

particularly suitable for light (McLaren 1988). When dealing with surface color such as paint 
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and textiles, the CIELAB color space is most widely used, and is defined by Equations [2.4]. 

In the CIELAB system, the L* value means lightness of a color from 0 to 100. The chromatic 

axes, indicated with a* and b*, show the red-green and blue-yellow characteristics of color, 

*
abC  indicates chroma and abh  shows hue (Ohno 2000). The CIELAB color space is shown in 

Figure 8.  

 

Figure 8 CIE color space  

The coordinates L*, a* and b* are calculated from the X, Y, and Z of the given light stimulus 

and the tristimulus values Xn, Yn, and Zn corresponding to the perfect diffuser when 

illuminated with the selected standard illuminant and standard observer (Ohno 2000). The 

most valuable characteristic of CIELAB space is that the coordinates L*, a* and b* are 
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converted into cylindrical coordinates L*, C* and h*, and these can quantify three variables of 

perceived color defined by the Munsell space (McLaren 1988).  

 Color difference in the CIELAB space is calculated as the Euclidean distance between the 

points in this three-dimensional space, and is given by, 

 

This equation is called the CIE 1976 (L*a*b*) color difference formula. While the color 

difference *
abEΔ is widely used in the graphic arts field, its chroma scale is known to be fairly 

nonlinear (Ohno 2000; Klaman 2002). More optimized color difference equations, equally 

applicable to all areas of color space including CMC (l:c), CIE 94, and CIEDE 2000, have 

been derived by color physicists. The most widely used for pass/fail tolerance at present is the 

CMC Color Difference Formula, i.e. CMC (2:1) used mainly in the textile industry (Equation 

[2.6]). The DECMC (l:c) formula was developed to evaluate small color differences by 

varying the relative weights of differences in lightness, chroma and hue depending on the 

position of the color in the gamut (Hunt 1971). Equally perceptible color differences are not 

always equally acceptable. For example, if two samples (A and B) have same overall color 

difference compared to a standard, and if the color difference between standard and batch A is 

mainly one of hue and that between standard and batch B is mainly one of lightness and/or 

chroma, batch B is more likely to be accepted (McLaren 1986). The possibility of weighting 

the correlate of lightness and chroma differences in the formula is assumed to give the formula 

a greater potential for accurately predicting small perceived differences (Klaman 2002). For 

predicting the perceptibility of color differences, l and c are both typically set equal to unity. 

For acceptability (pass/fail) in textile applications, usually l is equal to 2 and c is equal to 1 

2/12*2*2** ])()()[( baLEab Δ+Δ+Δ=Δ Equation [2.5] 



 
 

  15

when viewing adjacent panels in a garment (ASBCI; Ohno 2000; Klaman 2002). This is both 

a British and American standard for calculating small color differences in textiles (AATCC 

TM 173, AATCC EP6).  

  

                     
2.3 Measurement of Color 

 The assessment of an object’s color appearance is primarily a subjective phenomenon, 

that is, it can vary among individuals. And the same individual can make varied judgments on 

different days or at different times. In practice, measuring color in the textile industry becomes 

Equation [2.6] 

where

*

*

0.040975
1 0.01765

S
L

S

LS
L

=
+

if * 16SL ≥

0.511LS = if * 16SL <

*
,
*

,

0.0638
0.638

1 0.0131
ab S

C
ab S

C
S

C
= +

+

( 1 )H CS S TF F= + −

( )
( )

0.54*
,

4*
,

,
1900

ab S

ab S

C
where F

C

⎡ ⎤
⎢ ⎥=
⎢ ⎥+⎣ ⎦

,, 0.36 | 0.4 cos( 35) |ab Sand T h= + +

,164 345,ab SUnless h then< <

,0.56 | 0.2 cos( 168) |ab ST h= + +

22 2* **

( : )
ab ab

CMC l c
L c H

C HLE
lS cS S

⎡ ⎤⎛ ⎞⎛ ⎞ ⎛ ⎞Δ ΔΔ⎢ ⎥Δ = + +⎜ ⎟⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎝ ⎠⎣ ⎦

1/2 

,ab Sh is hue value for standard (reference) 



 
 

  16

more and more essential. In the product development process, various parts manufactured in 

different industries, such as buttons, trims, and zippers, need to be assembled together to 

complete a product (McDonald 1997). In order that all of the components fall within a certain 

color tolerance, color measurement methods must be used that accurately predict average 

expert assessor visual pass/fail decisions. In the retail environment, textile products can be 

displayed under different viewing conditions. Unless a business understands and controls 

color appearance under different light sources, the consumer will see the product color 

differently in the store as compared to outside. Also, there are different ways to purchase 

products, such as in a retail store, from a printed catalog, or on-line. Different presentation 

methods, such as of an actual product, a printed picture of a product, or a presentation of a 

product by a display device, potentially present color very differently. Therefore, consistent 

color representation among the different presentation methods is significant for consumer 

satisfaction.  

 There are two methods used to assess color: instrumental measurement and perceptual 

assessment. Both methods can be used for the examination of color differences.  

2.3.1 Instrumental Measurement 

 The color perceived by an observer results from the interaction of a light source with a 

sample and with the observer. Essentially, light impinges on an object, and an observer 

perceives color by detecting the light reflected from that object. The eye has sensitivity to light 

at three different parts of the visible spectrum. Color perception starts with the spectral 

characteristics of the light source, which are then modified by the reflectance of the object. 

Thus, the perceived color depends on the spectral power distribution of the light source, the 

reflectance of the object and the spectral response of the eye. The CIE defines a particular 
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color mathematically using the XYZ tristimulus values with Equations [2.7]. When obtaining 

spectral data, the standard illuminants and light sources along with the standard reference 

whites, plus the geometry and the viewing angles of measuring devices should be defined. 

 

Color measuring instruments have different specifications in terms of geometry or illuminant 

used thus, for a specific output correct instruments should be selected. 

2.3.1.1 Tristimulus Colorimeter 

 Modern colorimetric instrumentation is designed to automatically provide the tristimulus 

values and chromaticity coordinates of a given color stimulus, without making use of an actual 

human eye as a measuring component of the instrument (Wyszecki and Stiles 2000, p.228). 

Color measuring instruments differ from one another mainly in the method of wavelength 

selection and type of evaluation device.  

Tristimulus colorimeters were developed in the 1920’s and are simple, compact, light weight 

and relatively inexpensive color measuring instruments. The procedure for measuring color 

has been expressed: “Like the eye it has red, green and blue photodetectors, and measures 

tristimulus values. A light source illuminates the sample at 45° to the normal. Light reflected 

from the sample along the normal is then collected and passed to a detector, which consists of 

three filters each in front of its own light-sensitive diode. The response of the filter/diode 

combination is tailored to match the differential spectral response of the eye.”(McDonald 
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1997) Figure 9 shows the basic features of a colorimeter with 45/0 geometry.  

 

Figure 9 Basic features of a colorimeter (McDonald 1997) 

 The limitation of this instrument is that its absolute accuracy is restricted. The illuminant 

and observer data are fixed as D65 and 10°, and the use of this instrument is restricted to the 

determination of relative difference (Malacara 2002). Thus a colorimeter cannot give any 

indication of metamerism. For match-prediction work, analysis of metamerism, of color under 

different illuminants and detection of metamerism, a spectrophotometer can be used 

(Malacara 2002). The main use of colorimeters in color management is to detect CRT and 

LCD monitor color and to make profiles for the monitors (Sharma 2004). Colorimeters 

measure directly CIE colorimetric coordinates, XYZ.  

2.3.1.2 Spectrophotometer 

 Spectrophotometers are instruments that measure the ratio of reflected to incident light 

(the reflectance) from a sample at many points across the visible spectra (McDonald 1997). 

 

Using CIE geometry, light interacts with a sample, and the percent reflectance or percent 

transmittance of the sample through the visible spectrum is obtained. A block diagram of the 

subsystems of a spectrophotometer is shown in Figure 10. 
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Figure 10 Block diagram of the subsystems of a spectrophotometer (Berns 2000) 

 A light source illuminates the sample using a specific illumination and viewing geometry. 

Common light sources include daylight, fluorescent, incandescent (tungsten halogen) and 

pulsed xenon. Filtered xenon usually simulates the spectral properties of D65. To disperse the 

reflected or transmitted light, early models used prisms or a set of filters. Today, most 

spectrophotometers use diffraction grating. By passing a beam of light through glass with 

many narrowly spaced ruled lines, the light can be diffracted by the wavelength. Dispersed 

light is focused onto the detection array, and the number of detection array elements can be 

determined according to the desired wavelength resolution. The electrical signal processor 

amplifies, digitizes, and numerically processes each signal, and a spectral reflectance or 

transmittance factor is yielded across the visible spectrum (Berns 2000; Hunter & Harold 

1987). Since reflectance and transmittance are ratios, the power distribution of the 

spectrophotometer’s light source does not affect reflectance and transmittance. Thus, XYZ or 

L* a* b* coordinates can be calculated with the particular illuminant (McDonald 1997).  

 Depending on the geometric attributes of the surface, such as gloss or texture, the spatial 

or angular distribution of the reflected light can be changed. These geometric attributes are 

eliminated from color measurement. However, these surface properties are very important in 

defining a material’s total appearance. A goniophotometer is an instrument that measures 
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angular distribution of the specular light as a function of angle of detection, deθ , angle of 

source illumination, soθ , or angle of tilt of the sample.  

2.3.2 Visual Perception Assessment 

 Like all physiological systems, the characteristics of the visual system vary among 

individuals. No two individuals are likely to have exactly the same wavelength-dependent 

response characteristics (McDonald 1997). Individual observers vary significantly in their 

judgment of perceived color differences. Color perception abilities depend on an individual’s 

cone sensitivities, degree of color blindness, age, general health, and even attitude (Jordan 

2001). Observers are also influenced by adjoining or background color and the relative sizes 

of areas of contrasting color. For instance, a blotchy placement of color on the surface, as 

distinct from an even distribution of color, affects perception. The gloss and texture of a 

surface also affects perception of color. Therefore, a standard environment is required for 

visual assessment. In addition, a color vision test for observers should be conducted to qualify 

observers prior to visual perception assessment. 

 Visual assessment of colored samples, for purposes of color control and specification, 

requires careful control of several factors (Bern 2002; ASBCI5).  

 Color of the surroundings and sample background  

The illuminating conditions should be stable over time, implying the use of a light booth. The 

booth’s spectral power distribution and level of illumination should exactly duplicate the 

lighting conditions for which the sample is being specified. Also, the surround and 

background of the sample needs to be defined. In a light booth, the interior walls and 

background should all be matte and neutral, and have a middle lightness of L*=50.  

                                                        
 
5 Association of Suppliers to the British Clothing Industry 
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 Nature and intensity of the light source  

Once the booth’s background and surround are defined and its light sources selected, the 

spectral power distributions and illuminances (level of illumination) must be measured. 

Ideally, the illuminances for all light sources should be very similar and about 100 lux. 

 Size and distance apart of the samples 

When observing samples of different sizes, different areas of the retina are used and the colors 

appear different (ASBCI). Therefore, sample size should be consistent and at least 2 inches 

square. If the size requirement is impractical and smaller samples must be used, observers 

should view the samples from a pre-determined distance such that the visual angle is not less 

than 2˚. The observer should be about 6-12 inches from the opening of the booth. 

 Angle of illumination and viewing of samples 

Specimens should be placed on the floor of the booth so that the illumination is centered 

perpendicular to the plane of the specimens. The observation angle is 45˚ from normal to the 

specimens where normal is considered to be perpendicular to the specimen.  

It is important to maintain the same viewing conditions during visual assessment. The 

complete set of viewing and illuminating conditions, and the reference conditions (CIE 101), 

should be recorded. 

 Observer’s color vision characteristics 

Before performing visual color assessment, the normal color vision test should be conducted 

for all observers. For color confusion-evaluation, the Ishihara color test is most widely used 

(McDonald 1997). The test plates consist of a series of geometric patterns, designs, or 

numbers of specified chromaticity. The background of the symbol contains a circle made of 

many different sized dots of slightly different colors, spread in a random manner. A symbol 
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perceived by a viewer indicates whether the viewer is color blind or not, and it also shows 

what form of color blindness is present. The full test consists of thirty-eight plates, but the 

existence of a deficiency usually becomes evident after no more than four plates have been 

viewed. The Neitz test of color vision is a new approach to testing for color blindness, 

developed at the Eye Institute of the Medical College of Wisconsin. It readily identifies the 

type and severity of color vision deficiency (Neitz 2002). Color-discrimination tests are used 

to assess color vision differences in wavelength discrimination. The Farnsworth-Munsell 100 

hue test is widely used for assessing wavelength discrimination, and is relatively quick and 

simple to use (McDonald 1997).   

2.3.3 Methods of Investigating Color Perception 

 Psychophysics is defined as the quantitative branch of psychology that examines the 

relationship between observed stimuli (physics) in the world and human response 

(psychology), and the reasons for these relationships (Hunter & Harold 1987, p.68). Over 100 

years, its experimental method and data analyses have reached a high level of refinement 

(Baird & Noma 1978).  

 Gustav Teodor Fechner, a German philosopher and scientist, initially determined three 

approaches, which can analyze perceptual experiences as measurable characteristics (Coren 

2003). Detection deals with how much of a stimulus change is necessary for an individual to 

see, hear, or otherwise sense. Fechner defined the absolute threshold for a stimulus, which one 

can just detect. The classic techniques employed for determining the absolute threshold 

include the method of constant stimuli, the method of limits, and adaptive testing. The study 

of discrimination focuses on how much two stimuli must differ in order to be determined as 

not the same among a standard and a set of similar trial stimuli. Scaling attempts to determine 
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how much of a change exists in the psychological experience or in the quality of a stimulus. 

There are two different approaches to establishing scales, indirect scaling and direct scaling. 

In indirect scaling, based on Weber’s law, the just-noticeable difference is determined between 

stimuli, and this can be counted and added as a scale. Direct scaling allows observers to 

establish a scale of measurement directly typically using numbers in a consistent way to report 

the sensation magnitude.   

 Fairchild (2005) emphasized two approaches for visual perception assessment in his book, 

Color Appearance Models: detection (threshold techniques and memory technique) and 

scaling. In the detection of a stimulus, the absolute stimulus or the just-noticeable difference is 

determined in order to obtain information such as color tolerance (Coren 2003; Fairchild 

2005). Scaling experiments are intended to derive relationships between the physical 

measurements and perceptual magnitudes of stimulus intensity. A variety of scaling 

techniques have been devised to generate these relationships, such as rank ordering, category 

scaling, paired comparison, and magnitude estimation (Coren 2003; Fairchild 2005).  

 Several papers related to psychophysical evaluation which develop color appearance 

models across multiple media, have been published (Lo et al. 1996; Fairchild and Braun 1997; 

Fairchild and Johnson 1999; Tsukada et al. 2003). A color appearance model attempts to 

model how the human visual system perceives the color of an object under different lighting 

conditions and with different backgrounds. By applying such a model, an image that is viewed 

under one lighting condition can be adjusted to appear to have the same colors if it were 

viewed under a completely different lighting condition (Nayak 1998).  

2.4. Color Control and Management 

 Reproduction of color images and graphics has been augmented with digital-based 



 
 

  24

methods including color scanners, digital cameras, CRT and LCD displays, and ink-jet 

printers (Berns 2000). Understanding the workflow from the input device to output device is 

essential to produce repeatable color consistently. In 1993 the ICC (International Color 

Consortium) was formed by several large companies including Adobe, Apple, Microsoft and 

Kodak. Its purpose was to develop a universal system for managing digital color. The ICC 

created a framework to demonstrate the digital workflow. The flowchart in Figure 11 shows 

the ICC framework for color management of two devices.  

 

Figure 11 Flowchart of ICC color management (Berns 2000) 

 

The ICC found out that the best approach was to use a device-independent color space as a 

means of translating color from one gamut to another. They chose CIEXYZ and CIELAB as 

their independent color reference, called Profile Connection Space (PCS) (Boscarol 2001; 

TASI 2004). CIEXYZ or CIELAB enable a color management system to accurately map color 
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values between device-dependent gamuts and the device-independent reference color space. 

 A color management system is a color technology application which includes conversion 

of the color values from one device to the others (Klaman 2002), and the characterization 

(profiling) of the different devices. Color management systems were developed initially for 

paper media in the digital graphics field. Since 1998, digital printing technology has been 

making inroads into the textile market, and the adoption of CMS for efficient color control is 

inevitable (Noonan 2003). In the following sections, the basic components of color 

management systems will be introduced, followed by details of digital textile printing 

technology. 

2.4.1 Limitations of Color Gamut 

 Electronic images are displayed using the red, green, and blue phosphors of the traditional 

CRT computer monitor and are specified in the RGB model (Green 1995). By varying the 

strength of the three phosphors, a series of colors is created, from black (all three phosphors 

switched off) to white (all three phosphors at maximum intensity). CMYK, used for most 

printing devices, is another color model that is based on cyan, magenta, yellow, and black 

inks.  

The appearance of a color defined in the RGB and CMYK color models depends on the 

characteristics of the system used to create the output. Thus, both RGB and CMYK are 

device-dependent color models and have different ranges of reproducible colors, so they have 

limited use in communicating and converting information about colors among different 

devices. Figure 12 represents all of the reproducible colors in RGB and CMYK color spaces 

compared to the visible color gamut shown with the CIE 1931 chromaticity diagram. The 

‘gamut’ is the range of colors capable of being produced by a particular device. The gamut of 
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a monitor is normally larger than that of a CMYK printer, but monitor gamuts don’t contain all 

of the colors in the CMYK printer gamut (Boscarol 2001; Fraser 2003).  

 
Figure 12 RGB and CMYK color gamut in CIE chromaticity diagram (Boscarol 2001) 

2.4.2 Device Calibration and Characterization 

2.4.2.1 Display Device – CRT Monitor 

To get the best color accuracy from a monitor, it is important to set the conditions at a 

specified standard state. After a monitor is set up, a profile is created. More accurate profiles 

can be obtained by using commercial profiling software that relies on measuring instruments. 

Colorimeters can be used to measure the color values produced by the monitor. In creating a 

profile, a monitor should be operated in subdued surrounding light. There are four major 

monitor settings taken into account during profiling.  

 White point of the monitor, 

 Gamma of the monitor, 

 Brightness and contrast settings, and 

 Red, green, and blue screen phosphors  

The white point setting of a monitor is comparable to an illuminant under which a sample is 

viewed (Sharma 2004). The color temperature scale can be used to describe the color of a light 
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source and provides a succinct, numerical means of specifying the color characteristics of a 

light source in color management. In practice, the color temperature should be set to 6500 K 

(Hellmuth 2003). Color temperature influences the appearance of color on the monitor. For 

example, a color temperature of 9300K gives a bluish tint, and a 5000K setting appears too 

dull and yellow on most CRT monitors (Hellmuth 2003). Therefore, if the majority of jobs are 

output on yellowish or grayish paper, a lower color temperature should be selected; if most 

jobs tend to used lighter paper types, a higher color temperature is recommended (Brues and et 

al. 2000). The next step is setting the gamma. CGSD reports (Computer Graphic System 

Development Corp. 2000) explained that all monitors from any manufacturer have an 

intensity- to- voltage- response curve which is roughly a 2.5 power function. This means that 

if a pixel which should have intensity equal to x is generated by a monitor, it will actually 

display a pixel which has intensity equal to x2.5. To compensate, the input signal to the 

monitor must be gamma corrected. Figure 13 indicates how the gamma correction is applied 

to the input signal.  

 

Figure 13 Gamma correction (CGSD 2000) 

Gamma correction affects colors in overall brightness. A smaller gamma value decreases 

the contrast and lightens the image, and a higher value will increase the contrast and darken 
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the image. Typically, a Macintosh display (gamma 1.8) is brighter than a PC display (gamma 

2.2) (Sharma 2004). After setting color temperature and gamma, the next step involves 

controlling the brightness and contrast levels. Because contrast at 100% usually gives the most 

possible colors on CRT monitors, contrast is always set at 100%. Then, the user analyzes 

displayed color patches and alters the brightness until a given condition is reached. The 

correct brightness and contrast settings give a range of continuous tones without losing detail 

due to excessive image darkness, or washing out or flattening of the image due to excessive 

brightness (Sharma 2004). The last step in calibration and profiling is that of setting the color 

balance of Red, Green, and Blue. The chromaticity of the red, green, and blue phosphors is 

measured and stored in the profile. 

After calibrating the monitor, its profile is created with adjustment information for that 

monitor. McDonald (1997) suggested that four important assumptions are normally applied in 

characterizing a monitor: (a) temporal stability (the same colorimetric properties persist over 

time), (b) spatial uniformity (the same colorimetric parameters are preserved at different 

positions on the screen), (c) channel independence (the existence of one channel at a given 

pixel location is not dependent on the other channels at that pixel), and (d) phosphor constancy 

(the chromaticities of each phosphor are independent of the voltage applied to the channels).  

2.4.2.2 Output Device – Printer 

The printer linearization process defines and establishes the printer setting information 

with a particular ink and fabric combination for specified conditions including 

post-processing and washing (Locke 2004; Gordon 2001). All of these variables have an 

impact on color and each variation must be profiled to insure accurate color matching.  

Through the calibration procedure, the largest reproducible gamut can be achieved by setting a 
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deep black, an ideal white, and maximum solid ink densities. Also, a linearization of the 

gradation curves of the CMYK primary color channels and the balanced gray scales, 

composed of C, M, and Y, should be defined (Brues 2000, p.56). 

The Flaar Reports introduced several steps for linearization of a printer (Hellmuth 2003). 

The first step is to set the ink reduction limits, which requires a process of trial and error. The 

second step is to print the printer linearization targets, which are a series of color patterns with 

different shades. The printed linearization patterns are prepared with the amount of colorant 

varying from zero to 100 percent. To obtain consistent results, the patterns are cured for a 

specified time period that should be adhered to for all of the patterns (Hellmuth 2003). The 

third step is to measure the values from the target using a color measurement instrument such 

as a spectrophotometer or colorimeter. The last step is to analyze the relationship between the 

CMYK values and the desired linear state. The linearization information can be then used as 

the reference point for a particular ink, substrate and printer combination. 

The printer profiling process is similar to the linearization process, in that a number of 

color batches are printed, then scanned with a spectrophotometer, and corresponding L*a*b* 

values are recorded. The printer profile development is then complete. It must be remembered 

that each combination of ink and substrate has a different color gamut. This means the 

characterization process for each particular combination must be completed separately for 

optimization.  

 The color information for a digital image is converted to reproducible color in the output 

device using a color management system. In practice, it is impossible to produce identical 

colors in the output device, to those of the digital image, but the color management system 

works to reproduce the colors as closely as possible, with gamut mapping. 
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2.4.3 Gamut Mapping 

 Gamut mapping between two different color gamuts is carried out through software 

known as a color engine or color management module (CMM). The profile created from a 

particular device correlates the device’s color coordinates with an absolute color system such 

as CIELAB or CIE XYZ. It includes a table profile or matrix profile, which is an algorithm, 

based on matrices and linearization curves. For example, the profile of a monitor is a table, or 

an algorithm for constructing a table, which indicates the color coordinates of the color 

produced by every set of RGB numbers from the monitor (Boscarol 2001). Table 1 shows a 

profile table in which the RGB values from a monitor are next to the CIELAB values 

measured by a colorimeter.  

Table 1 Scheme of the profile of a monitor (Griffin, retrieved 2004) 

R G B L A B 

255 255 255 100 0 0 

255 255 254 100 0 1 

… … … … … … 

40 72 150 32 10 -47 

40 72 149 32 10 -46 

… … … … … … 

0 0 2 0 0 -2 

0 0 1 0 0 -1 

0 0 0 0 0 0 

Colors 
(white) 

 
(black)  

 

Similarly, the profiles of a printer include every set of CMYK numbers, and the absolute 

color coordinates of the color produced by the four CMYK inks, in the ratio indicated. To 

print a color as it is seen in a particular monitor, the profiles of the monitor and the printer are 

linked. The CIELAB coordinates, which correspond to the desired RGB color, are found in 

the profile of the monitor and these CIELAB coordinates are then located in the profile of the 

printer, along with their corresponding CMYK values (Boscarol 2001). This is called a color 
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conversion and, in this example, the monitor profile is the source profile and the printer profile 

is the destination profile. The numerical conversion is carried out by the color engine or CMM 

(color management module). The profiles developed from each device cannot, however, 

contain every possible combination of RGB or CMYK and CIELAB. The CMM calculates 

the intermediate values from existing points by interpolation (Fraser 2003). This reduces the 

number of points that need to be stored in the profiles. When colors that are consistent with 

one device’s profile don’t exist in the other device’s profile, the CMM attempts to minimize 

the perceived differences in the displayed colors between the two devices. There are four 

approaches to reproduce a reasonable approximation of the original color when no perfect 

match can be found. These approaches are known as rendering intents. Based on the desired 

color appearance, the proper rendering intents can be selected in the operating system. For 

instance, perceptual rendering intent often works well for photographic images because it 

preserves the relationships between colors (Fraser 2003). 

 Fraser (2001) identified the four rendering intents carried out by the color engine. He 

explained them as follows.  

Perceptual rendering: All the colors from the input image are adjusted to fit the destination 

color gamut in such a way as to keep their overall relationships. The precision of the original 

gamut colors is lost, but “gamut clipping” with its potential loss of detail and “tonal banding” 

problems are prevented.  

Absolute Colorimetric rendering: In colorimetric rendering, if a color exists within the 

gamut of the output, it is reproduced exactly. Otherwise, it is replaced by the nearest 

reproducible color at the gamut boundary. This can result in “gamut clipping”, which occurs 

when two colors that are different in the original are identical on the output. Absolute 
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colorimetric rendering reproduces the white points in the target gamut so that a white area in 

the image may have some different color added, such as beige.  

Relative colorimetric rendering: Relative colorimetric rendering is similar to absolute 

colorimetric rendering. The only difference is white point compensation in which the source 

white (e.g. 255R, 255G, 255B) is converted into the destination white (e.g. 0C, 0M, 0Y, 0K), 

and then all other colors are shifted accordingly.  

Saturation rendering: With this rendering intent, the saturated primary colors in the source 

space are mapped to the saturated primary colors in the target space (Fraser 2001). Figure 14 

illustrates how the rendering intents map the out-of gamut colors between two color spaces. 

 
Figure 14 Gamut mapping of each rendering intent (Nate 2004) 

2.4.4 Color Management Applications in Textiles 

CAD/CAM systems play an important role in the textile industry, providing higher 
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productivity, improved quality, and increased flexibility. Digital color has been introduced 

with the development of CAD systems, and has provided benefits in saving time and cost in 

the textile industry. In the printing industry, CAD systems facilitate accurate and efficient 

design processes, such as color separation and color reduction, manipulation of design 

features, and pattern repetition. Since the adoption of innovative digital textile printing 

systems, textile prints are generated and designed in a computer-based environment and 

transferred to the final output as digital image data. Generally, artwork, created by a designer, 

is converted to a digitized form using a scanner or a digital camera and the resultant image is 

displayed on the monitor. Once digitized a design, in its final coloration, can be printed onto 

fabric. Figure 15 shows the basic workflow and how the colors are reproduced in each device.   

 
 

Figure 15 Workflow of color reproduction 
 

For product quality, it is critical to achieve consistent and accurate colors from the 

designer’s artwork to the final digitally printed output. In reality, when a designer scans a 

pattern into two monitors, the colors of the design may look different even if two monitors are 

produced by the same company. Also, if the same pattern was digitally printed from a variety 

of different printers, even using the same type of inks and on the same fabric, the resulting 

colors could vary widely. The identical printer system can even change from day to day, and 

Scanner RGB color space 

Digital camera RGB color space 

INPUT DISPLAY 

Monitor RGB color space Printer CMYK color space 

OUTPUT 
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can produce different prints (Fraser 2003). Color management systems based on the 

calibration of each device, the characterization of those devices, and conversions from a 

source profile to a destination profile can be integrated into digital textile printing systems, 

and color rendering can be improved (Chagas 2005). 

2.5 Digital Color Reproduction in Textiles 

Digital printing systems are becoming increasingly popular for various media such as 

paper, film, and textiles. Since digital printing systems were adopted by the textile industry in 

1991, they have been used as a prototyping tool and for short run manufacturing for niche 

markets. However, this technology can provide a flexible manufacturing system with reduced 

set-up time and cost, increased design potential, and an enhanced process with low waste and 

virtually no stock. It also provides possibilities for new markets and applications such as flags 

and banners, mass customized products, and digital dyeing of solid colors (Tyler 2005). 

Therefore, digital textile printing technology can support market trends developed during the 

last decade including quick response to the market, globalized transactions, customization and 

non-store retailing (Chong 2001). 

The main variables in a digital textile printing system are the printing technology, color 

formulation, the interaction between inks and substrates, and pre- and post-processing 

treatments. Each of these is discussed in detail in the following sections. 

2.5.1 Digital Textile Printing Technology 

 The colors used in conventional textile printing are premixed in a color kitchen, and are 

called ‘spot colors’. A separate screen or roller is produced for each color. In ink jet printing, 

‘process color’ is mixed on the fabric itself generally using cyan, magenta, yellow, and black 

inks. To achieve a wider color gamut, up to 10 different colors of ink plus 2 light shades can 
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be provided in current digital printing systems (Gordon 2001, Clark 2003). For the desired 

color, resolution, quality and productivity in digital printing, it is important to understand the 

technologies involved in ejecting inks through the nozzle and the advantages and 

disadvantages of each technology. The optimum combination of ink-firing frequency, the 

number of nozzles, and size of nozzles are other factors to be considered in integrated digital 

textile printing coloration. A general classification of ink jet printing technologies is shown in 

Figure 16. The first application of digital textile printing was Milliken’s Millitron system 

which used an airbrush technique (Tyler 2005). Most office printers make use of thermal print 

heads, and there are some machines developed for textiles, using this mechanism. However, 

the majority of print heads for textile ink jet printers are piezoelectronic, which tend to give 

greater robustness and flexibility than thermal systems.  

 
 
Figure 16 The classification of ink jet printers (Gregory 2004) 

 
2.5.1.1 Drop on Demand Printhead 

DOD ink jet engines create a drop of ink when required for printing. The demand is 

generated by the printing software that instructs the head to either eject a drop or not. 

Typically, drop sizes are 20-30 pl (picoliters; 1pl=1?10-12L). Four DOD systems have been 

commercialized and two of those, thermal and piezoelectric, are primarily used. 

Thermal ink jet or bubble jet systems have a resistor that is heated by a computer signal. A 
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localized volume of ink is heated and the vapor bubble created on the resistor causes a drop of 

ink to be ejected from the nozzle (Figure 17).  

       
Figure 17 Two types of thermal printers (Le 1998) 

 
For drop formation, a viscosity of 1.5 centipoises (cp), surface tension in excess of 35 

dynes/cm, and a maximum ink particle size of less than 0.2 microns is required (Li 2003). The 

major problem with the thermal ink jet printing technology is nozzle clogging due to 

decomposition of ink components on the resistor, caused by high temperature. The heating 

cycles can increase the temperature of the ink and this may lead to inconsistent colors (Tyler 

2005). The life of the print head is limited to between 50 and 500 ml of ink. The major 

advantage of the thermal ink jet is the low cost of nozzle fabrication. Since the “Wonder Print” 

textile printing machine was developed by Canon in 1993, Canon, Hewlett-Packard, and 

Lexmark have been major suppliers of thermal ink jet heads. 

 The second DOD ink jet print engine is the piezoelectric. In this type of printer the 

computer imposes an electrical potential across a piezoelectric material, which causes it to 

contract and expand. When the deformation occurs, a drop of ink is ejected (Le 1998; Tincher 

2003) (Figure 18). 

(a) ‘Side shooter’ thermal inkjet (b) ‘Rear shooter’ thermal inkjet 
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Figure 18 Principles of push-, bend-, and shear-mode piezo printheads (Le 1998) 

 
Drop volumes are somewhat smaller than with a thermal system. The lifetime of the 

printhead used in these printers is longer than thermal based system (100 times). The current 

generation of print heads make use of the Micro-Electro-Mechanical Systems (MEMS) silicon 

technology, giving greater precision in manufacture and extended life to the print heads (Tyler 

2005). The major print head manufacturers for textile applications are Aprion, Epson, Konica, 

and Spectra piezo DOD (Tyler 2005). Dupont ArtistriTM, DReAM, and Mimaki’s Tx series are 

the major three performance ranges of textile inkjet printer, which are high-speed (>100 

square meters per hour), mid-speed (15-100 square meters per hour), and low-speed (2-15 

square meters per hour), respectively (Raymond 2006). 

There are two less widely used DOD technologies found in the industry. Though limited 

to special applications for textiles, valve-jet DOD systems have been used for printing banners, 

drapes, carpets and wall hangings (Li 2003). With these systems, the flow of ink is controlled 

by a solenoid valve and resolution is limited to 25 dpi. Another DOD technology is the 

electrostatic ink jet. An electrostatic attraction force from the substrate is used to eject selected 

droplets and form the desired pattern. These printers are faster but have lower resolution and 

are less versatile (Tyler 2005). 

2.5.1.2 Continuous Printhead 

Continuous ink jet printers generate a continuous stream of drops, and drop selection 

(a) Bend mode piezo jet
  

(b) Push mode piezo jet 
  

(c) Shear mode piezo jet 
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occurs by deflecting drops of ink to print the desired images on the substrate. This technology 

can be applied to textile substrates that require high ink volume such as carpets. Depending on 

the drop deflection method, the CIJ system can be designed as either a binary or a multiple 

deflection system (Dawson 1992; Dawson 2000; Le 1998). In a binary system, drops are 

either charged or uncharged between the jet orifice and a charging plate. The uncharged drops 

are allowed to fly to the substrate, while charged drops are deflected into a gutter for recycling 

(Figure 19). This CIJ technology uses a simple engine, but the printing speed is slow.  

 

 
Figure 19 Continuous ink-jet: A binary-deflection system (Le 1998) 

 
In the multiple deflection system, drops are given varying charges and are deflected to the 

substrate at different levels (up to 30) (See Figure 20). The advantage of this CIJ engine is that 

less clogging of the nozzles occurs due to solvent evaporation. Also, larger and more droplets 

are created, which can deliver more ink per unit time. Therefore, the printing speed is 

improved. Zimmer developed the Chromotex machine based on the Jemtex CIJ 

multi-deflection technology for textiles (Creagh 2001; Dawson 2000; Tyler 2005).  
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Figure 20 Continuous ink-jet: A multiple-deflection system (Le 1998) 

The Flatjet Technology developed by Zimmer uses pulsed ink jet heads which are a hybrid 

between DOD and continuous jetting. This technology is different from DOD or CIJ, 

primarily because the control is via mechanical devices rather than driven by electronics 

(Tyler 2005). 

2.5.2 Recent Developments in Printhead Technology 

Tyler (2005) introduced the most recent developments in print head technology. New 

technology can produce ink drops below 10pl, and one head has been recently released by 

Cannon that can achieve 1pl. Smaller drop sizes can give higher resolution and reduce the 

dithering problem but there is a disadvantage, in that the falling drop is distorted by air 

movement. Another innovative head design is the drop volume adjustment. This means that 

larger drops can be placed where solid cover is required and smaller drops where precision is 

required. Recent developments in print head technology allow a multifunctional head which 

can print in either binary mode (to drop or not) and produce variable drop sizes (Tyler 2005; 

Kobayashi 2006).   

Recent print head manufacturing developments have produced the advanced PicoJet’s 

printhead using ultrasonic bonding techniques and all metal printhead construction materials. 

This printhead technology allows the use of a wide variety of ink chemistries such as UV- 
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curable, water, solvent, and oil based solutions and gives more robust jetting capability (Le 

2005). 

Several companies, such as Sony and Brother have also worked on the development of a 

page-wise printhead systems that can print a full page without the need of a reciprocating 

carriage. Since the page-wise printers would operate in single-pass mode, the highest print 

quality is required, and so are not widely available (Freire 2006). In the near future, many of 

the original patents, which are currently expired or will be soon, should accelerate the 

development of the new concepts in printhead technology (Freire 2006). 

2.5.3 Inks for Printing Textiles 

Developing colorants with proper rheology (surface tension, viscosity, density) and 

fixation properties is critical for ink jet textile printing. Ink jet ink formulation requires many 

compromises among which are print quality, nozzle maintenance and drying time. In ink jet 

systems, the main ink formulations are based on dyes or pigments with the aim of obtaining 

fixation and wider shade gamut. The choice of colorant and its application, along with the 

substrate, determines the resulting properties such as color gamut, brightness and fastness of 

the resultant prints. Figure 21 shows the classification of colorants used in ink jet printing.  

 

Figure 21 Typical colorants used in ink jet printing (Hees 2004) 

 
 

Colorant 
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Water-insoluble 

Dyes 
Water-soluble 
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Different dyes are used for the coloration of different fibers. Color durability, such as 

wet-fastness and light-fastness, differs for each combination of dye and substrate. Table 2 

shows the colorant requirements for the major fiber types. Reactive dyes give bright durable 

colors and excellent wash fastness due to the strong chemical bond between the dyes and 

substrate. Acid dyes give a wide range of color yield, but the wash fastness is poor (Hees 

2004). Disperse dyes have been used for heat-transfer printing and are currently applied 

mainly to direct printing on polyester.  

Table 2 Colorant and fiber interactions (Hees 2004) 

Colorant Fiber Color-Media Interaction 

Reactive dye Cotton, silk and wool Covalent Bonding 

Acid dye Silk, wool and polyamide (nylon) Electrostatic, H bonding 

Disperse dye Polyester Hydrophobic-Solid State mechanism 

Pigment All fibers None-Complex Polymer bonding Mechanism 

 

The first, dyes developed for textile ink jet printing were water-soluble. This was because 

the development was relatively easy and dye purification and filtration equipment was already 

available at the colorant manufacturers. Due to the low cost and suitability for all types of 

fiber, pigments are the most popular colorant for conventional printing process, accounting for 

50% of the world textile printing market (Figure 21). Textile pigment printing is expected to 

grow further because of environmental concerns and better performance, including less 

substrate dependency and colorfastness problem. Figure 22 gives the breakdown of colorants 

used in 2002 and the prediction of growth for the next 10 years.  
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Figure 22 Colorant used in 2002 and forecast for 2012 (Hees 2004) 
 
Pigment systems have not yet been fully adopted for the textile ink jet printing 

environment. It is extremely difficult to develop pigment formulations with good operability 

and optimum firing performance. Also, the many types of available print heads have different 

physical and chemical limitations in relation to a textile binder and the pigment ink jet 

formulation. Table 3 indicates the possible approaches to pigment based ink jet formulations 

with the print heads currently in use.  

Table 3 Possible pigment ink jet formulation approaches to different print head technologies (Freche 
2004) 

CIJ Technology 
Pigment  

ink jet ink 

Piezo DOD 
Technology 

- low viscosity 

Piezo DOD 
Technology 

- higher 
viscosity 

Thermal DOD 
Technology Small volume Large volume 

Without textile 
binder 

Yes Yes Yes No Yes 

With textile 
binder 

Yes Yes No No Yes 

 

The currently available textile pigment ink jet inks, which contain textile binders, have been 

developed for the piezo print head, which can tolerate higher viscosity inks (>10mPas). For 

example, the Dupont 2020 can work with this type of pigment inks (Freche 2004). For low 

viscosity piezo print heads (-5mPas), the pigment ink jet inks generally contain no binder and 

the textile binder is applied by a post treatment process to improve the fastness level. 

Pigmented water based inks, which were introduced at ITMA 2004, are a new generation of 
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ink with improved color consistency, fabric handing, and wash fastness without 

post-treatment.  

Freche (2004) reported that John Provost, Cedric Dieleman, Mike Freche, Michael Kluge 

and Juergen Weiser of BASF developed a new chemical approach using a multifunctional 

polymer dispersing agent (MFDA) for textile pigment ink jet inks. According to Provost et al., 

inks with the MFDA can be formulated with low viscosity and excellent long-term jettability 

in a wide variety of piezo drop-on-demand printers and, as a result, can achieve high wash 

fastness, and high brilliance.  

 
2.5.4 Chemical Interaction between Ink and Textiles 

 In ink jet printing, colorants are ejected onto the surface of the substrate, according to the 

nature of the interaction between the ink and substrate, the rate of absorption of a dye is 

determined. There are a number of factors to consider when a colorant interacts with the 

substrate (Provost 1999). 

 The colorants consist of hydrated anion dyes, and this hydration sphere must dissociate 

in order for the colorant to interact with the substrate. 

 For the dye to be attracted to the substrate, the dye-substrate combination must have a 

lower energy than the combination of the hydrated dye and the hydrated substrate. 

 Hydrophobic substrates, such as polyester, have limited interaction with water-soluble 

colorants and so hydrophobic disperse dyes are used.  

 For colorants with little or no substantivity, such as pigments, the binder plays a key role 

in fixing the colorant to the substrate. 
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Figure 23 Reaction for monochloro-s-triazinyl reaction dye with cellulose (Provost 1999) 

 
Reactive dye developed by Zeneca was used for the first commercial digital textile 

printing system, Trucolor TCP, in 1991 (Provost 1999). Figure 23 shows the reaction process 

between reactive dye and cellulose that occurs under alkaline conditions and heat together 

with other additives such as urea for increasing dye solubility (Provost 1999). As described in 

Provost’s report, this process was applied to ink jet textile printing and chemicals required for 

interaction between dye and cellulose were used for pre-treatment of the fabric. The 

interaction between an acid dye and a protein fiber such as wool or silk involves both the 

electrostatic interaction promoted under acidic conditions and Van der Waals interactions 

between the aromatic part of the dye structure and the surface of the protein fiber (Provost 

1999). Figure 24 illustrates the acid dye and fiber interaction. 

 

Figure 24 Dye-fiber interactions on protein fibers (Lavery 1999) 
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Figure 25 Overall relationship among the technologies involved in textile ink jet printing (Provost 1999; 
Hees 2004) 

 
The interaction between inks and printhead should be considered in digital textile printing 

because it influences the ink concentration, frequency of drop formation, and reliability. 

Figure 25 summarizes some of the factors which must be considered when developing ink 

systems for specific print head and substrate combinations. 

A pre-treatment process is required to achieve the fixation of a dye onto a textile substrate. 

However, pre-treatment chemicals cannot be included in the ink formulation because they 

affect the physical properties, such as viscosity, thus making the inks unsuitable for jetting 

from the print head. Table 4 describes typical pre-treatment recipes and post treatment 

processes, which depend on the substrate and ink.  
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Table 4 Post/Pre-treatment process with reactive and acid dye (Hees 2004) 

 

Some research has investigated optimum conditions of pre- and post-treatment to achieve 

higher color quality. Yuen (2004) examined the influences of the amount of pre-treatment 

paste including sodium alginate, sodium bicarbonate and urea, and the steaming conditions for 

printing upon a cotton fabric. The results showed that the color yield depended on the 

interaction of all of these factors, so it is important to achieve color management with 

standardized procedures. Fan et al. (2002) investigated the effect of pre-treatments on digital 

textile printing quality in terms of color-related metrics (L*, a*, and b*) and an 

appearance-related metric (clarity of a printed line) using cotton woven and knitted fabrics. 

The pre-treatment ingredients included alginate, silicone-based textile softeners and fumed 

silica powder. Silicone compounds compensate for the hard hand caused by the thickener and 

control the surface hydrophilic property. Silica powder holds the ink in the place where it is 

applied.  The authors concluded that ‘pre-treatments containing 2% alginate, 2% silicone 

softener and 1% silica show good balance in colorant retention and appearance control such as 

Treatment Reactive dye inks on cotton Acid dye inks on silk or nylon 

Sodium Alginate Solution 
Urea 
Ludigol (BASF AG) 
SodiumBicarbonate 
Water to 

250g 
100g 
25g 
25g 

1000g 

Guar Thickener Solution 
Urea 
Ammonium Tartrate 
Water to 

50g 
100g 
50g 

1000g  
Pad 

(80-90% 
Expression) 

(For Viscose Rayon Fabrics increase the 
Urea to 200 g) 

 (silk fabric use 250 g Sodium Alginate 
Solution per kilo fabric) 
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120ºC 

Controlled conditions-Temperature 
below 100ºC 

 Ink Jet Print Reactive ink jet ink formulations Acid dye ink jet ink formulations 

Fixation 

1) Atmos. Steaming; 8mins at 102ºC 
2) Bake Fixation use 25g of Sodium 

Carbonate per kilo fabric. Heat Fixation 
is not recommended for Viscose Rayon 
fabrics. 

Atmospheric Steaming; 30-45mins at 
102ºC 

Wash off 
Cold Water Rinse (overflow) 
Rinse in Boiling Water  
Soap at the Boil, Cold Water Rinse 

The specific wash off will follow the same 
process route for the particular acid dye 
on the nylon, silk or wool fabric 
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line width’ (p.238). New pre-treatments, such as UV curable resin, have also been examined 

for improving the digital print quality for textiles (Fan 2004). 

 

Figure 26 12-color reactive ink set color gamut indicating the change of gamut after post-treatment 
(Gordon 2001) 

 
Gordon (2001) showed the color gamut after post-treatment processing to enhance the 

color yield by activating the reaction between inks and substrate (Figure 26). Yang and 

Naarani (2004; 2007) investigated how steaming conditions affect the color strength and 

consistency of ink-jet printed cotton using reactive dyes. The authors recommended 2-4 

minutes of steaming at 104.4°C with a high temperature steamer for a cotton fabric to obtain 

maximum depth of shade (K/S value).  

 Often, washing is required to remove the unfixed dye on the textile surface. A wash off 

recipe starts with a cold water rinse, a boiling water rinse, adding soap at the boil, followed by 

another cold water rinse (Tyler 2005). 
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2.6 Physical Interaction between Textiles and Color  

2.6.1 Surface Characteristics of Textiles and Optic theory 

When an object is observed, its characteristics can be determined to a limited extent by 

how light is reflected from the surface of that object. For instance, identification of the object, 

its material, surface texture, and so on can be based on light reflection. The perception of 

surface texture via light stimuli is significant in terms of assessing color appearance. Different 

surface features create varying directional distributions of light allowing the surface to be 

analyzed on the basis of geometrical optics (Stearns 1969). With a smooth surface, the 

reflection of light from the surface follows the laws of reflection; the angle of reflection equals 

the angle of incidence. Figure 27 (a) shows a schematic diagram of reflected light on a smooth 

surface. The reflected light is known as specular reflection. 

  
Figure 27 Schematic diagram of light striking on a smooth surface and a rough surface (Stearns 1969; 

Friedman & Miller 2004) 

 On the other hand, if the surface is microscopically rough, the light rays will reflect and 

diffuse in many different directions. Though each individual ray follows the laws of reflection, 

each also meets the rough surface with a different orientation so the normal line at the point of 

incidence is different for different rays. Figure 27 (b) depicts diffuse reflection from a rough 

surface (Shirley, et al. 1997). Several reflectance models have been developed based on rough 

surfaces including Kirchhoff theory, the Torrance-Sparrow model and the Lambertian 

Incident light Reflecting light 

(a) Reflecting light on smooth surface (b) Reflecting light on rough surface 
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reflection model (Beckmann 1969; Blinn & Newell 1976; He 1991; Yasuda 1992; Oren & 

Nayar 1995). These models are especially useful in the computer graphics field to simulate 

objects more realistically in the virtual world. They account for complex geometric and 

radiometric phenomena such as masking, shadowing, and interreflection between points on 

the surface (Nayar 1991). The geometrical attenuation factor (masking and shadowing) 

derived by Torrance & Sparrow (1967) models the light reflecting on a rough surface with a 

symmetrical V-groove cavity. Diffuse inter-reflection is a process whereby light reflected 

from an object strikes other objects in the surrounding area, illuminating them. Therefore, a 

rough surface will scatter the incident light into various directions, though certain directions 

may receive more energy than others, or reduce the light intensity by blocking a portion of the 

incident light (Figure 28).   

 
Figure 28 Schematic diagram of masking, shadowing, and interreflection effect (Oren & Nayar 1995) 

Woven textiles are constructed in diverse structures from yarns which can have different 

diameter and twist. The yarns are made from fibers with various structural properties such as 

cross-sectional shape, diameter and longitudinal shape. Reflection occurs between two media, 

between air and a fiber or air and a pigment particle. Figure 29(a) shows light striking a 

simplified fiber circular cross section. When a light beam strikes normal to the surface and is 

passed back from the media, reflection occurs. The amount of the surface-reflected light from 

many textiles normally falls somewhere between 0 and 4 %. (Stearns 1969) Light beam B hits 

at a glancing angle and most of it is reflected in a forward direction to strike another fiber 

(a) Masking effect (b) Shadowing effect (c) Interreflection effect 
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(Hunter 1963; Stearns 1969). When many fibers are grouped in a yarn, as in Figure 29 (b) 

which shows several fibers in cross section, some of the reflected light from the surface 

becomes trapped and lost by absorption (Garret & Peters 1956; Stearns 1969). Figure 29 (c) 

presents pile fabrics, such as velvets, corduroys, and carpets, which have more opportunity for 

the incident light to be trapped between the fibers or yarns.  

 

Figure 29 Schematic diagram of light reflection on a fiber, yarn, and piled fabric (Garret & Peters 1956; 

Stearns 1969; Kim & Lewis 2000) 

When textiles of different structures are dyed or printed with the same colorants, and 

under the same conditions, the color appearance can vary according to the configuration of the 

fabric, fibers or yarns. The micro-scale structure of the fiber, the yarn and the textile may 

change color appearance (Lambert et al. 1986).  

The major elements that can affect the light reflectance of a fiber are its length, diameter, 

cross-sectional shape (such as round, triangle, striated or grooved), longitudinal shape (such as 

crimp, spiral or twist), and the surface texture. For instance, the length of natural fibers varies. 

The grade of fiber is determined according to the average staple length because it is related to 

mechanical properties such as the strength of the yarn produced from fiber. However, it also 

affects the visible color of the fiber, yarn and textile. Generally, long plant fibers such as linen 

and ramie, and filaments, such as silk or man made fibers, contribute to a relatively higher 

luster and lighter color appearance than shorter, more broken fibers. Fabric woven from a 

coarse yarn has more surface texture than a fine fabric, and this reinforces the dark value 

A 

B 

(a) Reflecting on a fiber (b) Interreflecting among fibers (c) Interreflecting on piled fabric 
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already fostered by the coarser yarn’s greater diameter. Cross-sectional shape varies widely 

and can be influenced by finishing. For instance, mercerization of cotton fiber, which is 

performed with caustic soda (NaOH), changes the cross-sectional shape to a circular form 

through a swelling process. Mercerization affects the light reflection and absorption of the 

fiber.  

Yarns composed of staple fibers are twisted to prevent fibers in the yarn from slipping 

over one another (Lord 1981). The number of fiber ends sticking out of the yarn, the amount 

of twist imparted to the yarns in spinning, the direction of the draw of the yarn, and the type of 

yarn construction influence the surface texture of yarn and thus, the yarn’s color appearance. 

For instance, highly twisted yarns appear darker than low twist yarns of the same fiber. The 

surface textures of fabrics are created by the yarn twist, yarn density, and weave structure. For 

instance, sateen and satin create long floats on the surface, which appear lighter than the 

shorter floats in more textured weaves. A commercial damask design uses the surface 

reflection effect which makes one area appear darker than the other, depending on the angles 

of illumination and viewing (Stearns 1969). When light hits a smooth, uniform surface, some 

is transmitted through the object and the rest is reflected in an orderly way, causing the surface 

to appear very bright and creating a rich color effect.  

Some research has examined color appearance related to the surface texture of dyed 

fabrics. Kim and Lewis (2000) investigated the color differences among woven fabrics, flock 

surfaced fabrics and flock fibers. When light entered a flocked surface, inter-reflection 

occurred and light was partially reflected and absorbed back and forth among the dyed flock 

fibers. The color appeared purer and more saturated, and also appeared lower in chroma value 

than a plain fabric. The relation between visual texture perception and the physical 
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characteristics of the fabric, such as the geometric structure and the optical properties in 

reflected light, was investigated by Lee and Sato (1998; 2001). Also, they examined the 

reflected light characteristics of different weave constructions by using a 

goniospectrophotometer and a goniophotometer (1999a; 1999b). The authors concluded that 

light reflection should be influenced by the weave direction of the fabric. They found that the 

surface color of fabrics varied with the warp and weft yarns on the surface, and that the 

perceived texture could be anticipated by the characteristics of the reflected light. One of the 

surface characteristics of textiles, luster, was analyzed considering different weave structures 

and yarn twists of fabric made from polyester filament yarn (Kim, et al. 2004). The 

specifications of weave structure and light reflectance of yarns and textiles can be used for 

visualizing clothes in virtual prototyping or e-commerce and modeling the appearance of 

textile texture (Yasuda et al. 1992; Adabala et al. 2003; Takeda 2004). 

In ink-jet printing systems, surface roughness is likely to influence image formation in the 

physical printing step, as well as in the optical and perceptual steps. Print density and color 

may be affected by substrate roughness through variations in ink distribution, and ink 

thickness. The optical variations due to the surface roughness, discussed earlier in this section, 

could lead to differences in color appearance on rough textile surfaces. Basic principles 

related to the influence of the roughness of paper in ink-jet printing have been studied by 

Oittinen and Saarelma (1993). Their research explained that the ink distribution in non-contact 

printing is designed for a smooth surface. In non-contact printing, spreading tends to cause ink 

to flow sideways from smooth points. This may even result in depletion of ink from initial 

contact points. Figure 30 illustrates the spreading-controlled ink distribution in non-contact 

printing. 
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Figure 30Mechanism of ink transfer in non-contact printing (Oittinen & Saarelma 1993) 

 

2.6.2 Characterization of Surface Properties-Profiling Method 

2.6.2.1 Standard Texture Parameters 

Describing the surface topography in measurable, quantitative terms is difficult because it 

is characterized by many perceptually visual and tactile attributes. Surface texture roughness 

has been traditionally measured by the stylus profiling method in the form of a surface height 

variation (SHV) trace. This profile characterizes thickness variations in a selected direction. 

Several calculated parameters and their definitions have been published in standards, 

including ASME B47.1-2002 and ISO 4287.  

The definition of the roughness average, Ra, value is expressed as the arithmetic average 

of the absolute value of the profile height deviation recorded with the evaluation length and 

measured from the mean line in ASME B47.1-2002.  

0
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= −∫            Equation [2.9] 

Another surface-height average is the root-mean square (rms) roughness Rq, which is also 

defined in terms of surface-height deviations from the mean surface. For real surfaces, the two 

representative surface heights, Ra and Rq are usually very similar. 
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2.6.2.2 Kawabata Evaluation System for Fabric (KES-F) 

Kawabata constructed a measuring device for the surface height variation trace for 

Ink distributions 

Rough Surface 
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characterization of textile surfaces. In this device, a steel wire 0.5 mm in diameter is moved at 

a constant rate of 0.1 cm/sec in a selected direction (usually in the weft and warp) and a plot of 

the height variation against distance is registered on paper. The value that is measured is SMD, 

the mean deviation of surface roughness.  

 
Figure 31 Plot illustrations of SMD and MMD definitions 

 

The surface friction is measured in a similar way using a contactor which consists of the 

pieces of the same wire being used in the surface roughness measurement. A contact force of 

50gf is used and the force required to pull the fabric past the contactor is measured. Figure 31 

shows a plot of friction against distance traveled from which the following values are 

calculated:  

MIU = mean value of coefficient of friction 

MMD = mean deviation of coefficient of friction 

The measure of surface friction indicates the fabric resistance to the probe moving across 

the surface, while the surface roughness is a measure of the contour of fabric surface.  

2.7 Color Modeling 

2.7.1 Kubelka-Munk Theory 

The color appearance of textile materials is computed from their reflectance. The 

relationship between the dye content and the reflectance spectrum is of importance (Tsoutseos 

(a) SMD = Total shaded area/X 
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& Nobbs 2001). In 1931 Kubelka and Munk expressed this relationship with the assumption 

of a two-flux radiation, and derived the behavior of light-scattering colorant layers. The 

reflected light from the surface of a material depends on the thickness of the colorant layer, 

scattering and absorption coefficients of the colored layers, and the reflectance of the 

background on which the film lies. All these parameters are summarized in Equation [2.11]. 

1 ( coth( ))
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X=Thickness 

gR =Reflectance of the background 

K(λ)=Absorption coefficient 

S(λ)=Scattering coefficient 

Coth=hyperbolic cotangent. 

In the case of an opaque layer that is sufficiently thick so that the reflectance of the 

background has no effect on the reflectance of the colorant layer, Equation [2.12] is  

)(
)(2

)(
)(

)(
)(1)(

2

λ
λ

λ
λ

λ
λλ

S
K

S
K

S
KR +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+=∞        Equation [2.12] 

where ∞R is the reflectance at infinite thickness. Reversing this equation, the well known 

relationship between  
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The theoretical model assumes that the light within the colorant layer is completely diffused 

and that there can not be a change in the refractive index at the sample’s boundaries (Berns 

2000). 

 It is assumed that the additivity is valid for the absorption and the scattering coefficients. 

This means that the absorption coefficient of a colorant layer is the sum of the weighted 

absorption coefficients of the colored materials. The mathematical expressions are shown in 

Equation [2.14] and [2.15] 

nnkCkCkCK +++= ...2211            Equation [2.14] 

nnsCsCsCS +++= ...2211            Equation [2.15] 

where iC is concentration of dye on the materials. 

Dividing Equation [2.14] by Equation [2.15] yields 
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which is called the two-constant Kubelka-Munk theory. 

Different assumptions related to the scattering of the film make a different version of 

Kubelka-Munk theory. For materials such as textiles, where the colorants do not scatter in 

comparison to the substrate, the mixing equation is simplified to Equation [2.17] 
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This is single-constant Kubelka-Munk theory (Berns 2000, 2004). 

The Kubelka-Munk theory is widely used and has been applied for color matching in 

textile coloration processes including conventional printing, dyeing, and the blending of 
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colored fibers (Garrett & Peters 1956; Stanziola 1979; Amirshashi & Pailthorpe 1993; Stein 

1999). In the case of textile materials, the absorbing-scattering substrate cannot be considered 

a continuum. Furthermore, in the Kubelka-Munk treatment, the reflectance of the surface of 

the fabric is not considered. Over time, the theory has been mathematically expanded, using 

empirical corrections to apply the theory to a wider range of materials, including textiles 

(Saunderson 1942). For example, in the application of Kubelka-Munk theory to conventional 

textile printing, a textile substrate surface correction factor was developed to adjust for the 

effect of print paste ingredients other than colorant left on the textile (Stanziola 1979). The 

effect of the surface reflectance in Kubelka-Munk theory has been discussed by Stearns and 

Kuehni and a correction for surface reflection was made (Stearns 1969; Kuehni 1975). 

Recently, to characterize ink jet printing by means of spectral reflectance measurement and 

simulation, the Kubelka-Munk theory was applied to ink jet printing on paper substrates 

(Emmel & Hersch 1999; Yang 2003; Yang & Kruse 2004; Mohammadi & Berns 2004). 

2.7.2 Models for Halftoned Samples 

Most printing systems can produce shades of color by changing the number of ink dots on 

the substrate. This means that they are capable of printing ink only at a certain fixed density, 

over a given area leaving the substrate unprinted. Therefore, the original continuous-tone 

image is broken into small dots whose area coverage varies depends on the tone level. This is 

called a halftoning technique and most printing devices use this technique.  

For color mixing with the halftoning technique, when the dots are positioned beside each 

other, within a certain distance, a variant of additive mixing called ‘partitive’ mixing is the 

result. If dots overlap, subtractive mixing is the outcome. Between the two extremes is the 

more complex case when there is partial overlap between dots (Kulube 1993). Figure 32 
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illustrates the different possible ink arrangements (Bezerra, et al. 1998; Kulube 1995). 

 

Figure 32 Different ink arrangements for mixing colors 
 
Kulube and Hawkyard (1995) evaluated trichromatic color prediction by using a 

K-handcoater on textile substrates with the Maxwell model. They showed successful 

prediction in partitive color mixing. This approach has been extended to paper printing with 

much smaller colored areas and the result generally showed agreement in the predicted color 

and measured color (Bezerra, et al. 1998).  

Theoretical and empirical investigations of the relationship between the reproduction 

density and dot area of ink have been proposed. None of them is quite accurate, but they are 

often close enough for practical purposes and can provide a useful insight into the nature of 

the effects observed in color reproduction. 

 The Murray-David model considered a surface unit area of a halftoned sample as two 

separate areas, the solid colored area and the bare substrate area. The total reflectance 

spectrum R(λ) of a halftoned sample having a fraction of an area covered with ink (0≤a≤1), is 

as follows:.  

( ) (1 ) ( ) ( )g sR a R aRλ λ λ= − +            Equation [2.18] 

Where Rg(λ) is the reflectance spectrum of the bare substrate and Rs(λ) is the reflectance 

spectrum of a solid sample.  

In 1937, Neugebauer proposed a method for predicting the spectra of halftoned color prints 

produced by the superposition of cyan, magenta, and yellow dot-screens (Sharma 2003). In 
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traditional printing, a dot-screen is a regular lattice of dots that are ordered in parallel rows 

along two perpendicular axes. Based on the microscope observation of a halftoned print, 

Neugebauer defined the eight possible primaries, as white, cyan, magenta, yellow, red, green, 

blue, and black from cyan, magenta, and yellow. Neugebauer’s model was based on the 

assumption that the dots in the different screens are almost independent of each other. 

However, that was only true in traditional color printing. The fraction of area occupied by the 

eight Neugebauer primaries is shown in Table 5. The reflectance spectrum of the halftoned 

color print is given by the following generalized Neugebauer equation 
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=∑          Equation [2.19] 

Where Rj(λ)= reflectance of the Neugebauer primary j 

  ja = fraction of area it occupies 

  k = the number of ink,  

  m = density level (m≥2) 

Table 5 Decichel’s equations using the fractional color area 
Primary Ink Combination Reflectance Fraction of Area 
White - R1(λ) a1=(1-c)(1-m)(1-y) 
Cyan Cyan R2(λ) a2=c(1-m)(1-y) 

Magenta Magenta R3(λ) a3=(1-c)m(1-y) 
Yellow Yellow R4(λ) a4=(1-c)(1-m)y 
Red Magenta, Yellow R5(λ) a5=(1-c)my 

Green Cyan, Yellow R6(λ) a6=c(1-m)y 
Blue Cyan, Magenta R7(λ) a7=cm(1-y) 
Black Cyan, Magenta, Yellow R8(λ) a8=cmy 

 
Yule and Nielsen pointed out that light does not emerge from the substrate at the point where it 

entered. This is a consequence of the light scattering in the substrate. Therefore, a photon that 

penetrates the substrate in an area without ink may emerge in an inked area, and vice versa. As 

a consequence of this exchange of photons, the fraction of area calculated from the 

Murray-Davis equation is greater than the real area covered by ink. This phenomenon is called 
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optical dot gain, or the Yule-Nielsen effect.  

Yule and Nielsen suggested that following correction to the Murray-Davis equation. 

1 1

1
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n n
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R a Rλ λ
=

= ∑              Equation [2.20] 

Factor n must be determined experimentally and depends on the optical properties of the 

substrate. The particular case of n=1 means no penetration of the ink into the substrate.  

2.8 Summary of Literature Review 

As shown in the preceding sections, color control in digital textile printing involves color 

science, color management, digital printing technologies, and substrate properties. Color 

science is a pillar technology in color management for digital textile printing. CIE colorimetry 

provides objective specifications of color, based on the tristimulus values and color spaces 

such as CIELAB and CIELUV, and defines standard viewing conditions in terms of 

illuminant, illumination geometry and the observer. These standards provide the critical 

components to communicate color specifications unambiguously and transfer color 

information digitally within the supply chain. Color appearance is dependent on the geometric 

attributes of the substrate and, because of that, color measurements taken in different 

conditions can vary. Hence, it is important to understand what kind of information can be 

obtained from different instruments and under what conditions, and to maintain the same 

standard for comparable results.   

In cross media color reproduction for digital textile printing applications, the CIE basic 

colorimetry is used for the core functions of color management including device 

characterization and profiling. To achieve the closest color match across media, the 

calibration and characterization of each device is critical. Prior investigations demonstrate that 
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illumination and viewing conditions are different for each device, so visual color assessment 

between two different devices should be carefully conducted following the recommended 

viewing techniques established by previous researchers.  

In digital ink-jet printing, textile substrates are more complex than those of any other 

substrates, and involve many micro-scale parameters that impact the outcome. Compared with 

the other coloration technologies in textiles, more of the colorants interact on the surface of 

the textile substrate, and how pre-treatments and inks are distributed on the surface of textiles 

impacts the resultant color appearance. Hence, post-treatments are inevitable requirements for 

digital textile printing and the conditions, in terms of steaming time and temperature, should 

be consistently maintained.  

The surface structural properties of textiles are influenced by the effect of fibers in the 

yarn and the yarn undulations due to the weave structure. These properties can be 

characterized by the surface roughness, which may affect the ink deposition and light 

reflection in digitally printed textiles, though no work to date has related surface character to 

these variables. Understanding of color reproduction behavior, as well as the relationship 

between color variations and parametric effects such as texture, could help in the accuracy of 

color prediction and color quality control for inkjet printing in textiles.  
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CHAPTER 3   

OBJECTIVES OF RESEARCH 
 

In digital color reproduction, the generation of color is dependent upon the colorants, the 

print engine, the medium and the interrelation among them. Slight changes in any of these 

parameters might affect the resulting color. Hence, it is crucial to understand how these 

parameters are related to reproducing color and color change.  

Much research has been done in digital color reproduction on paper substrates. Compared 

to paper, textiles are more complicated materials, and the construction of textile substrates 

involves a variety of parameters from the fiber to finishing. Figure 33 shows the variables 

which might affect color and appearance of ink jet printed textiles with a fixed printing system. 

Therefore, understanding of the interactions between these variables for reproducing digital 

color is significant to generating the desired color and appearance.   

 
Figure 33 Variables in ink jet printing on textiles 
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This research focuses on the appearance of ink jet printed textiles in relation to the surface 

characteristics of the substrate. Ink jet printing is a technology that enables the delivery of 

liquid ink to a medium in which only the ink drops make contact with the surface of the 

material. Therefore, if the material has a rough surface, the liquid drop behavior, such as 

spreading and retracting shape, will be dependent upon its surface characteristics and the 

impact position (Carr, et al. 2001). Although dyes are frequently used as colorants in ink jet 

printing, the ink jet printing process differs from the dyeing process in that droplets of dye are 

applied to the surface rather than immersing the fabric in a dye bath. In textiles, color 

appearance depends on several factors including the fineness of the fiber, cross-sectional 

shape, roughness or smoothness, crimp, yarn construction, twist, tension and texture, and 

fabric construction, and so on all of which combine to determine the total surface 

characteristic of the fabric. Consequently, the surface character of the fabric substantially 

impact color and color appearance, not only through its influence on light reflectance but also 

through its effect on the ink and pre-treatment distributions. 

The objectives of this research were to investigate the color of ink-jet printed textiles and 

to analyze the relationship of textile surface characteristics to the chromatic properties of 

ink-jet printed textiles. This research could enhance accuracy of color reproduction in ink-jet 

textile printing systems. First, fundamental color reproduction in inkjet printed textiles was 

investigated to understand the color mixing behavior. Ink jet printed colors are generated 

through a matrix of dots on the substrate using the color primaries, cyan, magenta, and yellow. 

The controlled placement, which is known as a dither pattern, of ink drops on the substrate can 

generate a wide color gamut (Kulube 1993). Two color mixing approaches, partitive mixing 

and subtractive mixing, were investigated with application of current color mixing models. 
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Different ink volumes of each primary, controlled by an off-the-shelf software (Adobe 

Photoshop®), were utilized in the printing. Second, correlations among the textile surface 

characteristics and the chromatic properties of digitally printed samples were investigated 

statistically. The surface properties of the woven samples were characterized using the 

profiling method, image analysis method and the structural properties of the woven fabrics. 

Third, through visual assessment, the perceived texture among the woven samples was ranked. 

The perceived chromatic variation in the printed textured textile samples was assessed and 

analyzed in relation to the instrumental color measurements. Thus, color reproduction and the 

colorant behaviors were studied using instrumental and visual measurements.  
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CHAPTER 4  

COLOR MODELING IN TEXTILE INK JET 

PRINTING 

  

4.1 Introduction 

Color reproduction with inkjet textile printing technology is different from reproduction 

by means of other coloration methods, such as dyeing or conventional printing. To be an 

optimized commercial process, the resultant color or the print from digital printing must be 

predictable and controllable. In inkjet printing, colors are generated by arranging ink dots 

spatially onto a substrate. Halftoning is the transformation of a grayscale or color image into a 

pattern of small dots, with a limited number of colors, and different halftoning patterns will 

generate different colors. These dots of color can be mixed in both subtractive and additive 

ways. When primary colored dots are printed on top of each others, colors are mixed in a 

subtractive way. When dots of colors are viewed without magnification, the light seen from 

each colored area is additive.  

Reproducing color from a digital file using inkjet printing on textiles is related to three 

major components; the print head, the ink composition, and the textile substrate. All can affect 
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the quality of the printed image. One of the methods used to determine the color properties of 

printing inks involves the characterization of thin films of ink on standard materials, such as a 

standard glass plate (Wendlandt & Hecht 1966). Yang (2002) identified the major issues 

related to inks and printer for printing on paper, including the optical properties of the inks, the 

scheme of ink-mixing for generating secondary colors, location and volume of the ink droplets, 

and ink penetration.  

In the work reported in this section, the optical properties of ink were characterized and 

the interaction between the ink and textile substrate was analyzed with a color prediction 

model. First, water-based inks containing reactive dyes for cellulose textiles were 

quantitatively characterized in terms of their scattering and absorption coefficients. The 

validity of image editing software for color prediction related to the printed ink levels was 

then evaluated. This work was carried out with the used of a transparent film to provide a 

uniform substrate that retained the inks on its surface. The Kubelka-Munk theory was then 

applied for assessing the color prediction of inkjet printed cotton samples. 

4.2 Sample Preparation and Color Measurement 

4.2.1 Sample Preparation  

For ink characterization, ink-jet transparency film (3M CG3460) was used as the printing 

substrate. The transparency film provided a uniform substrate that retained the inks on its 

surface. It was assumed that the inks would be distributed uniformly on the clear plastic 

substrate when a color was printed.  

For a textile substrate, commercially available bleached, mercerized, and combed cotton 

broadcloth fabric from Testfabric Inc. was used. The fabrics were pre-treated with a 

commercial pre-treatment formula for digital printing, from the Ciba Specialty Chemicals. 
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Table 6 shows the specifications of the pre-treatment recipe. When the pre-treatment solution 

was ready, the cotton fabric was soaked for 12 hours and then sent through a padding machine 

to remove the extra solution.  

Table 6 Pre-treatment agents for reactive dyes on cotton fabric 
Irgapadel MP Sodium Chloride Sodium Carbonate Urea Water 

150 g/L 100 g/L 40 g/L 100g/L to 1000L 

 

 Five different levels of ink in each of three colors were printed on the film substrate. The 

level of ink printed was controlled by varying the percentage of color using image editing 

software, in this case Adobe Photoshop®. Solid color patches of 20, 40, 60, 80, and 100% of 

each primary were generated via the software and then printed digitally onto the film and the 

prepared cotton sample. A Mimaki TX2-1600 digital textile printer with a piezo DOD 

(Drop-on-Demand) printhead was used for printing using reactive dye-based ink from Ciba 

Specialty Chemicals (Ciba Cibacron® MI-Reactive dye ink).  All printed color samples were 

steamed at 280˚F for 1 hour in a Jacquard Vertical Fabric Steamer from Jacquard Inkjet Fabric. 

They were pre-washed twice, in cold water, for 5 minutes then washed with soap, in hot water, 

for 20 minutes, and rinsed.  

4.2.2 Color Measurement 

Color measurements were performed using a spectrophotometer with integrating sphere 

geometry, a 9 mm circular aperture and measuring in the wavelength range from 400 to 700 

nm in intervals of 10 nm. As the use of different instrument geometry or the impact of a 

change in the measurement direction within a sample was not the main concern of this study, 

fixed measurement geometry and the specular included mode were used for all measurements. 

Reflectance data were recorded using the SLI-Form v. 2.65.397 software provided by SheLyn, 

Incorporated. Colorimetric data were calculated using standard illuminant D65 and the CIE 10 
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degree standard observer. ΔE*
ab and CIEDE2000 were calculated between predicted and 

measured colors. 

4.2.3 Methodology - Kubelka-Munk Theory  

The films printed with primary inks consist of a colorant layer and a film, and both are 

transparent. Colored layers can be assumed to be semi-transparent, so the Kubelka-Munk 

theory for a transparent colored layer on an opaque support was applied. The relationship 

between K, S, the reflectance of an infinitely thick color layer and the reflectance of the 

background can be expressed simply by defining two new terms α and β (Nobbs 1997).  

 gR R
R

α β
α β

∞+
=

+
            Equation [4.1] 

where α is a function of the opaque reflectance R∞  and the reflectance of the substrate 

gR (Equation [4.1]): 

 
21

1 g

R
R R

α ∞

∞

−
=

−
             Equation [4.2] 

and β is a function of K, S (and D).  

 exp(2 ) 1Zβ = − ,             Equation [4.3] 

where 1/ 2[ ( 2 )]Z D K K S= +     

An equation that allows the calculation of K and S from reflectance values was obtained 

by Nobbs (1997) by substituting for α in Equation [4.2] and rearranging, making β the subject. 

The values of Z, K and S are then determined from Equation [4.4]. 

 1 ln( 1)
2

Z β= +    1
1

RZK
D R

∞

∞

⎛ ⎞−
= ⎜ ⎟+⎝ ⎠

   2

2
1

RZS
D R

∞

∞

⎛ ⎞
= ⎜ ⎟−⎝ ⎠

         Equation [4.4] 

It is normal practice to define unit layer thickness as the thickness, D, of the colorant layer. In 
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this study, the ink level of 60 was used as the unit thickness. For many ink systems, it is 

difficult to obtain a satisfactory opaque layer because the ink may take a long time to dry, and 

often cracks. Hence, the value of R∞ may be determined from the reflectance of prints over a 

white ( ,g wR ) and over a black substrate ( ,g bR ). The value of β is given by Equation [4.5] using 

the reflectance of prints with the sample ink level over a white background ( ,g wR ), of the 

white background ( wR ), of prints over a black background ( ,g bR ), and of the black 

background ( bR ). 

 
2

,

,

1
1

g w w

w g w

R R R
R R R R

β ∞

∞ ∞

⎛ ⎞−⎛ ⎞ −
= ⎜ ⎟⎜ ⎟⎜ ⎟− −⎝ ⎠⎝ ⎠

                Equation [4.5] 

R∞  can be rewritten by Equation [4.6]: 

 2 1/ 2( 1)R B B∞ = − −                  Equation [4.6] 

where B is given by Equation [4.7]: 

 , , , ,

, ,

(1 )( ) (1 )( )
2( )

b w g w g b g b g w w b

b g w g b w

R R R R R R R R
B

R R R R
+ − − + −

=
−

      Equation [4.7] 

The ratio ω =K/S can be obtained directly from B (ω =B-1). 

Using Equations [4.1] through [4.7], the K and S values for the unit thickness (ink level 60) 

were calculated over white and black backgrounds. These values can be utilized to predict 

reflectance values of an ink-layer of any given ink level (thickness), and the relative thickness 

of the ink layer can be obtained. The agreement between the computed spectral reflectance 

values and the measured ones can serve as a test of the reliability of the absorption and 

scattering coefficient obtained from ink level 60 and the applicability of the present method. 
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4.3 Result and Discussion 

4.3.1 Optical Properties of Inks for Inkjet Textile Printer on Printed 

Films 

The inkjet printed film had a semi-transparent colorant layer, so the two-constant 

Kubelka-Munk theory was applied for the prediction of color and tone using the first 

primaries. 

 
Figure 34 Absorption and scattering coefficients of the primary inks specified ink level 60  

 

4.3.1.1 Absorption and Scattering Coefficients of Primary inks 

The spectral absorption and scattering coefficients K and S of the primary inks were 

obtained by using the experimental spectral reflectance values for samples printed with ink 

level 60 over white and black substrates. The resulting K and S spectral curves are shown in 

Figure 34. As expected, inks of cyan, magenta, and yellow show strong absorption in long-, 

middle-, and short-wavelength regions, respectively. As shown in the scattering spectral curve, 

each ink presents a similar peak region, but the scattering powers are rather weak having 

values of about 0.01. This means that for dye-based inkjets prints, the scattering power of the 

printed ink-layer is practically negligible.  
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4.3.1.2 Spectral Reflectance Values and Relative Ink Thicknesses 

 The absorption and scattering spectra of each ink at level 60 were used to predict the 

spectral reflectance values of the other five ink levels using Equation [4.1]. The reflectance 

values of the substrate of a printed film over a white reference material were computed and 

compared to the measured ones. It was assumed that the printed ink layer was a 

semitransparent colorant layer and a film in either a white or a black reference was considered 

as a substrate shown in the Figure 35. The different printing ink levels (ink percentage) result 

in ink-layers of different thicknesses on the substrate.  

  
Figure 35 Theoretical and practical colorant layers 

 
Figure 36 shows the calculated spectral reflectance values (c) and the measured ones (m) 

for five ink levels. The ink levels above 50 were plotted on the left graph and the ink levels 

below 50 were plotted on the right graph. The calculated and the measured spectra reflectance 

values have been converted to their color coordinates in CIE L*a*b* color space. The color 

difference, ΔE*
ab and CIEDE2000 between calculated and measured color specifications was 

listed in Table 7.  

Table 7 Color difference between calculated and measured values  

 Cyan Magenta Yellow 
Ink level DE*

ab DE00 DE*
ab DE00 DE*

ab DE00 
100 0.6778 0.5847 0.803 0.5135 7.698 1.3593 
80 0.4355 0.2447 0.478 0.2918 7.047 1.2884 
50 0.9738 0.3146 0.889 0.2955 1.579 0.3091 
40 3.2197 1.1292 1.921 0.7065 7.922 1.7108 
30 6.4996 2.5781 3.567 1.4377 13.23 3.3244 
20 7.7597 3.8136 5.501 2.3473 16.03 5.0827 

 

1. Colorant Layer 

2. Substrate (Film & Background) 

(a) Theoretical colorant layers (b) Inkjet printed layer 
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As shown in Figure 36 as well as Table 7, the results of the calculated spectral reflectance 

values showed two different phases according to the applied ink level. First, above ink level 

50 calculated values were in fairly good agreement with the measured reflectance values for 

all the primary inks over the whole range of visible light. Based on the microscopic analysis, 

most of the film surface was covered by ink in ink levels 60, 80, and 100, as shown in Figure 

37. The ink drops might be stacked on the top of each other and the thickness of the ink layer 

was assumed to increase gradually (Figure 35 (a)). Close color prediction at high ink level 

means that the high ink levels might correspond to the increased ink layer thickness, based on 

the Kubelka-Munk theory. Second, the calculated reflectance values for low ink levels differ 

from the measured ones. For most of colors ink levels 20, 30 and 40, the calculated reflectance 

values were lower than the measured ones at their strong absorption region. The microscopic 

images of ink drops for ink levels of 20 and 40 showed that the surface was not be completely 

covered (Figure 35 (b)). Also, in magenta samples, physical dot gain was observed, which 

means the effect of halftone dots growing in area. The physical dot gain can be affected by ink 

absorption into substrate, the viscosities of inks, or stickiness of the ink (Lawler 1997). This 

phenomenon might depend on each color of ink, and it could change the ink coverage on the 

surface. Hence, the ink covered area, non-printed area, and overlapped area might affect the 

reflectance values.  
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 Figure 36 Calculated and measured spectral reflectance values for samples printed with five different 
ink levels 
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The reflectance curves for the magenta color, shown in Figure 36, show that even for the 

low ink level 20, strong absorption (low reflectance) was observed and the reflectance was 

well predicted for the overall range of ink levels. The ink coverage, as well as the optical 

properties of each color, might affect the color prediction calculation.  

The ink coverage approximations from 20 to 100 % were obtained using image 

processing. From the captured microscopic images (Figure 37), the ratio of the printed area 

and non-printed area was computed and listed in Table 8.  

Table 8 Approximations of ink coverage on film surface (percentage) 
 20 40 50 60 80 100 

Cyan 0.4 0.62 0.82 1 1 1 
Magenta 0.44 0.9 1 1 1 1 
Yellow 0.37 0.66 0.83 1 1 1 

 

 
Figure 37 Microscopic images of each ink with five different ink levels 
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4.3.2 Optical Properties of Printed Cotton 

When printing colors on a substrate, how the inks penetrate into the substrate or spread out 

on the surface depends on the rheologic properties of the liquid inks, surface characteristics of 

the substrate, and the bilateral interaction between the inks and the substrate. For textile 

substrates, pre-treatments prevent ink drops from merging each other and hold them in the 

right position. However, since woven textiles are constructed by interlacing warp and weft 

yarns and each yarn consists of fiber or filament, the surface of a textile material is not flat like 

a plastic film, and wicking behavior could occur both warp and weft directions. Therefore, the 

ink drops are no longer a round shape and spread out on the surface.  

For dyes on textiles, it is assumed that the dyes do not contribute to scattering. Scattering 

is assumed to be caused only by the textile substrate. The absorption constant (K) is the sum of 

dyestuff absorption and fiber absorption. Based on the textile dye assumption, the color and 

tone prediction for inkjet printed cotton samples was investigated using the single constant 

Kubelka-Munk theory, for an opaque material. The reflectance values of an infinite thickness 

of the printed cotton samples were calculated, using equations [4.1] through [4.7]. The 

reflectance values of an infinite thickness were then converted to the K/S values. First, the 

linearity of K/S values for different ink levels was evaluated. The additive color mixing 

calculation was then carried out for predicting the secondary colors. The predicted secondary 

colors were then compared with their measured color.  

4.3.2.1 Linearity between K/S Value and Ink Level for Cotton Substrate 

 The K/S values were calculated for six different ink levels of the primary colors and the 

K/S values of a mock-printed textile substrate were subtracted to obtain the K/S values of the 

colorants. Mock-printed substrates were pre-treated, post-treated and exposed to all of the 

same chemicals and temperatures as the printed samples except for printing. These K/S values 
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were plotted on Figure 39 as measured K/S values. The K/S values of 100 % ink level, 

subtracting the substrate K/S values were considered as the unit colorant K/S values. Then, the 

K/S values of other ink levels were predicted by multiplying the unit K/S with the ink level, 

and results were plotted on Figure 38 as calculated K/S values. As discussed in the previously, 

high ink levels printed on the film corresponded to the ink concentration but, the low ink 

levels were lower than the expected ink concentration since the non-printed area affected the 

reflectance values. In a printed cotton sample, the measured reflectance values were lower 

than the calculated reflectance values. To match the reflectance values between measured and 

computed ones, the ink levels were adjusted by using the method of least squares. The 

adjusted ink levels are listed in Table 9. Figure 38 show the measured, computed and adjusted 

reflectance curves for each ink level of 80, 40, and 10 of cyan, magenta, and yellow colors. 

Color difference values between the measured and adjusted reflectance values for each ink 

level are shown in Table 10.  

Table 9 Adjusted ink levels using linear least square fitting 

 100 80 60 40 20 10 
cyan 1 0.8 0.59 0.34 0.15 0.064 

magenta 1 0.8 0.59 0.34 0.13 0.052 

yellow 1 0.78 0.59 0.34 0.14 0.052 

 

Table 10 Color difference between measured and calculated values with adjusted ink levels 

 Cyan Magenta Yellow 
Ink level DE*

ab DE00 DE*
ab DE00 DE*

ab DE00 
80 0.431 0.3132 0.268 0.1986 0.522 0.3010 
60 0.511 0.2198 0.957 0.5217 1.031 0.2855 
40 0.619 0.3279 1.707 0.7365 1.273 0.7855 
20 1.409 0.7931 3.227 1.6682 1.755 1.2561 
10 1.415 1.0063 3.644 2.4575 1.469 1.2690 
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Figure 38 Comparison of measured, calculated, and adjusted K/S values for inkjet printed cotton samples 
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(c) Ink level 80 for magenta (d) Ink level 40 for magenta 
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 The discrepancy of ink level between measured and calculated might be caused by 

non-uniformity of the colorant layer on the surface. The color samples from the low ink levels 

were generated by numbers of dots on the surface, and the measured reflectance values 

involved more complicated light interaction between the colorants and substrate. Through the 

extended the ink level range from 2 up to 40, the polynomial functions for each ink were 

determined; the polynomial coefficients being dependent upon the each color.   

2
0 1 2L c c L c L′ = + +               Equation [4.8] 

where c0, c1, and c2 are the polynomial coefficients and L is the ink percentage. The 

empirically obtained polynomial coefficients for the given primary colors are shown in Table 

11. 

Table 11 Polynomial coefficients for each primary  
 C0 C1 C2 R2(Coefficient of determination) 
Cyan 0.00093 0.000073 0.0056 0.9991 
Magenta 0.0021 0.000115 0.00354 0.9998 
Yellow 0.003 0.000117 0.0035 0.9998 

 

 At a given wavelength, the K/S values are proportional to the adjusted ink levels ( L′ ). 

Therefore, the following equation can be determined. 

K L
S λ

λ

α⎛ ⎞ ′= ⋅⎜ ⎟
⎝ ⎠

              Equation [4.9] 

where λα is the constant dealing with proportion which is called the ‘colorant absorbency 

coefficient’ and L′ is an adjusted ink level shown in Table 9. At a given wavelength, the 

relationships between K/S values and adjusted ink level are shown, in Figure 39 and the slopes 

of each line indicate the λα values. It is clear that K/S values and adjusted ink level are 

linearly related. The λα  values of cyan, magenta, and yellow, at the wavelengths of 400nm 

through 700nm were employed in the next section for the prediction of the secondary colors.  
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Figure 39 Relationship between K/S values and ink levels 
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4.3.2.2 Additivity of / colorantK S  using Kubelka-Munk theory 

The additivity of / colorantK S  values in inkjet printing was evaluated by predicting the 

secondary colors at a given ink level. 

, ,/ red magenta i yellow iK S c cλ λα α= ⋅ + ⋅             Equation [4.10] 

, ,/ green cyan i yellow iK S c cλ λα α= ⋅ + ⋅             Equation [4.11] 

, ,/ blue cyan i magenta iK S c cλ λα α= ⋅ + ⋅             Equation [4.12] 

where ic  is relative proportions of mixtures shown in Table 12, which were obtained from 

the maximum absorbance of each colors in the mixture and λα is the value for the each 

primary ink at wavelength λ . 

Table 12 Relative proportions for predicting secondary colors at maximum absorption 
 Relative proportions of mixture 
 10 30 40 60 80 100 

Red       
Magenta 5.2736 26.365 42.236 65.055 84.184 105.28 
Yellow 7.7077 31.388 41.731 55.401 61.287 61.649 
Green       
Cyan 5.9186 26.362 36.241 58.032 69.831 80.498 
Yellow 6.2866 27.571 38.589 59.051 68.872 81.082 
Blue       
Cyan 7.035 28.451 39.746 60.637 73.261 75.862 
Magenta 5.6185 25.686 40.259 68.848 96.666 116.69 

 

The relative proportions of ink levels representing the contributions from two primary 

colors were determined by solving the equations to the experimental K/S values at the 

maximum wavelength. As shown in Figure 40, the relative proportions of the primary inks 

used to obtain the secondary colors are nearly similar, up to ink level 60, and above the 80% 

ink level they strongly depend on the type of colors. The color green was formed by nearly 

equal mixing of magenta and yellow across all ink levels. For both red and blue colors, 

magenta predominates in the high percentage ink levels. Furthermore, the amounts of the 
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primary inks used to generate the secondary colors are not a simple superimposition of the 

amounts printed for the primary samples. Color management systems can control the amount 

of ink required to achieve the optimum color, by generating the profile for a given set of inks, 

printer, and substrate.  

 

Figure 40 Ink composition for secondary colors of different printing ink levels 
 

 The calculated spectral reflectance values and the measured reflectance values of 

secondary colors are shown in Figure 41, and color differences are calculated in Table 13. The 

calculated values agree fairly well with the experimental data. This implies that the additivity 

assumption, using the Kubelka-Munk single constant equation, holds true for inkjet printing 

on cotton samples.  
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Table 13 Color difference and correlations between simulated and experimental values of secondary 
colors 

 Red Green Blue  
Ink level DE*ab DE00 DE*ab DE00 DE*ab DE00 Correlation 
100 7.261 3.5114 4.733 2.7711 5.646 3.4160 0.7799 
80 5.53 2.5241 4.736 2.7280 4.589 2.8108 0.8258 
60 4.823 2.1626 4.473 2.6521 3.302 2.0437 0.8934 
40 3.27 1.4528 3.55 2.0717 1.648 1.0586 0.9604 
30 0.552 0.3594 3.079 1.7955 0.62 0.5474 0.988 
10 1.621 1.0135 2.537 1.6870 1.393 1.3642 0.9858 
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Figure 41 Simulated and measured spectral reflectance values for secondary color on cotton samples with 
different ink levels 

 

4.3.2.3 Post-Treatment Effect on Color in Inkjet Printing 

In this section, the effect of ink fixation on color was evaluated. The evaluation was 

carried out by comparing two sets of experimental data from pre- and post-treated printed 

cotton samples in terms of color. Figure 42 shows the changes in K/S values after post-treating 

for each primary at 100% ink level. The K/S values in the strong absorption regions increased, 

which means the depth of shade increased.  

The effect of ink fixation can be examined in terms of chroma and lightness of colors. 

Figure 43 shows a 2-dimensional representation of the CIELCH color space. Colors 

corresponding to the same ink and stage, but different ink levels, are shown with solid lines 

and dashed lines, respectively, for printed and post-treated cotton samples.  
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Figure 42 Shift of K/S values for primary and secondary colors after post-treating 
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became lighter in ink levels between 30 and 100 after steaming. The lightness of magenta and 

red colors increased only for ink levels of 80 and 100. Blue appeared darker after steaming 

across all ink levels. Figure 44 shows the CIELab color space and the hue shift direction. For 

the primary colors, cyan became greener and bluer, magenta became redder, and yellow 

became more yellow and greener. For the secondary colors, red appeared redder and bluer, 

green appeared greener and bluer, and blue appeared redder and bluer.  

 
 

Figure 43 Lightness and chroma shift after post-treating 
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Figure 44 Color gamut in a*b* coordinate system 
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CHAPTER 5  

EFFECT OF STRUCTURAL PARAMETERS ON 

OPTICS AND CHROMATIC PROPERTIES  

 

 
5.1 Introduction 

Fabric texture depends on the complex interaction between structural variations and the 

materials used. Optimum combinations of fiber, yarn structure, fabric structure and finishing 

for a given end-use will give the desired texture to a fabric. Texture is very difficult to 

characterize because it involves visual and tactile human perception. However, there are 

measurable parameters which can quantitatively define texture, by using several methods such 

as the Kawabata Evaluation Systems for Fabric.  

A woven textile is constructed by interlacing the warp and weft yarns. The yarns used for 

warp and weft influence the texture due to variations in the type of fiber, the length of fiber, 

and the twist of yarn, etc. When light falls on a textile material, the surface texture affects the 

light behavior. The color of a textile material also depends on the extent to which light is 

reflected, absorbed, or transmitted. The optical properties of colored textiles are influenced by 
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a wide range of parameters due to highly diverse textile structures and their resulting textures. 

The number of parameters greatly affects the accuracy of color matching operations (Joaneli, 

et al. 2006).   

In this chapter, the structural characteristics of woven cotton samples were determined 

using two different approaches as shown in Figure 45. The optical and chromatic properties of 

non-colored, dyed, and printed samples were investigated in relation to their structural 

characteristics.  

 
Figure 45 Empirical procedure for assessing texture and chromatic properties 

 

5.2 Sample Preparation and Color Measurement 

5.2.1 Specimen Preparation 

Ten different woven samples were developed showing diverse weave structures. To 

minimize the variability caused by the type of fiber and yarn, a cotton yarn provided by Cotton 

Inc. was used for the weft yarn. The weft yarn count was 20Ne, and it was produced by using 

the open-end spinning method. A double Rapier Picanol GTM loom was used to construct the 
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samples. The loom had 16 harnesses, and had a warp of cotton yarns with count 20Ne. Warp 

ends were threaded with a straight draw configuration and four ends per dent. The weave 

structures used in constructing the samples are listed in Table 14 with unit repeat size. The 

specification for each sample and the weave structures are illustrated in Appendix A. About 

1.5 yards was woven for each weave structure. 

Table 14 Weave structures and unit repeat size 
Sample No Weave structure Repeat 

1 Honeycomb 8x8 
2 Monk leno 8x8 
3 Bedford cord 16x4 
4 Herringbone 16x8 
5 Entwining Twill 16x16 
6 Crepe 8x8 
7 Hopsack 8x8 
8 Brighton Honeycomb 16x16 
9 Whipcord 8x16 
10 Satin 8x8 

 

All woven fabric samples were desized, scoured, and bleached under the conditions 

specified in Table 15, then pre-treated to prepare for printing. 

Table 15 Finishing agents for the woven samples 
 Desizing & Scouring  Bleaching 

NaOH 3 g/L NaOH 3 g/L 
H2O2 6 g/L H2O2 6 g/L 

Surfactant 1g/L Surfactant 1g/L 
Enzyme 0.5 g/ sample weight  (g)   

Water to 1000 L Water to 1000 L 

 

The pre-treatment solution for printing with reactive dye on cotton fabric was prepared 

following a commercial pre-treatment formula from Ciba Specialty Chemicals, shown in 

Table 16. The woven fabrics were soaked in the solution about 12 hours, then were passed 

through a padding machine under tension and dried. This helped to minimize the wrinkles on 

the fabric.  

Table 16 Pre-treatment recipe for reactive dyes on cotton fabric  
Irgapadel MP Sodium Chloride Sodium Carbonate Urea Water 

150 g/L 100 g/L 40 g/L 100g/L to 1000L 
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5.2.2 Printing Color Samples 

A series of colors was printed on the pre-treated fabrics. The printed color set included the 

primary colors of cyan, magenta, and yellow and the secondary colors of red, green and blue. 

A Mimaki TX2-1600 digital textile printer with a piezo DOD (Drop-on-Demand) printhead 

was used for printing. Reactive dye-based inks, from Ciba Specialty Chemicals were used.  

All printed color samples were steamed at 280˚F for 1 hour in a Jacquard Vertical Fabric 

Steamer from Jacquard Inkjet Fabric System. They were then pre-washed twice in cold water 

for 5 minutes, washed with soap in hot water for 20 minutes, and rinsed. To determine the 

optic properties of non-colored textile samples, the mock-printed samples were prepared. 

Mock-printed samples were pre-treated, post-treated and exposed to all of the same chemicals 

and temperatures as the printed samples except for printing (Stearns 1969). Surface 

characteristics of these samples also were assessed. 

5.2.3 Dyeing Color Samples 

1%, 4%, and 6% solutions of Ramazol Blue RR reactive dye were used for dyeing ten 

samples each. The samples were weighed and, based on the weight, the required amount of 

dye and agents were calculated (Table 17).  

Table 17 Dyeing agents  
Ramazol Blue RR Sodium Chloride Sodium Carbonate 

1% 4% 6% 1% 4% 6% 1% 4% 6% 
0.12g 0.492g 0.73g 40g/l 60g/l 80g/l 10 g/l 15 g/l 20 g/l 

 

The Ahiba Nuance Dye Machine was used in this study. The required amount of dye and 

salt for 1%, 4%, and 6% solutions were dissolved in 217ml, 210ml, and 204ml of water, 

respectively. Ten samples were added to each solution and the temperature was raised to 30°C 

for 20 minutes. Half of the sodium carbonate was added and the dyeing was continued at 30°C 
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for another 10 minutes. The rest of the sodium carbonate was then added, the temperature was 

raised to 60°C, and the dyeing continued for another 30 minutes. Dyed samples were then 

washed and dried in the oven for 10 minutes.  

5.2.4 Color Measurement 

The reflectance values of the non-colored, dyed, and printed woven samples were 

measured. The color measurements were performed using a spectrophotometer with 

integrating sphere geometry, a 9 mm circular aperture and measuring in the wavelength range 

from 400 to 700 nm in intervals of 10 nm. All samples were measured three times and 

averaged. As the use of different instrument geometry or the impact of a change in the 

measurement direction within a sample was not the main concern of this study, fixed 

measurement geometry and the specular included mode were used for all color measurements. 

The degree of specular reflectance in the non-colored textile substrates was investigated using 

specular included- and excluded-mode. Reflectance measurements were obtained using 

SLI-Form version 2.65.397 software provided by SheLyn, Incorporated. The values of L*, a*, 

b*, Cab, and H˚ for each sample were calculated from their reflectance and shown in Table 18 

and. The color differences among samples were calculated with DE*
ab and CIEDE 2000 

formula and are shown in Appendix B.  

Table 18 Color specifications of non-colored and dyed textile substrates with three dye concentration  

Sample Non-colored textile substrate 1% dyed textile substrate 
No L* a* b* Cab H˚ L* a* b* Cab H˚ 
1 92.79 -0.53 4.208 4.242 97.24 38.04 -6.8 -19.4 20.56 250.7 
2 93.21 -0.33 4.907 4.918 93.8 39.66 -7.27 -19.8 21.06 249.8 
3 93.29 -0.46 4.596 4.619 95.76 39.58 -7.5 -19.7 21.12 249.2 
4 93.9 -0.34 5.162 5.173 93.74 41.3 -7.81 -20 21.44 248.6 
5 93.58 -0.3 5.419 5.427 93.14 40.98 -7.69 -19.9 21.32 248.9 
6 93.66 -0.37 4.822 4.836 94.35 38.95 -7.54 -19.7 21.11 249.1 
7 93.75 -0.37 4.634 4.649 94.59 41.18 -7.9 -20.1 21.55 248.5 
8 91.53 -0.47 4.122 4.149 96.54 38.7 -7.42 -19.2 20.6 248.9 
9 94.06 -0.41 4.404 4.423 95.27 39.63 -7.63 -19.4 20.87 248.6 
10 93.8 -0.44 4.467 4.489 95.67 39.53 -7.59 -19.2 20.62 248.4 
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Table18 Continued 
4% dyed textile substrate 6% dyed textile substrate Sample 

No L* a* b* Cab H˚ L* a* b* Cab H˚ 
1 20.62 -3.33 -15.6 15.95 257.9 16.77 -2.02 -12.7 12.83 260.9 
2 22.15 -3.64 -16.3 16.72 257.4 17.91 -2.17 -13.4 13.59 260.8 
3 22 -3.69 -16.3 16.7 257.2 18.28 -2.29 -13.3 13.49 260.2 
4 23.38 -3.94 -16.8 17.28 256.8 18.84 -2.22 -13.5 13.66 260.6 
5 23.19 -3.82 -16.6 17.03 257 18.85 -2.28 -13.8 13.99 260.6 
6 21.94 -3.83 -16.4 16.84 256.8 17.34 -2.15 -13.2 13.38 260.8 
7 23.23 -3.96 -16.7 17.21 256.7 18.95 -2.27 -13.7 13.87 260.6 
8 21.23 -3.75 -15.6 16.09 256.5 17.09 -2.3 -12.7 12.89 259.7 
9 21.17 -3.77 -16 16.46 256.8 17.33 -2.15 -12.9 13.1 260.5 
10 21.97 -3.8 -16.2 16.64 256.8 17.94 -2.32 -13.2 13.4 260 

 
Table 19 Color specifications of inkjet printed textile substrates  

Cyan (100% ink level) Magenta (100% ink level) Sample  
No L* a* b* Cab H˚ L* a* b* Cab H˚ 
1 57.63 -39.7 -28.5 48.83 215.7 37.225 59.62 11.22 60.67 10.66 
2 59.35 -38.9 -27.7 47.78 215.4 38.94 61.33 9.823 62.11 9.099 
3 59.35 -39 -27.7 47.83 215.4 39.331 61.37 9.024 62.03 8.364 
4 59.14 -39.6 -28.1 48.56 215.3 39.55 61.74 8.701 62.35 8.022 
5 60.65 -38.7 -27.1 47.26 215 39.578 61.8 9.122 62.47 8.397 
6 59.43 -39.3 -28 48.29 215.5 38.728 61.76 10.6 62.66 9.737 
7 59.05 -39.4 -28.1 48.37 215.5 39.95 61.85 8.351 62.41 7.69 
8 55.59 -39.5 -28.5 48.69 215.9 36.782 59.17 11.67 60.31 11.16 
9 58.91 -39.5 -28.2 48.55 215.5 38.367 61.34 10.82 62.29 10.01 
10 57.7 -40 -29.1 49.44 216 38.711 61.18 11.03 62.17 10.22 

Yellow (100% ink level) Red (100% ink level) Sample  
No L* a* b* Cab H˚ L* a* b* Cab H˚ 
1 87.83 -7.47 93.57 93.87 94.57 40.09 55.74 28.6 62.65 27.16 
2 88.93 -8.03 91.87 92.22 95 41.03 56.18 27.79 62.68 26.32 
3 88.06 -7.21 91.83 92.11 94.49 40.99 55.89 27.12 62.12 25.88 
4 89.06 -7.77 90.6 90.93 94.9 41.98 56.34 25.76 61.95 24.57 
5 88.76 -7.85 91.03 91.37 94.93 42.68 55.89 24.78 61.14 23.91 
6 89.36 -8.37 91 91.38 95.26 40.94 56.18 28.9 63.18 27.22 
7 89.45 -8.5 89.3 89.71 95.44 41.58 56.22 27.29 62.49 25.9 
8 86.27 -7.87 91.08 91.41 94.94 38.94 55.55 29.32 62.81 27.83 
9 88.6 -7.72 94.51 94.83 94.67 42.41 55.72 26.32 61.62 25.28 
10 88.42 -6.77 96.31 96.54 94.02 40.51 55.62 29.93 63.16 28.28 

Green (100% ink level) Blue (100% ink level) Sample  
No L* a* b* Cab H˚ L* a* b* Cab H˚ 
1 55.96 -57.6 33.79 66.82 149.6 24.14 21.22 -20.8 29.7 315.6 
2 58.458 -56.5 32.14 65.02 150.4 25.34 20.9 -21.9 30.28 313.7 
3 57.16 -56.4 34.68 66.22 148.4 25.17 20.79 -21.9 30.19 313.5 
4 61.048 -54.1 29.66 61.73 151.3 26.24 21.75 -22.3 31.17 314.3 
5 59.344 -56 31.76 64.34 150.4 26.43 21.95 -22.4 31.35 314.5 
6 57.577 -57.3 33.04 66.14 150 24.92 20.89 -21.5 29.97 314.2 
7 61.2 -54.8 30.14 62.53 151.2 27.69 23.69 -22.1 32.38 317 
8 54.172 -56.8 33.7 66.04 149.3 20.18 16.75 -20 26.08 310 
9 58.889 -56.2 36.01 66.78 147.4 25.86 21.08 -21.7 30.24 314.2 
10 59.012 -54.5 36.12 65.42 146.5 24.14 21.22 -20.8 29.7 315.6 
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5.3 Structural Characterization 

5.3.1 Fabric Geometry Parameters 

For the structural analysis, the fundamental physical properties of the mock-printed woven 

samples were measured, including thickness, weight, crimp, and fabric density. Measurements 

were completed according to ASTM D 1777, ASTM D 3776, ASTM D 3883, and ASTM 

D3775 standards. Measurements are shown in Table 20. 

Table 20 Geometry parameters of ten woven samples 
Crimp 
(%) 

Density 
(Count/inch) Sample 

No 
Thickness 

(mm) 
Mass 

(g/m2) 
Warp Weft Avg. Warp Weft 

1 1.042 313.03 1.346 1.227 1.652 122 85 

2 0.773 265.27 1.188 1.156 1.373 126 85 

3 0.764 263.97 1.225 1.219 1.493 123 82 

4 0.580 248.71 1.219 1.113 1.356 114 77 

5 0.561 248.16 1.188 1.125 1.336 114 78 

6 0.673 257.54 1.188 1.175 1.395 121 80 

7 0.552 239.89 1.063 1.188 1.262 111 81 

8 1.335 303.78 1.124 1.289 1.450 134 80 

9 0.788 261.33 1.156 1.213 1.402 127 78 

10 0.727 253.51 1.156 1.200 1.388 125 79 

 
In constructing all samples, the warp density was fixed by using the same loom set to 104 

ends per inch and the weft density was fixed at 72 picks per inch. However, the fabric density 

changed after the fabrics were off-loom and finished. The measured fabric density is shown in 

Table 20. The yarn diameter was calculated theoretically using the following Equation [5.1]. 

 1
280.2

t

f

Nd
φρ

=               Equation [5.1] 

where tN = yarn linear density (tex, g/km), 

 φ = yarn packing fraction (open-end-spun: 0.55), and 

 fρ = fiber density (cotton=1.52 g/cm3,) (Seyam 2002). 

The calculated yarn diameter was 0.02118 cm for both warp and weft.  
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The weave factor is a numerical value that expresses the amount of interlacing of warp and 

weft yarns and may used as a tightness factor to compare fabrics (Seyam 2002). The 

maximum tightness factor is defined as the maximum number of ends per unit fabric width 

and maximum number of picks per unit fabric length that can be woven using specified yarns 

and weave structure. The maximum tightness of each woven sample can be used to compare 

the relative tightness among the woven samples used in the research. The weave factor was 

calculated using the Equation [5.2] and [5.3]. 

 1
1

1

NM
i

= ,                 Equation [5.2] 

and 2
2

2

NM
i

=                Equation [5.3] 

Where M1= warp weave factor, 

 N1= number of warp ends per weave repeat, 

 i1= number of warp intersections per weave repeat, 

 M2= weft weave factor, 

 N2= number of weft ends per weave repeat, and 

 i2= number of weft intersections per weave repeat. 

To determine the maximum tightness factor, Seyam and El-Shiekh’s Tightness Equation [5.4] 

and [5.5] was used (Seyam 2002). 

 1
1max

1 1 1 2
4 ( 1)

Mt
M d d d

π

=
− + +

,           Equation [5.4] 

and  2
2max

2 2 2 1
4 ( 1)

Mt
M d d d

π

=
− + +

          Equation [5.5] 

Where d1= warp diameter (cm), and d2= weft diameter (cm).  
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Using the calculated maximum tightness factor, the warp (1), weft (2), and fabric (f) tightness 

factors of each of the ten samples were calculated using the following Equations. 

max,1

1
1 t

dT =                Equation [5.6] 

max,2

2
2 t

dT =                Equation [5.7] 

max,2max,1

21

tt
ddTf +

+
=              Equation [5.8] 

Table 21 shows the weave factors and tightness factors for each sample.  

Table 21 Weave factors and tightness factors for each sample 
Weave factor Max. Tightness Factor Tightness Factor % Sample 

No Warp Weft Warp Weft Warp Weft Fabric 
1 0.625 0.625 17.302 17.302 0.1418 0.2036 0.1672 
2 0.5 0.5 14.687 14.687 0.1166 0.1728 0.1392 
3 0.5938 0.625 16.677 17.302 0.1356 0.211 0.1658 
4 0.5 0.5625 14.687 16.034 0.1288 0.2082 0.1608 
5 0.5547 0.5 15.87 14.687 0.1392 0.1883 0.1592 
6 0.5 0.5 14.687 14.687 0.1214 0.1836 0.1461 
7 0.5 0.5 14.687 14.687 0.1323 0.1813 0.153 
8 0.4375 0.4219 13.256 12.884 0.0989 0.1611 0.1222 
9 0.625 0.3906 17.302 12.122 0.1362 0.1554 0.1435 
10 0.5 0.5 14.687 14.687 0.1175 0.1859 0.144 

 
5.3.2 Determination of Surface Texture Parameters Using Profiling 

Method 

The ten woven samples were conditioned 24 hours following the procedures specified in 

ASTM D1776. The conditioned woven samples were used to measure the surface texture 

characteristics with two different profile measuring systems. First, the Kawabata Evaluation 

System for Fabric, which is commonly used for fabric surface evaluation, was used to 

measure the surface geometry and the friction coefficient. The sample size of 20 cm by 20 cm 

was used. Each sample was measured three times in different locations and in both forward 

and backward directions. All measurements were averaged. The friction coefficient (MIU), 
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mean deviation of friction coefficient (MMD), and surface roughness (SMD) of each sample 

are given for both warp and weft directions and the measurements of each direction were 

averaged to represent the overall surface characteristics. 

Table 22 Kawabata surface measurements 
MIU MMD SMD Sample 

No Warp Weft Average Warp Weft Average Warp Weft Average 
1 0.894 0.9434 0.9187 0.0464 0.1132 0.0798 6.9192 18.252 12.586 
2 0.8481 0.8119 0.83 0.0557 0.0413 0.0485 16.031 19.3615 17.696 
3 0.8051 0.7992 0.8022 0.0704 0.0387 0.0546 24.314 6.8215 15.568 
4 0.7946 0.7748 0.7847 0.0357 0.0202 0.028 5.7566 3.4924 4.6245 
5 0.7978 0.7604 0.7791 0.0523 0.0251 0.0387 5.7418 5.0748 5.4083 
6 0.8821 0.8492 0.8657 0.0483 0.0345 0.0414 19.351 10.4399 14.895 
7 0.841 0.8209 0.8310 0.0381 0.0436 0.0409 4.5442 12.2565 8.4004 
8 1.0966 1.1675 1.1321 0.1185 0.1408 0.1297 10.007 17.1219 13.564 
9 1.0252 0.9282 0.9767 0.0749 0.0287 0.0518 8.8184 4.4394 6.6289 
10 0.9521 0.9061 0.9291 0.0408 0.0236 0.0322 4.5267 2.536 3.5314 

 
Second, the surface profile of each sample was measured with a stylus profilometer. 

Specifically, the Somicronic Surfascan instrument with a ST204 stylus with 10 μm radius was 

used. This instrument can measure the 2-dimensional primary profile of the surface and 

calculate the standard surface texture parameters (ASME 2002). Each sample was measured 

in both warp and weft directions four times and averaged. From the total profile of each 

sample, the roughness average, Ra and waviness average, Wa, were calculated. The averages 

of warp and weft values were used to represent the overall surface roughness.  

Table 23 Surface texture parameters 
Pa (Total profile) Wa(Waviness profile) Ra(Roughness profile) Sample 

No Warp Weft Average Warp Weft Average Warp Weft Average 

1 129.28 91.54 110.41 95.65 41.77 68.71 24.01 25.35 24.68 
2 82.64 80.27 81.45 42.81 44.18 43.49 18.11 22.29 20.20 
3 60.56 72.49 66.53 28.13 43.12 35.63 13.26 25.35 19.31 
4 38.51 80.92 59.71 23.67 30.29 26.98 9.24 22.56 15.90 
5 56.02 102.51 79.27 22.99 31.44 27.21 19.06 24.16 21.61 
6 57.20 63.47 60.33 37.26 35.46 36.36 18.51 24.80 21.65 
7 63.49 57.40 60.45 27.88 31.82 29.85 17.68 20.21 18.95 
8 279.42 175.00 227.21 261.57 122.96 192.27 25.39 27.07 26.23 
9 114.99 125.91 120.45 92.50 81.61 87.05 18.32 32.20 25.26 
10 66.68 62.94 64.81 49.68 21.50 35.59 12.55 44.90 28.72 
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5.4 Results and Discussion 

5.4.1 Correlation Analysis with Structural Fabric Parameters  

The fabric geometry parameters and the surface texture parameters which were specified 

in the previous section were referred to as the structural fabric parameters. Since MIU, MMD, 

SMD, and crimp were measured in warp and weft directions, the average values were 

employed for the analysis. The correlations among the specified surface texture parameters 

including MIU, MMD, SMD, Pa, Wa, Ra, and fabric geometry parameters such as fabric 

tightness (FT), thickness, unit mass, and crimp were calculated and are shown in Table 24. 

The table shows the correlation coefficients and the p-values at the confidence level of 95 % in 

the shaded rows. Also, correlations between each factor and the z-scale of perceived visual 

texture (VT) which was derived from the visual assessment in Chapter 6, was found. The 

correlation indicates the strength of the relationship between two parameters. A small p-value 

under the null hypothesis of zero correlation means that the correlation of two parameters is 

significant at the 95 % confidence level. 

Table 24 Correlation among the structural fabric parameters and z-scale 

  MIU MMD SMD Pa Wa Ra VT FT Mass Thck Crimp 
MIU 1 0.808 0.1 0.886 0.923 0.75 0.7 -0.73 0.651 0.854 0.281 
   0.005 0.783 6E-04 1E-04 0.012 0.024 0.016 0.041 0.002 0.432 
MMD 0.808 1 0.44 0.936 0.931 0.427 0.931 -0.5 0.851 0.955 0.482 
  0.005  0.203 .0001 .0001 0.218 .0001 0.145 0.002 .0001 0.158 
SMD 0.1 0.44 1 0.213 0.239 -0.13 0.441 -0.18 0.461 0.422 0.338 
  0.783 0.203  0.555 0.507 0.712 0.202 0.625 0.18 0.224 0.34 
Pa 0.886 0.936 0.213 1 0.989 0.508 0.866 -0.65 0.726 0.9 0.295 
  6E-04 <.0001 0.555  .0001 0.134 0.001 0.043 0.018 4E-04 0.408 
Wa 0.923 0.931 0.239 0.989 1 0.514 0.853 -0.69 0.707 0.905 0.27 
  1E-04 <.0001 0.507 .0001 0.129 0.002 0.026 0.022 3E-04 0.451 
Ra 0.75 0.427 -0.13 0.508 0.514 1 0.257 -0.48 0.461 0.563 0.33 
  0.012 0.218 0.712 0.134 0.129  0.473 0.162 0.18 0.09 0.352 
VT 0.7 0.931 0.441 0.866 0.853 0.257 1 -0.34 0.879 0.904 0.58 
  0.024 <.0001 0.202 0.001 0.002 0.473  0.344 8E-04 3E-04 0.079 
FT -0.73 -0.5 -0.18 -0.65 -0.69 -0.48 -0.34 1 -0.19 -0.5 0.305 
  0.016 0.145 0.625 0.043 0.026 0.162 0.344  0.607 0.138 0.391 
Mass 0.651 0.851 0.461 0.726 0.707 0.461 0.879 -0.19 1 0.917 0.846 
  0.041 0.002 0.18 0.018 0.022 0.18 8E-04 0.607  2E-04 0.002 
Thickness 0.854 0.955 0.422 0.9 0.905 0.563 0.904 -0.5 0.917 1 0.602 
  0.002 <.0001 0.224 4E-04 3E-04 0.09 3E-04 0.138 2E-04  0.066 
Crimp 0.281 0.482 0.338 0.295 0.27 0.33 0.58 0.305 0.846 0.602 1 
  0.432 0.158 0.34 0.408 0.451 0.352 0.079 0.391 0.002 0.066  
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Among the surface texture parameters measured using the KES-F and Surfascan, the mean 

deviation of friction coefficient (MMD) values showed high linear correlation with waviness 

profile (Wa) and total profile (Pa). Thickness and perceived visual texture were also highly 

correlated with MMD values.  

On the other hand, surface roughness, SMD, from KES-F was not correlated with other 

parameters. Since the width of the sensor in the KES-F is about 6 mm, the surface roughness 

data derived from a scanning of the fabric surface are not exact (Vassiliadis and Provatidis 

2004). In contrast, the Surfascan instrument has a stylus of 0.01 mm radius, which is smaller 

than the yarn diameter of 0.02 mm. Therefore, the total profile values could represent more 

detailed surface characteristics. Roughness (Ra), which was derived from the total profiles by 

filtering out the waviness profile, consists of surface irregularities in the narrow height 

variation. Roughness (Ra) had low correlation with the other parameters. 

Fabric tightness showed a negative correlation of -0.69 with waviness profile (Wa) and 

that of -0.73 with friction coefficient (MIU). Crimp measurements showed high correlation 

with unit mass values, but, were not significantly correlated with surface texture parameters. 

This means that the structural characteristics of a complex weave structure might not be 

simply related to each other. The scatter-plots of one of the surface texture parameters and 

fabric geometry parameters are shown in Figure 46.  
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  Figure 46 Scatter plots of texture parameters against geometric fabric parameters 
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5.4.2 Optical Properties of Non-Colored Cotton Textile Substrates  

The surface reflectance factors of the ten woven samples with different surface 

characteristics were calculated based on the empirical method (Stearns 1969; Kuehni 1975). 

Using the measured reflectance over white and black backgrounds, the scattering coefficients, 

the absorption coefficients, and the sum of reflectance of the non-colored substrates were 

determined.  

5.4.2.1 Surface Reflectance Analysis 

Stearns (1969) pointed out that the surface-reflected light from illuminated textiles 

normally falls somewhere between 0 and 4 % and depends on the construction of the fabric. In 

Etters’ paper (1997), surface reflectance factor was specified as 0.5-1.5 %. In this study, the 

surface reflection factor, which varied due to the diverse weave structures, was determined 

(e) Scatter plots of z-scaled visual texture against geometric fabric parameters 
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both for the dyed woven sample and woven samples printed with the cyan ink. The surface 

reflection factor of each woven sample was empirically measured with a series of dye 

concentrations on the fiber (Stearns 1969; Kuehni 1975). Since ink drops deposit on the 

surface in inkjet printing and the capacity for high ink concentration is limited, both printed 

and dyed samples were evaluated. For printed samples, the 100 % ink level was over printed 

three times to obtain a high ink concentration.  

 
Figure 47 Empirically measured surface reflectance curves for dyed and printed sample 1 

 

The reflectance curves of one dyed and one printed sample are shown in Figure 47 and the 

reflectance curves of the rest of the samples are found in Appendix C. The surface reflectance 

factors for samples inkjet printed with cyan at 680 nm, inkjet printed with magenta at 550 nm 

and dyed with blue at 620 nm are shown in Table 25.  

Table 25 Surface reflectance of dyed and printed samples 
Sample No Inkjet printed Cyan Inkjet printed Magenta Dyed blue 

1 0.015501 0.0157 0.0144 
2 0.018898 0.0185 0.0157 
3 0.01919 0.02149 0.0163 
4 0.0195 0.0192 0.0173 
5 0.01929 0.0193 0.0170 
6 0.018 0.0178 0.0150 
7 0.0215 0.0213 0.0172 
8 0.0181 0.0163 0.0147 
9 0.018 0.0177 0.0150 
10 0.0176 0.0193 0.0157 
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The measured surface reflectance values of both printed and dyed samples are plotted in 

Figure 48. Differences in the surface reflectance factors among the ten samples were observed, 

even though the variation was very small. The surface reflectance values of the dyed samples 

are lower than inkjet printed samples. This method is based on the maximum absorption at a 

certain wavelength, but it is difficult to reach the maximum absorption with inkjet printed 

samples. Considering this limitation, the results from a dyed sample would be more reliable, 

so those values were employed for analysis of the structural parameters. 

 
Figure 48 Empirical measurement of surface reflectance for ten samples 

 
As mentioned before, variation in surface reflection can occur due to the construction of 

the fabric. The correlations between surface reflectance factors and the structural parameters 

were analyzed and are shown in Table 26. A significant negative correlation at the 5 % level 

was observed between surface reflection and MIU, Ra, thickness and crimp. As parameters 

increase, the surface reflectance values decrease. Scatter-plots of each of the structural 

parameters against the surface reflectance were also created.  

Table 26 Correlation coefficients between structural parameters and surface reflectance values 
 MIU MMD SMD Pa Wa Ra VT FT Mass Thickness Crimp 

Rs -0.731 -0.624 -0.447 -0.567 -0.61 -0.75 -0.59 -0.761 0.4146 -0.78 -0.653 
 0.0164 0.0537 0.195 0.0874 0.061 0.0125 0.0726 0.0106 0.2336 0.0078 0.0405 
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The scatter-plots of surface reflectance factors against the structural parameters shown in 

Figure 49 help one to understand the relationships. For all surface texture parameters except 

SMD, an increase in the texture decreased the surface reflectance factor. But, the surface 

reflectance factor of the most textured surface was not the minimum value. The most textured 

sample, which is a 16 by 16 Brighton honeycomb weave structure, has long floats of warp and 

weft as well as hollow cellular patterns on the surface. The patterns are formed by some ends 

and picks interlacing tighter than others and therefore developing a higher tension. This 

controls the fabric dimensions causing the slacker ends and picks to buckle and stand out on 

the surface (Watson 1954; Goerner 1986). Its light reaction might not be explained simply 

since the long float can reflect light more, but the hollow surface can trap the light.  

It should be noted that the spectrophotometer used to measure the reflectance has D/8 

geometry, so the reflected light is only detected in an 8˚ area. Therefore, the scale of the 

reflectance could vary at a different detecting angles.   
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Figure 49 Scattering plots surface reflectance on the MIU and Ra values 

It is usual to correct for surface reflectance and apply the single additive function to 

determine the strengths of printed inks. If the surface reflectance is 2% for a particular fabric, 

the actual readings of reflectance are corrected by subtracting 2% from each reading, 

wavelength by wavelength.  

5.4.2.2 Sums of Absorption And Scattering Coefficient   

Each woven sample with a different surface structure reflects light differently. With the 

assumption that woven textiles are semitransparent, the scattering and absorption behaviors 

within the woven sample layer were investigated. The measured reflectance values of 

mock-printed woven samples over white and black backgrounds were computed to obtain the 

optical data including the scattering and absorption properties for each type of substrate. 

Equations [4.1] through [4.7] in section 4.2.3.1 (p.70) were employed to calculate the 

scattering and absorption coefficients which are shown in Figure 50. The scattering 

coefficients of mock-printed samples, without colorants, are higher than the absorption 

coefficients, so no strong light absorption occurred within the samples. Still the absorption 

curve shows that mock-printed samples absorb the light at the short wavelength region due to 

the pre-treatment applied and the fiber properties. The scattering coefficient shows the same 
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level across the visible wavelengths and some differences among samples were observed.  

 

Figure 50 Absorption and scattering coefficient for mock-printed samples 

 
The sums of the absorption coefficients and scattering coefficients across the wavelengths 

were calculated and shown in Table 27. Differences among these values show the influence of 

surface structure characteristics and how they can affect the accuracy of analysis. For instance, 

in a sample with a rougher surface, a certain amount of scattering and diffusion of light might 

be expected and the summed R value is smaller.  

Table 27 Sums of absorption, scattering, reflectance, and K/S values for mock-printed samples 
Sample 

No 
Sum. 

Absorption 
Sum. 

Scattering 
Sum. 

Reflectance 
1 2.6077 87.398 24.512 
2 2.3050 82.592 24.794 
3 2.2787 81.203 24.733 
4 2.0763 81.510 25.049 
5 2.2859 83.258 24.873 
6 2.2456 89.379 25.072 
7 2.0919 81.843 25.004 
8 3.7057 95.212 23.645 
9 1.9462 87.134 25.359 
10 2.0968 87.183 25.158 

 

The correlation of each of the optic properties with surface texture parameters is highly 
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increased the sums of the absorption and scattering coefficients. Thickness is somehow 

correlated with optic properties at the 5% level (Table 28).  

Table 28 Correlation of optic properties on structural parameters  

 MIU MMD SMD Pa Wa Ra VT Thck FT Mass C 

K 0.7147 0.941 0.4011 0.879 0.8675 0.3519 0.809 0.8792 -0.535 0.7527 0.3427 
 0.0202 .0001 0.2506 0.0008 0.0011 0.3187 0.0046 0.0008 0.1111 0.012 0.3324 

S 0.9047 0.7394 0.1591 0.7816 0.8222 0.7444 0.5643 0.7794 -0.689 0.633 0.2989 
 0.0003 0.0145 0.6607 0.0076 0.0035 0.0135 0.0892 0.0079 0.0275 0.0495 0.4015 

R -0.58 -0.913 -0.463 -0.802 -0.778 -0.217 -0.814 -0.837 0.3925 -0.751 -0.386 
 0.0787 0.0002 0.1781 0.0053 0.008 0.5475 0.0041 0.0025 0.2619 0.0124 0.2704 

K: Sum. Absorption coefficient, S: Sum. Scattering coefficient, R: Sum. Reflectance, Thck: Thickness 

 

5.4.3 Relative Colorant Strength Analysis 

Based on the reflectance at absorption maxima, the relative strength of colorants (inks) 

was determined for ten woven samples using the Kubelka-Munk equation. As discussed 

previously, the simple Kubelka-Munk theory holds well in inkjet printed cotton fabric. Color 

samples with five ink levels were printed and post-treated, and the fixed colorant was 

considered as the optimum color for each sample. For calculation, the surface reflectance 

which was obtained empirically was applied to improve the linearity of Kubelka-Munk 

function. Proportionality constants (alpha) for cyan, magenta, and yellow were calculated at 

maximum wavelength, 680nm, 540nm, and 430nm, respectively using Equation [5.9].  

printed, non-colored,

K K c
S S λ

λ λ

α⎛ ⎞ ⎛ ⎞− = ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

          Equation [5.9] 

In Figure 51, K/S value is plotted against ink level for primary and secondary colors. 

Different light scattering abilities of a substrate, which could be strongly influenced by the 

surface texture, can increase or decrease the K/S values in dyed fabrics (Etters 1997). It was 

found also to be true in inkjet printed textiles as shown in Figure 51.  
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Figure 51 Plots of K/S values against ink level for CMY 

(a) Cyan at 680 nm 

(b) Magenta at 540 nm  
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The alpha values at the maximum absorption for ten samples are listed in Table 29. The R2 

values represent the degree of linearity in the relationship between K/S value and ink level. R2 

values for most of the colors and samples are very high, demonstrating that the linearity in the 

relationship between K/S values and ink level is applicable to inkjet printed textiles. Alpha 

values for CMY plotted in Figure 52.  

Table 29 Alpha values and R2 values for CMY 

Cyan Magenta Yellow Sample 
No Alpha-680nm Alpha-540nm Alpha-430nm 
1 0.338 0.424 0.235 
2 0.286 0.342 0.199 
3 0.263 0.334 0.183 
4 0.244 0.311 0.167 
5 0.263 0.322 0.19 
6 0.291 0.385 0.204 
7 0.271 0.312 0.2 
8 0.4 0.558 0.317 
9 0.292 0.38 0.191 
10 0.324 0.421 0.261 

 

 
Figure 52 Plot of alpha values of CMY 

 

 Table 30 shows the correlation coefficients between alpha values of each ink and the 

structural parameters and scattering coefficient. Alpha values for CMY plotted against 

scattering coefficient in Figure 53. 
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Table 30 Correlation coefficients between each ink and structural parameters and summation of 
scattering 

Alpha MIU MMD SMD Pa Wa Ra 
Cyan 0.91958 0.8554 0.2298 0.8287 0.85504 0.78839 

 0.0002 0.0016 0.523 0.003 0.0016 0.0067 
Magenta 0.94029 0.84991 0.20128 0.85024 0.88656 0.77556 

    <.0001 0.0018 0.5771 0.0018 0.0006 0.0084 
Yellow 0.86022 0.77021 0.11841 0.75512 0.78249 0.76342 

 0.0014 0.0091 0.7446 0.0116 0.0075 0.0102 
Alpha VT Thickness FT Mass Crimp S 
Cyan 0.71617 0.91257 -0.63558 0.78797 0.44947 0.89478 

 0.0198 0.0002 0.0483 0.0068 0.1925 0.0005 
Magenta 0.69329 0.90996 -0.66072 0.75567 0.41055 0.94115 

 0.0262 0.0003 0.0375 0.0115 0.2386     <.0001 
Yellow 0.5714 0.81397 -0.66056 0.63977 0.28609 0.84099 

 0.0844 0.0042 0.0376 0.0464 0.4229 0.0023 
VT: z-scale of visual texture, S: Sum. of scattering coefficient 

 
  
 
 

 
Figure 53 Scatter plots of scattering coefficient against alpha for CMY 

 

5.4.4 Analysis of Chromatic Properties with Structural Parameters 

5.4.4.1 Effect of Structural Parameters on CIE L* of Non-Colored Textile Substrates 

Tristimulus values were calculated from the measured reflectance values of mock-printed 

samples to obtain the CIEL*a*b* color values. Simple regression was carried out to identify the 

relationship between structural parameters and the CIE L*. Figure 54 shows CIE L* values of 

non-colored textile substrates plotted against structural parameters such as fabric thickness, 

fabric unit mass, and fabric tightness, Kawabata surface measurements (MIU, MMD, SMD), 
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the profiling surface measurements (Pa, Wa, Ra), and visual perception of texture (normalized 

z-scale) with simple regression lines.  
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Figure 54 Simple regression of structural parameters against CIE L* values of non-colored samples 

 
The correlations between the CIE L* of mock-printed samples and each one of the 

structural parameters are shown in Table 31.  

Table 31 Correlation between CIE L* of mock-printed samples and structural parameters 
 MIU MMD SMD Pa Wa Ra VT Thck FT Mass C 

L* -0.656 -0.944 -0.517 -0.832 -0.818 -0.329 -0.845 -0.898 0.4561 -0.813 -0.444 
 0.0393 <.0001 0.1256 0.0029 0.0038 0.3534 0.0021 0.0004 0.1852 0.0042 0.1985 

 

The CIE L* values of mock-printed samples show a highly linear relationship with some 

of surface texture parameters. An outlier (9) was observed in all the scatter-plots. This sample 

is a whipcord weave structure which has continuous diagonal ridges on the fabric. The 

measured texture values of this sample are in the middle of the range, but it has the highest 

CIE L* value. The highly oriented yarns on the fabric seem to have influenced the direction of 

the reflected light. The differences in measured colors between the specular included and 

excluded modes for the mock-printed samples, shown in Table 32, support this conclusion 

regarding the effect of the directional pattern on the light reflection.  
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Table 32 Color difference between SCI and SCE mode in spectrophotometer for non-colored textiles 
SCI Mode  SCE Mode Sample 

No L* a* b* C*ab H L* a* b* C*ab H DE ab 
1 93 -0.42 3.337 3.363 97.16 92.89 -0.44 3.161 3.192 97.96 0.211 
2 93.77 -0.41 3.339 3.365 97.04 93.52 -0.46 3.244 3.277 98.12 0.269 
3 93.52 -0.47 3.343 3.376 97.95 93.35 -0.49 3.261 3.298 98.58 0.188 
4 93.95 -0.37 3.427 3.447 96.11 93.68 -0.44 3.308 3.336 97.51 0.302 
5 94.13 -0.39 3.631 3.652 96.13 93.88 -0.45 3.401 3.431 97.54 0.339 
6 94.01 -0.38 3.219 3.242 96.73 93.61 -0.44 2.971 3.003 98.46 0.479 
7 93.76 -0.32 3.3 3.315 95.58 93.35 -0.39 3.042 3.067 97.35 0.487 
8 92.31 -0.44 2.689 2.725 99.25 92.17 -0.43 2.408 2.447 100.1 0.314 
9 94.29 -0.54 3.521 3.562 98.72 93.44 -0.45 3.652 3.679 97.04 0.866 

10 94.08 -0.4 3.144 3.169 97.29 93.73 -0.45 2.932 2.966 98.73 0.411 

 
5.4.4.2 Structural Parameter Effect on CIE L* of Colored Textile Substrates 

The correlation coefficients between the specified structural parameters and CIE L* of 

dyed and inkjet printed woven samples are shown in Table 33. Similar to the mock-printed 

textiles, SMD values show low correlation with chromatic properties. Also, Ra has lower 

correlation with these values than Pa and Wa values. Therefore, SMD and Ra were not 

included in the relationship analysis.  

In the following section, the relationship of the CIE L* behavior of dyed and printed 

samples to a specified texture parameter, MMD was analyzed. MMD value is highly 

correlated with both surface texture parameters and fabric geometry parameters.  

Figure 55 shows two plots of CIE L* against MMD values, one is for 4% blue dyed 

samples and the other is for printed blue samples. The CIE L* of the inkjet printed blue 

samples shows a similar linear correlation with the MMD value to the dyed samples. 
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Table 33  Correlation coefficient between chromatic attributes of dyed and printed textiles and surface 
texture parameters 

 MIU MMD SMD Pa Wa Ra VT Thck FT Mass Crimp 

Dyed 
L* -0.706 -0.637 -0.402 -0.558 -0.596 -0.75 -0.644 -0.781 0.265 -0.818 -0.758 
 0.022 0.047 0.249 0.093 0.069 0.013 0.045 0.0077 0.459 0.0039 0.011 
Cyan 

L* -0.882 -0.797 -0.12 -0.755 -0.823 -0.666 -0.722 -0.869 0.558 -0.72 -0.409 
 0.001 0.006 0.741 0.012 0.003 0.036 0.019 0.0011 0.094 0.0189 0.240 
Magenta 

L* -0.86 -0.85 -0.31 -0.815 -0.829 -0.721 -0.814 -0.943 0.455 -0.925 -0.685 
 0.0014 0.0018 0.383 0.0041 0.003 0.0187 0.0042 <.0001 0.1864 0.0001 0.0289 
Yellow 

L* -0.773 -0.906 -0.232 -0.875 -0.863 -0.553 -0.805 -0.923 0.4026 -0.799 -0.507 
 0.0088 0.0003 0.5181 0.0009 0.0013 0.0975 0.005 0.0001 0.2488 0.0055 0.1346 
Red 

L* -0.672 -0.76 -0.494 -0.577 -0.647 -0.534 -0.636 -0.83 0.4497 -0.752 -0.501 
 0.0333 0.0107 0.147 0.0808 0.0431 0.112 0.0482 0.003 0.1922 0.0122 0.1402 
Green 

L* -0.685 -0.865 -0.599 -0.737 -0.743 -0.552 -0.749 -0.904 0.3611 -0.878 -0.661 
 0.0289 0.0012 0.067 0.015 0.0139 0.0978 0.0127 0.0003 0.3053 0.0008 0.0374 
Blue 

L* -0.823 -0.928 -0.46 -0.87 -0.888 -0.694 -0.839 -0.939 0.5983 -0.815 -0.451 
 0.0065 0.0003 0.2124 0.0023 0.0014 0.0383 0.0047 0.0002 0.0888 0.0075 0.223 

 
In contrast, the CIE L* values of the dyed samples are not linearly associated with the 

MMD value. Relatively high deviation was observed in sample 8, as shown in the scatter-plot. 

Blue dyed sample 8 had the highest texture value, but its CIE L* value was not decreased. The 

constructional characteristics of a Brighton honeycomb weave (sample 8), which has diagonal 

long floats of warp and weft on the surface could reflect light more than an ordinary 

honeycomb weave (sample 1) when dyed.  

 
Figure 55 CIE L* behavior of dyed blue samples related to MMD values 
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CIE L* values plotted against MMD for the different dye concentrations of 1% and 6% are 

shown in Figure 56. A similar curvilinear relationship was observed across the different dye 

concentrations.  

 
Figure 56 Scatter plot of CIE L* of blue dyed samples against MMD for different dye concentrations 

 
In inkjet printing systems, the amount of colorants used is more limited than in the dyeing 

process, and the fixation between dye and fiber occurs only in the steaming process. So, the 

amount of ink penetration into the fiber is dependent upon the absorption of the fabric as well 

as the ink characteristics. Therefore, the chromatic properties of the non-colored samples 

might affect the chromatic properties of the printed samples more than the dyed samples. 

Figure 57 shows the CIE L* values of samples inkjet printed with primary and secondary inks 

plotted against MMD values. The surface texture might strongly affect the CIE L* of inkjet 

printed samples. 
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Figure 57 CIE L* behavior of inkjet printed samples related to MMD values 
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CHAPTER 6  
 
TEXTURE EFFECT ON VISUAL PERCEPTION OF 

LIGHTNESS WITH RANK ORDER METHOD  

 

6.1 Introduction 

The word texture can have a range of meanings. Webster’s dictionary defines texture as 

‘the visual or tactile surface characteristics and appearance of something’ (Rao 1990). This 

chapter focuses on determination of perceived textile surface texture by visual assessment and 

the relationship between the measured and perceived surface texture. All visible texture 

properties were considered in assessing the surface characteristics; for example, unevenness, 

bumpiness, roughness, undulation, porousness, coarseness, ridges, ribs, etc. Changes in 

chromatic attributes caused by the surface texture variation were assessed visually, and then 

compared with the color measured instrumentally.  

6.2 Sample and Visual Assessment 

6.2.1 Specimens 

The woven fabrics that were produced for the instrumental analysis were used for the 

visual assessment. For the perceived texture evaluation, ten mock printed woven fabric 
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samples with different weave structures and without any colorant were prepared. The samples 

had a physical size of 1.5 inches square. A clear plastic mounting was cut to 1.5 by 2.0 inches 

and attached to each sample. When the samples were mounted, they were oriented with the 

warp direction parallel to the longest dimension of the mounting. The extra length was left on 

the top as an indication of the direction so that observers could view and arrange samples in a 

consistent way (Figure 58 (a)).  A second set of woven samples was digitally printed with 

100 % ink levels of cyan, magenta, yellow, red, green and blue. The ink level was controlled 

using off-the-shelf software and determined by the percentage of cyan, magenta, and yellow. 

The printed samples were cut to 1.5 square inches, and attached onto the clear mounting in the 

same way as the first set of samples.  

 

 

(a) Ten woven cotton samples 

Warp     

(b) Digitally printed samples (CMY and RGB) 
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Figure 58 Prepared sample illustrations  

Figure 58 (b) shows a set of samples representing one type of weave structure. Sample sets 

for ten different weave structures were prepared. 

6.2.2 Instrumental Surface Texture Measurement 

Two instrumental measurement methods were employed to measure surface texture for 

this research, including the Kawabata Evaluation System for Fabric and a profile measuring 

instrument. The KES-F can provide measurements of the geometric roughness and the 

coefficient of friction of the fabric. A profile measuring instrument can measure standard 

surface texture parameters such as waviness or roughness. The surface texture measurements 

for the ten samples are listed in Table 22 and Table 23.  

6.2.3 Instrumental Lightness Measurement 

All mock-printed and printed samples were measured using the Spectraflash SF600X 

spectrophotometer and the specular included mode. Table 34 shows the CIE L*, a*, b*, Cab, h 

values of non-printed samples and Table 35 shows the CIE L*, a*, b*, Cab, h values of printed 

samples. The 10th blue sample was removed from the set of samples since it was damaged 

during the post-treating process. 

Table 34 CIE Color specification for textile substrate 
Substrate Sample 

No L* a* b* Cab h 

1 92.79 -0.53 4.208 4.242 97.24 
2 93.21 -0.33 4.907 4.918 93.80 
3 93.29 -0.46 4.596 4.619 95.76 
4 93.9 -0.34 5.162 5.173 93.74 
5 93.58 -0.3 5.419 5.427 93.14 
6 93.66 -0.37 4.822 4.836 94.35 
7 93.75 -0.37 4.634 4.649 94.59 
8 91.53 -0.47 4.122 4.149 96.54 
9 94.06 -0.41 4.404 4.423 95.27 
10 93.8 -0.44 4.467 4.489 95.67 
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Table 35 CIE Color specification for digitally printed textile substrates 
Cyan Magenta Sample 

No L* a* b* Cab h L* a* b* Cab h 
1 57.627 -39.7 -28.5 48.83 215.7 37.22 61.15 10.73 62.09 9.95 
2 59.348 -38.9 -27.7 47.78 215.4 38.94 61.33 9.823 62.11 9.1 
3 59.349 -39 -27.7 47.83 215.4 39.33 61.37 9.024 62.03 8.36 
4 59.141 -39.6 -28.1 48.56 215.3 39.55 61.74 8.701 62.35 8.02 
5 60.652 -38.7 -27.1 47.26 215 39.58 61.8 9.122 62.47 8.4 
6 59.432 -39.3 -28 48.29 215.5 38.73 61.76 10.6 62.66 9.74 
7 59.052 -39.4 -28.1 48.37 215.5 39.95 61.85 8.351 62.41 7.69 
8 55.591 -39.5 -28.5 48.69 215.9 36.78 59.17 11.67 60.31 11.2 
9 58.909 -39.5 -28.2 48.55 215.5 38.37 61.34 10.82 62.29 10 
10 57.698 -40 -29.1 49.44 216 38.71 61.18 11.03 62.17 10.2 

Yellow Red Sample 
No L* a* b* Cab h L* a* b* Cab h 
1 87.83 -7.47 93.57 93.87 94.57 40.09 55.74 28.6 62.65 27.16 
2 88.93 -8.03 91.87 92.22 95 41.03 56.18 27.79 62.68 26.32 
3 88.06 -7.21 91.83 92.11 94.49 40.99 55.89 27.12 62.12 25.88 
4 89.06 -7.77 90.6 90.93 94.9 41.98 56.34 25.76 61.95 24.57 
5 88.76 -7.85 91.03 91.37 94.93 42.68 55.89 24.78 61.14 23.91 
6 89.36 -8.37 91 91.38 95.26 40.94 56.18 28.9 63.18 27.22 
7 89.45 -8.5 89.3 89.71 95.44 41.58 56.22 27.29 62.49 25.9 
8 86.27 -7.87 91.08 91.41 94.94 38.94 55.55 29.32 62.81 27.83 
9 88.6 -7.72 94.51 94.83 94.67 42.41 55.72 26.32 61.62 25.28 
10 88.42 -6.77 96.31 96.54 94.02 40.51 55.62 29.93 63.16 28.28 

Red Blue Sample 
No L* a* b* Cab h L* a* b* Cab h 

1 55.96 -57.6 33.79 66.82 149.6 24.14 21.22 -20.8 29.7 315.6 
2 58.46 -56.5 32.14 65.02 150.4 25.34 20.9 -21.9 30.28 313.7 

3 57.16 -56.4 34.68 66.22 148.4 25.17 20.79 -21.9 30.19 313.5 
4 61.05 -54.1 29.66 61.73 151.3 26.24 21.75 -22.3 31.17 314.3 
5 59.34 -56 31.76 64.34 150.4 26.43 21.95 -22.4 31.35 314.5 

6 57.58 -57.3 33.04 66.14 150 24.92 20.89 -21.5 29.97 314.2 
7 61.2 -54.8 30.14 62.53 151.2 27.69 23.69 -22.1 32.38 317 
8 54.17 -56.8 33.7 66.04 149.3 20.18 20.83 -20.8 29.45 315 

9 58.89 -56.2 36.01 66.78 147.4 25.86 21.08 -21.7 30.24 314.2 
10 59.01 -54.5 36.12 65.42 146.5 - - - - - 

 
 
6.2.4 Viewing Environments 

 All textured samples, including mock-printed and printed, were presented for visual 

assessment inside a Datacolor viewing cabinet under a D65 simulator. An illuminating 

/viewing geometry of approximately 45/0 was used. Figure 59 illustrates the set of samples 

and the viewing environment. The mounted samples were viewed against a neutral gray 

background.  
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Figure 59 Visual assessment environment 
 
6.2.5 Visual Assessment  

As discussed in the literature review, rank ordering is one of the broadly accepted 

psychophysical measurement methods for scaling a set of stimuli or samples on a given 

perceptual attribute. Two different attributes, visual texture and perceived color, were 

considered in this research. First, observers assessed the visual texture differences among ten 

non-colored woven samples. Observers were instructed to arrange the samples in order from 

least to most textured according to their perception of the visual texture. Since the focus of the 

study was the visually perceived surface texture, observers also were asked to wear a glove to 

avoid the tangible texture. Second, six colors of digitally printed woven samples with ten 

different weave structures, respectively, were assessed for perceived color. Observers ranked 

the samples according to perceived lightness of the colors.  

The sets of samples were evaluated by 25 observers who had normal color vision 

according to the Neitz test. Observers were asked to read the instructions, which are attached 

in Appendix D, and to mark gender and age range on a data sheet. Before ranking the samples, 

each observer was acclimated to the light box illumination for 60 seconds. Observers assessed 

Illuminant 

Side view 

45˚ 

Illuminant

Observer

Front view 
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the color samples while standing in front of the light box. Samples were assessed through side 

by side comparison in one specified orientation as indicated by the mounting. This procedure 

was repeated one more time at least 24 hours later. Hence, a total of 50 observations were 

completed for each set of samples. The rank orders assigned during each observation were 

recorded and analyzed using statistical methods. 

6.2.6 Analysis Methodology 

6.2.6.1 Rank Order Method 

The recorded rank order data from each observer was converted to the ranking frequency. 

The first column in each Table (see Tables [36] through [42]) indicates the judged rank and the 

next column represents the frequency that each rank was assigned to each sample by the 

observers. The mean ranks (symbolized MR) were calculated by multiplying the ranks and 

frequencies, summing each column, and dividing by the number of samples (Bartleson 1984). 

After ordering MR values sequentially, successive integers were assigned as the overall rank 

for each sample (symbolized R). If the rank number increases as the sample attribute has less 

of the attribute scaled, mean choice Mc values are often computed so that the rank number 

increases as the attribute scaled increases. The mean choice is defined as RC MnM −= , where 

n is the number of samples. Then, Mc values can be ordered, and successive integers (R’) 

assigned again. Mc values of lightness rank order for each color and successive integers (R’) 

of lightness were calculated. 

Based on the comparative-judgment method of data reduction, an interval scale of 

rank-order data was estimated statistically (Bartleson 1984; Cui 2000). The entries in the 

frequency table were considered as proportions of choice, a proportion p for each sample was 

computed using Equation [6.1] and resulting values of p are also shown in Tables [36] through 
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[42].  

)1( −
=

n
M

p R                Equation [6.1] 

The values of p were converted to standard normal deviates (z values) from the cumulative 

normal distribution table in Appendix E. The z value scale can be interpreted as a scale of 

intervals or differences based on the Thurstone’s Law of Comparative Judgments (Thurstone 

1931; Bartleson 1984). The comparative-judgment method of reducing rank-order data 

assumes that each sample has been compared to every other sample using the same criteria 

during the rank order process and, therefore, that the proportions represent probabilities 

corresponding to differences that are normally distributed. 

6.2.6.2 Spearman Rank-Order Correlation Coefficient 

 The Spearman rank-order correlation coefficient ( sr ) was the earliest statistical technique 

based on ranks to be developed, and is perhaps the best known today (Siegel, Castellan 1988; 

Bona 1993). It is a measure of association between two variables. It requires that both 

variables be measured on at least an ordinal scale so that the samples may be ranked in two 

ordered series. For the work presented in this chapter, the following assumptions were made 

regarding the correlation technique: 

 The two variables are ordinal or are metric variables that have been reduced to an 

ordinal scale of measurement, 

 The correlation between the variables is linear, and  

 If a test of significance is applied, the sample has been selected randomly from the 

population. 

  The concordance between two observed ranks for the same subjectively judged series of 
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samples is specified by Spearman’s rank correlation coefficient ( sr ):  

nn
d

r i
s −

−= ∑
3

26
1              Equation [6.2] 

where =id the difference between the ranks attributed by the two observations to the ith 

sample (i =1… n). If both observations are completely independent, sr  is equal to zero, while 

+1 and -1 represent complete identity or complete inversion, respectively (Bona 1993). In 

testing the significance of the rank correlation coefficient, sr , the null hypothesis H0 states 

there is no association between two variables. The alternative hypothesis H1 is that there is an 

association between the variables for a two-tailed test.  

For N from 4 to 50, the critical values of the Spearman rank-order correlation, sr under H0 

for α value of 0.05 and 0.01 are shown in Appendix F. If a calculated value of sr equals or 

exceeds a particular critical value, that calculated value is significant for a two-tailed test at 

the level indicated. 

6.3 Results and Discussion 

6.3.1 Determining Ranks and Estimated Scales 

Because the blue sample 10 was damaged in post-treatment, it could not be used for visual 

assessment. For a consistent analysis across all colors, the ranking data for sample 10 was 

removed and the data for samples 1 through 9 for all six colors and the mock-printed samples 

were employed in the data analysis. A total of 50 observations were made for each sample. 

Table 36 summarizes the ranking frequency from assessments of visual texture of mock 

printed (non-colored) samples. The judged rank 1 means the least texture and the rank 10 

means the most texture.   
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Table 36 Frequency of perceptual texture rank for each sample (1: least, 10: most texture) 

 Sample No (Unprinted Samples) 

Judged rank 1 2 3 4 5 6 7 8 9 

1 0 0 1 2 25 20 2 0 0 
2 0 0 0 4 20 21 4 0 1 
3 0 1 3 18 4 7 17 0 0 
4 0 4 7 17 1 1 21 0 0 
5 0 16 19 6 0 1 4 0 3 
6 0 13 15 2 0 0 1 0 19 
7 4 14 5 0 0 0 1 0 26 
8 46 2 0 1 0 0 0 0 1 
9 0 0 0 0 0 0 0 50 0 
MR 7.92 5.84 5.18 3.58 1.62 1.84 3.56 9 6.42 
R 8 6 5 4 1 2 3 9 7 
p 0.99 0.73 0.6475 0.4475 0.2025 0.23 0.445 1.125 0.8025 
z 2.327 0.612 0.378 -0.132 -0.833 -0.739 -0.138 3 0.85 
MR: Mean ranking, R: Ranking, P: Proportion of choice, z: z-scale values 
Estimated (MIU) 1.004 0.881 0.864 0.828 0.778 0.785 0.828 1.052 0.898 
MIU 0.919 0.83 0.802 0.785 0.779 0.866 0.831 1.132 0.977 
Estimated(MMD) 0.094 0.057 0.052 0.042 0.027 0.029 0.041 0.108 0.063 
MMD 0.080 0.049 0.055 0.028 0.039 0.041 0.041 0.130 0.052 
Estimated(SMD) 13.09 11.06 10.79 10.19 9.36 9.47 10.18 13.88 11.35 
SMD 12.59 17.70 15.57 4.625 5.408 14.90 8.400 13.57 6.629 
Estimated (Pa) 156.2 96.9 88.81 71.16 46.91 50.16 70.95 179.5 105.1 
Pa 110.4 81.45 66.53 59.71 79.27 60.33 60.45 227.2 120.5 
Estimated (Wa) 83.36 24.92 16.95 -0.43 -24.3 -21.1 -0.63 106.3 33.03 
Wa 68.71 43.49 35.63 26.98 27.21 36.36 29.85 192.3 87.05 
Estimated (Ra) 24.54 21.57 21.16 20.28 19.06 19.23 20.27 25.7 21.98 
Ra 24.68 20.2 19.31 15.9 21.61 21.65 18.95 26.23 25.26 

 

Tables 36 through 42 show the results of the rank ordering of the perceptual lightness for 

digitally printed samples including cyan, magenta, yellow, red, green, and blue, respectively. 

In the case of the color lightness assessment, the lightness decreases when the rank number 

increases. Therefore, the mean choice (MC) was calculated and the revised rank (R') was 

assigned for each sample.  
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Table 37 Frequency of perceptual lightness rank for cyan sample (1: lightest, 10: darkest) 

Sample No (Digitally printed Samples-Cyan) 
Judged rank 

1 2 3 4 5 6 7 8 9 

1 0 1 2 5 29 8 0 1 3 
2 1 3 12 9 12 11 1 0 1 
3 0 3 9 16 3 12 3 0 4 
4 0 4 13 12 4 10 4 0 4 
5 0 14 7 5 0 6 9 0 8 
6 0 22 5 2 1 3 7 0 11 
7 1 3 2 0 0 0 25 1 18 
8 46 0 0 0 1 0 1 0 1 
9 2 0 0 1 0 0 0 48 0 
MR 7.9 5.08 3.68 3.3 1.84 3.08 5.94 8.82 5.46 
R 8 5 4 3 1 2 7 9 6 
Mc 1.1 3.92 5.32 5.7 7.16 5.92 3.06 0.18 3.54 
R’ 2 5 6 7 9 8 3 1 4 
p 0.1375 0.49 0.665 0.713 0.895 0.74 0.383 0.023 0.443 
z -1.092 -0.025 0.426 0.56 1.254 0.643 -0.3 -2.01 -0.14 
Estimated L* 57.39 58.91 59.47 59.67 60.5 59.8 58.55 56.3 57.85 
Measured L* 57.38 58.86 59.49 59.67 60.63 59.79 58.48 56.11 58.69 

 
 
 

Table 38 Frequency of perceptual lightness rank for magenta sample 
Sample No (Digitally printed Samples-Magenta) 

Judged rank 
1 2 3 4 5 6 7 8 9 

1 1 1 4 17 10 2 15 0 1 
2 0 2 4 17 10 3 15 0 0 
3 0 5 7 9 18 1 10 0 0 
4 1 3 22 6 8 5 4 0 1 
5 0 17 4 0 3 17 2 1 5 
6 1 21 6 0 1 13 0 1 7 
7 2 1 3 0  8 2 0 31 
8 39 0 0 1 1  0 6 5 
9 6 0 0 0  1 2 42 0 

MR 7.82 5.08 3.96 2.2 2.88 5.18 2.66 8.74 6.58 
R 8 5 4 1 3 6 2 9 7 
Mc 1.18 3.92 5.04 6.8 6.12 3.82 6.34 0.26 2.42 
R’ 2 5 6 9 7 4 8 1 3 
p 0.148 0.49 0.63 0.85 0.765 0.48 0.793 0.033 0.303 
z -1.05 -0.03 0.331 0.036 0.722 -0.06 0.815 -1.85 -0.52 

Estimated L* 37.64 38.9 39.3 38.98 39.83 38.87 39.94 36.65 38.29 
Measured L* 37.22 38.94 39.33 39.55 39.58 38.7 39.95 36.78 38.37 
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Table 39 Frequency of perceptual lightness rank for yellow sample 
Sample No (Digitally printed Samples-Yellow) 

Judged rank 
1 2 3 4 5 6 7 8 9 

1 1 0 0 9 9 5 26 0 0 
2 0 4 1 11 9 14 11 0 0 
3 0 4 1 17 13 10 3 0 2 
4 0 4 2 9 10 14 8 0 3 
5 0 20 13 3 5 3 1 0 5 
6 1 6 19 1 2 2 1 2 16 
7 3 11 12 0 0 1 0 0 22 
8 40 1 1 0 2 1 0 5 2 
9 5 0 1 0 0  0 43 0 

MR 7.86 5.14 5.86 2.78 3.18 3.22 2 8.78 6.18 
R 8 5 6 2 3 4 1 9 7 
Mc 1.14 3.86 3.14 6.22 5.82 5.78 7 0.22 2.82 
R’ 2 5 4 8 7 6 9 1 3 
p 0.143 0.483 0.393 0.778 0.728 0.723 0.875 0.028 0.353 
z -1.07 -0.04 -0.27 0.764 0.605 0.59 1.15 -1.92 -0.38 

Estimated L* 87.53 88.5 88.28 89.27 89.12 89.1 89.63 86.72 88.18 
Measured L* 87.83 88.93 88.06 89.06 88.76 89.36 89.45 86.27 88.6 

 
 
 

Table 40 Frequency of perceptual lightness rank for red sample 
Sample No (Digitally printed Samples-Red) 

Judged rank 
1 2 3 4 5 6 7 8 9 

1 0 1 0 7 34 2 3 0 3 
2 0 0 0 36 7 1 5 1 0 
3 1 1 2 5 5 2 18 0 16 
4 0 3 9 1 2 8 15 0 12 
5 0 11 24 0 0 4 5 0 6 
6 0 15 9 1 1 16 3 0 5 
7 2 19 5 0 1 15 1 0 7 
8 38 0 0 0 0 0 0 11 1 
9 9 0 1 0 0 2 0 38 0 
MR 8.04 5.88 5.2 2.08 1.68 5.62 3.54 8.64 4.32 
R 8 7 5 2 1 6 3 9 4 
Mc 0.96 3.12 3.8 6.92 7.32 3.38 5.46 0.36 4.68 
R’ 2 3 5 8 9 4 7 1 6 
p 0.12 0.39 0.475 0.865 0.915 0.423 0.683 0.045 0.585 
z -1.18 -0.28 -0.06 1.103 1.372 -0.2 0.474 -1.7 0.214 
Estimated L* 39.91 40.9 41.14 42.43 42.73 41 41.74 39.34 41.45 
Measured L* 40.09 41.03 40.99 41.98 42.68 40.94 41.58 38.94 42.41 
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Table 41 Frequency of perceptual lightness rank for green sample 
Sample No (Digitally printed Samples-Green) 

Judged rank 
1 2 3 4 5 6 7 8 9 

1 0 1 0 17 2 0 29 1 0 
2 1 0 0 28 4 0 17 0 0 
3 0 0 0 4 38 2 2 0 5 
4 0 8 7 0 3 11 0 0 21 
5 0 20 8 0 1 12 1 0 7 
6 1 16 8 0 1 13 0 0 10 
7 0 5 27 0 1 10 0 0 6 
8 44 0 0 1 0 1 0 3 1 
9 4 0 0 0 0 1 1 46 0 
MR 7.92 5.28 6.1 1.86 3.08 5.5 1.66 8.78 4.88 
R 8 5 7 2 3 6 1 9 4 
Mc 1.08 3.72 2.9 7.14 5.92 3.5 7.34 0.22 4.12 
R’ 2 5 3 8 7 4 9 1 6 
p 0.135 0.465 0.363 0.893 0.74 0.438 0.918 0.028 0.515 
z -1.1 -0.09 -0.35 1.24 0.643 -0.16 1.389 -1.92 0.038 
Estimated L* 55.91 58.09 57.52 60.93 59.65 57.94 61.25 54.17 58.36 
Measured L* 55.96 58.46 57.16 61.05 59.34 57.58 61.2 54.17 58.89 

 
 
 

Table 42 Frequency of perceptual lightness rank for blue sample 
Sample No (Digitally printed Samples-Blue) 

Judged rank 
1 2 3 4 5 6 7 8 9 

1 0 0 0 0 1 0 45 0 4 
2 0 1 3 7 12 0 4 0 23 
3 0 6 11 13 16 0 1 0 3 
4 0 5 14 16 10 3 0 0 2 
5 1 8 11 8 7 4 0 0 11 
6 1 24 9 5 3 4 0 0 4 
7 9 6 1 1 0 30 0 0 3 
8 39 0 1 0 1 9 0 0 0 
9 0 0 0 0 0 0 0 50 0 

MR 7.72 5.32 4.38 3.88 3.48 6.76 1.12 9 3.34 
R 8 6 5 4 3 7 1 9 2 
Mc 1.28 3.68 4.62 5.12 5.52 2.24 7.88 0 5.66 
R’ 2 4 5 6 7 3 9 1 8 
p 0.16 0.46 0.578 0.64 0.69 0.28 0.985 0 0.708 
z -0.99 -0.1 0.195 0.358 0.495 -0.58 2.171 -3 0.546 

Estimated L* 23.8 25.11 25.54 25.78 25.98 24.4 28.43 20.87 26.05 
Measured L* 24.14 25.34 25.17 26.24 26.43 24.92 27.69 20.18 25.86 
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6.3.2 Correlation Analysis between Instrumental and Estimated Values 

The graphs of the linear regression of both measured texture and lightness on the z-scales 

of visual texture and lightness, respectively, are shown in Figure 60 with the coefficients of 

determination (r2). The coefficient of determination is such that 0 <  r2 < 1,  and denotes the 

strength of the linear association between x and y. The predicted texture and lightness values, 

estimated using regression equations, are presented at the bottom of each Table 37 through 42 

along with the measured values. Figure 60 shows measured texture parameters, including 

MIU, MMD, SMD, and standard texture parameters, Pa, Wa, and Ra, each regressed on 

z-values for visual texture. Figure 61 shows the measured lightness of each color regressed on 

the z- value of visual lightness. In all cases, overall measurement averages for each fabric 

were used. Relationships were also examined separately for warp and weft measurement 

averages, but no differences were found among the relationships. For the KES-F 

measurements, the mean deviation of the friction coefficient (MMD) represents the highest r2 

value of 0.8221, which means that about 82% of the total variation in the z values can be 

explained by the linear relationship between the z value for visual texture and MMD 

measurements.  The other 18% of the total variation in MMD remains unexplained. In the 

case of SMD, the regression graph shows no particular pattern. It is clear that there is no 

correlation between the SMD measurements and z value of visual texture. It cannot be 

predicted, based on the SMD, how the human eye will perceive the visual texture of fabrics.  
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    Figure 60 Visual texture scale against structural parameters 
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For the surface texture parameter (Pa) the r2 value of 0.7288 means that about 73% of the 

total variation in the Pa values can be explained by the linear relationship between the z value 
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of visual texture and Pa measurements. The other 27% of the total variation in the Pa values 

remains unexplained.   

 
Figure 61 Linear regression of CIE L* values on z-values of visual lightness-CMY 
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Figure 62 Linear regression of CIE L* values on z-values of visual lightness-RGB 
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of these four colors can be explained by the linear relationship between z value of visual 

lightness and the CIE L* values of them. The other roughly 10% of the total variation in the 

CIE L* values remains unexplained. For the CIE L* values for the red sample, the r2 value of 

0.8722 means that over 87% of the total variation in the CIE L* value can be explained by the 

linear relationship between the z value of visual lightness and the CIE L*values. The other 

roughly 13% of the total variation in the CIE L* values for the red samples remains 

unexplained. For the CIE L* values of blue sample, the r2 value of 0.8384 means that almost 

84% of the total variation in the CIE L* value can be explained by the linear relationship 

between z value of visual lightness and the CIE L* values of the printed blue color.  The 

other roughly 16% of the total variation in the CIE L* values of blue samples remains 

unexplained. 

6.3.3 Rank Comparison Analysis  

The mean rank order of the nine samples in terms of the visual texture and lightness were 

determined and the estimated rank scales were calculated in the previous section. The 

Spearman rank-order correlation coefficients between the visual mean ranking and the 

instrumentally measured ranking of texture and lightness were computed and the significance 

of the correlations was assessed. Table 43 indicates the rank assigned through visual 

assessment of each texture and the five different ranks of texture assigned with instrumental 

measures. The Spearman rank-order correlations for each given combination are depicted at 

the bottom of the Table 43. 
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Table 43 Rank comparison between visual and instrumental texture measurements 

Ranking of  SAMPLE 
No 

Rank of 
perceived 
texture MIU MMD SMD Pa Wa Ra 

1 8 7 8 5 8 7 7 
2 6 4 5 9 6 6 4 
3 5 3 7 8 4 4 3 
4 4 2 1 1 1 1 1 
5 1 1 2 2 5 2 5 
6 2 6 4 7 2 5 6 
7 3 5 3 4 3 3 2 
8 9 9 9 6 9 9 9 
9 7 8 6 3 7 8 8 

Spearman’s rank order coefficient (rs) between ranking of perceived texture and 
MIU MMD SMD Pa Wa Ra 

0.71667 0.83333 0.26667 0.78333 0.83 0.58 
*The critical value of rs at α=0.05 df=N-2=7  is 0.786 and at α= 0.1 df=7 is 0.714 

 

As shown in the Table 43, the relationship between perceived visual texture rank and the 

mean deviation of friction coefficient (MMD), and Wa are positive, and the magnitude of the 

correlation is the highest when compared with other texture parameters. The sr  between 

them exceeds the critical value at the α = 0.05 level of significance. Therefore, there is 95% 

confidence in rejecting H0 and concluding that there is an association. The correlation 

coefficient between perceived visual texture rank and MIU is 0.71667, and the correlation 

between perceived visual texture rank and Pa is 0.78333. They also suggest the positive 

correlation among them. The calculated sr  of both exceeds the critical value at α = 0.1. 

Therefore, it can be concluded that the visual texture rank and SMD and Ra are not associated, 

the visual texture is positively correlated with MIU, MMD, Pa and Wa at the α = 0.1 level of 

significance. 
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Table 44 Rank comparison between visual and instrumental lightness measurements 

Cyan Magenta Yellow Red Green Blue Sample 
No *A **B *A **B *A **B *A **B *A **B *A **B 

1 2 2 2 2 2 2 2 2 2 2 2 2 
2 5 6 5 5 5 6 3 5 5 5 4 5 
3 6 7 7 6 4 3 5 4 3 3 5 4 
4 7 5 6 7 8 7 8 7 8 8 6 7 
5 9 9 8 8 7 5 9 9 7 7 7 8 
6 8 8 4 4 6 8 4 3 4 4 3 3 
7 3 4 9 9 9 9 7 6 9 9 9 9 
8 1 1 1 1 1 1 1 1 1 1 1 1 
9 4 3 3 3 3 4 6 8 6 6 8 6 

*A: perceptual lightness rank,  **B: measured lightness rank 

Spearman’s rank order coefficient (rs) between measured and perceived ranking of lightness 

Cyan Magenta Yellow Red Green Blue 
0.93333 0.95 0.9 0.9 1 0.933 

*The critical value of rs at α=0.05 df=N-2=7  is 0.786 and at α= 0.1 df=7 is 0.714 

 

The Table 44 shows the perceptual and measured lightness rank and the associated 

Spearman rank-order correlation coefficient for each color. The relationship between visual 

lightness ranking and CIE L* of all colors is positive, and the magnitude of the correlation is 

high. The correlation coefficient, sr , values for each color exceed the critical value at the 

level of α = 0.05 for 7 degree of freedom, and therefore the correlation coefficient is 

significant at the level of α = 0.05.   

 
6.3.4 Human Perception of Lightness Variation 

Measured surface texture is not represented by a single absolute value, since surface 

texture is subjective and can be characterized by many different dimensional attributes. Hence, 

for analysis of human perception of lightness variation due to texture, the perceptual texture 

ranks determined by the observers were assumed to be the true surface texture rank. The 

estimated rank scale was considered to represent the texture differences among the given 

samples.  

Based on these assumptions, the correlation between the perceived visual texture ranking 

and the measured color lightness among the ten mock-printed samples was analyzed. Table 45 
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shows the z values of the visual texture rank, and the CIE L* values and their estimated ranks. 

The Spearman rank correlation coefficient sr  was -0.49, suggesting an inverse relationship 

between the z-scale of visual texture and measured lightness. The CIE L* values decrease as 

the z values of visual texture increase. The calculated sr value does not exceed the critical 

value at the 5% level of significance for 7 degree of freedom.  

Table 45 Correlation between visual texture and CIE L* of non-color fabrics 
Sample 

No 
z values of 

visual texture 
CIE L* 

z-rank of  
visual texture 

L*-rank d-i d-i^2 

1 2.327 92.786 8 2 7 49 
2 0.612 93.209 6 3 4 16 
3 0.378 93.286 5 4 2 4 
4 -0.132 93.899 4 8 -4 16 
5 -0.833 93.580 1 5 -3 9 
6 -0.739 93.659 2 6 -3 9 
7 -0.138 93.748 3 7 -3 9 
8 3 91.525 9 1 9 81 
9 0.85 94.06 7 9 -2 4 

Spearman rank-order correlation coefficient, rs  :  -0.49 
Spearman rank-order correlation coefficient, rs  :  -1 (without outlier) 
The critical value at the level of 5 % for 7 degree of freedom : 0.786 

 

 
Figure 63 Linear regression of the z-scaled visual texture ranks and CIE L* values of non-colored fabrics 

 

Z-values for texture

-2 -1 0 1 2 3 4

C
IE

 L
*
 o

f 
n
o
n
-c

o
lo

re
d
 s

a
m

p
le

91.0

91.5

92.0

92.5

93.0

93.5

94.0

94.5

R2=0.665 (solid line)

R2=0.8234 (dotted line)



 
 

  140

To clarify their relationship, CIE L* was plotted against the z value of visual texture in 

Figure 63. The coefficients of determination for the corresponding linear regressions are also 

indicated. The scatter plot shows the CIE L* values decreased when the perceived texture 

scale increased. The observed outlier, sample 9 is a whipcord weave structure, which has a 

dominant ridged twill line on the surface. This linear pattern was assessed as a strongly 

textured surface by observers. Also, sample 9 had a relatively high measured lightness value 

since the highly oriented yarns reflected light. Hence, in contrast to other samples, it has 

relatively higher lightness than expected for its texture level. It is noted that lightness of color 

appears to be a function of perceived visual texture, but the surface characteristics, such as 

highly oriented yarns or long floats which affect the light reflection, moderate the effect. 

It was also assumed that the perceived texture would affect the perception of color 

lightness of each sample. The ANOVA test result showed that there was at least one 

significant difference in mean ranking of color lightness perception among the fabric texture. 

Tukey HAS test was employed to investigate the specific relationships among colors and 

textures related to the ranking of perceived color lightness. All pair comparisons between 

among means of color lightness ranking were tested using Tukey HSD, by computing t for 

each pair of means using the formula:  

i j
s

M M
t

MSE
−

=               Equation [6.3] 

Where i jM M− is the difference between the ith and jth means, and MSE is the Mean 

Square Error. The Tukey HSD test ensures that the chance of finding a significant difference 

in any comparison (under a null model) is maintained at the alpha level of the test, in this case 

5%. The null hypothesis for the test was that there were no differences in color lightness 

ranking among the color groups of printed, textured samples (cyan, magenta, yellow, red, 
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green and blue). The test results are shown in the Table 46. Each cell contains the initials 

representing two colors, and if they are not significantly different ‘NS’ was written with the 

initials. The rank of visual lightness of each color is plotted against the visual texture ranking 

in Figure 64. 

  
Figure 64 Plot of visual lightness rank over visual texture rank 
 

This graph shows that, in general, as the visual texture rank increases, samples are 

perceived as darker. Texture level 6 (sample 2) shows only one rank difference between 

maximum and minimum rank, but based on the Tukey HSD test it is accepted as a random 

variation. Highly textured samples showed the most consistent ranks. This analysis also shows 

that the lightness of sample 9 was inconsistently ranked. It could be that the observers had a 

difficulty judging the lightness of sample 9 because it had both a highly textured surface and 

higher surface reflection caused by the highly oriented yarn.  
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Table 46 Result of Tukey HSD test 
Texture 

Rank 
1(least) 2 3 4 5 6 7 8 9(most) 

Sample 
no 

5 6 7 4 3 2 9 1 8 

Cyan          
Magenta C-M C-M C-M C-M NS/C-M NS/C-M C-M NS/C-M NS/C-M 
Yellow C-Y NS/C-Y C-Y NS/C-Y C-Y NS/C-Y NS/C-Y NS/C-Y NS/C-Y 
Red NS/C-R C-R C-R C-R C-R NS/C-R C-R NS/C-R NS/C-R 
Green C-G C-G C-G C-G C-G NS/C-G NS/C-G NS/C-G NS/C-G 
Blue C-B C-B C-B NS/C-B NS/C-B NS/C-B C-B NS/C-B NS/C-B 
Magenta          
Yellow NS/M-Y M-Y NS/M-Y NS/M-Y M-Y NS/M-Y NS/M-Y NS/M-Y NS/M-Y 
Red M-R NS/M-R NS/M-R NS/M-R M-R NS/M-R M-R NS/M-R NS/M-R 
Green NS/M-G NS/M-G NS/M-G NS/M-G M-G NS/M-G M-G NS/M-G NS/M-G 
Blue NS/M-B M-B NS/M-B M-B NS/M-B NS/M-B M-B NS/M-B NS/M-B 
Yellow          
Red Y-R Y-R Y-R NS/Y-R NS/Y-R NS/Y-R Y-R NS/Y-R NS/Y-R 
Green NS/Y-G Y-G NS/Y-G NS/Y-G NS/Y-G NS/Y-G Y-G NS/Y-G NS/Y-G 
Blue NS/Y-B Y-B Y-B Y-B NS/Y-B NS/Y-B Y-B NS/Y-B NS/Y-B 
Red          
Green R-G NS/R-G R-G NS/R-G NS/R-G NS/R-G NS/R-G NS/R-G NS/R-G 
Blue R-B R-B R-B R-B NS/R-B NS/R-B NS/R-B NS/R-B NS/R-B 
Green          
Blue NS/G-B G-B NS/G-B G-B G-B NS/G-B G-B NS/G-B NS/G-B 

 

6.3.5 Regression Model for Predicting L* Values 

A reduced set of independent variables that provided the best fit to a regression model was 

statistically selected using forward selection. The structural parameters, optical parameters, 

and perceived texture estimation were used as independent variables with the dependent 

variable of lightness value (CIE L*). All colors except blue were added as categorized 

variables, and a total 50 data points were used for the analysis. 

Final selected variables were color, perceived texture estimation, and fabric thickness 

yielding the simple regression model following: 

ThicknessVTCCCCCL grymc 5.74.02.33164.636.336.137.30* −++++++=  

where, cC =1 if color = cyan, otherwise, cC =0 

       mC =1 if color = magenta, otherwise, mC =0 

       yC =1 if color = yellow, otherwise, yC =0 

       rC =1 if color = red, otherwise, rC =0 
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       gC =1 if color = green, otherwise, gC =0 

The model demonstrates that change in color lightness caused by the structural variation in 

textiles can be predicted using perceived texture estimation and fabric thickness.  
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 
 

The main purpose of this research was to understand the color variation in inkjet printing 

in relation to the surface characteristics of a textile substrate. 

In Chapter 4, absorption and scattering coefficients of selected textile inks were 

investigated using color samples printed on transparent film. The relationship between ink 

level (percentage), which was specified with the image editing software, and the relative 

colorant layer thickness was evaluated using Kubelka-Munk theory. To validate these 

coefficients, the computed reflectance values of different shades of color were compared with 

the measured reflectance values for ink level 60 using a film substrate. High ink levels 

(percentages) above 60 corresponded to the relative ink thickness predicted by the 

Kubelka-Munk model. However, for low ink levels, the halftone patterns did not cover the 

entire film surface and the non-printed background resulted in reflectance values. That was 

significantly higher than predicted reflectance values. The same concept was applied to inkjet 

printed cotton fabric with the assumption that the colorant layer on the fabric was opaque. The 

halftone pattern effect for the low ink levels was again observed. This means that the ink 
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concentration parameter included in the Kubelka-Munk equation did not correspond to the 

low ink levels generated by the image edit software. By analyzing the relationship between 

K/S values and ink concentration for dyed textiles, adjusted ink concentrations were 

empirically computed. The error of ink concentration was expressed as a function of the 

specified ink level (percentage). The additivity of Kubelka-Munk theory in color mixing held 

well for the resultant inkjet printed samples, both before and after post-treating. 

The structural characteristics of woven cotton samples were determined using two 

different approaches. The optical and chromatic properties of non-colored, dyed, and printed 

textile samples were investigated in relation to the structural characteristics. Among the 

texture parameters measured, SMD (surface roughness) and Ra (roughness profile) showed 

poor correlation with other texture parameters. Increase in the value of the surface texture 

parameters of MIU, MMD, Pa, and Wa, decreased the surface reflectance factors and sums of 

reflectance values and increased the sums of scattering and absorption coefficients. The CIE 

L* values of the non-colored samples correlated with the surface texture parameters (MIU, 

MMD, Pa, and Wa) and had the highest correlation coefficient of 0.944 with MMD values. In 

addition, surface characteristics such as prominent yarn orientation or long floats affected the 

light reflection and therefore the color appearance. For both dyed and inkjet printed samples, 

the selected surface texture parameters influenced the CIE L* values. In inkjet printing, the 

CIE L* variation was more dependent upon the surface characteristics than in dyeing since the 

amount of ink applied on the surface is limited. Hence, the results showed differences in CIE 

L* behavior between dyed and inkjet printed samples.  

The effect of texture on visual perception of color in inkjet printed woven textiles was 

investigated. Estimated z-scales of perceived visual texture and lightness were obtained 
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statistically from observer rankings. The z-scale of visual texture showed high correlation 

with KES-F measurements of the friction coefficient (MIU) and the mean deviation of the 

MIU (MMD) and the standard texture parameters of primary profile (Pa) and waviness profile 

(Wa). The roughness (SMD) and roughness profile (Ra) were not correlated with the z-scale of 

visual texture. The measured CIE L* values and the z-scale of perceived lightness had a linear 

relationship for the primary and secondary colors. The Spearman rank-order correlation 

coefficient was employed to compare the perceived texture ranking with the instrumental 

texture ranking. The visual texture rank, SMD and Ra were not associated with R2 values of 

0.267 and 0.58, respectively. However, the visual texture and MIU, MMD, Pa and Wa had 

positive correlations with R2 values of 0.717, 0.833, 0.783, and 0.83, respectively. The 

correlation between perceptual and measured lightness rankings was analyzed using the 

Spearman rank-order correlation coefficient. For all colors, the visual lightness ranking and 

CIE L* was highly positively correlated with R2 values of over 0.9. In general, results showed 

that as the visual texture rank increased, inkjet printed samples were perceived as darker. The 

z-scale of the perceived texture and the CIE L* values showed a relatively good correlation, 

but surface characteristics, such as highly oriented yarn on the surface can affect the light 

reflectance and thus CIE L*. In the future, characterization of strong surface orientation using 

pattern recognition could be studied to enhance the color prediction.  

As mentioned previously, there are many other factors which could affect the resulting 

color including fiber content or finishing. The analysis of these variables and their interactions 

should be investigated to improve the color reproduction accuracy and prediction. By 

analyzing characteristics of textile substrates, it may be possible to control the total amount of 

ink which is applied to the fabric surface, and thus resulting color, using color management 
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systems. In addition, the shade shift in inkjet printed textiles following dye fixation through 

post-treatment should be investigated as a variable in color reproduction.  
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Appendix A. Weave Specifications 
 

Table 1. A Weave structures and specifications of woven samples  

Weave Structure Specifications 

  

 Sample No: 1 

 Honeycomb (waffle) structure 

 Unit repeat: 8x8 

 Weave factor 

 Long float :warp(5:2) 

  

 Sample No: 2 

 Monk leno structure 

 Unit repeat: 8x8 

 Weave factor 

  

 Sample No: 3 

 Bedford cord structure (back-up) 

 Unit repeat: 16x4 

 Weave factor 
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Table 1. Continued 

  

 Sample No: 4 

 Herringbone structure 

 Unit repeat: 16x8 

 Weave factor 

 
 
 
 

 

 Sample No: 5 

 Entwining Twill structure 

 Unit repeat: 16x16 

 Weave factor 

  

 Sample No: 6 

 Crepe structure  
 Unit repeat: 8x8 

 Weave factor 
 Long float :warp(3:4) 

  

 Sample No: 7 

 3/2/1/2 Hopsack 

 Unit repeat: 8x8 

 Weave factor 
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Table 1. Continued 

  

 Sample No: 8 

 Brighton honeycomb structure 

 Unit repeat: 16x16 

 Weave factor 

 Long float :warp(7:4, 5:8) 

  

 Sample No: 9 

 Whipcord structure 

 Unit repeat: 16x8 

 Weave factor  

 Long float :warp(5:8) 

  

 Sample No: 10 

 Satin Structure 

 Unit repeat: 8x8 

 Weave factor 
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Appendix B. Color Difference Values 
 
 
Table 1. Color difference values of each sample using DE*ab (shaded) and CIEDE 2000-CMY 
 

CYAN 
 c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 

c1 0 2.024 2.005 1.564 3.46 1.89 1.501 2.049 1.317 0.686 
c2 1.585 0 0.062 0.803 1.459 0.514 0.661 3.884 0.889 2.391 
c3 1.584 0.026 0 0.755 1.466 0.475 0.475 3.879 0.854 2.368 
c4 1.373 0.308 0.295 0 2.017 0.421 0.276 3.583 0.277 1.792 
c5 2.755 1.176 1.174 1.402 0 1.66 2.008 5.317 2.221 3.781 
c6 1.632 0.178 0.17 0.282 1.144 0 0.391 3.876 0.588 2.129 
c7 1.292 0.326 0.322 0.136 1.475 0.34 0 3.487 0.237 1.774 
c8 1.884 3.445 3.446 3.253 4.612 3.508 3.169 0 3.335 2.238 
c9 1.161 0.462 0.457 0.221 1.609 0.473 0.141 3.041 0 1.562 
c10 0.253 1.591 1.591 1.36 2.755 1.614 1.28 1.961 1.147 0 

MAGENTA 
 m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 

m1 0 1.06 1.945 2.393 2.083 0.691 2.911 2.741 0.217 0.424 
m2 0.634 0 0.89 1.34 1.056 0.908 1.858 3.573 1.155 1.239 
m3 1.144 0.511 0 0.533 0.501 1.728 1.728 4.287 2.043 2.11 
m4 1.407 0.774 0.274 0 0.426 2.067 0.543 4.806 2.463 2.539 
m5 1.297 0.671 0.244 0.198 0 1.703 0.857 4.609 2.139 2.186 
m6 0.327 0.407 0.902 1.148 1.02 0 2.558 3.412 0.596 0.721 
m7 1.78 1.148 0.652 0.391 0.491 1.509 0 5.315 2.98 3.027 
m8 1.601 2.188 2.663 2.932 2.856 1.924 3.315 0 2.82 2.861 
m9 0.075 0.688 1.199 1.458 1.347 0.356 1.832 1.569 0 0.432 
m10 0.292 0.621 1.109 1.361 1.218 0.286 1.706 1.787 1.787 0 

YELLOW 
 y1 y2 y3 y4 y5 y6 y7 y8 y9 y10 

y1 0 2.103 1.778 3.23 2.728 3.12 4.68 2.971 1.245 2.887 
y2 0.852 0 1.201 1.306 0.874 1.024 2.66 2.788 2.686 4.642 
y3 0.376 0.7 0 1.678 1.237 1.927 1.927 2.06 2.79 4.516 
y4 1.007 0.277 0.756 0 0.535 0.788 1.541 2.836 3.946 5.832 
y5 0.823 0.207 0.595 0.209 0 0.794 1.975 2.495 3.489 5.395 
y6 1.229 0.381 1.054 0.365 0.467 0 1.706 3.133 3.653 5.62 
y7 1.502 0.698 1.278 0.568 0.694 0.369 0 3.703 5.339 7.289 
y8 1.159 1.718 1.227 1.792 1.6 1.996 2.108 0 4.159 5.764 
y9 0.531 0.61 0.643 0.83 0.709 0.957 1.303 1.652 0 2.036 
y10 0.785 1.215 0.962 1.37 1.273 1.558 1.898 1.869 0.655 0 
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Table 2. Color difference values of each sample using DE*ab (shaded) and CIEDE 2000-RGB 
RED 

 r1 r2 r3 r4 r5 r6 r7 r8 r9 r10 
r1 0 1.311 1.74 3.455 4.611 1.004 2.035 1.371 3.249 1.401 
r2 0.974 0 0.734 2.244 3.444 1.113 0.745 2.661 2.07 2.271 
r3 1.121 0.305 0 1.731 2.879 1.809 1.809 3.029 1.636 2.869 
r4 2.3 1.365 1.181 0 1.285 3.307 1.584 4.741 0.938 4.476 
r5 3.05 2.108 1.935 0.775 0 4.48 2.76 5.886 1.573 5.594 
r6 0.764 0.569 0.861 1.877 2.585 0 1.731 2.137 3.006 1.251 
r7 1.53 0.559 0.536 0.881 1.584 1.005 0 3.392 1.372 2.908 
r8 1.085 2.051 2.162 3.336 4.091 1.796 2.609 0 4.588 1.681 
r9 2.378 1.42 1.334 0.583 0.858 1.814 0.867 3.455 0 4.082 
r10 0.793 1.293 1.551 2.624 3.32 0.759 1.752 1.403 2.529 0 

GREEN 
 g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 

g1 0 3.194 1.937 7.43 4.288 1.814 6.994 1.982 3.939 4.94 
g2 2.36 0 2.848 4.307 1.117 1.479 3.813 4.567 3.904 4.482 
g3 1.265 1.544 0 6.739 3.667 1.904 1.904 3.167 2.192 3.004 
g4 4.822 2.479 3.902 0 3.261 5.786 0.824 8.403 7.026 6.786 
g5 3.165 0.81 2.246 1.694 0 2.56 2.73 5.584 4.28 4.595 
g6 1.514 0.862 0.873 3.341 1.663 0 5.278 3.504 3.415 4.376 
g7 4.888 2.532 3.95 0.253 1.733 3.391 0 8.128 6.475 6.379 
g8 1.709 4.019 2.835 6.427 4.817 3.201 6.517 0 5.284 5.864 
g9 2.894 1.579 1.653 2.974 1.656 1.766 2.952 4.471 0 1.701 
g10 3.196 1.952 1.931 3.066 1.944 2.162 3.059 4.684 0.559 0 

BLUE 
 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 

B1 0 1.678 1.578 2.661 2.885 1.109 4.519 1.759 1.947 - 
B2 1.179 0 0.2 1.309 1.585 0.591 3.658 1.208 0.593 - 
B3 1.118 0.136 0 1.501 1.778 0.484 0.484 1.271 0.771 - 
B4 1.744 0.794 0.927 0 0.279 1.783 2.439 1.813 1.007 - 
B5 1.876 0.967 1.101 0.175 0 2.046 2.175 2.008 1.253 - 
B6 0.793 0.394 0.332 1.093 1.254 0 3.986 1.146 0.973 - 
B7 2.904 2.343 2.475 1.607 1.441 2.527 0 3.631 3.219 - 
B8 1.275 0.743 0.828 0.852 0.948 0.784 1.992 0 0.903 - 
B9 1.388 0.435 0.565 0.485 0.636 0.695 1.957 0.471 0 - 
B10 - - - - - - - - - - 
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Appendix C Determination of Surface 
Reflectance Factors 
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Figure 1. Measured reflectance curves of dyed samples 
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Appendix D. Visual Assessment 
 
 

Purpose of Experiment: 

The purpose of this experiment is to investigate perceived surface texture and color of 

digitally printed textile samples. The surface texture can be determined both by the visible and 

tangible structure of a substrate. In this experiment, only the VISUAL properties of surface 

will be defined as the surface texture. All visible texture properties (unevenness, bumpiness, 

embossing, roughness, undulations, porousness, coarseness, ridges, ribs, etc.) should be 

considered in assessing the surface characteristics. This experiment consists of two parts; part 

A and B. Part A is to distinguish the VISUAL surface texture of the non-colored woven cotton 

samples. Part B is to evaluate differences in the chromatic properties such as lightness and 

saturation of the printed samples. 
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Rank-Order Test –Visually Perceived Texture 
 

No. 0000 Date  

Age   20-25 (    ), 25-30 (    ), 30-35 (    ), 
35-40 (   ) Gender Male (     ) Female 

(     ) 
Part A: Woven cotton sample 

Type of Sample 
Part B: Digitally printed woven cotton sample 

Part A: Perceived Surface Texture Characteristic Studied 
 Part B: Chromatic Difference 

Instructions: Experiment Part A 

 

Here are 10 woven fabric samples. Please, arrange them in order from least textured to 

most textured. Put the most textured fabric sample at the right and the least textured one 

at the left. You may rearrange the fabric samples until you are satisfied that they are 

ordered the least textured to most textured from left to right. Please tell me when you 

have finished. You may begin when you are ready. 

Instructions: Experiment Part B 

 

Here are 10 digitally printed woven fabric samples. Please, arrange them in order from 

lightest colored to darkest colored. Put the lightest colored fabric sample at the left and 

the darkest colored one at the right. You may rearrange the fabric samples until you are 

satisfied that they are ordered according to lightness of color from left to right. Please 

tell me when you have finished. You may begin when you are ready. You will repeat this 

process part B six times, once each for a series of colors including cyan, magenta, 

yellow, red, green, and blue.  
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Appendix E. Critical Values of Spearman 
Rank-order Correlation Coefficient, rs 
 

Table 1. Critical values of Spearman Rank-order correlation coefficient 

  α Two-tailed test 

 N-2 0.1 0.05 0.01 

df 1    

 2    

 3    

 4 1   

 5 0.9 1  

 6 0.829 0.886 1 

 7 0.714 0.786 0.929 

 8 0.643 0.738 0.881 

 9 0.6 0.7 0.833 

 10 0.564 0.648 0.794 

 11 0.536 0.618 0.755 

 12 0.503 0.587 0.727 

 13 0.484 0.56 0.703 

 14 0.464 0.538 0.679 

 15 0.446 0.521 0.654 

 16 0.429 0.503 0.635 

 17 0.414 0.485 0.615 

 18 0.401 0.472 0.6 

 19 0.391 0.46 0.584 

 20 0.38 0.447 0.57 
           Values from Siegel (1988) following Zar (1972) 
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Appendix F. Cumulative Z-table 
 
Table 1. Cumulative Normal Probability Table  
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Table 1. Continued  

 
 




