
 
 

ABSTRACT 

WANG, MING. Development and Evaluation of Digital Denim Technology (Under the direction 
of Dr. Lisa Parrillo-Chapman). 
 
Denim, a woven cotton fabric, is a trend driven substrate used throughout the world in multiple 

consumer markets. As a profitable fashion fabric, denim can be classified according to texture, 

weight, finishing method and surface effects. The consumer demand for novel and different 

denim surface appearance leads to extensive research and development in finishing application 

efforts by companies. Although widely consumed and very popular, one drawback to denim is 

that the finishing and manufacturing processes are energy and water intensive and can cause 

environmental hazards as well as generation of pollution through water waste, particularly at the 

finishing stage. Textile ink-jet printing has the potential to replicate some of the coloration and 

finishing techniques of traditional denim fabric, without the negative environmental impacts. The 

benefits of textile ink-jet printing, such as quick response, ability for customization, and 

relatively low pollution, water, and energy usage may make this a viable production process for 

novel denim fabrics.  

To explore the potential for ink-jet printing to replicate the coloration and finishing 

techniques of traditional denim fabric, a two-phase research project was conducted. In Phase I 

(P1), the Principal Investigator (PI) conducted a comparative analysis of traditional versus digitally 

reproduced denim, and a market analysis to explore and determine the potential new markets for 

digital denim. A comprehensive literature review and data collected from personal interviews 

with industry experts enabled a comparative analysis of the benefits and challenges of traditional 

vs. ink-jet-printed denim, assisted in determining the types of denim and finishing effects that 

were best suited for reproduction by ink-jet printing, and helped to build a new market model for 

digital denim. 



 
 

Based on information gleaned in Phase I, outcomes for Phase II of the research were the 

establishment of an optimal standard production workflow for digital denim reproduction 

(including color and finishing effects), development and validation of a standard assessment 

protocol, and an expert visual assessment evaluating the consumer acceptance of the replicated 

denim.  
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GLOSSARY 

Denim – Denim is woven cotton twill fabric where the texture is created by the weft 

yarns pass through and under two or more warp yarns, the difference between denim and the 

normal cotton twill fabric is that the twist yarn is dyed as blue while the filling yarn is un-dyed 

white cotton strings (Annapoorani, 2017; Paul, 2015). 

Digital Denim - A new concept that aims to produce or replicate a denim like fabric 

through digital printing by printing into a non-dyed twill fabric (Lucas, 2015). 

Jeans –The most common and popular denim apparel made by denim fabric (Regan, 

2015). 

Indigo Dye – Indigo dye is the major dye used for producing the denim fabric, which 

currently can be made either artificially or naturally (Meksi, Mhenni, 2015). 

Water Footprint – The water footprint is a geographic indicator that indicates the 

amount of water used or contaminated by a group in a region through the total amount of fresh 

water used by individuals, communities, or countries over a period of time, either directly or 

indirectly (Aldaya, et al, 2012; Fox, Moore, 2005). 

Direct Water Footprint – The water footprint measures the fresh water that people 

directly consume, and is called direct water footprint, such as drinking water or domestic water 

(Fox, Moore, 2005; Muthu, 2017).  

Indirect Water Footprint –Indirect water footprint is the sum of the water footprints 

of all products consumed by people (Fox, Moore, 2005; Muthu, 2017). 

Carbon Footprint – The carbon footprint refers to the total amount of CO2 and other 

GHGs released during a complete life cycle, such as products, individuals, companies, 

countries, etc. (Karthik, Murugan, 2017). 
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Life-cycle Assessment (LCA) – Life Cycle Assessment (LCA) mainly includes 

assessment and measurement of environmental issues in three aspects of human health, 

ecosystems and resources (Periyasamy, Militky, 2017). 

Color Model - A mathematical model for checking whether the color of an image falls 

within the color range of the printing process of the device for image output (Cochrane, 2014; 

Hunt, Pointer, 2011). 

Color Space – When the color model is associated with an accurate description of how 

components (view conditions, etc.) are interpreted, the resulting set of colors is called the color 

space (Fairchild, 2005). 

Color Gamut – the range of colors that can be produced by a color-imaging device (; 

i.e., computer display or printer) as specified in some appropriate three or more-dimensional 

color space (Fairchild, 2005) 

RIP (Raster Image Processor) - The hardware/software product that converts vector-

based images to a raster graphic format suitable for a specific printer (Ford, Roberts, 1998). 

Twist Multiplier (TM) - Twist multiplier or twist factor is one of the important 

parameters to asses yarn character. Twist Multiplier is a measure of amount of twist to be given 

to the yarn, which gives idea regarding the surface twist angle of yarn. Two yarns with same 

twist multiplier will have same surface twist angle irrespective of its count. There are many 

variables to measure twist like TPI, TPM etc. so to avoid confusion and for production planning 

calculation general term used is TM (Gandhi, 2019). 

Yarn Count (Tex/Ne) - Yarn count refers to the thickness of a yarn and is determined 

by its mass per unit length. It is usually measured by the number of grams per one kilometer of 

yarn, a unit of measure called “Tex”. However, the spinning industry tends to use English cotton 
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count, which is determined by the number of yarn hanks (each 840 yards long) per pound of 

yarn, and is notated “Ne”. In this system, the larger the number the finer the yarn and vice versa. 

The yarn count for denim ranges from Ne 4.0 to Ne 12.5, with lighter weight fabrics such as 

chambray ranging from Ne 12.5 to Ne 30.0 (Gandhi, 2019). 
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CHAPTER 1: INTRODUCTION 

1.1. Denim 

Denim is a woven cotton twill fabric with a distinct diagonal texture created when the weft yarns 

pass over and under two or more warp yarns. The twill structure for denim is distinguished from 

other cotton fabrics by corner-to-corner ribbing parallel lines, which also leads to higher strength 

(Meksi, Mhenni, 2015).  

This fabric is commonly used to make jeans and other denim apparel (Annapoorani, 

2017; Paul, 2015). The difference between denim and other cotton twill fabrics is that the warp 

yarn is dyed blue while the filling yarn remains an un-dyed white cotton (Figure 1). Indigo dye is 

typically used for producing the denim fabric, and the indigo can be made either artificially or 

naturally.  

 

Figure 1: Texture of Denim and Cotton Twill Fabric (Regan, 2015) 

Denim fabric is normally used to make jeans, shirts, jackets, backpacks, totes, sacks, 

coats, and numerous other garments for men and ladies of any age. The most well-known brands 

for denim jeans, such as Levi’s and Wrangler, are worn throughout the world. Jeans are so 
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common a product that clothing is often made from the extra, waste pieces of cut and sew jeans 

(Regan, 2015). 

1.2. Textile Ink-jet Printing 

Digital ink-jet printing is a non-contact printing technology that can print colorful images or 

photos directly onto a wide variety of substrates such as textiles, film, paper or plastic.  

Currently, digital ink-jet printing is a rapid growth area for textile applications (Carden, 2016). 

As the demand for digitally printed textiles increases, textile digital printing technology 

continues to evolve. There are several peripheral technologies associated with aspects of digital 

ink jet printing which can influence the print quality appearance, and in some instances, 

performance. These technologies include CAD for development of pattern and images, raster 

image processing (RIP) software for managing printing, color management systems, and pre- and 

post-treatment systems. While appearance of ink-jet-printed fabric is important, the textile ink-jet 

colorant should also meet the durability requirements of the printed product category. (Kan, 

Yuen, 2012).  

Although digital ink-jet printing of textiles has made remarkable progress in the past 

decade, significant issues remain, such as cost of colorant and pre-treatment chemistries and 

color reproducibility. Digital ink-jet hardware, directed at wider width capability and faster 

speeds, with improved image quality, is needed for the technology to have wider adoption (Paul, 

Iqbal, 2012; Kan, Yuen, 2012; Carden, 2016). Textile digital ink-jet colorant must meet stringent 

physical and chemical criteria for compatibility with specific digital ink-jet printers and 

substrates. These requirements include viscosity, surface tension and conductivity of ink, all of 

which can affect the efficiency and cost of digital ink-jet printing. Finally, research on substrate 

suitability is also needed because the characteristics of textile substrates have a significant effect 
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on the printing quality. These fabric qualities include fabric preparation, hairiness, selvages, 

warp and weft alignment, fabric alignment, fabric tension and shrinkage. All these characteristics 

need to be carefully monitored and controlled before and during digital ink-jet printing 

production (Cie, 2015; Kan, Yuen, 2012).  

Overall, digital ink-jet printing has the potential to become a technical and market mature 

technology to meet the growing demands of textile printing market as it has several advantages 

when compared with conventional textile printing methods. First, ink jet printing has no 

limitation of number of colors. Secondly, there is no limitation of repeat length, and thirdly there 

is a drastic reduction in time between design finalization and sample printing (Burke, Sinclair, 

2014). A designer can evaluate the results within a few hours, while this process can take 4-12 

weeks for screen printing. With ink jet printing pattern variations can be created and evaluated 

quickly, and color matching can be done immediately.  Digital printing also reduces costs by 

eliminating the preparation of screens, reducing inventory, and labor costs. In addition, because 

sampling is easier, faster and less expensive, the amount of consumer rejects are reduced, thus 

saving on expensive colorant and substrate. However, improvement of digital ink-jet printing 

technology is still needed to meet the demands of the ever-changing global business environment 

(Bae, Hong, Lamar, 2015; Fanglan, Luoyu, Yinghui, 2017). 

1.3. Digital Denim  

Digital denim is a process of replicating traditional denim manufacturing and finishing effect by 

textile digital ink-jet printing. This process has the potential to use less water and energy as well 

as a lower quantity of colorant applied on the fabric (Paul, 2015). Digital denim was first 

researched and recorded by Carly Spano (2012), of Cotton Incorporated, USA. The aim of this 
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process was to produce or replicate a denim like fabric through digital printing by printing onto a 

non-dyed twill fabric.  

Denim fabric, replicated by ink jet printing, would enable textile and apparel designers to 

create various kinds of effects onto jeans, jackets or other denim type garments digitally, with a 

reduction in cost, labor, time and energy consumption. This innovative process would also 

provide opportunities for design and manufacturing to be more centralized, thereby allowing 

designers to work more closely with producers and retailers to deliver quick response to 

customers (Yang et al., 2010; Lucas et al., 2015). Because denim trends change rapidly, a quick 

response model would enable the denim industry to meet the growing demands of fast fashion 

and regional trends. Consumer data base analysis can also be established to make the company 

more competitive (Burke, Sinclair, 2014). 

Although digital denim is still a new concept, without any standard production workflow 

or testing standards, it is still an attractive idea because of the potential benefits such as lowering 

or eliminating the environmental impact, increasing customization, as well as reducing the cost 

of labor, material and energy (Lucas et al., 2015). However, further research efforts are needed to 

increase printing quality of denim fabric through the color management and CAD work. In 

addition, production procedures and evaluation standards need to be established and 

standardized. 
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CHAPTER 2: LITERATURE REVIEW 

PART I: DENIM  

2.1. Market Overview 

The denim industry is one of the most robust textile businesses in the world. As early as 2004, 

the total value of the global jeans industry reached $49 billion, and in 2007 it increased to $52 

billion. In 2014, the world's denim fabric manufacturing industry reached 56.2 billion (Newbery, 

2011). In 2020, the total value of the global denim industry is expected to reach $64.1 billion 

(Figure 2, Periyasamy & Militky, 2017). The range of denim applications is expanding 

worldwide. 

Figure 2: Total Value of Global Denim Industry (Periyasamy & Militky, 2017) 

In terms of production, the Asian denim market accounts for about 50% of the world's 

denim production, with China and India being the two largest producers (Fair Columnist, 2018). 

The number of denim mills continue to increase in these countries (Table 1). In India, for 
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example, the country's denim manufacturing capacity is increasing about 1.2 billion meters per 

year, and the utilization rate is about 80% ~ 85%. However, despite the considerable number of 

people, the Indian denim manufacturing industry contributes only one-fifth of every penny in the 

global business sector, which usually reflects the overall implementation of the country's textile 

industry (Amutha, 2017. It is speculated that in 2020, global demand for denim will increase by 

5%-6% and supply will increase by 8%, thereby becoming a buyer's market. In other Asian 

developing countries, such as Bangladesh, Indonesia, Pakistan and Turkey, the denim market is 

also developing at a high speed (Amutha, 2017; Report, 2018). 

Table 1: Number of Denim Fabric Mills of Asian Country (Amutha, 2017) 

 

Because of the rapid increase of denim industry in Asian countries, the demand has 

intensified global competition of denim manufacturers. The denim industry giants like Levi 

Strauss & Co are facing intense competition from Asian manufacturers. At the same time, with 

the subdivision of the apparel industry, denim alternatives are increasing. The rise of alternative 

denim products such as cargos, khaki trousers, and cotton combat, has also affected the sales of 

denim to some extent. The rise of developing countries in Asia, and the increase in alternative 
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products, caused the American denim industry to experience a downturn in 2005, when the 

number of American denim expenditures fell by 1.16% (Research and Market, 2017).  

But this pressure has also prompted global denim dealers and manufacturers to try new 

fabrics and innovative technologies. From 2005 to 2006, with the trial and application of some 

innovative technologies and designs, the denim industry is once again on the right track. Haute 

couture designers around the world try different finishing effect and designs to add value to 

denim fabrics (Newbery, 2014; Research and Markets, 2018). Designers' unparalleled 

imagination and effort have led to the emergence of new applications onto denim, such as 

patches, rhinestones, decals, laser engraving, embroidery and digital printing. At the same time, a 

variety of denim smart manufacturing products are also emerging. Many denim fabric developers 

creatively use chemical finishing agents, including dry foam finishes, flat mercerizing, coloring, 

to create unique coloration in denim clothing (Report, 2018).  

Jeans are still the largest market share in the denim industry. It is typical for a consumer 

to have several assorted styles of jeans. The reason jeans are so popular is that people can wear 

them on multiple types of events and occasions. As the main sub-sector of the textile industry, 

denim products are the most used products in textiles and garments (Newbery, 2014; Prescient & 

Strategic Intelligence, 2017) Jeans have continuous fashion and consumer preference for people 

of all ages, and new denim effects are particularly appealing for the younger generation. 
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Figure 3: Jeans Consumption per Person in USA, China and India (Periyasamy & Militky, 2017) 

The global jeans market is expected to grow by 8% in 2018 (Periyasamy & Militky, 

2017).  America is one of the biggest jeans consuming countries (Figure 3). In 2005, the total 

market for American jeans was about 3.9 billion US dollars, accounting for 7.96% of the world 

total (Periyasamy & Militky, 2017). In terms of denim consumption, North American leads 

(52%), with Asia Pacific (21%), European Union (EU) (17%), and also consuming large 

amounts of denim (Figure 4, Periyasamy & Militky, 2017). A survey conducted by Cotton Inc. in 

2015 shows that global jeans production is expected to grow from $55 billion in 2015 to $59 

billion in 2021, with Latin America and Asia expected to lead (Prescient & Strategic 

Intelligence, 2017). 
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Figure 4: Denim Market Distribution (Periyasamy & Militky, 2017) 

2.2. Denim Types 

As the industry grows worldwide, many denim manufacturers are adding novel colors other than 

traditional indigo, and/or adding additional colors by printing. Different hues of denim are 

available in a rainbow of shades. Indigo colored jeans are by far the most prominent shade 

though, and a variety of different finishing effects and hands are available. The types of denim 

are broadly categorized as: raw (dry), selvage, stretch, and blended, with poly/cotton, and 

ramie/cotton the most popular types of blends. (Figure 5). Raw (dry) denim and selvage denim 

are made by 100 percent cotton. Stretch denim, poly denim and ramie cotton are a blended denim 

fabric which gives the denim fabric new characteristics (Muthu, 2017; Fashion2Apparel, 2017). 



10 
 

 

Figure 5: Denim Classification Based on Visual Effects and Hand Feeling. (Fashion2Apparel, 

2017) Retrieved from http://fashion2apparel.blogspot.com/2017/03/different-types-denim-

fabric.html 

2.2.1. Cotton Denim 

Raw Denim 

Raw denim is also called dry denim or crude denim. In the production of denim garments, most 

of the denim will undergo a washing process (Annapoorani, 2017). During this process, the 

clothes will be pre-shrunk, and the unfixed color will be washed off, resulting in a fabric that is 

softer and more comfortable to wear. However, dry denim is not washed after being dyed. The 

unfixed color will fade away during the wearing instead of washing process. Therefore, raw 

denim is dark, stiff and more durable compared to regular denim. Raw denim is not like the pre-

torn denim, the fade away of raw denim is influenced by the individual's body movement and the 

exercise in his or her daily life, which provides a unique appearance to each consumer. Many dry 
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denim wearers will avoid washing jeans for more than six months to discourage the fade away 

process (Paul, 2015; Muthu, 2017). This feature is why many jeans lovers like this fabric. As a 

high-quality variety of denim, dry denim has always occupied a place in the denim market with 

its unique characteristics (Figure 5, Raw Denim).  

Selvage Denim  

Selvage denim is a denim with a perfect regular edge and the seams on the edges that are not 

easy to unravel (Figure 5, Selvage denim). The term selvage evolved from the word self-edge, 

which was derived from the old-fashioned transport loom that first produced denim (Periyasamy, 

Militky, 2017). In the denim manufacturing process, it is common to use an unwashed or rough 

denim at the edge of the outer crease of the jeans so that the edges of the sleeves are visible when 

worn. The selvage denim is similar but different from the dry denim previously described. In 

general, the continuous intersecting weft threads on these looms are always passed back and 

forth along the length of the bolt, and when the weft thread enters the edge of the denim again, it 

makes this self-edge or selvage.  

When making jeans, the biggest advantage of selvage denim is that the edges can't be 

easily torn like other jeans (Paul, 2015; Fashion2Apparel, 2017). This denim-made pair of jeans 

has a separate weft-stitched opening edge at the edge of the opening for better quality. In 

addition, selvage denim can be more tightly woven to achieve greater fabric strength, but this is 

also an additional cumbersome weaving process (Muthu, 2017). In order to increase the output, 

the skilled worker usually uses the fabric to the part of the selvage for sewing. Flipping up the 

sleeves, you can see the two edges of the denim stitched together in this position, usually stitched 

with contrasting thread color. The factory can then use these various threads shades to separate 

the fabric. Commonly used colors are green, white, maroon, yellow and the most widely 
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recognized red (Annapoorani, 2017). Selvage denim is considered a premium, high-quality 

denim; thus, the average price is higher as compared to other types of denims.  

2.2.2. Blended Denim 

Stretch Denim 

Stretch denim jeans are one of the most rapid developing segments for women’s jeans 

manufacturers. Unlike other denim, the blended denim is more forgiving on perceived trouble 

spots of the human body such as around the hips or thighs, and provides freedom of movement 

(Annapoorani, 2017; Fashion2Apparel, 2018).The most common mix blend  is 2% to 3% 

spandex and 97% to 98% cotton, which makes the fabric comfortable and elastic (Annapoorani, 

2017). 

Poly Denim 

The polyester, or poly blend is another type of blend denim. (Figure 5, Poly denim). This 

polyester/cotton fabric is wrinkle resistant as well as easy to wash and dry. As a lightweight 

denim, poly blend is comfortable to wear and a desirable choice for casual situations, although 

the wrinkle resistance makes it appropriate for business casual items, such as denim suiting.  

(Paul, 2015; Annapoorani, 2017). 

Ramie Cotton Denim  
As a cellulose fiber, ramie fabrics are favored in the textile and apparel industry because of the 

inherent drape, wrinkle resistant and surface gloss. However, ramie is not as strong as cotton. 

Therefore, in actual denim production, ramie is usually blended with other fibers such as cotton 

or polyester to achieve the purpose of stiffening and strengthening the denim material (Paul, 

2015; Fashion2Apparel, 2017). This glossy denim fabric is ideal for casual denim dresses, tops 

and overalls. 
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2.3. Classification Standards 

Other denim classifications include factors such as weight/unit area, color, yarn type, and fabric 

structure/design. Classifications and corresponding subcategories are listed in Table 2. 

Table 2: Denim Fabric Classification (Paul, 2015; Meksi & Mhenni, 2015; Annapoorani, 2017; 
McLoughlin, Hayes, Paul, 2015; Hayes, McLoughlin, 2015; Kan, 2015) 

Classification  Sub-Type Standard 

Weight/Unit Area 
(oz/square yard) 

Light Weight 4.5–7 
Medium Weight 7–10 
Heavy Weight 11 and above 

Color 
Indigo Vat  

Sulphur Black  
Pigment  

Slub Yarns 

Warp yarns Warp yarns are slub only 
Weft yarns Weft yarns are slub only 

Crosshatch 
Both-ways slub, i.e., both 

warp and weft yarns are slub 

Fabric Weave 

Plain  

Twill S-twill, Z-twill, herringbone, 
or zigzag twill 

Right-hand Twill Diagonals run to the right 
Left-hand Twill Diagonals run to the left 

2.4. Denim Manufacturing  

The denim manufacturing process is similar to the grey fabric production process; however, the 

warp yarn is dyed at the sizing rather than the dyeing stage of manufacturing (Karthik & 

Murugan, 2017; Paul, 2015). The process flowchart of denim fabric manufacturing can be 

summarized in four stages: spinning, warp preparation, weaving, and finishing processes (Figure 

6).  
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Figure 6: Denim Manufacturing Process (Karthik & Murugan, 2017) 

2.4.1. Spinning 

Spinning, the first step in denim production, is the process of converting fibers into yarns. 

Spinning is broadly divided into the following stages: opening and cleaning, carding, drawing, 

roving and spinning. Spinning systems for denim are generally divided into two types, ring 

spinning systems and open end (OE), also called rotor, spinning systems. In an OE spinning 

system, the opening and cleaning of the fibers takes place in a series of machines in the blowing 

chamber. The carding process personalizes the fibers and removes naps, short fibers and residual 

trash, and produces a rope-like form called a sliver. The stretching is then carried out and the 

period is converted into parallel uniform fibers. This elimination of the roving process is omitted. 

Finally, the drawn sliver is fed into a rotor machine and converted into a qualified yarn. In ring 
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spinning, the previous process is basically the same, except that the gauze is first stretched to a 

roving at a certain speed. Finally, it is converted into a yarn in a ring frame (Paul, 2015; 

Yukseler, et al., 2017). 

2.4.2. Warp Preparation----Dyeing and Sizing 

The dyeing and sizing of warp yarns is a critical part of the denim production process, and it is 

also one of the main differences from the normal grey fabric weaving process. The warp of the 

denim fabric will be dyed in the sizing stage, however, and the dyeing of the grey fabric mainly 

depends on the end use of the finished product, such as the preference to dye in the post-

treatment process (Meksi & Mhenni 2015). The majority of the denim manufactures are using 

the continuous dyeing process, which is mainly divided into three types, including rope dyeing, 

slasher dyeing range and loop dyeing (Figure 7). 
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Figure 7: Warp Yarn Dyeing for Denim (Meksi & Mhenni 2015) 

The continuous indigo rope dyeing and sizing process is divided into several sections 

(Figure 8). First, the yarn from the ring police is positioned on the spherical wrap by a conical 

crimp that is tapered to form a larger package that is tapered. Depending on the size of the rope 

dyeing equipment, this process can dye 12 to 24 ropes at a time. It is worth noting that this 

process requires frequent insertion of the creels to facilitate subsequent processing on the long-

chain beam splitter. Finally, the rope is opened on the long chain by the tension roller and the 

expansion comb, it is then wrapped around the back beam to determine the size (Paul, 2015; 

Meksi & Mhenni 2015). 
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Figure 8: Typical Scheme of Rope Dyeing Range (Meksi & Mhenni 2015) 

For slasher indigo dyeing and sizing methods, the biggest difference is the processing of 

the back beam, rather than the rope, on the dye/sizing machine (Figure 9). The advantage of this 

method is that the warp yarn is subjected to a continuous process for indigo dyeing, oxidation, 

drying and sizing to make the entire dyeing process more compact. However, it also increases 

the risk of yarn breakage, which may halt the entire production (Yukseler, et al., 2017). 

Figure 9: Typical Scheme of Slasher Dyeing Range (Meksi & Mhenni 2015) 

Indigo dyeing and sizing are two separate processes in the loop dyeing and sizing process 

(Figure 10). The first is indigo dyeing in which the backlight is gradually wound onto the batch 

roll where indigo dyeing, oxidation and drying are completed. In the sizing process, the batch 

roll is gradually wound on the beam of the loom to complete the sizing (Yukseler, et al., 2017; 

Meksi & Mhenni 2015). 
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Figure 10: Typical Scheme of Loop Dyeing Range (Meksi & Mhenni 2015) 

2.4.3. Weaving  

For normal fabrics, there are many weaving systems and machines, mainly including traditional 

shuttle looms and shuttle-less looms. In general, the conventional shuttle-type automatic loom 

has a relatively low weaving speed, resulting in lower production efficiency and increased wear 

on the machine (Meksi & Mhenni 2015; Paul, 2015). Therefore, the weaving of denim generally 

uses a shuttle-less loom, which includes air jets, rapier looms and projectile looms. 

As an indigo cotton twill fabric, the warp of the denim is dyed in indigo and the weft is 

not dyed. In the process of preparation, the long continuous yarn running through the head and 

tail is called the warp, and the white weft is continuously passed between the blue warp, which 

creates a special fuzzy surface on the denim (Meksi & Mhenni 2015; Khedher, Dhouib, Sakli, 

2013). Therefore, the technical face of the fabric, and the outside of the jeans is blue, and the 

technical back of the fabric and inside of the jeans is light or white, which is also a significant 

and unique feature of denim. 

2.4.4. Finishing  

After the weaving is completed, the denim needs to undergo a series of finishing processes to 

eliminate defects, remove impurities, control quality and achieve certain aesthetic effects. First 

the denim fabric is inspected on the loom to identify and if possible, fix any defects. Next the 
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fabric may be singed and brushed to even out the surface of the fabric while also removing 

impurities. Next the fabric is washed and dried. The washing is divided into different 

applications types, in order to produce various aesthetic effects in the denim garment to meet the 

fashion needs of consumers (Khedher, Dhouib, Sakli, 2013). Finally, the finished denim can be 

cut to the desired width to prepare for the subsequent garment processing steps. Most 

manufacturers also check the quality of the finished denim fabric after cutting, such as uneven 

dyeing, bleaching and dyeing defects, oil stains, spots, etc., and then divide into different uses 

according to the quality (Yukseler, et al., 2017). 

2.4.5. Garment Manufacturing  

Garment manufacturing is the last step in the denim production, involving multiple procedures 

such as pattern making, spreading, cutting, sewing, pressing, inspection and packaging to 

produce the final product. Many fashion designers have added a variety of design items in the 

ready-to-wear segment, such as patches, rhinestones, decals, laser engraving, embroidery and 

digital printing. In addition, designers can differentiate their product by use of appropriate 

accessories and trim according to the customer's requirements and styles. (Regan, 2015). 

2.5. Environmental Impact Factors of the Denim Industry 

The environmental impact of the denim industry can be divided into five areas based on the three 

pillars of sustainability (social, environmental and economic): raw material usage, water 

management, energy management, environmental pollution, and social sustainability (Figure 11). 

Denim manufacturing is considered a high energy and water consumption industry, with the 

potential to have environmental and social issues. (Fox, Moore, 2005).  
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Figure 11: Sustainability Issues of Denim Industry (Amutha, 2017) 

2.5.1. Water Management 

As an industry located at the top of the pyramid of water-consuming textiles, the dyeing, 

finishing and washing processes in the production process are the main sources of water 

consumption and water pollution (Pal, Chatterjee, Sharma, 2017). The discharged industrial 

wastewater contains a considerable amount of dyes and alkaline chemicals, and with the 

prediction that global jeans production will exceed 3.5 billion in 2020, environmental impact 

must be carefully monitored.  Arjen Y. Hoekstra introduced the concept of water footprint in 

2002, which helps the denim industry and consumers understand the water pollution in the 

industrial process and how to properly distribute water (Pal, Chatterjee, Sharma, 2017).  

The sum of fresh water used to produce a product in each step of the production chain of 

a product, commodity, good or service is referred to as the virtual water content (Pal, Chatterjee, 

Sharma, 2017). The water consumption is measured at the production site. For denim production, 
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it mainly includes cotton fiber production, wet processing, and the sum of fresh water consumed 

in consumer end washing.  

In the production of cotton fiber, as a plant that can survive in both dry and humid 

environments, the actual water requirement of cotton is affected by many factors, such as variety 

of cotton, length of growing season, temperature, sunshine hours, irrigation method and soil. 

There is a linear relationship between cotton production and water consumption. Water for 

irrigation purposes is sustainable based on the timely replenishment of an equal amount of water.  

In the production of denim, the wastewater produced by the traditional indigo dye used 

for warp dyeing contains a variety of harmful chemicals and expends enormous water (Fox, 

Moore, 2005). Synthetic Sulphur dyes are insoluble in water and therefore do not consume water 

but are inherently harmful to the environment. Sizing, bleaching and denim cleaning also 

consume a lot of water and cause some pollution. Generally, one can estimate that one pair of 

jeans = 2900 gallons/11,000 liters of water (Amutha, K. 2017; Garcia, 2015). 

2.5.2. Water Footprint 

Freshwater is one of the most valuable resources of mankind. However, today, even with the 

development of science and technology, one in ten people in the world still do not have access to 

clean water (Aldaya, et al, 2012), and one out of every three people does not have a clean toilet. 

Despite this, unsustainable use of freshwater resources around the world have resulted in a 

gradual decline in the groundwater level, faster than the rate of replenishment, and human 

activities have led to overexploitation of water resources. The freshwater crisis has become an 

urgent issue of concern to countries, governments, companies, policy makers and the public as 

well as the entire media (Pal, Chatterjee, Sharma, 2017). Scarcity of freshwater will not only 

break the natural ecosystem, but also have a major impact on the stability of human society. 
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Protection of freshwater resources ensures a stable and healthy ecosystem for future generations; 

therefore, freshwater resources analysis and evaluation systems are imperative. These issues 

were a driving factor of the development of the water footprint concept introduced by Arjen Y. 

Hoekstra in 2002. 

The water footprint measures the amount of water by analyzing how much water is 

needed for human use, compared to where and when water is available. It is a crucial indicator to 

understand the consequences of human consumption of freshwater resources and to measure 

water pollution (Aldaya, et al, 2012). Specifically, the water footprint is a geographic indicator of 

the amount of water used or contaminated by a group in a region through the total amount of 

fresh water used by individuals, communities, or countries over a period of time, either directly 

or indirectly (Fox, Moore, 2005; Buscio, Crespi, Gutiérrez-Bouzán, 2015). The emergence and 

promotion of the water footprint concept helps to optimize the use of freshwater resources and 

assess water and water pollution in industrial processes, while assessing the environmentally 

friendly nature of the product. In the future, reducing the human footprint of water will be an 

essential task (Pal, Chatterjee, Sharma, 2017). 

The water footprint consists of three distinct parts, making the analysis and understanding 

of the results clearer and more intuitive (Aldaya, et al., 2012). The parts include: green water 

footprint, blue water footprint and grey water footprint (Figure 12). Based on different 

consumption components, water consumption can be divided into direct use and indirect use 

(Figure 12, Figure 13). 
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Figure 12: Water Footprint Components (Aldaya, et al., 2012) 

Green water refers to the rainwater that remains in the soil and on the vegetation and does 

not penetrate the ground to become groundwater. The green water footprint refers to the total 

amount of rainwater consumed in the production process and is generally used to measure the 

water consumption of crops or forests used for production (Aldaya, et al., 2012).  For the textile 

industry, it mainly refers to cotton, which is an indicator for measuring the evaporation of land 

surface and water consuming plants. The blue water footprint refers to the surface water or 

groundwater resources consumed in agricultural production, industrial production and life. These 

water resources can be contained in the product, or they can be evaporated in the production 

chain to return to another water body (such as oceans, lakes, etc.), and the time to return to the 

water body will vary depending on the degree of humidity (Aldaya, et al., 2012). The grey water 

footprint is closely related to industrial production. It refers to the amount of fresh water 

consumed to dilute contaminated water to meet specific water quality standards or emission 

requirements (Garcia, 2015). Grey water can be circulated in a variety of ways and eventually 
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discharged back to freshwater resources, such as through impervious surfaces including drainage 

pipes, soil, etc. (Aldaya, et al., 2012). 

Figure 13: Direct and Indirect Water Footprint (Water Footprint Network, 2017). Retrieved 

from: http://waterfootprint.org/en/water-footprint/what-is-water-footprint/ 

The water footprint can be divided into direct water footprint and indirect water footprint. 

The water footprint measures the fresh water that people directly consume, and is called direct 

water footprint, such as drinking water or domestic water. It is also possible to measure the 

indirect water footprint, which is the sum of the water footprints of all products consumed by 

people (McQueen, 2017). Includes water consumption and water pollution throughout the 

production cycle (raw material to end user). 

The assessment and measurement principles for water footprints are carried out in 

accordance with the International Organization for Standardization 14046 (ISO 14046). The ISO 

14046 International Standard provides detailed principles, requirements and guidelines for 

assessing, reporting and calculating water footprints. The report contains freshwater 

consumption, freshwater pollution types and pollution levels. The assessment of the water 

footprint can be part of the life cycle assessment (LCA), the former focuses only on water-related 

impacts, while the latter considers all environmental impacts. Life Cycle Assessment (LCA) 

mainly includes assessment and measurement of environmental issues in three aspects of human 

health, ecosystems and resources (ISO 14046; Periyasamy, Militky, 2017). LCA systematically 
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tests individuals, products, and companies, as well as international, environmental and ecological 

impacts for consumers, and provides reference for the environmental properties of the product 

(Sarwar et al., 2017). 

2.5.3. Denim Water Footprint  

The water footprint of denim products refers to the total amount of fresh water consumed 

directly and indirectly in the corresponding denim supply chain, including everything from 

cotton production to garment manufacturing, transportation and use to disposal (Garcia, 2015). 

Taking the production of jeans as an example, the whole production process includes growing 

cotton, ginning and spinning the fibers, weaving, sewing and wet processing of the fabrics until 

the final product. Each step has a corresponding water footprint, and the sum of all water 

footprints is the water footprint of a pair of jeans, which contains a direct and indirect water 

footprint. However, the direct water footprint of a process can be an indirect water footprint for 

subsequent processes. The water footprint of denim products considers both water consumption 

and water pollution, revealing the consumption of fresh water by the industrial process and the 

impact on the environment (Pal et al., 2017; Buscio et al., 2015). 
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Table 3: Pollutants of Denim Manufacturing Process (Pal et al., 2017) 

Extensive wastewater is produced in the denim industry, and as the demand for denim 

increases each year, the amount of wastewater also increases. Dyeing, finishing and rinsing 

processes produce the most wastewater; the released wastewater contains a large amount of salt, 

acid or alkaline chemicals, surfactants, indigo, sulfur, etc., as well as a small amount of metal 

(Table 3). However, depending on the various kinds of denim produced, the contaminants 

produced in the wastewater are also subject to change according to the type of dye used. These 

wastewaters must be treated before they can be discharged, otherwise serious environmental 

pollution will occur (Pal et al., 2017). 

Nowadays, prominent research institutions and dominant denim companies are aware of 

the importance of water footprints and have conducted in-depth research on water footprints in 

order to reduce waste of freshwater resources and produce more environmentally friendly 

garments. In 2007, Levi Strauss & Co influenced the environmental impact of Levi's jeans 

throughout its life cycle. This study collected data of jeans from the raw material stage (cotton 

seed) to the last abandoned by the consumer (landfill) stage. Levi’s jeans used this dynamic data 

to understand the environmental impact of denim industry. Based on the data, a product 
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improvement method called E-valuate was proposed which served as an inspiration source for 

designers and manufacturers (Levi Strauss & Co, 2015). 

In addition to water footprint testing methods, multiple companies are also working to 

reduce water footprints in denim apparel production, such as Jack & Jones, H2Ø, Jeanologia and 

H&M. Jack and Jones launched "inefficient denim" to reduce the average water consumption per 

pair of jeans. By introducing new technologies and improving production methods, Jack and 

Jones successfully reduced the average water consumption by 14 liters per jean. It saves more 

than 40% of water, and also saves energy consumption. Jeanologia monitors the water 

consumption in the production process through its Environmental Impact Measurement (EIM) 

tool, which shows an average water consumption of less than 35 liters per garment. In 2010, 

Levi's launched the "Water <Less" jeans collection, which is said to have a maximum water 

saving of 96% for some products and a 26% reduction for average water usage for all products 

(Garcia, 2015; Levi Strauss & Co, 2015; Pal et al., 2017) 

2.5.4. Energy Management 

The denim industry is a vital part of the textile and garment industry, but it also consumes 

significant amounts of energy and emits greenhouse gases such as carbon dioxide, which have 

the potential to pollute the environment. The carbon footprint can be used to measure the energy 

consumption and environmental impact (Annapoorani, 2017). For denim garments, from the 

synthesis, dyeing, washing, finishing, and disposal of fibers, each link will create a 

corresponding carbon footprint. Although the supply chain of denim is complex, and it is 

difficult to achieve low carbon development, in order to protect the environment, sustainable 

development will continue to be the focus of the denim industry (Amutha, 2017).  
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2.5.5. Carbon Footprint 

The carbon footprint refers to the total amount of CO2 and other GHGs released during a 

complete life cycle, related to things such as products, individuals, companies, and countries. 

The carbon footprint is method for estimating and measuring the energy consumption of a 

product's production or service (Karthik, Murugan, 2017). It is also a crucial indicator for the 

international environmental organization to control and manage global greenhouse gas 

emissions. 

With the changes in the global climate, the impact of human activities on the Earth's 

carbon cycle is gradually attracting global attention. The increase in carbon dioxide and carbon 

monoxide in the atmosphere is profoundly affecting agriculture, industry and people's daily lives. 

The total amount of carbon dioxide emitted by developed economies accounts for about 80% of 

the global total, which is the main cause of climate warming. Therefore, the emergence of carbon 

footprint standards plays an imperative role in controlling greenhouse gas emissions and saving 

energy (Zamani, et al., 2015). In denim production, the dioxide ponds, which are released by the 

fossil fuels utilized by cotton planting, can be measured by the carbon footprint, as well as the 

electrical energy expended by the cotton harvesting machinery, and the subsequent spinning, 

dyeing, weaving, finishing and sewing processes. The amount of electricity invested can be 

measured by the carbon footprint (Sarwar et al., 2017). 

The carbon footprint (CFP) is assessed and measured based on the International 

Organization for Standardization (ISO) 14067 international standard, which is developed from 

the ISO 14040 series of life cycle analysis and the greenhouse gas standard ISO 14064. As 

standards which have existed for 30 years, ISO 14040 and ISO 14064 cover a variety of 

standards based on LCA methods (ISO 14067; Periyasamy, Militky, 2017). As an essential 
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method for assessing and measuring energy consumption and managing greenhouse gases, the 

carbon footprint focuses on carbon dioxide and other greenhouse gas emissions (ozone and 

methane) throughout the life cycle. Generally, for the convenience of evaluation, ozone and 

methane are also converted into equivalent carbon dioxide. The measurement time span is one 

year and is expressed in terms of gas equivalent kilograms or tons. The “ecological footprint” of 

carbon footprint consumption is used as a measure of resource consumption to compile and 

investigate product consumption and direct and indirect impacts on the environment (Amrutha, 

2017; Karthik, Murugan, 2017). 

2.5.6. Denim Carbon Footprint 

A complete life cycle of denim apparel is divided into two phases, the manufacturing phase and 

the sales phase. As shown in the entire value chain of the denim (Figure 14), from the use of 

cotton fibers to the final consumer, each different unit produces a corresponding carbon 

footprint. On average, each functional unit for a pair of jean produces approximately two 

kilograms of carbon dioxide (Karthik & Murugan, 2017). 
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Figure 14: Value Chain of the Denim Industry (Karthik & Murugan, 2017) 

Due to the large amount of fiber, dyes and semi-finished products used in denim 

production – from growing to spinning through finishing, the denim manufacturing process 

comprises the highest energy consumption, accounting for 59% of the total carbon footprint, 

while the total carbon footprint of jeans sales, consumer use and end-of-life processes accounted 

for the remaining 41% (Karthik, Murugan, 2017). 

In the production of denim, each production unit produces a carbon footprint. Traditional 

cotton cultivation requires the consumption of chemical fertilizers and large quantities of 

pesticides. In the process of textile yarn production, wet processing is mainly used, which 

requires a large amount of electric energy and water, and the mercerizing and dyeing of fibers 

and yarns also expends a large amount of chemicals. Subsequent bleaching, dyeing and finishing, 

especially wet finishing, also uses large amounts of water, dyes chemicals and cost electrical 
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energy (Khedher, Dhouib, Sakli, 2013). According to statistics, about 2,000 tons of different 

chemicals and dyes are used each year for the coloring of textiles worldwide. In addition, about 6 

to 9 trillion liters of water and 107.4 billion kWh of electricity are invested each year in the 

production process (Garcia, 2015). 

In the post-use treatment of textiles, cheap clothing has gradually become a one-off 

product. Although there are strict environmental regulations, the denim industry still has a huge 

impact on the environment as many textile companies still cannot meet these requirements. To 

ensure the sustainable development of the jeans industry, jean manufacturing giants such as Levi 

Strauss & Co., Blue Dot and Crystal Denim have begun research on the carbon footprint.  

In 2007, Levi Strauss & Co began implementing a self-analysis program that explained 

the different environmental impacts of the jean’s life cycle. In this plan, they broke down the life 

cycle of jeans from cradle to grave into seven separate systems, starting with the cotton 

production department, covering the production of denim materials, garment manufacturing, 

logistics distribution, recycling and waste filling (Levi Strauss & Co, 2015). The analysis 

includes internal production line impacts and external social environmental impacts. 

In their latest research report in 2015, the carbon footprint of seven different phases of a 

jeans’ life cycle was recorded (Figure 13), namely cotton production (2.9), fabric production (9), 

garment manufacturing (2.6), transportation distribution (1.7), use (12.5), and waste landfill (0.9) 

(Levi Strauss & Co, 2015).   
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Figure 15: Carbon footprint in the life cycle of Denim Jeans (Levi Strauss & Co. The entire 

lifecycle impact of a core set of products. 2015.). Retrieved from: http://levistrauss.com/wp-

content/uploads/2015/03/Full-LCA-Results-Deck-FINAL.pdf 

The carbon footprint of consumer use and denim fabric production far exceeds other 

stages, accounting for 37% and 27% of the total carbon footprint, respectively. This is followed 

by transport distribution (11%), cotton production (9%) and apparel manufacturing (8%). Levi 

also counted water consumption and energy consumption during the production process (Figure 

14). In a study conducted by Levi’s, it was found that one pair of jeans uses approximately 920 

gallons of water and 400 mega joules of energy and discharged 32 kilograms of carbon dioxide 

in 2006 (Levi Strauss & Co., 2015), when factoring in the entire productions process as well as 

consumer use.  
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Figure 16: Carbon Footprint Percentage in the Life Cycle of Denim Jeans. (Levi Strauss & Co. 

The entire lifecycle impact of a core set of products. 2015.). Retrieved from: 

http://levistrauss.com/wp-content/uploads/2015/03/Full-LCA-Results-Deck-FINAL.pdf 

According to their research report, Hong Kong's denim manufacturing group, the Crystal 

Group, reduced the carbon footprint of each unit by 2.21 ~ 1.77 kg. Similarly, Mud jeans 

reduced the carbon footprint of blue jeans from the original 23.45 to 5.13 kg by simplifying the 

process and reducing the amount of raw materials (Sarwar et al., 2017). 

2.6. Environmental Impact 

The textile manufacturing sector is a large industry capable of causing environmental pollution if 

not carefully monitored. The environmental pollution produced by the denim industry can be 

categorized by water, air and solid pollution (Muthu, 2017). The discharge of textile wastewater 

can pollute natural water bodies. In the production process, cotton dust is inevitably generated, 

and abrasives and chemical volatiles pollute the air. At the same time, solid waste (sludge) and 

denim products discarded after use can contaminate soil. In addition, stretch denim, blended 
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from cotton and petroleum-derived spandex (elastic fiber), can cause recycling problems. 

Because spandex is a synthetic rubber synthesized from urethane, it cannot be biodegraded. 

Among the manufacturing processes, the dyeing and washing stages have the potential to cause 

the most pollution (Schrott, Paul, 2015). 

2.6.1. Dyeing  

Indigo dye is the major dye used for the denim fabric, which currently can be made either 

artificially or naturally (Meksi, Mhenni, 2015). The main physical and chemical properties of 

indigo are shown in the table below. 

Table 4: Physical and Chemical Properties of Indigo (Annapoorani, 2017) 

Chemical Formula C16H10N2O2 

Density 1.199 g/cm3 

Melting Point 734 ~738°F 

Decomposes At Boiling Point 

Form Dark Blue Crystalline Powder 

 

For the natural production process, a few stages should be taken to make the 

characteristic indigo dye without adding unnecessary chemicals. At the first step, the indicant is 

extracted from the leaves of indigo era plants. At the second step, the indicant is placed in a 

container with an aged plant slice, followed by the addition of indium to hydrolyze or separate 

the indicant into a decyloxy group and glucose. Then, under the action of carbon dioxide, the 

liquid in the tank turns dark yellow. The liquid is poured into another container after about 

fourteen hours. In the second vessel, the methoxy-rich mixture mixes with the blades and the 

surrounding air. After chemical reaction is finished, indigo tin is formed which precipitates and 
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settles at the bottom of the tank. Finally, the upper layer of liquid is poured off, the dye deposited 

at the bottom is retained and poured into the third container. The impurities and contaminants in 

the container are then removed. The remaining portion of the thick portion is retained, which will 

dry out to form a thick gel that can be used as a dye (Chavan, 2015). 

For the artificial indigo dye production, there are various artificial manufacturing 

methods, mainly to obtain indigo particles through chemical processes under controlled 

conditions. The entire reaction and preparation process is done in a stainless steel or glass 

container. These containers are typically coated on the inside, which allows steam or ice water to 

flow within the container when a chemical reaction occurs (Meksi, Mhenni, 2015). 

Indigo dye is an organic colorant that can be used not only for textiles, but also for dyeing 

paper, leather, plastics, medicines, cosmetics, and even foods. While natural indigo dyes, derived 

from extracts from plants (Indigo era tinctorial), have existed for more than a century, synthetic 

indigo dye was not developed until 1897. Synthetic indigo dye has been continuously improved 

to obtain new dyeing effects. In the 1980s, indigo was used in combination with Sulphur dyes; in 

the 1990s, Sulphur dyes were used in the denim industry, and people had more choices than blue 

denim, such as black, brown, olive and burgundy (Buscio, Crespi, Gutiérrez-Bouzán, 2015). 

However, whether natural indigo dye, a synthetic indigo dye or a sulfur dye, indigo dye 

can cause serious environmental pollution when used for warp dyeing in denim manufacturing. 

High concentrations of natural indigo are genotoxic and may also cause carcinogens through 

interaction with other compounds, posing a high potential health risk. Synthetic indigo and 

Sulphur dyes cause serious water pollution (Schrott, Paul, 2015). Textile wastewater containing 

indigo dyes and other dye types must be treated, otherwise it will endanger human and animal 

health. There are mainly three different warp dyeing techniques used in denim industry. More 
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than 95% of denim uses rope and crusher dyeing range, and the large amount of wastewater 

generated by the dyeing process leads to an imbalance in the food chain of different aquatic 

ecosystems. Color (dye), dissolved solids (TDS), total suspended solids (TSS), and toxic (heavy) 

metals in the dyeing process can cause ecological and toxicological problems (McQueen, 2017; 

Schrott, Paul, 2015). In addition, the presence of residual chlorine leads to high chemical oxygen 

demand (COD), which causes high biochemical oxygen demand (BOD) to cause imbalances in 

the food chain of different aquatic ecosystems. The problem of direct discharge of textile 

wastewater in natural waters is particularly serious in developing countries. For example, in one 

study 21 water and sediment samples produced in China were selected and tested according to 

Chinese national standards, and seventeen of the samples exceeded the maximum content 

requirement for five kinds of heavy metals (cadmium, chromium, mercury, lead and copper). It 

was found that one of these samples exceeded the standard by 128 times (Buscio, Crespi, 

Gutiérrez-Bouzán, 2015; Meksi, Mhenni, 2015). 

2.6.2. Finishing 

In order to meet today's fashion trends, most denim garments are washed to give denim a variety 

of visual effects or to improve the softness and comfort of the fabric (Kan, 2015). In general, 

denim washing is divided into two types, mechanical washing and chemical washing (Figure 12). 

Each washing effect contains different treatment methods, in order to produce the desired surface 

design effects, and each method has its own advantages and disadvantages. 
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Figure 17: Denim Washing Techniques (Amutha, 2017) 

Mechanical Washing 

The mechanical washing method is a method by which a device is used to wipe or wear the 

surface of the denim with abrasive materials to achieve a certain damage effect (Jiang et al., 

2016). Mechanical washing can be accompanied by a variety of physical methods such as 

rinsing, water jet fading, stone washing, whiskers, micro-grinding, sand blasting, mechanical 

abrasion and laser engraving (Figure 18). Mechanical washing methods often produce water 

pollution or air pollution (Amutha, 2017).  
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Figure 18: Effects of Laser Engraving with Different Setting (Jiang et al., 2016) 

Sand blasting, micro-sanding and pumice are three commonly used methods for denim 

finishing processes. Sand blasting is a mechanical polishing of the denim surface that imparts a 

"worn" surface effect to the denim. The specific process is to grind the surface of the denim with 

sand containing silica. However, the ground silica will become dust floating in the air, and if 

inhaled excessively, it will cause serious respiratory diseases such as silicosis. Another surface 

finishing process, micro-sanding, uses a series of rollers to grind the surface of the denim fabric 

to make the uneven surface color. This effect is achieved by applying sandpaper or chemically 

coated abrasive covering the surface of the roller. The surface of the ground denim will bulge 

once going through the roller which makes a visually dull surface. However, the abrasive 

material also produces dust particles in the air during the grinding process, and fine fiber debris 

is also suspended in the air (Kan, 2015; Garcia, 2015). Pumice is another method of finishing 
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worn denim surfaces, and the solution is comprised of water, pumice, bleaching powder and soda 

ash. The amount of each material added to the washing machine are 500%, 50%, 4% and 8% of 

the garment volume. The majority of the material turns into powder while wearing away the 

denim surface. About 50% of the powder is discharged with the sewage, and the other half sticks 

onto the clothes. The residual powder would then need to be cleaned by clear water (Kan, 2015). 

During this process, some of the pumice dust would float in the air and cause air pollution while 

the discharged sewage will cause water pollution (Pal, Chatterjee, Sharma, 2017). 

Chemical Washing 

Chemical washing is a denim washing method which uses bleach or other types of chemicals to 

alter the surface properties of denim and produce different visual effects. Specifically, it includes 

pickling, ice washing or snow washing, hydrogen peroxide washing, enzyme fading, ozone 

fading, spray technology, dyeing and coloring. The chemical itself has a certain degree of 

toxicity and can cause serious water pollution after entering water. For example, bleaching is a 

method often used in chemical washing of denim, however, highly toxic chemicals such as 

sodium hypochlorite or potassium permanganate are often used in this process. Moreover, 

bleaching agents are generally stored in steel drums that are not easily reactive, but a chlorinated 

organic substance will be produced if the contact time is long enough. These chemicals are 

discharged into the water after bleaching and could cause serious water pollution (Pal, 

Chatterjee, Sharma, 2017; Kan, 2015). 
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PART II: DIGITAL TEXTILE PRINTING 

Ink-jet printing is a process in which ink droplets are ejected through microjets onto the 

substrate, creating a surface pattern at a specific location on the substrate without contact 

between the print head and the substrate (Kan, Yuen, 2012). Ink-jet printing is widely used in 

home, office and textile printing. (Cie, 2015). Unlike traditional screen-printing processes, a 

computer system is used to transfer the design file directly to the fabric without the need to make 

plates or run heavy machinery. In addition, textile digital ink-jet printing technology is relatively 

environmentally friendly due to low water and energy usage, and is fast and flexible, making it 

ideal for quick response. Currently, digital inkjet printing technology is complementing, rather 

than replacing traditional textile screen printing. (Wang, 2017). 

2.7. Digital Textile Printing Applications 

Digital textile printing (DTP) has a wide range of applications in today's textile market because 

of its benefits, such as short production cycle, reduced inventory time, cost and waste, and better 

personalization and customization. In the mid-to-late 1980s to 1990s, digital textile printing 

technology was still a relatively new concept, and the main use was a faster and less expensive 

sampling method when compared to traditional screen printing (Paul, Iqbal, 2012). During this 

time frame, ink jet printing was limited to sampling and very small-volume printing. Printer 

manufacturers saw business opportunities and continuously improved the production speed and 

reliability of DTP, and at the same time, a wider range of colorants and substrates became 

available. The current DTP industry is no longer relegated to small batch printing and sample 

production and has moved into mass production. Driven by factors such as rapid changes in 

supply chain demand, global background and buyer demand, fashion companies, fabric 
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designers, fabric companies and hardware and software suppliers are gradually entering this 

market and expanding their end-use area (Kan, Yuen, 2012; Paul, Iqbal, 2012). 

 

Figure 19: Application of Ink-jet Textile Printing (Paul, Iqbal, 2012) 

The application of DTP technology has been extended to various sectors of the textile 

industry (Figure 19) and is generally divided into four fields: sign and display; technical fabrics; 

interior textiles; and apparel and accessories. For technical purposes, DTP can be used for 

protective clothing, medical textiles; and tents, Interior or decorative use of DTP is seen in 

furniture fabric; wall, floor and window coverings, as well as bedding and bath products. In 

addition, DTP is replacing some the traditional screen-printing applications in apparel and 

accessories, most notably in high-end scarves and ties.  As the technology grows, and market 

demand increases, the application of ink-jet textile printing will be applied to more fields in the 

future (Paul, Iqbal, 2012). 
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2.8. Digital Printing Market 

Originally, digital textile printing was used for soft signage applications, but as technology 

advanced, DTP applications diversified into apparel textiles, home textiles, automotive textiles, 

tents and more (Cie, 2015). Compared to traditional printing methods, DTP provides significant 

reduction of time, cost and waste, high design flexibility, and reduced inventory (Tyler, 2005; 

Ujiie, 2012). DTP offers economic benefits beyond alternative analog and digital printing 

technologies and opens up new market opportunities.  

Driven by a range of factors, including technological innovation and the need for 

customers’ quick response, DTP is expected to have continued growth. In 2014, DTP production 

was approximately 563.2 square meters, valued at $853.8 million. By 2020, digital printing 

textile production is estimated to reach 2,519.7 square meters with a compound annual growth 

rate of 28.1%, valued at $4.26 billion. From 2015 to 2020, the DTP production of the regional 

sector is expected to grow at a compound annual growth rate of 33.0% and 35.7% 

(Marketsandmarkets, 2017). This rapid growth has prompted suppliers to invest heavily in new 

technologies, and this effort is ensuring that inkjet printers continue to improve in terms of 

reliability, quality and productivity. 
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Figure 20: Global Market Growth of Digital Textile Printing (Global Industry Analysts, Inc., 
2018) Retrieved from: https://www.crystalpanadura.com/booming-global-market.html 

 
The DTP market currently accounts for more than 1.5% of the entire printed textile 

market and is expected to exceed 5.0% by 2020. According to a report of the projected 2021 

digital textile printing market by Smithers Pyla, the digital textile printing industry will continue 

to maintain strong growth during 2016-2021. According to forecasts, the amount of digital textile 

printing fabric will maintain a compound annual growth rate of 17.5% in the next five years, 

which means that by 2021, the annual consumption of digital textiles will reach 29.8 billion 

square meters (Figure 20).  

Geographically, the market for textile printing can be divided into four different areas, 

Europe, Asia Pacific, North America, Latin America, Africa and Oceania (Figure 24). As shown 

in Figure 20, European, Middle Eastern and African markets contribute the biggest percentage in 

share (40.9%), Asia-pacific market is the second largest one with 39.5% market share, and North 

America provides 7.7% among the total market. The rest of the world has 11.9% market share. 

(Smithers Pira, 2018). Major consumer regions are China, India and Southeast Asia (Figure 24). 

https://www.crystalpanadura.com/booming-global-market.html
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Due to overall economic growth, developing countries in Asia and the Pacific are expected to 

maintain stable growth rates by 2022 (Smithers Pira, 2014).  

 

Figure 21: Digital Printing: Major Growth Destinations (Designnbuy, 2018) Retrieved from: 
https://www.designnbuy.com/blog/how-online-design-tools-are-shaping-up-custom-on-demand-

fabric-and-digital-textile-printing-industry/ 

When including textiles and well as non-textile products, such as paper, a report of the 

digital textile printing by Smithers Pyla predicts the market value of global ink-jet printing will 

reach $61.9 billion in 2021, equivalent to 526 billion A4 paper prints, with 89,299 tons of ink 

consumption. The final profit will reach nearly 10 billion US dollars. The amount spent on 

researching novel ink-jet printers and equipment is about $3.3 billion. It is estimated that the 

global average compound annual growth rate of digital printing in 2016-2021 will be 12.7%, and 

the value growth rate will be 8.7% (Smithers Pyla, 2018). For functional and industrial printing, 

Smithson Pira estimates that the current market value is $76.9 billion in the "Future of 

https://www.designnbuy.com/blog/how-online-design-tools-are-shaping-up-custom-on-demand-fabric-and-digital-textile-printing-industry/
https://www.designnbuy.com/blog/how-online-design-tools-are-shaping-up-custom-on-demand-fabric-and-digital-textile-printing-industry/
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Functional and Industrial Printing in 2022", up from $37.2 billion in 2012, but is expected to 

grow further to $114.8 billion in 2022 (Smithers Pira, 2017). 

 

Figure 22: Market Growth of Different Printing Methods (Smithers Pira, 2017). Retrieved from: 
https://www.inkworldmagazine.com/contents/view_experts-opinion/2017-08-17/functional-and-

industrial-printing-market-to-grow-to-1148-billion-by-2022 

 In terms of the type of printing, screen printing is still the most acceptable printing 

method, accounting for about 35% of the total printing in 2017. However, according to Smithers 

Pira (2017) ink-jet printing is projected to reach 30% of the total amount, and with the rapid 

growth of ink-jet printing, in 2022, ink-jet printing will replace screen printing as the main 

printing method (Figure 21). 

Ink is a certainly a critical aspect of digital textile printing. As the color provider, the 

quality of the ink is the essential factor which ensures the quality of the print. It is usually 

applied directly to the transfer paper or fabric in the form of droplets. According to a report 

published in 2018 by HTF MI, one of the largest data analysis companies, although 

manufacturers of digital textile printing inks are mainly concentrated in the Asia Pacific region, 

this area lacks large companies. The largest suppliers of colorant for DTP are companies that are 
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mainly concentrated in Europe and North America; DuPont and Huntsman are the largest ink 

producers, accounting for 26.54% of the market in 2017. It is predicted that the world's digital 

textile printing ink consumption will grow at a growth rate of approximately 18.02%. In terms of 

price, the average price of ink increased from 38.4 US dollars per liter in 2013 to 51.8 US dollars 

per liter in 2017 (HTF Market Intelligence Consulting, 2018). However, as more manufacturers 

enter the industry and production costs decrease, the market competition will intensify, and 

prices are expected to decline in the next few years. 

 

Figure 23: Market Change of Different Ink Type (HTF Market Intelligence Consulting Pvt. Ltd, 
2018). Retrieved from: https://www.openpr.com/news/1115787/Digital-Textile-Printing-Ink-

Europe-Enjoying-a-largest-consumption-market-in-the-global-market.html 

The increase in investment by major manufacturers in the region is another key factor 

driving market growth. In 2016, the global digital textile printing ink market was worth $698 

million and is expected to reach $2.114 billion by 2023. The compound annual growth rate will 

be 17.2% from 2017 to 2023 (Designnbuy, 2018). Depending on the different type of fabrics, 

such as silk, wool, cotton, and synthetic fabric etc., and production methods, which can be 
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divided into direct printing and transfer (indirect) printing, the ink consumption will vary. 

Reactive dye inks, acid inks, pigment (paint) inks, and dispersion (sublimation) inks are the most 

popular commercial inks in the textile market. According to HTF MI's forecast, the proportion of 

various inks in the market from 2017 to 2022 is roughly as shown in Figure 22. The proportion 

of reactive dye inks will increase between 2019 and 2021 and will fall back in 2022. The market 

share of acid inks between 2019 and 2022 was roughly the same. The market share of pigment 

(paint) ink will increase by 2022 compared to 2017. For disperse (sublimating) inks, it will 

continue to fluctuate between 2019 and 2021, and the share in 2022 will slightly lower than in 

2017 (HTF Market Intelligence Consulting, 2018). 

 

Figure 24: Market Growth of Different Region (Smithers Pira, 2014). Retrieved from: 
https://www.smitherspira.com/resources/2017/july/opportunities-for-inkjet-in-labels-and-

packaging 
 

The home sector offers the biggest market potential in the digital textile printing ink 

market due to increased demand in China and India. In addition, the improvement of ink-jet 

https://www.smitherspira.com/resources/2017/july/opportunities-for-inkjet-in-labels-and-packaging
https://www.smitherspira.com/resources/2017/july/opportunities-for-inkjet-in-labels-and-packaging
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printer speed has further boosted the growth of this segment. Advances in technology and the 

introduction of high-quality inks are expected to further drive overall growth. The compound 

annual growth rate of the household sector is expected to reach 18.5% during the forecast period 

(Tyler, 2011). The main players are engaged in research and development activities to develop 

advanced products according to the demands of the market. Operators in these industries include 

international companies such as AnaJet, BASF SE, DuPont, Huntsman Corporation, KIIAN 

Group, Hongsam, SPG Prints, LANYU Digital, Sawgrass and Kornit Digital.  

2.9. The Digital Textile Printing System 

Ink-jet printing systems primarily consist of hardware and software. Hardware refers to the ink-

jet printer, including the nozzle, front, rear roller and other key parts. There are many types of 

printers on the market, which can be divided into direct printing and transfer printing, and the 

brand and speed are also different. The software used can be for image editing, color processing 

and file conversion. The RIP software is responsible for converting the edited design files into 

digital information that the printer can recognize. The RIP software also features color 

management to ensure that the color of the designer's documents is accurately transferred to the 

fabric. Generally, a spectrophotometer is used in conjunction with the RIP software to calibrate 

different substrates (Tyler, 2005). File management and RIP software have a critical impact on 

print speed and print quality and are essential in the printing process. 

2.9.1. Digital Textile Printing Hardware 

At present, most of the inkjet printers in the textile digital printing industry are fine resolution 

printers. The fine resolution printer has a resolution of up to 300 lines per inch, thus providing 

greater color range and clarity. The coarse-resolution printers, because of their low resolution (40 

lines per inch), are currently used in the carpet industry, where accuracy is not critical because of 
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the characteristics of the substrate (Kan, et al., 2012). Fine resolution digital inkjet printing 

systems can be divided into two categories depending on the method of ink droplets (figure 25). 

Continuous inkjet (CIJ) printing can be continuously streamed at any pixel location, and when it 

is not necessary to print according to the applied electric field, the ink is deflected into the trench 

for recycling. The drop-on-demand method can only form one drop per pixel when a printing 

process is required (Figure 26) (Wang, 2017; Kan, et al., 2012).

 

Figure 25：Digital Ink-jet Technologies Classification (Kan & Yuen, 2012) 

Drop-on-Demand (DOD) Method 

The Drop-on-Demand Ink Jet Method (DOD) has five different methods for ink control, which 

are the thermal excitation principle system, the piezoelectric system, the electrostatic injection 

system, the ultrasonic droplet generation, and the valve injection system (Tyler, 2011). To 

achieve the optimized cost and efficiency, the first two are the most widely used systems 

compared to the other three. The thermal excitation principle and piezoelectric system are 

described below (Figure 26). 
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Figure 26: (a) Continuous Ink-jet (CIJ) system (b) Drop-on-Demand (DOD) system (Furlani, 
2016) 

 
The thermal excitation system is characterized by its low cost and high efficiency. 

Thermal printheads operate on the principle of raising the temperature to 350 ° C by a computer-

controlled resistor, so that the volatile components in the ink form a vapor bubble, and then the 

ink is condensed and dropped in the nozzle (Figure (a)). The low manufacturing cost of the 

nozzles makes the thermal excitation system inexpensive. Moreover, the system can produce 

more than 10,000 drops of ink in a range of 150-200 picolitres in one second which provides 

high ink-jet efficiency (Kan, et al., 2012). However, the possibility of nozzle failure increases 

under the high temperature condition which could decompose the ink near heat resistor. 

Piezoelectric system is another widely used system in the digital textile printing industry. 

The piezoelectric system can achieve high print resolutions (up to 1440 dpi), which is suitable 

for printing on textiles with high definition requirements. The piezoelectric systems contain a 
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piezoelectric sensor that can produce about 14000 drops of ink per second, which is more 

efficient than thermal excitation systems (Figure 27). Generally, the price is higher due to 

increased efficiency. Each drop of ink can be can range from 3 to 150 picolitres. Thereby, the 

piezoelectric system can achieve a more detailed printing effect (Paul, Iqbal, 2012). 

 
Figure 27: Piezoelectric System of Drop-on-Demand (DOD) (Chen, Ding &Wu, 2015) 

Continuous Inkjet (CIJ) Method 

Different from the Drop-on-demand ink-jet systems, continuous inkjet (CIJ) printing systems 

force ink to eject and selectively deflect. In a continuous inkjet (CIJ) system, a constant stream of 

ink is decomposed into small droplets by high pressure, and selectively charged as needed 

through printing when passing through a high-pressure deflector. Uncharged droplets are 

unaffected by the deflection plate, and undeflected droplets strike the substrate to form the print 

image. The charged droplets deflect through the deflector plate (which has an opposite charge) to 

the trap or drain for recycling. There are three types of continuous ink-jet systems on the market, 

binary continuous ink-jet systems, multi-deflection continuous ink-jet printing systems, and air 

jet deflection systems (Kan, Yuen, 2012). 
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Figure 28: (a) Binary Continuous Ink-jet System (b) Multi-deflection Continuous Ink-jet System  

Binary continuous ink-jet systems are a relatively expensive and complex printhead 

technology (Figure 28 (a)). The benefit is that it runs stably in industrial applications, and the 

nozzles are hardly clogged under high-speed inkjet. Unlike the drop-on-demand method, which 

precisely controls the production of each drop of ink, a binary continuous printhead produces a 

constant stream of droplets. If not printed immediately, the ink droplets will be electrostatically 

deflected and recirculated (Cie, 2015). 

Multi-deflection continuous ink-jet printing systems are also a complex technology but 

reliable and less expensive to manufacture and maintain than binary continuous systems (Figure 

28 (b)). Multi-deflection continuous inkjet printheads are well suited for higher speed textile 

printing. As with binary continuous ink-jet systems, undeflected droplets are recovered and 

droplets deflected by static electricity striking the fabric (Kan, et al., 2012). Multi-deflection 

continuous inkjet printheads have the advantage of producing a larger drop size and covering 

more pixels with fewer printheads, so printing is more efficient and can increase print speed. 

Therefore, it is attracting more and more interest and development efforts. The disadvantage is 
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that the ink has to meet a certain requirement, and currently only low viscosity ink is suitable for 

this process. (Kan, Yuen, 2012; Cie, 2015). 

Air jet deflection is a rarely used method in the textile industry, the principle of this 

technique is to deflect the droplets using a gas stream to achieve control of the droplets (Cie, 

2015). Although it can achieve speeds 50 times higher than other textile nozzles and allows the 

use of high viscosity inks and cheaper dyes that do not easily block the nozzle during operation, 

it is only suitable for textile products with low definition requirements (20-30 dpi) (Kan, et al., 

2012). Currently, air jet defection is only applied for carpets production due to its low cost and 

efficient operation (Kan, Yuen, 2012). 

2.9.2. Ink-jet Textile Printing Software  

CAD software  

CAD software is used for image editing, color processing and file conversion. Advances in 

design software are based on visual display unit (VDU) technology. The designer can control the 

color of each visual unit on the VDU and then reproduce it on the fabric by printing (Burke, 

Sinclair, 2014). In the current production of digital printing textiles, textile printing machines can 

identify digital files, which contain information that printing software can use to control design, 

color calibration, coloring and color resolution, and enable printing in a short time without loss 

of quality. Software for textile design must meet certain requirements to produce high-resolution 

image files with interactive features such as repeating patterns, retouching, halftones, cleaning 

and contouring (Kan, Yuen, 2012; Zhang et al., 2018). 

For screen printing, producers need to create documents with screen analysis to prepare 

patterns. Digital ink-jet printers can identify design data based on digital data based on the screen 

analysis to determine color matching. Designers can provide design files with digital information 
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in a variety of ways, such as files created with design software, images taken with a digital 

camera, scanned with a scanner, etc. To ensure accurate color reproduction on the fabric, the 

color calibration process is essential. The design and color calibration process can be achieved 

by integrating the CAD system into the digital inkjet printing process (Burke, Sinclair, 2014). 

The screen can then be produced directly from most computer production system using the 

generated digital information. Figure 29 shows the process of integrating CAD systems into 

traditional printing textile production. 

 

Figure 29: Process of Integrating CAD Systems into Printed Textile Production (Kan & Yuen, 
2012) 

RIP (Raster Image Processor) Software 

Color calibration is essential for textile ink-jet printing process. Color calibration enables a true 

transition from the computer screen to the printed results, ensuring that the color of the design 

file is accurately reproduced on the fabric, achieving the designer's intent. The biggest difference 

between digital printing on textiles and paper is that textiles have different textures (Bae, Hong, 

Lamar, 2015). There is a clear interaction between the texture and the ink, which produces a 

difference in color due to the optical principle. In the textile industry, there are many types of 

substrates. Therefore, to obtain accurate colors, it is necessary to understand the complex 
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relationship between the fabric, the ink and the color produced. In addition, the device may also 

affect color, so printer calibration is also required. Studies have shown that it is unrealistic to 

describe this relationship with rigorous mathematical models, thus color calibration of ink and 

substrate combinations is a reasonable solution based on a printer (Fanglan, Luoyu, Yinghui, 

2017; Bae, Hong, Lamar, 2015). 

The RIP software is a color calibration software that accurately transfers the color of the 

designer's document to the fabric. It is also responsible for converting the edited design files into 

printer-recognizable information (Figure 30). RIP software has a major impact on print speed 

and print quality and is critical in the printing process. In digital inkjet printing, a variety of 

colors are used to simulate traditional sampling tables, allowing digital printing to formulate 

color mixtures and spot colors (Ford, Roberts, 1998). Today's RIP software uses thousands of 

colors for basic calibration procedures. The results are then scanned and corrected based on the 

difference between the color obtained and the desired color. This process can be repeated until a 

satisfactory result is obtained (Designnbuy, 2018). 

 

Figure 30: General Raster Image Processor (RIP) Process (Wikipedia). Retrieved from: 
https://en.wikipedia.org/wiki/Raster_image_processor 
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2.10. Interactions in Textile Ink-jet Printing 

Along with printing head technology, many other factors could affect the results of DTP in a 

complex and interlinked way. Decisions regarding one factor have a decisive influence on the 

others; consequently, some choices are excluded from the start owing to their negative impact on 

others (Tyler, 2011). An overall view of this relationship is shown below (Figure 31). 

 

Figure 31: Technical Color and Textile Interactions in Ink-jet Printing (Tyler, 2011) 

2.10.1. Print Head  

Print head is critical in the printing process. As a crucial part of controlling ink ejection, the print 

head has a significant impact on print speed and quality. Print head nozzle block is the most 

common issue that could happen during the printing production. With the growth of the digital 
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printing industry, high-quality and high-speed print heads have been continuously explored by 

manufacturers, and the digital ink-jet textile printer has reached a new advance level (Cie, 2015). 

The current production speed of majority print head ranges from 400 to 600 square meters per 

hour and some can achieve high speed up to 1000 square meters per hour (Global Industry 

Analysts, 2018). As shown in Table 5, the mainstream printers and their features are listed.   

Table 5: ITMA 2011 Digital Textile Printers (Ujiie, 2012) 

 

However, the maximum speed that the printer can achieve is often not realized in the 

actual production process due to various factors such as print coverage, quality of substrate, ink 

failure, software processing and printing environment. Therefore, the actual working speed 

depends on the result of the interaction of multiple parameters. It does not make sense to 

consider the maximum speed value separately, and other factors must be included when 

purchasing, using, and evaluating the printer (Ujiie, 2012; Cie, 2015).  
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2.10.2. Textile Substrate 

The pretreatment of the substrate is paramount for improving print quality and fastness 

properties, while also increasing the color gamut. Since not all fabrics can be used directly for 

printing, it is often necessary to pretreat the substrate as well as remove impurities. Inadequate 

printing pretreatment may result in quality issues during subsequent printing. Post-processing in 

digital printing of textiles is also imperative, which can affect the color fastness, visual effect and 

fabric softness (Cie, 2015). 

Pre-treatment  

The pretreatment of the substrate is crucial for improving print quality and fastness properties, 

while also increasing the color gamut. Impurities are generally obtained during the weaving 

process from fiber to fabric. The process of removing impurities mainly includes three processes 

of degumming, scrubbing and bleaching. Printing pretreatment is the process of attaching certain 

specialty chemicals to the surface of a fabric. Pre-treatment is fiber dependent and so the method 

of pretreatment and the chemicals applied vary (Ujiie, 2012; Cie, 2015). 

Generally, pre-treatment formulas contain a thickener and a moisture absorbent. The 

pretreatment penetrates and coats the surface of the fabric. When pre-treatment is properly 

applied, the diffusion of the textile inkjet on the fabric can be reduced during printing, and in in 

the steaming process, the absorption of moisture in the fiber vapor can be increased, and the dye 

is infiltrated into  fibers more efficiently (Fangled, Luoyu, Yinghui, 2017; Cie, 2015). 

Post-treatment 

Post-treatment in digital printing of textiles is another critical process. Digitally printed pigments 

typically do not have good wet and dry crock because the pre-treatment keeps the pigment on the 

surface of the fabric. Post processed is often needed. Post processing is also required for dyes, 
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such as acid, disperse and reactive. In addition, post-treatment can significantly change the color 

and the softness of the printed fabric (Fanglan, Luoyu, Yinghui, 2017; Bae, Hong, Lamar, 2015; 

Khedher, Dhouib, Sakli, 2013). 

2.10.3. Textile and Ink Interaction 

The inks/dye used for textile ink-jet printing can be divided into two distinct types, dye-

based inks (disperse dye, reactive dye and acid dye) and pigment ink. There are four types of 

inks widely used in the textile digital ink-jet printing industry: acid dye, disperse (sublimation) 

dye, reactive dye and pigment. According to the different physical and chemical properties, 

ink/dye can be applied onto various substrates. In addition, different pre and post-treatment may 

be required (Cie, 2015; Kan, Yuen, 2012; Wang, 2017). The suitable combination of the ink/dye 

and substrate can be seen in Table 6. 

Table 6: Ink/Dye and Substrate Combination (Wang, 2017) 

 Pre-treatment Post-treatment Cotton Silk Polyester Nylon Wool 

Reactive Dye  Required Steam × ×    

Acid Dye Required Steam × ×  x x 

Disperse Dye  Required Heat setting   ×   

Pigment  Not required Heat Setting × × × × × 

Disperse (sublimation) dyes are used on polyester, acetate rayon, poly-Lycra® and 

acrylics and require post treatment heat. Reactive dyes are used for cotton, linen, rayon, and 

other cellulosic materials and require pre- and post-treatment. Acid dyes are best for wool, silk, 

polyamides, cashmere, angora and nylon and require post treatment. Pigment works on cotton 

and natural fabrics and requires post treatment heat (Bae, Hong, Lamar, 2015; Wang, 2017). 

Depending on the interaction of the substrate, pre-treatment and colorant, the printed fabric can 

have different properties of the light fastness, crock fastness, hand feel, visual color effect, 
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stability, printability and sustainability (Cie, 2015). The detailed difference can be seen as in 

Table 7. 

Table 7: Comparison of Dye-based Ink and Pigment Ink (Lucas, et al., 2005) 
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Figure 32: Comparison of the Printing Production Process for Reactive Dye and Pigment Ink 
(Fiber2Fashion, 2018). Retrieved from: http://www.fibre2fashion.com/industry-
article/6855/ecological-amp-cost-efficient-textile-printing-technology?page=2 

Reactive dye is one of the most widely colorants for textile printing and was one of the 

first colorant to be developed for DTP. Printing with reactive dyes is more complicated in terms 

of textile finishing process and consists of five stages (Figure 33). The fabric is pre-treated 

before printing, wherein all reactive dye bounding chemicals are applied directly onto the fabric, 

rather than mixed in with dye. (Fanglan, et al., 2017; Cie, 2015). Once printing is completed, the 

fabric is steamed to fix the reactive dyes. After the printed fabric is steamed, the fabric can be 

laundered, dried and ironed (Figure 33). The steaming and laundering process of reactive dyes 

provides brighter colors, and good wet and dry color fastness properties. Despite all these good 

qualities, reactive dyes are more complex to process compared to pigment. After printing, fabrics 

have to go through hot steam fixation and extensive washing processes. This means more time 

and equipment is involved in the process, higher production costs and hence, higher price for 

http://www.fibre2fashion.com/industry-article/6855/ecological-amp-cost-efficient-textile-printing-technology?page=2
http://www.fibre2fashion.com/industry-article/6855/ecological-amp-cost-efficient-textile-printing-technology?page=2
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fabrics. Extensive after-print washing process for reactive dyes ensure that dyes are bound in the 

fabric fiber and not lying on the surface (Khedher, Dhouib, Sakli, 2013).  

 

(a) Reactive Dye 

 

(b) Pigment Ink 

Figure 33: Production Process Comparison (Fanglan, Luoyu & Yinghui, 2017; Zhang et al., 
2018) 

Pigment inks also have been used for digital fabric printing for several years, which 

contain the color (pigments) and a binder to attach the ink to the fabric. Fabrics must be also pre-

treated for pigment inks. In pigment printing, the inks effectively sit on top of the fibers, but in 

cottons it is not noticeable to the touch (Fanglan, et al., 2017; Kan et al., 2011).  The inks are 

fixed to the fibers by heat setting (Figure 33). The most competitive feature of pigment inks is 

that steam fixation and extensive washing processes can be avoided, which makes the printing 

process faster and less expensive. In addition, pigment inks can print on virtually any fabric, 

curing via heat or UV radiation, depending on the pre-treatment method applied on the fabric. 

Moreover, pigment inks provide a relatively strong light fastness (Cie, 2015; Zhang, et al., 

2018).  However, pigment inks require a bonding agent, the amount of which in relation to the 

colorant causes a trade-off between color vibrancy and wash fastness. Therefore, in terms of 

color brightness, fabric stiffness and color fastness properties, pigment dyes are inferior 

compared to reactive dyes, which are suitable for interior accessories, furniture elements, crafter 

needs, tradeshow graphics, flags, and banners (Fanglan, et al., 2017; Zhang, et al., 2018). 
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2.10.4. Color and Ink Interaction 

Color is the key effect that would influence the quality of textile ink-jet printing. Different inks, 

printers, substrates and printing environments can have direct or indirect effects on the printing 

results during the printing process (Wang et al., 2019). At present, the mainstream ink printing 

system has four colors, six colors, or eight colors, and each distinct printing system interacts with 

various factors to achieve the final printing result. The color space and color gamut will be 

different in every significant situation (Zhang, et al., 2018; Kan et al., 2011). In order to get 

satisfactory print results, it is important to understand color models and conduct efficient color 

management. 

2.10.5. Color Models 

Color models are widely used in the textile and apparel industry. When the model is associated 

with an accurate description of how components (viewing conditions, etc.) are interpreted, the 

resulting set of colors is called the color space. Typically, the model uses three (RGB or LAB) or 

four (CMYK) numbers to describe a specific color within the color space. The CIE color model 

and the Munsell color model are the two most commonly used color models in the textile 

industry (Ford, Roberts, 1998). 

The CIE (Commission International de l'Eclairage) color model uses a specific position 

in the three-bit color space to define the color. Since color accuracy can be affected by various 

factors, the CIE color model uses RGB or LAB values to describe a unique point in space. The 

coordinates of the point are composed of three numbers to avoid the influence of the outside 

world (Ford, Roberts, 1998; Hunt, Pointer, 2011). CIE has two commonly used color spaces, the 

CIELUV space is shown in figure 34. The CIELAB space is similar to CIELUV space except 

that the saturation is not represented in the CIELAB space (Hunt, Pointer, 2011). 
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Figure 34: CIELUV Space -Three-Dimensional Representation (Hunt & Pointer, 2011) 

The Munsell color system was the earliest color system used in science. In the Munsell 

color system, any color can be identified by a specific three-digit number representing hue, 

value, and chroma respectively. Hue indicates varying degrees of red, green or blue. The value is 

represented by the center cylindrical column, the lightest value at the top and the darkest value at 

the bottom. The chromaticity is expressed as a saturation difference (based on the neutral grey) 

which can be used to measure the color purity color (Ford, Roberts, 1998). A simplified vision of 

Munsell color system can be seen in Figure 35. 
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Figure 35: Simplified Munsell Color System- Three-dimensional array of hue, lightness, and 
chroma or saturation (Hunt & Pointer, 2011) 

2.10.6. Color Management 

Color management is an indispensable step in textile digital printing technology, mainly used to 

make printers accurately reproduce colors. The color of the textile substrate and the influence of 

printer, ink and fabric texture, may influence the final printed color, making it appear different 

from the screen. In addition, the color gamut of the human eye is wider than that of screen and 

output device. Therefore, the color gamut of the printer cannot achieve the same color range as 

the human eye can view. Defining an observation environment in a reproducible system ensures 

that the colors displayed on the fabric approximate the colors on the computer screen. Each 

substrate, viewing environment, and colorant system will require a different calibration, therefore 

oftentimes, a database is needed and continued calibrations (Yang et al., 2010; Cie, 2015; Wang 

et al., 2019). 

Another critical aspect of color management is the color model. Generally, colors have 

three dimensions, which are described by hue, brightness, and chromaticity. The color models 
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vary in different design files, this color sequential system is a viable “communication tool” for 

communication between RIP software and printers. The output data of generated color model can 

provide wide achievable color spaces for color management, which is generally easy to 

understand, facilitating "communication" with operators and customers. At the same time, the 

system is objective, precise and repeatable, and each color has a clear and quantitative color 

specification (Fanglan, Luoyu, Yinghui, 2017; Cie, 2015). 

Color calibration is another critical part of the color management system. In the color 

management system, based on the perception of the physical color, the color perceived by the 

arrangement of the scale system is selected (Bae, Hong, Lamar, 2015). The color gamut that can 

be captured in this case is produced by physical arrangement. The primary purpose of this 

method is to illustrate the various colors that a dye, printer, and substrate combination can 

achieve. This recipe-based color management system is currently the primary method used by 

printers. There are already databases that support the color catalog of recipes and the achievable 

hue on a particular substrate. The limitation of the recipe-based system is that specific color 

catalogs can only be used for the corresponding dye, printer and substrate combinations. If any 

of the three factors change, the color catalog will also change. In addition, non-professional 

operations may cause errors in spectral measurements, or customers may not understand the 

color catalog. Thus, the color communication with the customer is usually provided by the 

physical part of the printer catalog (Ford, Roberts, 1998; Fanglan, Luoyu, Yinghui, 2017; Cie, 

2015). 

In summary, a color management system is imperative, and the textile industry has also 

made great progress in color management, but the process still has shortcomings. First, it is time 

consuming to scan thousands of colors. In addition, the measured color value depends on the 
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scanning device which can directly affect the correction factor. Device color gamut setting 

cannot be as wide as the human eye color range, and extremely high/low saturated color could 

cause the scanning device to be unrecognizable. Finally, there are many variables affecting the 

color results, which includes printer, ink, substrate, print head, and even room temperature and 

humidity. Future color management systems still need to be continually optimized to achieve 

more accurate results (Ford, Roberts, 1998; Cie, 2015; Kan et al., 2011). 

Part III : Digital Denim 

2.11. Digital Denim Concept  

Digital textile printing (DTP) has developed rapidly in the past thirty years and has reached a 

high level of maturity and production capacity. Traditional flat and rotary screen printing is still 

the mainstream of the textile printing industry, but it is being gradually replaced by digital textile 

printing because of the long production cycles (Kan, Yuen, 2012; Cie, 2015). It is expected that 

by 2020, DTP will have a 15% share in the global printing textile market (Smithers Pira, 2018). 

Recently, due to the worldwide concern for sustainable development, digital textile printing has 

received more attention because of its low pollution and environmentally sustainable 

characteristics. Digital textile printing has become a vital breakthrough in the sustainable 

development of the textile industry (Patra, Pattanayak, 2015). 

Denim has been one of the most iconic fabrics in the textile industry since its appearance. 

Traditional denim is dying by indigo, but with faded, broken and over-washed jeans becoming a 

trend in the world, the visual design of denim has become an essential job for denim designers 

(Paul, 2015). This fashion trend and the youth-driven design approach have gradually become 

the market trend. However, due to the large amount of water, energy and chemicals invested in 

the post-treatment and washing of denim, denim production causes serious water pollution, air 
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pollution and soil pollution. The contradictions between high pollution denim industry and the 

trend for sustainable development of textile and clothing appears (Schrott, Paul, 2015; Cie, 2015; 

Patra, Pattanayak, 2015). In order to eliminate this contradiction and meet the dual pursuit of 

market and environment, the concept of denim digital printing alternatives becomes essential. 

Denim's digital print alternative is a new concept called "Digital Denim", presented by Carly 

Spano of the US Cotton Company in 2012. This is the creation of denim fabrics by digitally 

printing color and/or finishing effects into a non-dyed twill fabric using textile digital printing 

technology (Lucas et al., 2015).  

2.12. Technical Aspects of Digital Denim 

Traditional analog printing methods cannot achieve accurate image printing, and digital printing 

technology can arrange millions of colors at a time, using digital textile printing machines and 

inks to accurately reproduce computer images onto fabrics. Color management is an 

indispensable aspect of digital printing and is key to maintaining the continuity and accuracy of 

the print (Bae, Hong, Lamar, 2015). Efficient color management also precisely controls ink 

drops to save ink and avoids repeated printing due to color inaccuracies (Paul, 2015). 

Nowadays, the emergence of various image processing software has made it possible to 

further process and control the image. Most of these software support multiple color symmetric 

color spaces such as RGB, CMYK, LAB, XYZ and HSV. Some also support spectral color data 

and are compatible with spectrophotometers. Image editing software commonly used in the 

textile industry for image processing is Adobe Photoshop, Illustrator, Corel Graphics Suite and 

Kaledo of Lectra Systems (Ford, Roberts, 1998; Hunt, Pointer, 2011). When the types of images 

vary, the differences between the software will be displayed. For example, Photoshop, Corel 
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Photo Paint and Kaledo Print are better at processing pixels, while for vector images, Illustrator, 

Corel Draw and Kaledo Collection are better choices (Burke, Sinclair, 2014). 

2.13. Current Digital Denim Research  

Digital denim is a new concept which is still in the experimental stage and very little research 

has been published on this subject area.  

In a published research article by Lucas, Belino, Pereira, Ribeiro and Miguel (2015) titled 

Digital printing techniques for denim jeans, researchers from the University of Beira Interior, 

Covilhã, Portugal, used various types of CAD software such as Kaledo Print, Kaledo Collection, 

Modaris V7 and Adobe Photoshop to simulate, denim. (Figure 36) (Lucas, et al., 2015).   

 

Figure 36: Denim Jeans Pattern Simulation (Lucas, et al., 2015) 

Without a standard procedure, the researchers relied on the designer's knowledge of CAD 

technology and creativity to complete the engineering prints. Simulation in Kaledo was 

conducted before actual printing.  When assembling the panels, the main problems they faced 
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were the “worn effect” of the denim image and the difficulty in aligning the engineering prints 

on the two joined pieces. These issues required the designer to manually manipulate the image to 

determine where it fits. For this process, the simulation file was created but not printed onto the 

fabric (Lucas, et al., 2015). 

 

Figure 37: Engineered Flower Print on Jeans (Lucas, et al., 2015) 

In addition to the ordinary denim effect, denim has a variety of finishing effects, such as 

damage, excessive, wrinkles or wear, which are certainly popular in the market. Therefore, the 

different types of denim wear and the effects of washing and fading are also simulated and 

printed by a digital textile printer to compare with the real effects. In this study, a three-

dimensional wash effect was generated by software and printed out compared with real-world 

effects and simulation files (Figure 37) (Lucas, et al., 2015). 
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Figure 38: Denim Finishing Effect (Left to right: Real Denim; CAD Simulation; Digital Denim) 
(Lucas, et al., 2015) 

In order to simulate the damaged denim effect, unlike the previous simulation file 

generated by the designer, a scanned image of actual denim was used to print (Figure 38). 

Mimaki Textile Jet Tx400- 1800D printer with pigment ink was used to digitally print the denim 

pattern onto undyed denim fabric (white cotton twill). 

 

Figure 39: Denim Damage Effect (Left to Right: Real Denim; Normal Denim; After PS file; 
Printed Digital Denim Fabric) (Lucas, et al., 2015) 

In addition to the typical finishing effects, the researchers printed the embroidery effect, 

and the simulation file was manually generated by the designer (Figure 39). 
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Figure 40: Printed Digital Denim with embroidery effect and finishing effect (Mimaki Textile 
Jet Tx400- 1800D printer with pigment ink) (Lucas, et al., 2015) 

2.14. Advantages of Digital Denim 

Denim production is recognized as a high energy and high pollution industry. Natural indigo has 

poor adhesion to cotton, so it is necessary to repeat dyeing, especially in the conventional dyeing 

process. Although sodium hydrate mixed dyes are commonly used in denim industry to increase 

the dissolution of natural indigo dyes and further increase dyeing efficiency. But the majority of 

denim production still consume around 11,000 liters of water per piece. The denim industry is 

also striving to innovate the novel production process using pad/sizing-ox, which reduces water 

consumption by 92%, energy consumption by 30%, 87% of cotton waste and eliminating 

wastewater. However, the new technology also extremely increases the cost of denim (Patra, 

Pattanayak, 2015; Buscio, Crespi, Gutiérrez-Bouzán, 2015). Digital textile printing is used for 
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coloring process in denim production, which can significantly reduce dye consumption, water 

consumption, energy consumption and environmental pollution (Amutha, 2017; Annapoorani, 

2017; Chavan, 2015). 

Even if ecological dyeing process could be applied in the future, the water, energy, 

chemicals and pollution consumed would still be significantly higher than the same amount of 

dyeing required for ink-jet printing technology. In addition, with the continuous advancement of 

printing presses, the cost is continuously reduced while the printing quality is improving. And 

because of the speed and reliability of digital textile printing are constantly increasing, medium 

and high-volume production is possible (Cie, 2015; Yang et al., 2010; Yukseler et al., 2017). 

Secondly, the use of digital textile printing can personalize and customize the denim industry. 

Affected by the rapidly changing global market, this technology with short production cycles and 

low inventory requirements is being favored by industry around the world. Designers can 

respond quickly to consumer demands, and pre-printing (proofing and sampling) with textile 

CAD technology in a short time period. (Burke, Sinclair, 2014). This faster and cheaper 

alternative will spur the transformation of the traditional denim industry into a fast fashion field 

(Yukseler et al., 2017). 

In addition, digital textile ink-jet printing has significant advantages over other printing 

methods such as conventional rotary screen printing. First of all, it is not only time consuming 

but also expensive to make a stencil/screen. Digital inkjet printing does not require platemaking, 

which enables a variety of changes and rapid production. In the conventional rotary screen-

printing process, not all of the ink adheres to the cloth, causing enormous ink waste, and massive 

stencils/screens are discarded after sampling that turn to industrial waste. Digital ink-jet printing 

can change printer settings as needed to minimize cost and reduce industrial waste. Moreover, 
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the number of colors used in the conventional rotary screen was limited since each color requires 

a separate screen and screen making is time consuming. However, the digital textile ink-jet 

printing has no limitation on the number of colors. Finally, in the case of conventional rotary 

screens where stencil/screen damage or customer demand changes, it takes a considerable 

amount of time to re-plate. Textile digital ink-jet printing can be modified directly from the 

computer and can be quickly restarted after a shutdown. 

Finally, the denim washing and finishing process reduces the strength of the fabric, 

causing degradation and wear of the fabric, thus requiring the use of high-quality fabrics. In the 

final washing process, conventional abrasion using stone or cellulose as well as latest ozone and 

laser processes is used to create visual effects. These processes are the main cause of fabric 

strength reduction and degradation, which are not required by ink-jet printing, thereby avoiding 

abrasion of the fabric (Regan, 2015). With this feature in mind, it is no longer necessary to use 

high quality fabrics in production and to allow the use of lower cost fabrics, which makes the 

process more cost effective in terms of raw materials. 

Doubts of digital ink-jet printing mainly focused on two aspects: high ink cost and slow 

printing speed. With the introduction of high-speed printing presses and the continuous 

innovation of inks, it is believed that the impact of this problem will gradually decrease. Given 

the features and advantages of this approach, future ink-jet printing is clearly an ecological and 

cost-effective alternative to traditional denim coloring and finishing methods (Regan, 2015; Kan, 

Yuen, 2012). 
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2.15. Summary of Literature Review 

Improving sustainability is of growing concern to consumers and manufacturers in the denim 

industry and this concern has the potential to have a major impact on the denim production 

processes and consumer behavior. The development of a sustainable denim industry is perceived 

as a sensible business strategy, and countries as well as business organizations have noted the 

importance and necessity of decreasing the environmental impact (Schrott, Paul, 2015). 

Sustainable practices including the reduction of pesticides, water, and chemicals are researched 

and incorporated into the manufacturing process as a means to reduce cost while lowering 

negative impacts on the environment (Buscio, Crespi, Gutiérrez-Bouzán, 2015; Yukseler, 2017). 

One such study, by Advanced Denim's, resulting in the Front Denim report, details a 

newly developed green process that significantly reduces waste consumption compared to the 

traditional production processes for jeans. In this process, the use of water was reduced by 92%, 

which decreased wastewater by up to 8.3 million cubic meters. Energy consumption was also 

reduced by 30%, which saves about 220 million kWh of electricity. In addition, cotton waste 

incineration was eliminated in the production process, which reduced waste discharge by 87% 

(Sarwar, et al., 2017). This process also avoids the emission of carbon dioxide and other 

greenhouse gases into the atmosphere, and the carbon dioxide emissions avoided by saving 

electricity far exceed the emissions from this process. In addition, compared to the traditional 

denim manufacturing which requires about 25 coloring buckets and hazardous chemicals, 

Advanced Denim reduces this number to one barrel. At the same time, this concentrated liquid 

sulfur dye is relatively ecologically safe. If one-quarter of the world's denim apparel 

manufacturers used the Advanced Denim green process, the amount of water saved could be used 

by 0.7 million people per year (Pal, Chatterjee, Sharma, 2017). 
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In addition, recycled jeans produced by regenerated waste plastics are also of interest for 

some manufacturers. A large amount of plastic waste is generated globally, and Americans 

abandon about 66 billion water bottles every year (Yukseler, 2017). Faced with this worldwide 

problem, Swedish denim manufacturers are trying to recycle plastic water bottles to synthesize 

rayon and blend them with cotton to produce blended jeans. Each pair of jeans will use 8 to 10 

recycled plastic bottles of synthetic fiber by using this technology, consuming about 1600 tons of 

plastic per year. These wastes, which are usually landfilled or incinerated, have re-emerged into 

fashionable denim garments through this process. At the same time, this process can save about 

50 million liters of water per year (Sarwar et al., 2017; Yukseler, 2017). 

Consumers must realize that their jeans can consume more than 2,500 gallons of water 

and nearly a pound of chemicals, as well as a lot of energy. A considerable amount of 

wastewater, solid waste and waste gas also generated by the denim industry. Thus, the 

development of water, energy and materials conservation, and pollution reduction in the denim 

industry will ultimately benefit all the textile sector (Patra, Pattanayak, 2015). 

Digital textile printing has come a long way since the introduction of adjusted wide 

format graphics printers to the production of dedicated high productivity machines. New 

machinery developments such as better print head performance and innovative inks, together 

with considerable progress in RIP software led to the acceptance and adoption of this technology 

by the textile industry. For the denim industry, the possibility of a new aesthetic expression 

combined with the consumers’ awareness of customization and personalization by means of a 

more ecological technology also contributed toward its consolidation. As a high energy 

consumption and high pollution industry, various environmental problems in the denim industry 

are gradually being noticed. Sustainability issues on environmental and economic aspects has 
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raised attention worldwide. The water footprint and carbon footprint have been introduced to 

monitor the environmental issues during the manufacturing process. Research efforts focusing on 

life cycle assessment (LCA) have been conducted by big companies such as Levi’s as well as 

textile institutions. “Digital denim” is one of the new concepts that was presented by Carly 

Spano of the US Cotton Company in 2012, which presents significant advantages on solving 

sustainability issues in the denim industry, providing more possibilities for designers and 

reducing the cost, waste and time in manufacturing. However, the current status of denim digital 

printing is still in the experimental stage, the simulation and printing of digital denim still relies 

on the designer's personal skills and creativity, and there are no clear standards and procedure to 

rely on. It is necessary to establish and improve the production workflow, standard procedure 

and evaluation criteria to accommodate potential mass production in the future. 
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CHAPTER 3: METHODOLOGY 

3.1. Research Significance 

Digital denim is an emerging technology which is not yet commercialized but has market 

potential. Needed, was a comprehensive exploration to determine the potential niche market 

opportunities for digital denim technology before moving into the mass production stage. In 

addition, it was important to understand the obstacles and challenges that exist for achieving 

digital denim. Upon completion of a comprehensive literature review, it was apparent that no 

clear workflow or detailed procedures exist for digital denim production that could be referred to 

for further research or manufacturing. In addition, it was essential to evaluate whether these 

fabrics were suitable for the consumer market.  

3.2. Research Objectives 

To explore the potential for ink-jet printing to replicate the coloration and finishing techniques of 

traditional denim fabric, a two-phase research study was conducted. In Phase I (P1), the Principal 

Investigator (PI) conducted a market analysis to explore and determine the potential new markets for 

digital denim. Data collected from personal interviews with industry experts enabled a comparative 

analysis of the benefits and challenges of traditional vs. inkjet-printed denim, assisted in determining 

the types of denim and finishing effects that were best suited for reproduction by ink-jet printing, and 

helped to build a new market model for digital denim. For the personal interviews, an interview 

protocol was developed and administered to nineteen textile experts working in the area of ink-

jet printing and denim manufacturing. The interviews were then transcribed and analyzed. 

Based on information gleaned in Phase I, outcomes for Phase II (P2) of the research were the 

establishment of an optimal standard production workflow for digital denim reproduction (including 
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color and finishing effects), development and validation of a standard assessment protocol, and an 

expert visual assessment evaluating the consumer acceptance of the replicated denim. 

In order to achieve the research goal, development of the optimal workflow included 

determination of the optimal colorant type, substrate, CAD file type, pre-treatment, post-

treatment, scan method, and image processing method. Digital denim print trials were conducted 

via inkjet textile printing for replicating selected traditional denim fabrics. An assessment protocol 

was developed that built upon the PI’s previous assessment methodology conducted as part of PI’s 

master’s thesis (Wang, 2017). A pilot study of the visual assessment instrument was conducted 

before the expert assessment of the digital printed denim samples took place. 

3.3. Research Design Phase I 

Personal interview is one of the most commonly used qualitative research methods in scientific 

research and data collection (Merriam, 1998; Merriam & Tisdell, 2016; Travers 2013; Pieris, 

2019). Personal interviews are deemed effective as they allow a more “real” conversation 

between participants and the Principal Investigator (PI), and an in-depth understanding of the 

participants' ideas (Pieris, 2019).  

As one of the most widely used qualitative research tools, personal interviews record the 

participants' thoughts through live notes or recordings, collecting a large amount of in-depth 

data. Researchers can conduct the data analysis based on records to obtain more information 

about the topics and concepts being studied. In addition, in personal interviews, researchers can 

observe factors that cannot be directly recorded, such as participants' expressions, feelings, 

thoughts, and intentions (Rubin & Rubin, 1995; Eva et al., 2004). The disclosure of these 

personal details helps researchers to develop the next question or follow up in time according to 

the participants' responses (Merrigan & Houston, 2004). As a qualitative study, especially when 
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researchers seek more information during a limited interview period, a good interview is more 

like a dialogue and storytelling between participants and researchers (Travers 2013).  

There are three types of commonly used interviews including structured interviews, semi-

structured interviews, and informal interviews (Merriam, 1998). Structured interviews are the 

most rigorous interview mothed, more like following a detailed guide to oral surveys. Semi-

structured interview includes less structural problems, the interview process is more like a 

dialogue, and the researchers carry out the problem according to the participants' reactions. The 

results of informal interview process are hard to control, and the results are more random 

(Merriam, 1998; Travers 2013). In order to ensure the flexibility of the data collection process, 

and to get a better understanding based on the responses, this study used semi-structured 

interviews. The instrument was used as a guide to construct an interview protocol, not a rigid 

implementation. Researchers adjusted or added questions based on research goals to maximize 

information collection. 

3.3.1. Interview Questions 

The questions are the key to an interview, and good questions are an integral part of a successful 

interview (Eva et al., 2004; Merriam, 1998; Merriam & Tisdell, 2016). Interviews are a long 

process, but good questions can provide guidance to researchers to keep getting useful 

information. As shown in the figure 41, there are four types of commonly used questions: 

hypothetical questions, devil’s advocates questions, ideal position questions, and interpretive 

questions. The hypothesis asks participants to evaluate hypothetical situations; the devil’s 

advocates questions require participants to think on the opposite side; in the ideal position 

questions, participants are asked to imagine being in an ideal situation to think about the 

problem; finally, the explanatory questions require that participants respond to the researcher 
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based on the content they share (Merriam, 1998). By setting up good questions, you can improve 

the quality of your data, and it's important to guide participants to spontaneous conversations, 

which also helps build stronger relationships between researchers and participants (Pieris, 2019; 

Travers 2013).  

 

Figure 41: Four Types of Interview Questions (Merriam, 1998). 

In this study, the interview protocol contained three parts which are Part I, Part II 

and Part III. 

Part I includes six demographic questions related to fields of expertise, employment 

length, professional change experience, current position, company’s primary functions and 

main target market. The gathered information was recorded and used for determining 

participant’s expertise and professional relevance.  

Part II includes three subsections. The first subsection consisted of five questions 

which aimed to gather participants’ thoughts about the emerging digital denim market 

opportunities and its potential market applications. The second subsection contained four 

questions which was used to gain participants’ perception about the benefits and challenges 
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of digital printing technology for denim. The third subsection had three questions about the 

suitable denim fabric type and finishing effect for digital reproduction. 

PART III contained two general questions. The first question was about the major 

challenges of digital textile printing. The last question asked which factors were most 

important to each participant’s company.  

All the participants' responses were recorded and transcribed for data analysis. 

Table 8: Interview Protocol 

Interview Questions for Digital Textile Printing 
Part I  Demographics Information Identify expertise & professional relevance 

Part II Subsection 1 Digital denim potential market and opportunism 
Part II Subsection 2 Digital denim benefits and challenges 
Part II Subsection 3 Digital denim reproduction effects 

Part III  Digital printing challenges 
 

3.3.2. Sample   

Before scheduling and starting an interview, the right participant group needed to be 

identified (Merriam & Tisdell, 2016). For this research, all participants were 

representatives of companies with extensive experience in production, sales, marketing or 

supply chain in the field of textiles and clothing, especially in the denim and ink-jet 

printing area. Participants were obtained through PI’s contacts and contacts made at several 

top textile and apparel conferences.  

3.3.3. Data Analysis 

In order to ensure the data accuracy and facilitate subsequent data analysis, the researchers 

recorded interviews with the consent of the participants, and these recordings were used for 

post-transcription and data analysis. The PI manually transcribed all the interview 

recordings and analyzed the qualitative data. For manual transcription, an hour of 
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interviews typically takes six hours of transcription (Rubin & Rubin, 2005; Merriam & 

Tisdell, 2016).  

3.4. Research Design Phase II 

According to the literature review, the current digital denim production relies mainly on the 

designer's design skills and creativity rather than a clear production workflow, which limits the 

mass production of digital denim. In addition, there is currently no reliable assessment of the 

criteria to assess whether digital denim fabric can replace the denim fabric.  

3.4.1. Development of the Production Workflow 

The standard production workflow was developed based upon the previous research done by 

Ming Wang, which was used to replicate a screen-printed fabric via ink-jet printing technology 

(Wang, 2017; Wang et al., 2019). For the establishment of the digital denim reproduction 

workflow, variables that could influence the printing results such as color profiling, digital files 

setting, print setting, ink limitation, ink and substrate combination, pre-treatment and post-

treatment were either properly controlled or tested for establishing the workflow.  

3.4.2. Technologies – CAD System and Equipment 

CAD System 

Textile CAD software commonly used in textile industry were used in this research, specifically, 

ONXY 12.2 RIP software, Wasatch RIP Software and Adobe Photoshop CS6.1.  

The Wasatch RIP Software can be used to control the printer from the computer and 

transfers the digital design file into a raster-based image so it can be printed. It can also achieve 

color calibration and color reading process in combination with the X-rite i1iO 

spectrophotometer. 

ONYX 12.2 is an ONYX RIP and Print Workflow Software which provide fast RIP and 
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data transfer speeds from optimized color calculations (Figure 42). It is industry-defining new 

technologies for color accuracy, consistency and conformance to standards that can be validated 

to researchers. This software also has capability for spot color.  

 

Figure 42: RIP Master Software: ONYX 12.2 (Capture from Digital Design Lab, COT, and NCSU) 

Adobe Photoshop CS6.1 is widely used by textile designers, and for this research, it was 

used for color mode changing and file resaving.  

Spectrophotometer 

Calibrated and profiled devices and systems are a critical and essential part of a successful, 

efficient, creative workflow. The color captured on camera, seen on the monitor, and projected 

by projector or mobile device needs to be well-matched in each device. The X-Rite i1iO 

spectrophotometer enables hands-free test chart reading for automated color profiling on a 

variety of substrates with reduced risk of color measurement errors. As seen in figure 43, the X-

rite i1iO spectrophotometer processed color calibration. In textile ink-jet printing, the X-Rite 

i1iO spectrophotometer connected with Rip software is used for color management solutions for 

a high level of color accuracy in the industry.  
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Figure 43: X-rite i1iO Spectrophotometer (Color Calibration) 

Textile Inkjet Printer 

The HP Latex 365 Printer with latex color ink set (CMYK, LM, LC + Optimizer) were used in 

this research (Figure 44).  

 

Figure 44: HP Latex 365 Printer (Latex Ink) 

The HP Latex 365 Printer uses HP 831 latex thermal inkjet printheads which provides 

1200 dpi native resolution and it can be replaced in a few minutes by a single operator. The latex 
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ink set includes HP Latex Optimizer which can achieve high image quality at high productivity 

and interacts with HP Latex Inks to rapidly immobilize pigments on the surface of the print. 

Prints are completely cured and dry inside the printer, and ready for immediate finishing and 

delivery. Print zone is accessible with a large window and lights. Low-maintenance printing can 

be achieved with automatic drop detection and nozzle replacement. HP Latex 365 Printer 

produces sharp, consistent, repeatable image quality with high-efficiency curing, 6 colors, and 

1200 dpi. The production speed is up to 31 m2 (334 ft2)/hr. See Table 9 for a summary of HP 

Latex 365 specifications.  

Table 9: HP Latex 365 - Technical and Media Specifications 

Print resolution Up to 1200 x 1200 dpi 
 Margins 5 x 5 x 0 x 0 mm (0.2 x 0.2 x 0 x 0 in) (without edge holders) 
 Printing heads (2 cyan/black, 2 magenta/yellow, 1 light cyan/light magenta, 

    
 

Color Consistency 
 

Average <= 1 dE2000, 95% of colors <= 2 dE2000 

 
Roll weight 42 kg (92.6 lb.) 

 Roll diameter 250 mm (9.8 in) 
 

Printing modes 

91 m²/hr. (980 ft²/hr.) - Max Speed (1 pass) 
31 m²/hr. (334 ft²/hr.) - Outdoor High Speed (4 pass) 
23 m²/hr. (248 ft²/hr.) - Outdoor Plus (6 pass) 
17 m²/hr. (183 ft²/hr.) - Indoor Quality (8 pass) 
14 m²/hr. (151 ft²/hr.) - Indoor High Quality (10 pass) 
6 m²/hr. (65 ft²/hr.) - Backlist, Textiles, and Canvas (16 pass) 
5 m²/hr. (54 ft²/hr.) - High Saturation Textiles (20 pass) 

Thickness Up to 0.5 mm (19.7 mil) 

 
 

Colorant Setup 

HP Latex 365 (latex ink) uses unique color ink sets and the details of the colorant setup are 

shown in Table 10.  

Table 10: Latex Colorant Setup for Latex 365 Printer 

HP Latex 365 Printer 
6 Color Latex Optimizer Ink Set (CMYK + LM+ LC + OP) 

Cyan Magenta Yellow Black 
Light Magenta Light Cyan Optimizer  
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Finishing Equipment 

Practix Mfg. heat calendar (Figure 45) was used to heat-set the printed fabrics with specific 

fixation temperatures and dwell times. 

 

 

Figure 45: Practix Mfg. heat calendar 
 

3.4.3. Establish and Validate Visual Assessment Protocol 

For the expert visual assessment, the research committee identified experts in the field of textile 

ink jet printing and denim industry via professional contacts. Experienced participants are 

recommended to increase the accuracy and shorten the total experiment time (Shamey et al., 

2010). The level of expertise was qualified based on self-reporting of the participants, and the 

color blindness tests were conducted by the PI before all visual assessments. A survey instrument 

containing multiple choice, close-ended and open-ended questions was developed for the 

purpose of visual assessment. The visual assessment protocol was developed based on American 

Association of Textile Chemists and Colorists (AATCC) standard and previous research 

conducted by Ming (Ming et al., 2019) and Cárdenas, Shamey, & Hinks (Cárdenas, Shamey, & 

Hinks , 2009). Each expert repeated the assessment three times, and the sample sets, viewing 
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booth, and viewing conditions were consistent for each trial. See Table 11 summarizing the 

visual assessment protocol. 

Table 11: The Research Protocol of Phase Two (P2) 

1.Determination of the variables that could influence the printing results 
2.Development of the optimal digital denim reproduction workflow 
3.Preparation of traditional and printed samples 
4.Establishment of the survey instrument with multiple choice questions and determination of 
description for visual assessment 
5.Development of viewing protocol 
6.Selection of a panel of textile visual assessment experts  
7.Conduction of the expert visual assessment and summarization of the numerical results 
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CHAPTER 4: EXPERIMENTAL PROCEDURES 

4.1. Phase One Procedure  

The experts’ interviews were conducted during Phase One of the research following an IRB 

approved protocol (see Appendix G). After development of the interview instrument, experts 

were contacted by e-mail to schedule a phone or in person interview. The interview was 

recorded, transcribed and then analyzed. The procedure is summarized in Figure 46. 

 

Figure 46: Phase one procedure 
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4.1.1. Recruitment 

The PI emailed recruitment letters (Appendix C) to experts that were pre-identified through PIs’ 

contacts and contacts made at several top textile and apparel conferences. For this research, all 

participants were representatives of companies with extensive experience in production, sales, 

marketing or supply chain in the field of textiles and clothing, especially in denim and ink-jet 

printing area.  

Next, a phone call or an in-person interview was scheduled through e-mail according to 

the convenience of each participant. A consent form was signed by the participant once they 

agreed to conduct the interview. The consent form was signed one of two different ways.  

(A) If phone call: consent form was signed and either scanned and emailed to PI or 

signed digitally 

(B) If in person: signed a printout of the consent form 

4.1.3. Interview protocol 

All the Participants were interviewed using Part I, Part IIA and Part III of the Digital Print 

Survey (Appendix D).  

First, all the participants were interviewed using the questions in Part I, which includes 

six demographic questions related to fields of expertise, employment length, professional change 

experience, current position, company’s primary functions and main target market. The gathered 

information was recorded for determining participant’s expertise and professional relevance.  

Then, the participants were interviewed using the three subsections of Part II,. The 

first subsection consists of five questions which aims to gather participants’ thoughts about 

the emerging digital denim market opportunities and its potential market applications. The 

second subsection contains four questions which were used to gain participants’ perception 
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about the benefits and challenges of digital printing technology for denim. The third 

subsection has three questions about the suitable denim fabric type and finishing effect for 

digital reproduction. 

Finally, the participants were interviewed using Part III of the interview protocol, 

which contains two general questions. The first question asked about the major challenges 

of digital textile printing. The last question asked which factors are most important to each 

participant’s company.  

All the participants' responses were recorded via a tape recording. Care was taken 

by the PI to keep the interview environment quiet and free of distractions. No people other 

than the interviewer and interviewee were allowed to interrupt the interview process or 

enter the room.  

(A) If phone call: The PI stayed in a quiet room alone. 

(B) If in person: The PI and interviewees were the only people in the room. 

4.1.4. Transcription 

All the records were manually transcribed by the PI after interviewing, and all of the 

transcribed files were used for data analysis. For security, all the information of the 

participants was kept anonymous, and all the raw recorded audios and transcribed files 

were stored in a password protected file on a restricted computer in a locked private office 

where no one apart from the researchers could identify it. 
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4.2. Phase Two Procedure  

During phase two of the research, six pairs of traditional denim samples with different warp 

yarns and filling yarns, weight and thread count, or the finishing effect were provided by a 

research-based textile company. The reproduction workflow was established by the PI and the 

visual assessment instrument and protocol were developed as well. Twelve experts participated 

the visual assessment and the data were collected and analyzed by the PI using JMP software. 

Phase two of the research is summarized in Figure 47. 

 

Figure 47: Research Phase Two Procedure 

4.2.1. Reproduction Workflow Development 

Traditional Denim Sample Preparation 

Six traditional denim samples were provided by a research-based textile company. All of the 

samples were made of 3/1 right hand twill with 100% cotton content (Table 12). Both warp yarns 

and filling yarns used to weave the denim were open end. The warp yarns were dyed using 

indigo, the filling yarns were kept in the  greige state. The raw fiber for all of the yarns were 



93 
 

purchased from American cotton growers. The six traditional denim samples were labeled as 

Sample A1, Sample A2, Sample A3, Sample A4, Sample A5 and Sample A6. 

Table 12: Weaving Information of Tradition Denim Samples 

Weave Type Content Yarn Type 

Twill – 3/1 Right Hand 100% Cotton Open end 

 

The technical information of traditional denim samples were shown in Tables 13. The 

weaving information of tradition denim samples can also be seen in Table 13. 
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Table 13: Technical Information of Tradition Denim Samples 

Label Warp Yarns (Open end, Indigo) Filling Yarns (Open end, Natural) 
1 9/1 Ne. TM 4.6 7/1 Ne. TM 3.8 
2 10/1 Ne., TM 4.0 7/1 Ne. TM 3.5 
3 9/1 Ne. TM 4.6 7/1 Ne. TM 3.8 
4 10/1 Ne., TM 4.0 7/1 Ne. TM 3.5 
5 10/1 Ne. TM 4.0 7/1 Ne. TM 3.5 
6 9/1 Ne. TM 4.6 7/1 Ne. TM 3.8 

Label Weight Thread Count 

1 13.0 oz/ yd2 

441 g/m2 
68 ends/in × 48 picks/in 

27 ends/cm × 19 picks/cm 

2 13.0 oz/ yd2 

441 g/m2 
78 ends/in × 48 picks/in 

31 ends/cm × 19 picks/cm 

3 13.1 oz/ yd2 

444 g/m2 
68 ends/in × 49 picks/in 

27 ends/cm × 19 picks/cm 

4 12.9 oz/ yd2 

437 g/m2 
76 ends/in × 49 picks/in 

30 ends/cm × 19 picks/cm 

5 13.0 oz/ yd2 

441 g/m2 
76 ends/in × 48 picks/in 

30 ends/cm × 19 picks/cm 

6 13.3 oz/ yd2 

451 g/m2 
70 ends/in × 50 picks/in 

28 ends/cm × 20 picks/cm 

Label Finish Effect 

1 
• Hand abraded in garment form 

• Enzyme washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

2 
• Hand abraded in garment form 

• Enzyme washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

3 
• Hand abraded in garment form 

• Bleached down in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

4 
• Hand abraded in garment form 

• Bleached down in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

5 
• Hand abraded in garment form 

• Permanganate washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

6 
• Hand abraded in garment form 

• Permanganate washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 
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Scan Facility  

Epson E11000XL-GA Expression Graphic Arts Photo Scanner was used for scanning the six 

traditional denim samples, the specifications of this scanner can be seen in Table 14.  

Table 14: Epson E11000XL-GA Expression Graphic Arts Photo Scanner Specifications 
(https://epson.com/Clearance-Center/Scanners/Epson-Expression-11000XL--Photo-Scanner/p/E11000XL-PH) 

Scanner Type Flatbed color image scanner 
Optical Resolution 2400 dpi 

Hardware Resolution 2400 x 4800 dpi with Micro Step Drive™ technology 
Maximum Resolution 12,800 x 12,800 dpi 

Color Bit Depth 48-bits per pixel internal / external1 
Grayscale Bit Depth 16-bits per pixel internal / external1 

Optical Sensor Color Epson MatrixCCD™ line sensor 
Effective Pixels 87,840 pixels / line (2400 dpi) 

Maximum Scan Area 12.2" x 17.2" 
Light Source Xenon gas cold cathode fluorescent lamp 

Optical Density Color Epson MatrixCCD™ line sensor 
Focus Control AutoFocus optics system (CCD and lens unit) 

 
Scanning Procedure 

The sample that needed to be scanned was placed on the flatbed of the Epson E11000XL scanner 

with the technical face side down. Then the cover was put down to prevent any other light 

source. After that, a preview was conducted using the EPSON Scan software (Figure 48). 

https://epson.com/Clearance-Center/Scanners/Epson-Expression-11000XL--Photo-Scanner/p/E11000XL-PH
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Figure 48: Preview process for Epson E11000XL scanner 

According to the specification information of this scanner (Table 14), the maximum 

resolution can be up to 12,800 x 12,800 dpi. However, since the maximum resolution for the HP 

Latex 365 Printer is 1200 x 1200 dpi, the 1200 dpi scan setting was used and kept consistent for 

all six scans  

All the scanned images were saved as a TIFF format. In contrast to other graphic formats 

such as JPEG, TIFF has an alpha channel which, in addition to the color information, can also 

store the transparency of individual pixels. The advantage of this method is the simple and 

therefore fast compression and decompression of such files with lossless quality. Therefore, 

TIFF format is primarily used to provide high-quality graphics for printing without loss. The 

much higher amount of data of a TIFF file, when compared to the JPEG format is preferred in 

the graphics and printing industry (Ford, Roberts, 1998; Ren, 2012). 

The scanning process for each piece of denim fabric took five to six minutes. The whole 

scanning process for all six samples took about thirty to thirty-five minutes. 
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Digital Print File Preparation  

All the scanned files were edited using Adobe Photoshop CC 2018 (19.0) for Windows 

10 version . Each file was cropped to a 7 x 12 inch rectangle that captured the main part of the 

fabric without including any pockets or selvedge area. After cropping, each file was rotated 90 

degrees to ensure that the twill direction matched the original denim fabric (Figure 49). 

 

Figure 49: Scanned Files Edition Process 

After editing, all the files were resaved as TIFF files with 1200 resolution to keep as 

much detail for printing as possible.  
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Figure 50: Digital File Prepared for Ink-jet Printing Process (Denim001_Print) 
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Digital Printing Fabric Preparation 

The fabric used for digital printing was provided by Duravibe and pretreated for latex ink 

printing (Table 15). Pretreatment is necessary for the digital textile printing process since it can 

influence the print quality especially on line quality and clarity significantly (Wang, Chapman, 

Moore, Suh, 2019).  

Table 15: Digital Printing Fabric Information 

Weight 213 g/m2(gsm) 
Fabric Type Twill Optic- 3/1 Right Hand 
Width 60” 
Print Side Face OUT 
Serious Number 5386 
Pretreatment Bleached/Coated (Prepared for latex printing) 
Country of Origin Pakistan 

Color Calibration  

A color calibration was conducted before printing to ensure the color accuracy and consistency. 

The color calibration process included three steps, which were (1) Ink drying and color 

saturation test; (2) Automatic color calibration; and (3) ICC profile creation (Figure 51). The first 

two steps were conducted with the HP latex printer, the last step was conducted by the Wasatch 

RIP software and X-Rite i1iO spectrophotometer. The color charts were created within Wasatch 

RIP software, printed using the HP latex 365 printer and then re ad into the software using an 

X-Rite i1iO spectrophotometer. The details of the color calibration procedure are in Appendix A. 
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Figure 51: Color Calibration Procedure of HP Latex 365 Printer 

Digital Denim Fabric Printing 

All the samples were printed using HP Latex 360 printer with a color profile calibrated for 100% 

pretreated cotton twill fabric. In total, six digital samples were printed with one for each denim 

sample. The digitally reproduced samples were labeled as B1, B2, B3, B4, B5, and B6 associated 

with the corresponding traditional denim fabric (A1, A2, A3, A4, A5, and A6).  

Post-treatment Procedure 

All the print samples were heat fixed with the Practix Mfg heat calendar. The temperature setting 

was 300F and the speed was set at 1.2 which equals 80 seconds of dwell time. The facility, 

temperature and dwell time setting were consistent for all the print samples. 
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4.2.2. Visual Assessment Instrument Development 

Determination of Variables 

To conduct the visual assessment comparison between the traditional denim (Sample A1-A6) 

and digital denim samples (Sample B1-B6), variables needed to be determined for the 

assessment protocol and survey instrument. Five variables were controlled consistently during 

assessment process: illuminant, viewing environment, observers, frequency and interval, and 

viewing order. Seven variables were chosen to evaluate the perceived difference between the 

two samples: color, line quality, visual texture, scale, overall appearance, lightness, and overall 

marching (Wang, Chapman, Moore, Suh, 2019; Wang, 2016). 

Color difference was used to determine how close the color matched between the digital 

denim and traditional denim samples. Line quality was used to evaluate how well the weight, 

clarity, and uniformity of the stripes in the digital denim compared to the traditional denim 

sample. Visual texture was used to evaluate the ability of digital denim sample to replicate the 

woven structure appearance of the traditional denim sample. Scale was used  to evaluate how 

correct the size proportion of digital denim sample matches traditional denim sample. Overall 

appearance was used to evaluate the ability how well color, scale, line quality, and visual texture 

appear to interact in the digital denim sample compared to the traditional denim sample. 

Lightness includes comparison the brightness between traditional denim and digital denim 

samples. Overall appearance was used to evaluate the ability how well color, scale, line quality, 

visual texture and lightness appear to interact in the digital denim sample compared to the 

traditional denim sample (Wang, 2016). 
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Development of Visual Assessment Instrument 

After determination of variables and review of previous work, an instrument was developed 

based on the previous thesis research work of Wang (2016). The instrument was submitted to 

North Carolina State University’s Institutional Review Board (IRB) for approval (Appendix H) 

before starting the assessment.  

The instrument included two parts (Table 16), which can be reviewed in Appendix F. Part 

I collected the demographic information of each participant, which was used for determining the 

expertise area and visual assessment experience of the participant. Part II was the visual 

appearance assessment, which included questions for color, line quality, visual texture, scale, 

overall appearance, lightness, and overall marching.  

Table 16: Summarization of visual assessment instrument 

Visual Assessment Instrument  
Part I  Demographics Information Identify expertise & Visual assessment experience 

Part II Visual Appearance Assessment Matching digital and traditional denim samples 

Scale Description 

For color matching, the AATCC Gray Scale was used to evaluate the perceived color matching 

between two samples. Participants assigned a value of 1 to 5 after comparing colors, with 5 

representing no color difference between samples and 1 representing the highest color difference 

between samples.  

Regarding line quality, visual texture, scale and overall appearance, five options were 

given to participants to describe the matching level between two samples which were: Not at all 

(1), Slightly (2), Somewhat (3), Mostly (4), and Exactly (5). Each option was given a number for 

statistical analysis purposes. For the color lightness, participants were asked to choose one of 

five options that best described the lightness relationship between the two samples: A is 
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obviously brighter lighter than B (A>>B), A is slightly brighter than B (A>B), A is as same 

brightness as B (A=B), B is slightly brighter than A (A<B) and B is obviously brighter the A 

(A<<B).   

4.2.3. Expert Visual Assessment Protocol Development 

An expert visual assessment was conducted to evaluate the replication of the traditional denim 

samples via ink-jet digital textile printing. The visual assessment protocol and instrument were 

developed using the previous research of the PI (Wang, Chapman, Moore, Suh, 2019), the 

literature review, and the results gleaned from Phase I of the interview research. The Gray Scale 

for Evaluating Change in Color (ISO International Standard 105/A02) was used for evaluating 

color. The visual assessment focused on appearance (including line quality, visual texture, scale 

and overall appearance), lightness matching and overall matching and were conducted without 

using any instruments. All the participants were experts from either the textile industry or 

doctoral students whose area of focus was color science. Experienced participants were 

recommended for visual assessment rather than inexperienced participants to increase the 

accuracy and shorten the total experiment time (Wang, Chapman, Moore, Suh, 2019). Therefore, 

all the participants had experience in conducting visual assessments.  

Illuminant and Viewing Environment 

The visual assessments were carried out in the Color Science Lab in the Wilson College of 

Textiles at North Carolina State University. To minimize variability, the PI arranged carefully 

controlled viewing conditions, which were kept the same throughout the test trials. A Macbeth 

Spectra Light III viewing booth with a filtered tungsten daylight-simulating lamp (D65) was 

switched on during the experiment. This light source was the only illumination in the lab, with 

all other sources of light turned off. The lamp of the viewing booth had a color temperature of 
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6500 ± 200 K and constant illumination of approximately 1400 lx (Wang, Chapman, Moore, 

Suh, 2019). 

Visual Assessment Sample Set-up 

The traditionally produced denim and the digital reproduced samples were identified by labels on 

the back of the 15 x 15 inch medium gray-colored PVC easel (one for each sample) to maintain 

consistency during the experiment. The samples were placed in the viewing booth on the easel 

with a two inch gap between each sample. Only the assessment parts of the fabric were 

accessible, and the rest of the parts were covered by a white board. The size of the selected part 

of the traditional denim sample was 7 x 12 inch, which avoided stitched edges, pocket area and 

selvage (Figure 52). Each participant repeated the assessment three times for each pair of 

samples. In total six pairs of samples were assessed.  
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Figure 52: Visual Assessment Booth Set-up 

Expert Visual Assessment Protocol 

Each pair of samples (in total six pairs of samples) were compared three times using the same 

evaluation instrument and all the answers were recorded. Each participant viewed the samples by 

the numeric order from sample 1 to sample 6 repeated three times for each sample. 

Step 1 

The participants wore a pair of gray gloves to minimize color variability as well as to 

prevent damaging the samples and the AATCC gray scales (Figure 53). The participants sat in 

front of the Macbeth Spectra Light III viewing booth, and the filtered tungsten daylight-

simulating lamp (D65) was turned on by the PI. While the participants adapted to the light source 
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by sitting in the viewing booth for two minutes, the PI introduced the steps of the experimental 

process to them. After the participants adapted to the viewing conditions in the lab, they were 

shown the informed consent form. Once they gave their consent, the participants were asked to 

complete Part I of the visual assessment which asked for demographic information. 

 

Figure 53: AATCC (American Association of Textile Chemists and Colorists) Gray Scale 

Step 2 

After finishing Part I, participant was asked to conduct Part II of the visual assessment (Figure 

61). The first question in Part II consisted of assessing the color of the digital and traditional 

samples. Participants sat in front of the viewing booth after wearing gray gloves and were told 

that they could use the AATCC Gray Scale freely to identify the color difference for each pair of 

samples. The participants were free to move the AATCC Gray Scale to identify the color 

difference between the pair of samples, but they were not allowed to move or change the display 

of samples.  
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Figure 54: Visual Assessment PART II: Color Matching 

Step 3 

Next, participants were asked to perform the visual assessment focused on appearance (including 

line quality, visual texture, scale and overall appearance), lightness and overall matching (Figure 

62).  
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Figure 55: Visual Assessment PART II: Appearance matching 

  



109 
 

CHAPTER 5: RESULTS AND DISCUSSION 

5.1. Phase One Results 

In total 34 potential experts were e-mailed and 25 of them replied via e-mail. Nineteen experts 

signed the consent form, finished the interview and were audio recorded (Table 17).  

Table 17: Experts Contacted 

Experts E-mailed Out Experts Replied E-mail Experts Finished Interview 

34 25 19 

 

Of the 19 interviews that were conducted, three were phone interviews and sixteen were 

in-person interviews (Table 18). All of the participants were labeled according to their expertise 

area with P standing for printing, D standing for Denim, and M standing for Marketing. 

Interview 1, 4, 5 and 6 were conducted with an expert group of two. Interview 2 was conducted 

with an expert group of three. The rest of the interviews were conducted individually.  

Table 18: Expert Interviews Conducted 

Interview Session Number of 
participants 

Expert Label Type of 
Interview 

Interview 1 2 1&2 P1 & P2 Phone 
Interview 2 3 3, 4, 5 P3, D1, M1 In person 
Interview 3 1 6 P4 Phone 
Interview 4 2 7&8 D2 & D3 In person 
Interview 5 2 9&10 D4 & D5 In person 
Interview 6 2 11&12 D6 & D7 In person 
Interview 7 1 13 P5 In person 
Interview 8 1 14 M2 Phone 
Interview 9 1 15 P6 In person 
Interview 10 1 16 P7 In person 
Interview 11 1 17 D8 In person 
Interview 12 1 18 M3 In person 
Interview 13 1 19 P8 In person 
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5.1.1. Part I: Subjects Characteristics 

Expertise Area 

All the experts were from the textile/apparel related industry, each of the experts selected at least 

one and up to five expertise areas. As shown in Table 19 below, experts have expertise in Ink-jet 

Textile Printing (52.6%), Denim Manufacturing (75%), Apparel or home interior product 

development (83.3%), Dyeing manufacturing/Chemist (41.6%), Colorist/Color management 

(42.1%), Marketing/Supply Chain (10.5%), Sourcing/ Consulting (33.3%) and Other (33.3%). 

Table 19: Experts Expertise Area 

Experts  
 
Expertise 

P 
1 

P 
2 

P 
3 

D 
1 

M 
1 

P 
4 

D 
2 

D 
3 

D 
4 

D 
5 

D 
6 

D 
7 

P 
5 

M 
2 

P 
6 

P 
7 

D 
8 

M 
3 

P 
8 % 

Ink-jet Textile 
Printing × × ×   ×       ×  × × × × × 52.6 

Denim 
Manufacturing    ×   × × × × × ×    × ×   75 

Apparel or 
home interior 
product 
development 

   × ×   × × × × ×  ×  × ×   83.3 

Dyeing 
manufacturing 
/Chemist 

× ×    ×          × ×   41.6 

Colorist/Color 
management × × ×   ×       ×  ×  ×  × 42.1 

Marketing/ 
Supply Chain             ×     ×  10.5 

Sourcing/ 
Consulting     ×         ×   × ×  33.3 

Other       ×   × × ×    ×    33.3 

Comments of the participants for other expertise area can be seen below in Table 22. 
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Table 20: Other Comments for Participants 

D2 3D Designer 
D5 3D Apparel Design 

D6, D7 Dry Finishing and Laser development 
P7 Garment washing 

Work Experience 

All of the experts had at least 5 years’ experience in a textile related area, and 10 had been 

working in the textile area for more than ten years,while five had been working in the textile 

industry for over 20 years. One participant worked in the textile industry for 47 years. The details 

of their working experience can be seen in Table 21.  

Table 21: Working Experience in Textile Field of Experts 

Expert Number How long have been working in the textile field 
P1 7 years 
P2 Working in consulting and industry for over 20 years but focus on textile for 

about 6 years 
P3 7 years 
D1 23 years 
M1 14 years 
P4 20 years 
D2 5 years 
D3 5 years 
D4 6 years 
D5 6 years 
D6 5 years 
D7 7 years 
P5 Not specifically in textile, but in related with textile for over 30 years 
M2 20 years 
P6 have been since 1989 in printing, and since 2000 focused mainly on textile 
P7 12 years 
D8 47 years 
M3 Have been worked in the paper industry for 30 years and 7 years for wide 

format inkjet printing aspect. Then have been worked for the emergence of 
popularity of the textiles 5 to 6 years. 

P8 7 years 
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Current Position and Company Information 

Expert P2 is the president of an ink company based in California, USA, which also has a factory 

in China. Expert P1 is the color scientist from the same company. Experts P3, D1, M1, P7, D8 

work for a research-based company in North Carolina, USA. Both Expert D1 and M1 have 

worked for other textile companies for more the ten years. Expert D8 has worked for other textile 

companies for more than 40 years. Expert D8 is now doing consulting and educational 

workshops for this company. Expert P4 is working for an international ink company which has 

business in North America, South America and Asia. Expert P4 mainly focus on ink-jet digital 

textile printing, fabric pretreatment, and ink business. Experts D2, D3, D4 and D5 are from a 

global lifestyle apparel company, with a portfolio of some of the world's most iconic denim 

brands. Experts D6 and D7 are from an American worldwide apparel and footwear company 

headquartered in Denver, Colorado with more than 30 brands. Expert M2 is a textile sourcing 

and marketing expert works for a textile company based in Florida, USA. Expert P6 works for a 

Japanese electronics company which is one of the world's largest manufacturers of computer 

printers, and information and imaging related equipment. Expert M3 works for an American 

paper and printing company, who currently focuses on digital ink-jet textile printing business. 

5.1.2. Part II: Digital Denim  

During the interviews, the  experts discussed a considerable number of ideas about digital denim 

related to potential market and opportunities, benefits and challenges as well as suggestions for 

future development. Digital denim was also compared with the traditional denim industry in 

several different aspects such as environmental effects and production efficiency. The ability and 

feasibility for digital denim replicating traditional denim were also discussed throughout the 

interviews. Valuable suggestions were made by experts according to their knowledge and 
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professional experience. Finally, brainstorming for the major challenges of digital textile printing 

and core factors for manufacturing was conducted. 

Part II Sub-section One: Potential Market and Opportunities 

For the section of the interview related to potential market and opportunities, the PI collected the 

experts’ thoughts about the emerging digital denim market,  especially in the areas that 

specifically related to the digital denim printing procedure and its potential market applications. 

The first questions asked: 

(1) Do you think digital denim can compete with traditional denim? 

Expert responses could be grouped into categories related to cost, production, complexity of 

design, sustainability, barriers and quality. 

• Cost 

Thirteen experts (P1, P2, P4, P6, P7, P8, D1, D2, D3, D4, D5, D7, and D8) believed that digital 

denim can compete with traditional denim, but the cost factor could be a huge challenge for 

digital denim. Production volume and level of complexity were mentioned as the main factors 

that could influence digital denim cost: 

Production volume 

Ten experts (P1, P2, P4, P6, P7, D2, D3, D4, D5, D7, and D8) believed that production volume 

was an important aspect that affects production costs. Expert D8 believed that the price relates to 

how big the market is going to be. Expert P2 and P4 also pointed out that the production volume 

decides what type of digital printers are needed. High speed single pass printers, suitable for high 

volume production are fast but expensive. Scan type printers may provide a more economical 

benefit. 
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Participants mentioned that, currently, digital denim has advantages in sample production 

or small-scale production, but traditional denim is more competitive in mass production.  

Expert P7: “At this point, no, I don't think it will compete directly, especially not at the 

mass market level. For mass market retailers at low price points. I think it would be very 

difficult for digital denim to compete at that price and at that volume.” 

Expert P1 cited an example. The cost of denim fabric for his company is about $4.5 per 

linear yard. One pair of jeans could use about 1.5 yards, the cost of each pair of jeans is between 

$12 and $15. However, the cost of one pair of jeans made by another company (Company A) is 

between $6 and $7, which is lower than the market average. Because of their large production 

volume and production factories in Asian countries such as Bangladesh, where there are very 

low labor costs and loose environmental policies, their jeans are very competitively priced. 

Levels of complexity  

Expert P1, P2 and D1 mentioned that the level of complexity, which indicates how many visual 

effects have been added onto denim fabric or garment (usually achieved during the washing 

process), could have the biggest influence on the competitiveness of digital denim. 

Expert D1: “In textiles, especially in the denim industry, cost is a very important factor 

as well as the fashion. Therefore, while adding levels of complexity could add another 

quality aspect to the denim there is also a challenge of meeting the costs. Especially if 

you're printing specific to the garments.”  

P2 also mentioned that when compared to traditional denim, digitally printed denim has 

the advantage in producing banding, ripped, torn or distressed look without the washing process. 

Instead of just having straight indigo dyes, the more components you have, the more competitive 

the digital denim is. 
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Expert P1: “Denim can be very cheap or very expensive to make. It depends on how 

many different things you want it to have.”   

• Sustainability 

Seven experts (P8, D2, D3, D4, D5, D6, M3) thought the digital denim could compete with 

traditional denim because of sustainability and environmental needs. They mentioned that digital 

printing can effectively solve the environmental problems of traditional denim production, 

avoiding the dirty production environment of traditional denim.  

• Technology Barrier 

Five experts (P7, D1, D2, D4, D8) believed that digital denim can compete with traditional 

denim, but current technology needs to be improved to get to this point. Expert P7 said that the 

appearance is still going to be a challenge; Will the digital printed denim and traditional denim 

look different enough to make consumers hesitate? However, Expert D2 believed that as 

technology continues to grow, the biggest challenges such as appearance and color management 

could be solved.  

Expert D2: “I believe that digital printing can compete with traditional printing. Even 

though the current technology can’t satisfy mass production, digital printing will replace 

traditional printing when technology and production conditions get to that point where 

digital denim perfectly matches the traditional denim.” 

• Full Fabric/ Garment Form 

Three experts (M1, P3, D1, and D8) expressed that digital denim’s competitiveness depends on 

whether it is a full fabric form or garment form.  

Expert P3, D1 and D8 believed that it will be more economical printing on fabric with a 

sewing marker than printing on the garment form. Printing on a garment is difficult since a 
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garment is three dimensional, making it difficult to print on the edges of the form. Printing on a 

garment will take extra time, cost and skill to achieve.  

However, expert M1 thought it would be more efficient to find a way to print finishing 

effects on to a garment form, which could simplify and shorten the production time. 

Expert M1: “For garment form printing, you have different sizes that have to be printed, 

and you have to cut after printing onto the actual substrate. But if you could somehow 

print onto the garment after it was made, then maybe there's something to be added 

there, if you could increase the efficiency beyond some of the other operations that are 

already happening in the denim industry.” 

• Printing quality  

Expert P3 and P4 provided some views from a printing standpoint. For digital denim, ensuring 

print quality has a significant impact on its competitiveness. The factors mentioned that could 

affect the printing quality are listed in table 24. 

Table 22: Factors Affect the Printing Quality 

Pretreatment 
Quality of printing substrate: 
Fuzzy fabric must be pretreated before printing to avoid an undesirable look. 
Saturation 
Skew: 
Skew could be an issue for digital denim printing, especially when print with whispering pattern. 

• Fast Fashion: Light to Mid Weight Product 

Expert P6, M3 and D8 believed that digital denim could compete in some limited areas, 

especially in fast fashion products where majority of the products are light to mid weight 

products.   
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Expert P6 believed that the main competitiveness that digital has over traditional, is turn-

around time, which meet fast-fashion’s needs. Traditional printing is currently much cheaper 

than digital for long-run volumes of denim. 

Expert P6: “I am totally confident that digital printing can reproduce and even provide 

much more printed detail ‘on-demand’ than traditional. The print-heads are capable of 

much more detail, with much less water waste. However, the cost per sqm of digital 

denim simply is not low enough to compete with traditional. The fast-fashion trend of 

digital has much more power to move the textile industry than just the attention to be 

‘eco-friendly’.” 

Expert D8 thought that, initially, for any companies involved in the digital denim market, the 

mid to light weight products would be most competitive. 

Expert D8: “I think it would be off the top of my head, items that have a short market life, 

but with consumers wanting different looks, they would tend to want to go with items that 

they would probably wear one season maybe two at the most. Traditional denim, some 

people wear it, last 5-10 years. It's not unusual.” 

• Overseeing of Traditional Denim 

Expert M2 mentioned that the emergence of digital printing technology may actually overtake 

the traditional denim industry. As a strong competitor to traditional denim, digital denim can 

effectively promote the technological innovation of traditional denim, such as waterless dyeing, 

new post-processing methods, more environmentally friendly dyes or higher production 

efficiency. 
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• Supply Chain 

Expert P5 believed that digital denim is a special product and the development of this market 

depends on how the supply chain changes. If the supply chain can cooperate, the development of 

digital denim will accelerate. 

• Customization Product 

According to Expert M2 and M3 opinion, the digital denim could compete with the traditional 

denim especially in terms of customized product. However, it would be more difficult for  mass 

production, 

Expert M2: “With the emergence of digital printing, I could go online and pick the 

design of my own pair of denim jeans. I think digital denim would be really good for that 

application.”  

(2) If digital denim fabric processes were suitable for mass production, for what type of 

products do you believe this fabric would best be suited? 

• High-end/Customization Product  

Eleven Experts (P1, P2, P4, P6, P8, M1, M3, D1, D2, D3, D5, D7) mentioned that digital denim 

would be best suited to high-end/ customization product. Current CAD software applied to 

digital printing industry such as Photoshop, AI and various Rip software can help designers 

make color or pattern changes simply and efficiently. The same is true for digital denim. In 

addition, if the designer wants to add any specific pattern, it can be developed quickly. However, 

this is more likely to happen in higher end markets where more detailed work has to go into 

developing these jeans or denim products with customized whiskers and washed down looks. But 

right now there is a lot of upfront work that the industry would have to do.  
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Expert M3: “For the regular denim, the price may not be compatible, you could provide 

value added higher profit margin clothing and being able to provide designs.” 

Upscale baby/kids 

Three experts (P1, P2, and M2) mentioned that, for high-end/customization products, upscale 

baby/kids market would be a good niche market, especially printed on soft materials such as knit 

fabric. Digital denim can be applied to high-end baby brands, such as printing denim on terry 

fabric, which kids will love. 

• Fast fashion/Trend/Quick Turn Product 

Seven experts (P3, P5, P6, P8, M3, D4, and D8) believed that digital denim would be best suited 

to fast fashion/Trend items/Quick Turn products. As Expert P6 mentioned, the whole key to 

getting a traditional client to print with digital is that they must have a need for ‘fast-fashion, 

quick-turn’. Without that they will always want the lower costs of traditional denim. It is a hard-

sell to get a traditional client to switch just simply for the ‘eco-friendly’ nature of digital. The 

expert stated that a marketing campaign would have to advertise ‘eco-friendly’ to pay the higher 

costs of digital for long-runs. 

Expert D8:“I suggest looking at fabrics and garments that are more fashion oriented 

towards color and styling. Instead of having to engineer digital denim to replicate the 

authentic traditional way, being able to achieve quicker, easier and limitless creation and 

printing of customized denim expand what you can produce.” 

In general, experts believed that the whole textile industry is trending towards fast-turn around, 

which means more frequent, shorter-runs. Customers have money in their pockets and want to 

buy today and then see new designs next month in the store. The stores must focus on quick turn-

around and fast-fashion to keep their clientele. 
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 Expert P5:“I think probably the first adopters would be people who deal in the fast 

fashion especially because they're looking for the flexibility and not for long runs. The 

fact is that the limited production actually can be a selling point or an advantage. If I 

know that I'm going to see the same thing on 15 other people as I walk around, that may 

not be very enticing. But if I know the store only has three of these and only in my size 

because they're produced digitally, I think that could be a selling point.” 

• Colorful Denim 

Five experts (P1, P2, M3, D4, D5, and D8) mentioned that digital denim could print non-indigo 

colors or other color that traditional denim couldn’t achieve.  

Expert P1:“The idea is that you can take the denim concept and expand it to all these 

previous markets that were previously impossible.” 

Expert D8 mentioned that one advantage of digital denim is that digital printing can print 

non-indigo colors. Experts thought that indigo is a natural dye which may not be suited for ink 

jet print heads. Therefore, instead of replicating traditional denim colorations, consider other 

shades that have the same wash down look, but in red, green, yellow.  

Another idea was that, for digital denim, people could print their own patterns and colors 

using CAD software, where designers can change indigo to any color that consumers may like, 

such as green, red, and even specialized colors. Or make different pieces of clothing in different 

colors, such as pockets, the front of the pants, and the back of the pants. After cutting and 

sewing, it could make an interesting pair of contrasting jeans.  

Expert D4: “Indigo has different colors such as blue and black, and digital printing can 

achieve many colors that traditional indigo can't. Therefore, digital printing can create a 
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new product, a product that still has a denim look, but can have a richer color and 

pattern.” 

In addition, Expert D5 mentioned that for digital technology, designers or customers can 

bring in their own patterns and integrate them into the denim design, a process not possible with 

traditional denim. 

• Specialty/Patterned Denim 

Four experts (P1, P2, P7, M3) mentioned that specialty products/ creative pattern products that 

have a more limited market would fit into digital denim industry. For example, digital denim can 

print logos directly for a sports team and icon characters of limited run movies or 

celebrities. Instead of just trying to mimic the look of indigo dyed denim, this would add more 

core value to the digital denim industry. 

• Stretch Denim/Breathable Jeans 

Knit Denim 

Four experts (P1, P2, P4, D8) believed that knit denim would be a good application for digital 

denim, which could create an elastic denim. Knit jersey or knit terry would be a good choice.  

In addition, Expert D8 pointed out that since consumers have accepted jeggings, a new 

knit denim may not have much market resistance. Currently, denim is actually limited to twill, 

although there are some knitted denim on the market today, that are not standard denim.  

Dobby Woven Denim 

Two experts (P1, P4) mentioned that different weaving methods can be used instead of twill 

fabric, such as dobby wovens, to increase the stretch.  
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Tencel (Rayon) 

Expert P1 believed that if tencel can be used for digital denim, it will increase comfort and  

breathability of jeans. 

Expert P1: “Indigo dying of tencel is actually impossible. The chemical process is so 

harsh that it actually dissolves the tencel fabric. It’s one of those things where it’s 

literally impossible to make a majority tencel fiber (such as 97%) jeans. But with digital 

printing we can make it possible. 

Tencel is made from 100% natural wood pulp extracted from eucalyptus. From a 

sustainability perspective, tencel is extracted from wood pulp and can be naturally degraded by 

100%. The unique environmentally friendly fiber manufacturing process allows 99% of the 

solution to be recycled. The main component of cotton is cellulose, which is also 

environmentally friendly. However, Expert D8 didn’t think tencel was a good idea for printing 

since it cannot be washed after printing. 

Expert D8: “Tencel is a type of rayon. And all rayon is fiber like when they're washed. So 

those little fibrillations on the surface will cause the light to be scattered more. In typical 

rayon, people don't wash it, they dry clean it.” 

• 3D Denim  

Three experts (M2, D5 and D6) mentioned that 3D denim also could be a potential new market 

for digital denim since, with talented designers and CAD technology, 3D visual effects could be 

achieved on a 2D printed fabric. 

• High Color Fastness Product 

Expert M2 believed that digital denim is suitable for products that have a high color fastness 

need, especially for kid’s apparel or furniture. For example, Expert M2 mentioned that they’ve 
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had a project with PetSmart who want a denim looking fabric for dog beds. The requirement is 

that when the dog is lying on the dog bed or on the carpet, its blue color does not fade away with 

the dog's activity (such as when the dog drools or moves), which is one of the features of 

traditional denim. However, digital denim has better color fastness, so could potentially solve 

this problem.  

Mass market product 

Five experts (P1, P2, M1, M2, and D1) mentioned that even though digital denim is suitable for 

high-end producst or new products in which traditional denim can’t compete, there are still some 

opportunities for digital denim in the mass production market.  

Leggings (jeggings/jeans leggings)  

Expert M1 and D8 mentioned that jeggings or jeans leggings would be a good choice for digital 

denim as many consumers have already accepted leggings. 

Expert D8: “Consumer has accepted the jeggings. The leggings that look like denim, they 

call them jeggings” 

Jackets, work shirts, bags, accessories: 3x1 twill 

Expert D1 and M1 said that the products for mass production would be the 3x1 twill potentially. 

However, this fabric is not going to be suitable for printing leggings, which would be more 

suitable for printing Jackets, work shirts, bags, or accessories. 

Shoes 

Expert M1 and P1mentioned that shoes would be another choice for digital denim products. 

Expert M1 cited an example where Converse is printing denim color and pattern on their shoes. 

Expert P1 mentioned that his company had a project with one shoe company where they wanted 
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them to print the denim look onto polyurethane leather. The final product would be a 

polyurethane leather pair of shoes that looked like jeans. 

Upholstery  

Three experts (P1, P2, M2, M3) thought upholstery would be a good application for digital 

denim. 

Expert M3 especially mentioned that latex ink would be a good choice for digital denim 

upholstery such as denim chairs. 

Nonwoven 

Expert P1 mentioned that it would also be possible to digitally print nonwovens that looked like 

denim. 

 (3) Do have any additional comments on suggestions for digital denim technology? 

• Is digital denim really sustainable?  

Three experts (P3, D1 and D5) had doubts about whether digital denim is really more sustainable 

then traditional methods.  

Expert D1: “We have to deal with many different issues in terms of sustainability, such 

as chemical usage, water usage and cleanliness. Has digital denim solved some of these 

problems? Although most people think that digital jeans are more environmentally 

friendly, this is currently not supported by data. Perhaps by comparing the amount of 

water we will find that we use as much water as the garments to prepare us to potentially 

print these pigments.” 

Expert D5:  “I would like to know how sustainable it really is and where does it come 

from and what impact on the environment does it have?” 
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• Ink Type 

Three experts (P3, P6, and D8) mention that choosing the right ink type is important for digital 

denim printing. They believed from an environmental perspective, pigment would be a good 

choice since it is comparatively environmentally friendly and has easier post treatment processes.  

Expert P3: “From the perspective of dyes, focusing on potential environmental factors, 

pigment will be more environmentally friendly than reactive dyes.” 

However, reactive dye has better penetration but a more complicated post-treatment 

process and is not as environmental friendly as pigment. 

Expert D8: “I think all applications of color require penetration into the substrate. With 

the pigments, the binders are going to influence the penetration. The pigment is just like 

this paint on the wall. It's been my experience that, it's harder to replicate wash downs on 

pigments than it is dyes.” 

• Ink Saturation  

Expert M2 mentioned that the ink saturation could be an issue that cause difference of 

digital printed denim and traditional denim. The digital printing technology cannot achieve high 

ink saturation as dyeing or screen printing process.  

Expert M2: “Another issue with digital printing is the saturation level of the dye or 

pigment. I think digital denim fabric can have a good application as long as it looks 

really good. But the latest technologies still cannot achieve ink saturation as some 

traditional technology. But as long as you can get the saturation issues resolved, I think it 

could go to a lot of different places.” 
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• Indigo is a fashion icon 

Two experts (P1 and P2) said since historically indigo was found to be aesthetically pleasing for 

many types of consumer products, indigo digital printing could also be used for many different 

applications, not just traditional clothing and home textiles. Therefore, digitally printing a pattern 

that looks for example like an indigo resist will be appealing to consumers. 

• Denim industry needs more innovation and diversity 

Expert D7 believed that the denim industry needs more innovation and diversity. The traditional 

denim industry is “boring”. No matter which color or washing method that the jeans have, they 

all look similar, and there is no big difference in price either. The application of digital printing 

in the denim industry gives denim more possibilities. It can be specialized and customized, and 

designers will have more design freedom. 

Expert D7: “If I took a pair of jeans, no matter if a  pair of washed dark blue jeans, boot 

cut jeans, straight, or whatever, it would look similar. For the price, the majority pairs of 

jeans cost six to eight dollars to make, some may cost $10 to $12 dollars and then the 

market upsells the price. However, when we do the digital printing, it will be more 

specialized and customized. We’re taking more design freedoms, and you can do red, 

gray, green denim and even embroidered denim, there’s so many possibilities.” 

• Texture and aligning 

Expert P7 mentioned that print texture and aligning would be a big challenge for reproducing the 

traditional denim digitally. 

Expert P7:“I do think one challenge would be if you were to try and print fabric to have 

that denim look by aligning the fabric and keeping it on grain. Since denim tends to be 
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made of heavier weights, where you can really see the twill lines, if that doesn't match up, 

then it might look odd.” 

• Laser treatment 

Expert P5 thought that the laser treatment of materials is probably going to be the “hot new 

thing” for a while.  

• Both ends of the “spectrum” 

Expert D3 mentioned that digital denim product can either be sold at the high-end stores like 

Nordstrom or inexpensive fast fashion brand store like H&M. The difference is the amount of 

time and cost that has been devoted to developing the print and the garment. The cost of textile 

digital printed products will vary depending on print quality, print speed, color management, pre-

processing and post-processing.  

Expert D3: “Digital denim can be used for both ends of the “spectrum”, high-end 

product looks pretty expensive compared to mass produced products that initially looks 

good but are really cheap to produce and is sold to more mass customers.” 

(4) If digital denim is mass produced, what do you think will drive consumers to buy this 

new product? Who do you think will be the main target consumer group? 

(4-1)What will drive consumers to buy this new digital denim product? 

• Customization and individuality 

Five experts (M1, D1, P3, P5, P8, and D8) believed that customization and individuality will be 

a considerable market driver. This technology will also fit into the fast fashion market. However, 

steps from printing, cutting and sewing to sales must be complete to achieve customized selling 

and quick order placement. 
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Expert D1:“You’d be able to have your print machines in the same facility as you're 

cutting and sewing, therefore you could be printing, cutting and finishing up your 

garment all in one warehouse, customizable to each individual consumer who's ordering 

online.” 

Expert P3 and D8 believed that there are a lot of opportunities for online sales. 

Consumers could send their measurements with the desired colors and patterns, and the product 

could be produced in a few days, as they thought that the speeds of digital printing could now 

support this production model. 

Expert P3: “I think speed in the market is going to be huge. As fashion changes you have 

quick adaptability because with these more traditional processes it takes longer to get 

that product to market and have to make a large quantity of it. Digital denim can do short 

runs and have more individualized products that are fashion driven.” 

• Novelty 

Expert P7 and P8 believed that the most attractive driver of digital denim growth would be the 

same thing that drives consumers towards all garment purchases - novelty.  

Expert P8: “For digital denim, there's maybe a risk of falling into an uncanny valley, 

where like with humans and robots if the thing is almost perfect, but not quite there's 

something very strange and off about it. But if it is obvious that it's a digital denim, if 

you have something that looks like denim texture and then fades into photo realistic or 

very novel and eye catching, I think that a person would be more likely to pick that.” 
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• Pattern/ Color 

Five experts (P1, P2, D4, D5, and D8) mentioned that pattern or color would be the biggest drive 

for consumers, especially with non-indigo colors or other color that traditional denim couldn’t 

achieve.  

Expert D8:“The first thing consumers look at is color or pattern of color, which is got to 

be something that's attractive to them. Then they look at the overall concept.” 

• Specialty products 

Four experts (P1, P2, P7, and M3) also mentioned that specialty products that have a more 

limited market would fit into digital denim industry. For example, digital denim can print logos 

directly for a sports team and icon characters of limited run movies or celebrities. Instead of just 

trying to mimic the look of indigo dyed denim, this would add more core value to digital denim 

industry. 

Expert M3 also pointed out the company would have to be able get the license before 

adding famous characters. Otherwise, creative/stylish patterns denim could be another good 

choice. 

Expert M3: “I think that's, being able to offer stylish patterns that are outside the realm 

of what people think of denim.” 

• Denim appearance and style with different fabric property 

Four experts (M2, D2, D4, and D6) believed that a big market driver would be similar to some 

other types of denim crossovers where you have the denim appearance and style with different 

fabric properties such as stretch and performance qualities, which traditional denim can't achieve  

unless a blended fabric, and then it's almost not even a denim product.  
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Expert D6: “I could see there being a lot of opportunity there for people who like the 

look but don't actually like the feel of traditional denim.” 

• Environmentally friendly process 

Expert M2 believed that the environmentally friendly process of digital denim would be the key 

market driver. For digital denim, it can be a no water or less water production process. This 

expert believed this would be the key factor that drives consumers. 

Nine experts expressed their concerns about the price of digital denim 

• Price 

Nine experts (P1, P2, M2, M3, D3, D4, D5, D7, and D8) mentioned that for mass production, 

price will be the primary factor affecting purchases. If digital denim products are significantly 

more expensive than traditional denim products, the majority of customers will still choose to 

spend less money on traditional denim. 

Expert M3: “If it's $100 more than your regular pair of jeans. I don't see them mass 

buying them because they don't care. They would rather pay less and get a new pair 

every so often than paying $2000 to a get a new pair every six months.” 

However, Expert M2 believed that the digital denim would come out to be a similar cost 

compared to the traditional denim. 

Expert M2: “I don't think it should cost more though. Because by the time you look at 

indigo, the wash process and all the processes that go into making it, if you can do that in 

a process of printing it the cost should not be higher.” 

In addition, two experts (P1 and P2) mentioned it depends on the countries since digital 

denim products may require the entire production procedure from printing, cutting and sewing to 

sales to achieve customized selling and quick order placement.  
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Expert P1: “If you’re talking about the US, inability will be a bill. I think right now 

China is the one taking the lead on digital denim since it already has a very complete 

production chain from raw materials, printing, tailoring, sewing and sales.” 

Expert D8 point out that the price of digital denim may stay high at the beginning, since 

at first some companies in this business would have to be willing first to create a market, which 

would take a considerable amount of investment. However, the price would fall once there is 

competition. 

(4-2)Who do you think will be the main target consumer group? 

Fifteen experts (P1, P2, P3, P4, P5, P8, D1, D2, D3, D4, D6, D7, M1, M2, and M3) believed that 

young consumers, teenagers, and children will be the main market for digital denim. Experts 

mentioned several different age regions that they thought could be the potential market. 

•  Generation Z/ Millennials 

Eight experts (P3, P8, D1, M1, D2, D3, D4, D6, and D7) thought that digital denim might be 

more profitable for a younger consumer especially generation Z or millennials who would 

potentially be more into the novelty and customization products. 

Expert D4: “I'd say millennials or generation Z. They’re more into this individuality and 

customization because they want it to be different then everybody else -that might be a 

driver as to why people buy this type of product.” 

Two experts (P1, P2) thought that teenage girls, probably between the ages of 10 to 20 would be 

the best target consumer market. However, the price should be affordable, and the products 

should catch their eyes such as blue, green and pink jeans. Or the products should follow the 

fashion trend closely to catch the “selling point”. 
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• Children’s market 

Expert D7:“The children’s market, it doesn’t need to be denim, it could just look like 

denim and you’re not going to have kids’ clothes that long. You might as well get the look 

of it for something that may not last as a traditional denim and have no use for it once the 

kids grow out of that.” 

• Younger children from 9 to13 

Expert P5: “If I was going from mass production in digital denim I probably would go 

after tweens, younger children from 9 through 13. I think they're probably the ones who 

would want customization more than anyone else and they're more interested in being 

individual. Once you get above 14 then I think looking like someone else or looking like 

their friends becomes more important to them. So, then it becomes less attuned to digital 

production.” 

• Young generation concern environmental issues 

Expert M2 believes that most people that would buy digital denim would be a younger age 

group. Mainly because they are the ones who are concerned about recycling and all the 

environmental issues. 

• Teenage to 30 

Expert M3 thought that teenage to 30 is the demographic where there they want to be unique. 

The benefit of digital denim would be being able provide not just a color but a pattern. For mass 

production, patterns can become trendy. However, with digital printing technology, unique 

patterns can be provided that would be different from other designs on the market. 
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(5)What do you think are the possible changes/challenges digital denim will bring to textile 

sourcing/marketing/ manufacturing? 

The possible changes/challenges digital denim will bring to textile manufacturing can be 

summarized as follows: 

• Capabilities/ Scalability 

Thirteen experts (P1, P2, P7, P8, D2, D3, D4, D5, D6, D7, M1, M2, and M3) were concerned 

about the capabilities of the printers.They believed there'll be unforeseen challenges especially in 

different regions as well. Expert D5 also pointed out that, once mass producing, finding enough 

printers to meet the consumers’ demand would be challenging. 

Expert D5: “The cost of upscaling these manufacturing facilities to actually handle it. 

Let's say if one was in Asia or one was in Mexico there might be two different humidities 

that they have to control. I feel like they're going to have to figure out how to control the 

environment for the production process.” 

Expert M2 pointed it out that, even if it is only transported from a factory in the world to 

other parts of the world, because of the different climate and humidity in each region, the fading 

of traditional denim will be greatly different due to the influence of the environment. For digital 

denim, it will be hard to match. Expert M2 also pointed out that accurately printing in all the 

markers will be another challenge. 

Expert M2: “With the digital printing, I know that you can print to your specific marker, 

but because denim has such different effects around the pockets, hands or various all 

over effects, getting that print right where it should be in the marker is going to be hard.” 
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Expert P1,P2 and P7 expressed a point that the biggest challenge in digital denim and in 

all digital printed fabrics is that the high-speed machines that are capable of producing these 

products are not located where the labor for cut and sew is right now. 

Expert P7: “I think that if digital denim is done and it is successful, you're going to need 

to see more of the printing machines close to where the garments are manufactured. 

Finally, we're starting to see some of the single pass digital printers being sold into 

markets like Pakistan, where they do have a lot of garment manufacturing capabilities.” 

Expert M2 also mentioned that the situation is changing slowly. Expert M2 gave an 

example that three of the EFI Reggiani machines were sold to a Pakistani fabric company. But 

the expert believed that the technology and the labor are being placed close enough together to 

make digital denim in the next couple of years. 

Expert P1 and P2 pointed out a related example, China now has the most comprehensive 

industrial production line from raw materials, printing, sewing to cutting, which is suitable for 

digital denim production. However, recently the Chinese government has adopted a more 

stringent environmental policy.  

Education/Training 

Five experts (D2, D3, D4, D7, and M2) think another big challenge that digital denim 

manufacturing will face is overcoming the skill deficit. There will be a big shift in the workforce.  

Expert D7: “So, you're going from people who are doing washing and hand finishing the 

sanding of the jeans to now having digital technicians being able to run the machines.” 
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• Saving Raw Materials 

Expert P3 and M3 believed that digital denim can save a lot of raw materials in production. 

Digital printing can be more focused on customer demand and can use materials more efficiently 

to print what customers want. 

Expert P3 “I think I could imagine if, say you had a web store and you pop up there, we 

have this new design and you can print exactly to order. You wouldn't have to do what 

fashion does now, which is make 2 or 3 times as much as what the industry actually needs 

in order to make sure everybody can get what they want when they want it.” 

• Higher Quality of Base Fabric Needed 

Expert M1 believed that compared to traditional denim, to get high quality products, the 

requirements for the substrate have to be improved during the production process. 

Expert M1: “I think the quality of your base fabric has to be good. In order to get clear, 

clean prints, the quality of the fabric has to be a little bit step up where you don't have a 

lot of surface fiber. So that's something to consider as well.” 

• Sustainability 

Two experts (P5, M2) believed that sustainability benefits would be the key point for digital 

denim marketing and the biggest potential changes for traditional denim market; expert P5 

believed that depends most on whether sustainability continues to be an important topic. If 

sustainability is “sort of like the flavor of the day” and no longer is important to consumers in the 

near future, digital denim will face challenges.  

Expert P5: “it's going to be difficult to compete against the sheer scale of traditional 

denim. But once people understand the huge environmental costs of producing any sort of 

dyed material and move to some less intrusive way which doesn't involve all the various 
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lab dips and dyeing technologies, I think that could be important. But a lot of that is just 

simply depending upon whether it remains important to the public.”  

Expert M2 expressed a positive attitude towards the sustainability benefits that digital denim can 

bring to the current denim market.  

Expert M2: “I don’t think that marketing anything that can be promoted as a 

sustainable and environmentally friendly process would be challenging, but an easy 

task.” 

The possible changes/challenges digital denim will bring to textile marketing can be 

summarized as follows: 

• Consumer Acceptance/ Marketing Resistance  

Ten experts (P1, P2, P4, P6, D2, D4, D6, M2, M3, D8) believed that they can see there being 

some marketing challenges as well. From a marketing point of view, people have a high degree 

of trust in traditional denim fabric. They can see that many people are reluctant to turn to 

synthetic fibers or printed material, which look like old denim.  

Expert D6: “Traditional consumer might not be as quick to jump on the train of trusting 

that the digital printing process will hold up as well as their denim that we've had for 50 

years and still looks great and feels great. These are the things that you have to consider 

if you want to take this to a larger audience”  

Expert D2: “The challenges should convince people that digital denim is going to be 

similar to regular denim in terms of the hand feel and marketability.” 

Expert D2 and M3 mentioned that, for traditional clothing, it is hard to sell that product 

without having some sort of physical garment present. He believes this is even truer for the 

emerging technology of digital denim. If digital denim wants to do customization, especially 
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online sales, the problem of how to show the goods to customers must be solved. Expert D2 cited 

an example of 3D clothing  that was very flashy. 

Besides convincing consumers, they believed it will also be a challenge when convincing 

the head of denim production of large apparel companies to believe that digital denim is 

competitive. Traditional denim fabrics are something they are familiar with and trust. The 

resistance to turning them into digital production is very large.  

Expert P1:“If you want to accelerate the marketization of digital denim, cooperation 

with traditional denim companies is one of the most effective methods. However, for 

large denim production companies, indigo is their symbol and “soul”, that’s where 

resistance exists.” 

• Market Speed  

Expert P3, D1, D8 mentioned that digital denim can speed up the textile market with fast change 

operation. But if digital denim is looking to get into that other side of the industry where it's 

more about volume than manufacturing there would be a considerable slowdown to 

manufacturing because of the process.  

Expert D1: “I feel like if you were trying to match up with what's currently going on in 

the denim world, this would be a much slower, more expensive process in general. So, the 

economy of scale is not going to be there. But on the other hand, you can do a real quick 

small run that is very fashion driven without having to wait for one year build up to 

market.” 
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Summary for Sub-section One 

According to the interview results, the potential market and opportunities of digital denim which 

includes the market competitiveness, suitable products, market drive and target market, changes 

and challenges for manufacturing and marketing were discussed and analyzed.   

Currently, the competitiveness of digital denim technology can be influenced by various 

factors. The printing quality can significantly affect the digital denim appearance, which includes 

pretreatment, saturation and direction of the twill. The cost of the digital denim may be 

influenced by production volume and the complexity level of the finishing effect. Sustainability 

maybe an attractive factor when considering whether or not  to accept the digital denim 

technology. The production form of the digital denim which includes full fabric form and 

garment from can influence the production efficiency significantly. However, although the 

digital printing technology is improving quickly, there were still some technology barriers that 

need to be overcome. In addition, the supply chain for ink, substrate, and printers has to be ready 

before digital denim technology can be competitive for the mass production stage. See Figure 56 

for the details. 
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Figure 56: Competitiveness factors of Digital Denim 

Currently, digital denim can potentially compete with traditional denim in some limited 

areas or create a new market instead of trying to replace the traditional denim market, especially 

in fast fashion, customized, high-end, upscale baby/kids, colorful denim, stretch denim/ specialty 

pattern denim, 3D denim or high color fastness products, where the majority of the products are 

light to mid weights. See Figure 57 for the details. 
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Figure 57: Potential Suitable Digital Denim Products 
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Current CAD software used in the digital printing industry such as Photoshop, Illustrator 

and various Rip software can help designers make color or pattern changes simply and 

efficiently. These features are ideal for the high end consumerization market. Besides that, the 

main competitiveness that digital has over traditional, is ‘fast-fashion, quick-turn’, which can 

meet fast-fashion’s needs. In addition, digital denim could print non-indigo colors or other colors 

that traditional denim couldn’t achieve. Specialty creative patterned products that have a limited 

market would fit into digital denim industry, which would add core value to the digital denim 

industry. Elastic denim with knit or other synthetic fabric would also be a good application. See 

Figure 58 for the details. 

 

Figure 58: Potential Market Drivers for Digital Denim 

Based on the paticipants’ point of view, young consumers, teenagers, and children will be 

the main market for digital denim. Digital denim might be more profitable for a younger 
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consumer especially generation Z or millennials who would potentially be more attracted to 

novelty and customized products. Teenage and tween girls, between the ages of 10 to 19 would 

be the good target consumer market as well. However, the price should be affordable, and the 

products should catch their eyes such as blue, green and pink jeans. Or the products should 

follow the fashion trend closely to catch the “selling point”. The children’s market is ideal for 

digital denim as well since the product doesn’t need to be denim, it could just look like denim 

and there is not a high requirement for the duration of kid’s cloth. See Figure 59 for the details. 

 

Figure 59: Potential target consumer group of digital denim 

Some of the challenges for digital denim mass production that the experts indicated were  

price, ink saturation, appearance, texture, hand feel, alignment, market resistance, consumers’ 

acceptance, industry capability/scalability, education and training, industry acceptance and 

product lifespan. Several particpants felt that cost factor could be a huge challenge for digital 

denim, where the production volume and level of complexity could become the main influence 

factors. Some of the participants stated that taditional was much cheaper than digital for the long-

run volumes of denim. High speed single pass printers suitable for high volume production are 
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fast but expensive, scan type printing may be a more economical option. The market resistance 

from industry and consumers for accepting digital denim will exist. Companies and consumers 

always want the lower costs of traditional denim, and marketing campaigns are needed. Jeggings 

could be a good breakthrough since consumers have already accepted it. See Figure 60 for the 

details. 

 

Figure 60: Potential Changes or Challenges of digital denim 

Part II Sub-section Two: Digital Denim Benefits and Challenges 

(1) According to your knowledge of the denim industry, do you think denim production 

affects the environment? Why or why not? What are some examples?  

All the experts agreed that denim production affects the environment, which consumes  large 

amounts of water and energy and can cause significant chemical pollution. 
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Water Usage and Energy Consumption 

All the experts (P1, P2, P3, P4, P5, P6, P7, P8, M1, M2, M3, D1, D2, D3, D4, D5, D6, D7, D8) 

believed that denim does affect the environment particularly based on the large demand of water 

usage and energy consumption. Expert P1 mentioned that for making a pair of jeans, the whole 

manufacturing process, especially the dying and washing process, may consume about 3600 

liters of water, which does not even include the usage of water for cotton growing.  

Expert P1: “If you include all of that together, the total water footprint of one pair of 

jeans is somewhere around 8000 to 9000 liters of water.” 

Expert D1 pointed out that traditional denim definitely uses more water to make a pair of 

denim versus digitally printed denim, especially when pigment printed or sublimated, compared 

to reactive printed denim. 

Expert D1: “With an indigo dye range there's a lot of demands on heat in the 

environment with water and energy. So, it's plausible without having done a study on 

this, that digital printing could be more efficient.” 

Expert D3 and D4 mentioned that excessive water use has been a serious problem in the 

global denim industry, and although many companies have tried a lot of new technologies to 

reduce water usage, this has been a challenge for the denim industry for decades. 

Expert M2 thought although sustainability is a hot topic in the denim industry today, 

there are still many wash facilities and dryers that are still dumping wastewater into local streams 

and not treating it correctly before discharging. Or if the factories use potassium permanganate 

spray, the workers are not protected or they are not flushing it out correctly, it can have 

environmental impact. However, if factories with safe facilities have good practices to treat their 

wastewater, then it is not environmentally harmful. It all depends upon the production facility.  
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Expert M2: “Traditional denim does have high water usage and energy consumption; 

energy can’t be reclaimed but water can be reused if it's cleaned thoroughly. However, 

reusing water means investing in that technology.” 

• Chemical pollution 

Nine experts (P1, P2, P3, P7, P8, D1, D6, D7, and D8) believed that traditional denim creates a 

considerable chemical waste that leads to serious environmental negative impact especially 

during dying and washing processes.  

Expert P7: “For the dying process itself, you need sodium hydrosulfite and a lot of 

sodium hydroxide, therefore high salt and high alkalinity to get the indigo in reduction. 

Even though the bath can be reused several times, it does still change the Ph of the 

wastewater and put a tremendous amount of color down the drain.  

In addition, the washing process of traditional denim not only provides considerable negative 

environmental impact, but also seriously threatens the health of workers. 

Expert D1: “For denim washing process, potassium permanganate is the most common 

bleaching agent used in the industry, which is a strong oxidizer and it's hazardous to 

workers. But it's widely used since it's a fairly easy product to work with by easily 

springing onto garment.” 

Expert P3: “Indigo usage and potassium permanganate spray are harmful and creates a 

lot of extra wastewater.” 

Expert P7 also mentioned that stone washing and other abrasive processes to soften the 

fabric, rely on mining operations for pumice stones, and have a tremendous environmental 

impact as well.  
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• Air Residue 

Expert D8 mentioned that the stone washing process can produce a lot of air residue which is a 

serious environmental problem. 

• Depends on Countries 

Expert D8 believed that it depends on whether countries follow environmental regulation or not. 

Expert D8: “I think there are effects on the environment is because the people running 

the plants are in countries that don't have regulation, they don't care. If you look at 

traditional dyeing inkjets and garment machines. Indigo is no different from that 

standpoint. What makes denim different is the washing process” 

• Improvement happening 

Expert D8 and D7 pointed out that there are all kinds of new wash equipment coming out with 

low water usage, and laser abrasion are used to create some hand washing effects.  

Expert D8: “Therefore, you can use less water to do washing and still get a nice abrasion 

level. Also, with the use of lasers now, that's an environmental savings as well.”  

Expert D7: “Good companies try to reduce the number of times they dry because that's 

energy to evaporate water. So they'll take in and sequentially do processes.” 

However, Expert D7 mentioned that these technologies are expensive and have limited 

implementation.  

• Economical Boost 

Expert D4 mentioned that even though traditional denim is environmentally harmful from 

different aspects, it provides economic benefits.  

Expert D4: “Denim industry does provide an economical boost for countries that are 

housing that type of manufacturing and also cotton farmers as well.” 
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Therefore, to solve environmental problems without affecting the economy of these countries 

and the income of cotton farmers, a substitute must be found. Digital denim could be an answer. 

(2) Which manufacturing process produces the most pollution and why? 

• Dying and washing  

Nine experts (P1, P2, P3, P8, M1, M3, D1, D4, D6, and D8) believed that traditional 

indigo dying and washing processes produce the most pollution, especially in consuming a large 

amount of water and creating considerable chemical waste.  

Expert D8: “Most of the wet processing is done at lower temperatures and so the main 

pollution would be the color coming off the indigo dye. And then in the case where they 

use discharging agents, nobody much uses chlorine. They have permanganate, 

permanganate substitutes as something that you always have too in a water treatment 

plant, be concerned with Ph and color.” 

The washing process creates different types of contamination, such as chemical, air dust 

and water pollution, depending on the method of washing. At the same time, denim textile 

equipment consumes a lot of energy and produces carbon dioxide pollution. 

Expert D1: “It's dying and also a lot of post-processing. If you're planning on doing any 

bleaching, there's a lot of heat used in the sanforization. In addition, dyeing and finishing 

process is where most of the chemical challenges are.” 

• Washing 

Six experts (D1, D2, M2, P5, P6 and P7) believed both traditional indigo dying and 

washing processes have negative environmental impacts, but compared to the dying process, the 

washing process causes more environmental issues.  
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Expert P7: “For denim, I'm debating between the indigo dry process and the wash 

process. But I would think that the wash down affects process has the most negative 

environmental impact, because the washing process often uses more water than the dying 

process itself. So, the de-sizing, bleach and the multiple neutralization processes that are 

needed require quite a bit of water. I would say that, the vast majority of denim products 

that end up on the shelf have been through some sort of wash down process to give them 

a novel look and that's where most of the water is being used.” 

• Dying, Farming and Washing 

Four experts ( P4, D3, D5, D7) mentioned that dying and farming does the most chemical 

damage and farming created the majority carbon footprint. They believed that water usage 

shuffling creates high volume chemical damage, especially if it is in a water strapped area. In 

addition, the chemicals are extremely hard to remove from the environment once they are out in 

the air. They also mentioned washing process could damage the environment as well. 

Expert D5: “I'd say that's where potassium permanganate comes into play. That 

chemical itself does a really good job at creating the effect. However, if it is not handled 

properly, it will cause serious damage to the environment. Therefore, a lot of industry 

starts moving away from it.”  

(3) What do you think are the possible benefits of digital denim for manufacturing? 

• Sustainability  

Ten experts (P1, P2, P5, D2, D3, D4, D5, D6, D7, and M2) believed that digital denim 

can potentially solve some environmental issues by using less water, reducing water and 

chemical waste. An expert pointed out that the printing process of digital printing will not use 

and pollute water, so the digitalization of the denim industry will significantly reduce the use of 
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water. In particular, if printing, dyeing and washing were replaced by digital printing, that would 

lead to almost 100% reduction of water consumption. For example, Expert P1 said that according 

to statistics, the total water consumption of a pair of jeans is about 9,000 liters, while the water 

consumption for dyeing and washing is about 3,000 to 6,000 liters.  

Expert P1: “Suppose a large denim clothing production company can convert one million 

jeans into digital production every month. If we do the mathematics, then its water 

conservation will be huge.” 

Expert P7 Especially pointed out that for washing process, digital denim can eliminate a 

large amount of chemical and dye usage. 

Expert P7: “Potentially being able to mimic some of these light patches and bleached 

battered looks without having to resort to using chemical bleaches is a big improvement. 

Also, if the color ink could be printed directly on the garment rather than dying to a very 

dark shade and then bleaching or sanding it down, that could reduce the amount of dyes 

usage significantly.” 

However, Expert D8 pointed out that the fabric that used for digital printing still have to be 

desizing, which may also cause water, chemical and energy use. Therefore, digital denim cannot 

eliminate but reduce the water, energy and chemical use. 

Expert D8: “If you're getting the fabric bleached or just scoured after de-sizing from 

somewhere else to go into your digital plant, then that still uses water and energy and 

chemistry. So you didn't remove but reduce it by simplifying the following steps.”  
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• Shorter Time Frame/Simplifying the Transaction  

Eight Experts (P3, P4, P6, P8, D1, M1, M3, and D8) mentioned that digital procedure can 

improve the efficiency, shorter the production time by applying color and washing effects 

simultaneously, which could also reduce the error rate to some extent.  

Expert M1 and D1 brought up an example that for the production of digital denim 

clothing, the marker, color and post-processing effect can be printed simultaneously instead of 

using various procedures, which not only improves efficiency and saves time, but also reduces 

the error rate. 

Expert M1: “ The cool part, you can kind of do anything with digital printing as long as 

you'd get that look right. You're getting the wear down, but you can also get these bleach 

spots. Therefore, you're getting the worn whiskered effect and combining new elements 

simultaneously.” 

Expert P6 pointed out that digital denim can significantly reduce the warehouse storage if 

online sale or fast fashion is achieved. 

Expert P6: “You don't have to have as many garments sit in a warehouse. You have to 

change the way they think in most cases. If you go for online type of thing, I think that is 

may be easier step.” 

• Reduce the Second Rate 

Expert D8 pointed out that traditional garment washing has a higher second rate. 

However, because the digital denim production procedure eliminate some of the washing process 

of the traditional denim manufacturing, it would also reduce the second rate significantly. 

Expert D8: “Because when you roll out a pair of jeans, garment washing has a higher 

second rate. It's a higher second quality rate and does regular fabric dyeing because you 
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get some defects in the process. So digital denim should eliminate those kind of 

problems.” 

• Reduce Labor and Storage Cost 

Expert M3 and D8 believed that traditional denim use a considerable amount of labor, especially 

for dyeing and washing process. However, digital denim do not require so many labor but few 

high educated one, which would reduce the labor cost.  

In addition, digital denim can print according to consumers demand instead of estimation 

ahead of production. This paring on demand benefit can save storage and raw material. 

• Flexibility/Individuality  

Six experts (D4, D5, D6, P6, P7, and D8) believed that digital denim could give  

designers more design freedom, and they would no longer have to worry about their design 

requiring an extra budget. The effect of washing requires equipment, labor and time to achieve, 

and other finishing effects that will appear in the cost accounting would no longer be a concern. 

The denim industry after digital improvement will be more flexible, and designers will be freed 

from restrictions and have more choices. 

Expert P3: “Maybe you don't need as many products made, so you can have shorter runs 

and be more flexible depending, I guess what the consumer wants if they're able to 

customize.” 

Expert D1: “Can individualize potentially so the customer can choose what they want 

their denim to be before they purchase it.” 

• Economic Opportunity for Underdeveloped Countries 

Expert D2, D7 and M3 mentioned that digital denim also create a challenge to the 

economic impact of underdeveloped countries dominated by traditional denim manufacturing. 
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Expert D2: “Some of the countries where they are doing denim manufacturing are a 

lower tech. So, would they be able to adapt and compete in the print denim industry, 

would they be able to support that? And if they can't, would their method of income 

disappear?” 

However, on the other hand, Expert D2 and D7 pointed out that emerging digital denim 

technology could also be an opportunity for those countries as well. 

Expert D7: “If they could actually meet industry needs, that might open up other markets 

capabilities for them that they haven't really touched outside of denim and also within 

denim; by offering different medium that denim texture is printed on.”  

Expert M3 pointed out that digital denim would take more of the jobs to a higher skill set 

which definitely cause a concern about cutting off a lot of the potential workforce needs in 

traditional denim areas.  

Expert M3: “But if they can meet it, that means the people there will have higher 

salaries, skill sets and better quality of life overall. Therefore, it can be turned into an 

opportunity if they meet the challenge.” 

• Technology Migration 

Expert P5 thought that companies that adopt digital finishing or production of denim has 

the opportunity to bring this to other countries.  

Expert P5: “Currently, because of the scale there's only a few countries that produce 

large quantities of denim. But if digital allows smaller production runs and less expensive 

manufacturing procedures to be used, then you can see other countries. You could see 

African countries become a manufacturing place.”  
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Summary Sub-section (1)-(3) 

The environmental effects of traditional denim and the main benefits of digital denim were 

discussed through the interviews. 

Expert participants expressed that traditional denim manufacturing affect the 

environment particularly because of the large demand of water usage and huge energy 

consumption. In addition, traditional denim creates a considerable chemical waste that leads to 

serious environmental negative impact especially during dying and washing process. Besides 

that, washing process can produce a lot of air residue which is a serious air problem. Digital 

denim could be a potential solution to solve those environmental problems. Laser treatment are 

also used to create some hand washing effects. See Figure 61 for the details. 
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Figure 61: Sentimental effects of traditional denim 

Beased on the experts interview interpretation, digital denim has various kinds of 

benefits. Digital procedure can improve the efficiency, shorter the production time by applying 

color and washing effects simultaneously, which could also reduce the error rate to some extent. 

The labor and storage cost could also be reduced. In addition, digital denim has benefits of 

sustainability and environment compared to traditional denim, which can effectively solve the 

environmental problems of traditional denim production, avoiding the dirty production 

environment of traditional denim. In addition, the production form such as full fabric form or 

garment form can make also a big difference for digital denim production. Also, the emergence 

of digital printing technology can oversee the traditional denim industry. As a strong competitor 
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to traditional denim, digital denim can effectively promote the technological innovation of 

traditional denim. See Figure 62 for the details. 

 

Figure 62: The main benefits of digital denim 

(4) What do you think are the potential obstacles or challenges to digital denim being able 

to replicate traditional denim in the market? How could those be overcome? 

Obstacles 1 

• Appearance  

Eight experts (P3, P7, D1, D2, D3, D4, D5, D6, D7, D8, and M1) believed current digital 

printing technology cannot fully replicate the traditional denim effect. Expert D2 pointed out that 

appearance is the most intuitive factor that drives people to buy it, the biggest challenge facing 
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digital denim is the appearance. Expert D8 thought that digital denim product would be more of 

an introductory level to high-end product unless they have high quality of appearance. Expert P3 

and M3 mentioned that they had done some digital denim replication using reactive dye, which 

cannot fully replicate the traditional look. 

Expert D2:  “I think appearance is a big challenge right now. But I think you could sort 

of solve it two ways. You could either go and try to create this hyper realistic denim or 

you could take it another direction and make something that would never be possible to 

create otherwise and get more creative and have more freedom with it.”   

Expert M2 especially mentioned that the whole effect of denim is difficult to achieve 

with digital printing. Digital printing can print holes on the surface, but it won't be very realistic. 

In addition, once it fades later, its appearance may be completely different. 

Expert M1 pointed out that designer’s skill is still imperative for preparing the digital 

files. 

Expert M1: “For some effects, you have to have good artists to prepare the digital files 

such as wrinkled effects.” 

Solution 1 

Six experts (P3, D1, D2, D3, D4, D5, D6, and D7) believed that instead of replacing the 

traditional denim, digital denim will be another option for denim product which would create a 

totally new market.  

Expert P3 and M1 also suggested that pigment ink may have better performance for 

replicating the traditional look. 

Expert P6 believed that with the improvement of the printing technology especially the 

high resolution print heads, the appearance of digital denim would significantly improvement.  
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Expert P6: “Another thing that I think will help with digital denim is that the print heads 

are being made with higher native resolution. The greater resolution print heads will 

help to get those little white flecks and blue flecks placed well enough to fool a person’s 

eye. Some of the older models of print heads that were just 300 by 300 DPI may have 

struggled with that. But now everything's getting faster speed, higher resolution and 

inexpensive.”  

Obstacles 2 

• Dual Side Problem/White Interior 

Seven experts (P7, D1, D2, D4, D6, D7, and D8) mentioned a flaw or challenge for digital denim 

product is the dual side / white interior problem. Denim is two-sided fabric, for digital denim, the 

printed fabric would have a different interior. But if digital denim finally achieves mass 

production, it's hard to define whether this is still denim. In another words, digital denim can 

create a new field that is completely separate from the traditional denim industry.  

Expert D1: “One of my immediate thoughts just looking at these things we have sitting on 

a table is that denim is a two sided fabric. When you're doing it on white substrate, you 

have a significantly different interior than you would have from traditional jeans. So that 

would be something that would have to be addressed.” 

Expert P7: “It’s not the same as traditional denim. It doesn't have the core of the yarn. 

The indigo dyed warp yarn is a white interior with the indigo exterior. That's what really 

makes that denim look happen. I would assume the digitally printed surface effect doesn't 

have that hardware characteristic that a denim does in the long run.”  
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Solution 2 

Expert D2 and P7 believed white back of the fabric would be a challenge, which double sided 

printing could solve this problem but also increase the cost.  

Expert D2: “Digital denim is not two sided unless you print both sides. However, printing 

on both sides would result in the price going up and the production procedure being 

more complicated. But on the other hand, there's a lot of opportunity for playing around 

with the surface and going beyond denim.” 

However, Expert P7 believed there's some companies that already do dual sided digital 

printing and keep updating their technology and decrease the cost at the same time. 

Expert D1, D2 and D8 mentioned that a white fabric which has another kind of structure 

on the back could be used for printing, so that when the digital printed fabric is turned over, it 

will not be completely white. 

Expert D2: “You could just have a white warp and a natural fill. There are ways to do it 

where you could get different colors. We've done that where we have a natural warp, we 

had a blue filling and then get a totally different look. I think the substrate might add a 

little bit more interest to the overall effect of the digital denim.”  

Obstacles 3 

• Consumers acceptance 

Ten experts (P1, P2, P3, P4, D4, D5, D6, D8, M1, and M2) thought the biggest challenge 

would be changing the consumer's mind about what they think about denim. Consumers have to 

be convinced that digital denim is something better for the environment and individuality but 

have similar appearance and durability as traditional denim.  
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Expert D8: “The potential obstacle number one is consumer acceptance, which is to get 

the consumer to see if there's an advantage aesthetically and cost.” 

Solution 3 

• Sustainability Story 

Five experts (P3, M1, D4, D5, and P4) believed that digital denim needs a good marketing 

strategy, a sustainable story that allows consumers to understand that digital denim is 

environmentally friendly while realizing the negative environmental effect of traditional denim.  

However, Expert P4 pointed out that consumers are often reluctant to pay more for the product. 

Expert D4 also mentioned that customers usually are not willing to take any risk. Therefore, a 

strong marketing campaign would be required. 

Expert P4: “But what's interesting is that even if consumers know that digital denim is 

environmentally friendly, they don't want to pay more for it, so a good marketing story is 

very important to convince them.” 

In addition, Expert D8 mentioned that the information given to consumers must be short, 

clear and attractive. Otherwise, they may not read or notice it at all. 

Expert D8: “I think that you're limited how big a “hang tag” you put on there. You give 

them too much information, they won't read it. It has to be something that catches them 

very quickly.”  

Obstacle 4 

• Industry Capability/Scalability  

Six experts (D2, D3, D4, D5, D6, and D7) were interested in the scalability of digital denim. 

They believed that if digital denim is for small run and customized production, existing 

equipment and supply chain should be able to gradually meet the demand. They believed that for 
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high end/ fast fashion products which require small production volume, it will be easier to build 

a standard principal than mass production. 

Expert D3: “I'd be interested in the scalability of it. I think on more capsule collections 

like the higher fashion stuff would be easier to do principal things.” 

But once digitally printed denim is mass produced, the ink storage, transportation and printing 

quality control will be a tricky issue. 

Expert D5: “It's easy to print one pair of jeans on these printers out here with small 

cartridges. But once you start going into the mass where you have 100 gallons of ink just 

there. Where are you going to store the ink, how are you going to ship the ink to the 

manufacturing? These are complications that probably aren't being thought about right 

now because everybody's doing it local on these small printers, but to do mass you really 

have to put thought into that.”  

In addition, the original set up is costly for mass production and the supply chain needs to be 

significantly changed.  

Expert D6: “How are you going to ship all that ink into these factories and then load it 

into the tanks? And is the ink industry ready for that?”  

Expert D7: “If this was ever to go to a mass market kind of product, I'd be curious to see 

how much of a factory and process you have to set up for that to fully replace the 

traditional process development wash process.” 

Obstacle 5 

• Industry Acceptance 

Five experts (P1, P2, P5, P8, and M3) thought the primary obstacle is the attitude of apparel 

manufacturers in their approach to new technologies. Most manufacturers are still in a very 



161 
 

traditional mindset, especially in the textile sector. What most companies are concerned about is 

still the cost of input and output of new technologies, not what innovation can be achieved with 

digital production models. However, there are still some textile companies with very advanced 

concepts, willing to develop and try new technologies, expert P5 cited Patagonia as an example. 

Expert P5: “Let's say Patagonia could be an example of a company that is extremely 

Earth minded in their thinking. They will look at the opportunities with digital production 

and see something different than a company who is only concerned with how much can I 

crank out. Part of it is marketing spend, the other part is where the corporate mindset is 

on how they want to try and do their business.” 

Obstacle 6 

• Increase Flexibility but lose Individuality 

Expert M1 and M3 mentioned that individuality can be a big concern for digital denim. The 

traditional indigo is sulfur-based, therefore, there is blue around the white core. Overtime, as the 

indigo wears away, the white shows through, which is wear marks for each specific customer. 

The fade away effect is difficult to achieve with digital printing. Digital printing can print out the 

worn directly onto the fabric, but it's not the same as somebody wearing it and getting those nice 

worn areas on the indigo.  

Expert M1: “Digital printing gives you flexibility but then you're not getting that 

individuality which happens when I'm wearing this. I'm wearing the denim in certain 

places that you can't print and kind of envision where I might wear down my denim.” 

Solution 6 

Expert M3 believed that using the latex digital printing ink could give digital denim some 

individuality since latex ink will fade away as rubbed, abrasion or washing, which is similar as 
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indigo. But Expert M3 do think latex print would fade away faster than indigo denim. But latex 

would be a good choice for digital denim home textile instead of wearing. 

Expert M3: “I wouldn't consider latex right now a wearable. Because the wash-ability 

for the latex maybe not in that application but suitable for home textile. You're getting 

that dye out in the line of those lighter stages from wear, just how it's been rubbed or 

whatever. It's kind of interesting because denim color will fade away as well. “ 

Obstacle 7 

• Washing Effect on Seams 

Expert P7 and D8 pointed out it would be hard to replicate the washing effect on seams. 

Expert D8: “Around the seams, the pockets are going to be harder to get with the digital 

print. So that may mean that you have to do some garment washing after the garment is 

made, which cause you to lose some of your cost advantage.” 

Solution 7 

Expert D8 mentioned that digital denim can still be washed after cutting and sewing to garment 

form. Because after printing, printed fabric has to be washed to get rid of some of the binder on 

the pigment and to pre-shrink it in lot of cases. Therefore, color can be printed using the ink-jet 

printer but get washed after cut and sew to gain the washing effect. 

Expert D8: “There's no reason you can't garment wash the one after you sew it together 

either. If you print this and sew it together and just wash it, it's going to help the overall 

handle hand of it and improve the shrinkage, because you tumble dry it. And if you've got 

the pigments, you plan on after wash at anyway, so that wouldn't be a problem.” 
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Obstacle 8 

• Alignment 

Expert P7 and D8 thought that alignment and keeping the print and the pattern on grain 

would be a challenge.  

Solution 8 

Expert P7 mentioned that there are already technologies that could potentially overcome 

this. Expert P7 cited Atexco as an example since it has a digital printer that has camera on it 

which can be used for positioning prints on lace. With Atexco camera guided system, they can 

print on both sides of the fabric and line up those prints perfectly. Expert P7 believed that if a 

technology like that was widely used, that it could overcome those challenges. 

Obstacle 9 

• Price 

Expert P7 and M3 believed that for current market, digital denim related products are 

only present in the high-end market in a small amounts. According to Expert P7, only two 

companies so far really embrace, produce and sell denim with digital printing technology 

applied. The first example is Mother Denim, who introduced a jean with a photo realistic tropical 

floral pattern in 2010 or 2011. However, the price was over $250 for one pair of jeans. The other 

more recent example from Calvin Klein used digital denim for jackets and garments. They were 

making part of the product look like denim fabric and then printing out a photo print of a 

cowboy, a barn or something similar, where it was very obvious that it was a digital print. In 

addition, being part of the luxury section of Calvin Klein, those products were going for over 

$1000, closer to $2000 for a jacket.  
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Expert M3 also pointed out that if digital denim wants to “replace” the tradition denim 

market, the price has to be competitive. 

Expert M3: “The biggest driving factor would be low cost, low margin, getting in 

to Walmart target and Old Navy, these lower priced retail outlets. Where they can 

provide, the customer wouldn't really matter.” 

Solution 9 

Expert D1, P3 and P6 believed that with the introduction of single-pass high-speed printers, it is 

possible to lower prices. At the same time, the emergence of high-resolution printheads will also 

drive market advancement. 

Expert P6: “I think eventually with the single pass printers and much higher speed 

printers coming on to the market, that it'll be possible to bring the price point down. 

There is some potential out there.” 

Obstacle 10 

• Texture and Hand Feel 

Expert D1, P5, P6 and D8 believed that for today's digital printing technology, color is well 

reproduced, but replicating the texture and hand feel will be a significant challenge. 

Expert P5: “I would have to say that's going to be challenging because so much of that 

has to do with texture and feel. Although printing can do many wonderful things, it's not 

going to change the feel of the material unless you have some very interesting dyes or 

inks that are being used. I don't think that's going to change the feel of the textile as much 

as a weaving or knitting method of altering the feel of a product.” 
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Expert D1: “Digital denim could take 300 gsm jersey fabric and make a pair of jeans 

from it, which will have similar shade and effect. However, the texture will not look the 

same and the hand feelings will be harsher.” 

In addition, Expert D8 pointed out that the poor hand is going to primarily affect pigment 

prints.  

Solution 10 

Expert P7 believed that besides the new pre-treatment or post-treatment process, pigment ink 

would be another solution to improve the hand feel. 

Expert P7: “The hand on a digital pigment print is pretty good and I think especially if 

you are considering printing on a heavy weight 3 by 1 twill, 9 ounce or higher fabric that 

the hand from the pigment would not have a negative impact on something with that high 

of a weight.” 

Obstacle 11 

• Product Lifespan 

Expert M1 and D8 thought product lifespan can be an issue. The product life of a digital garment 

versus traditional indigo would be a lot different. Traditional indigo will remain longer, while 

digital denim is more susceptible to fading or fluffing. When these happen, the color will not be 

so rich, which may affect the consumer's purchasing confidence, which is a concern for the long-

term development of digital denim.  
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Part II Sub-section Three: Digital Denim Reproduction Effects 

(1) There are various kinds of denim fabric in the textile market. In your opinion, what 

is the mainstream denim fabric type in the textile market?  

(2)  

• Non-stretch denim especially for man 

3x1 Twill (12/10, 12, 14 ounce) 

Nine experts (P4, P7, M1, D1, D2, D3, D4, D5, D8) believed that 3x1 Twill is the mainstream. 

For the fabric weight, eight experts (D1, P4, P7, M1, D2, D3, D4, D5) 3x1 Twill with 12 ounce 

weight is the mainstream or most common construction denim fabric type in the textile market 

especially for men’s wear. Expert D8 believed that 3x1 Twill with 10/12/14 ounce weight is the 

mainstream (Figure 63). 

Expert D5: “For men especially, 3x1 indigo warp, 12 ounces, natural fill is the 

mainstream. But now I would say spandex is a big part of that, stretching the denim by 

having just a little bit of spandex in indigo denim, especially in the women's market. 

However, I still think the 3x1indigo warp, 12 ounces is what's thought of as traditional 

denim.” 

Broken twill 

Expert P7 and D8 mentioned that besides 3x1 twill fabric, the broken twill is also popular for 

some of the textile brands, but the vast majority would still be 3x1 twill. 

Expert P7: “3x1 twill would be the most common construction and, besides that, broken 

twill is popular for some brands too.” 

 

 



167 
 

• Stretch denim especially for women 

Six experts (P1, P2, P3, P4, P5, P6, P8, M1, M2, D4, D5, D6, D7, and D8) believed that cotton 

and spandex blended stretch denim is the main fabric type especially for women’s wear. Expert 

M1 mentioned that there is also stretch denim for men’s wear which is called “mandex”. 

Expert D1: “100% cotton is the “true” traditional denim but stretch denim with a little 

bit of Spandex is probably the most mainstream currently, especially for women’s wear.” 

For the blended percentage, Expert P1, P2, P4, D4, D5, D6, D7, M1 and M2 mentioned 

that 98% cotton and 2% spandex is the most common fabric type. In addition, Expert M2 

believed 99% and 1% spandex is also common stretch denim fabric type. According to the 

weight of the blended stretch denim fabric, Expert M2 thought 98% cotton and 2% spandex with 

8-9 ounces weight is the main stretch denim fabric. Expert P1 and P2 mention that 7-12 ounces is 

the most popular weight range of this fabric.  

Expert D4, D5 and D7 believed that the stretch denim is the current trend but may change 

in the future as the fashion style is rapidly changing. 

Expert D5: “Any kind of denim with stretch I think is really big right now. But there may 

be a shift in that trend, if change or fits get further away from the body which means they 

don't need to be stretchy.”  

• Laser Treatment 

Expert D3 and M3 thought that driven by that customization need, the laser is one of the most 

emerging technologies that will cooperate well with fabric development; which is a different 

factor adding to denim fabric finishing effect. Expert D3 believed that just like digital printing, 

laser can provide the ability to manufacture in a more cost and ecologically effective way.  
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Figure 63: Mainstream of denim type 

(2) Which type of denim is the most suitable to be replicated through ink-jet printing and 

what do you think is the most appropriate application for replicated digital denim? 

Appropriate Application 

• New Products 

Seven experts (P1, P2, P5, P6, P7, P8, and D1) believe that the most appropriate application for 

digital denim is the development of new products that traditional denim cannot do. 

Expert P1 gave an example. They worked with a British company to print the effect of 

denim on the surface of the viscose. Therefore, after being made into clothes, the product is 

smooth on the side of the skin but has the color and texture of the denim on the outside. 

Expert P7 mentioned that digital denim would be a good application if printing 

technology could achieve the effect different enough to where it didn't look strange. 

Expert P7: “I think it would be cooler to do an indigo look on a not denim face fabric or 

a bull denim cause then it would look like I'm not trying to fake indigo denim. I just want 

kind of an indigo effect on a different substrate such as cotton linen or cotton twill. 

Consumers can tell what's not traditional denim, but it's got some indigo effects to it.” 



169 
 

Expert P5 said that current digital denim printing would still show some visible 

differences in the distressing or special texture appearance of the material, so it is the right 

direction to develop a new application as a totally new market. However, using printing 

technology to better simulate textures to replace some fabric post-processing is a development 

direction that digital printing should focus on. 

• Stretch digital denim/ Athletic digital denim 

Seven experts (P4, D2, D3, D4, D5, D6, and D7) believed that stretching denim is the trend. At 

present, stretch denim has a large share in the market and is very popular among consumers.  

Expert D6: “I would say stretch them. I feel like the character of raw denim that people 

want to wear down is not applicable currently to digital printing. But stretch could get 

away with that.” 

Expert P4 pointed out that applying the appearance of denim to more elastic fabrics or 

athletic clothing, such as digital printing sports legging, should be more popular. 

Expert P4: “Stretch is a lot more trend driven. Whereas the denim, depending on who's 

buying classic pair of raw denim, doesn't really care about trends as much. Whereas the 

stretch is the consumer trend and we may be able to catch that a little bit more with 

printing.”  

• Figurative Pattern Denim 

Expert P3, M1 and M3 believed that digital printing can not only copy the washing effect of 

denim, but even reprint personalized items to express the metaphorical meaning. 

Expert P3: “Even affects that are more figurative, just like when people write on their 

jeans or get stains. In college I would write all over my jeans with a sharpie marker. 

That's another way of kind of adding that personalization from the very beginning that is 
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not necessarily a finishing effect but a “wear and use” effect. I guess that'd be a one way 

to put it. 

• Light Weight 3 x 1 Twill Fabric (10 ounces or lower): Better Ink Penetration 

Expert D8 thought that inkjet is primarily surface oriented, especially pigments 

are surface deposits.  As the ink will glued on, a mid-weight to light (10 ounces or lower) weight 

3 x 1 twill fabrics would have more penetration, which would make it easier to print a wash 

down or distress look.  

Expert D8: “Traditional slasher dyeing will dye deeper than the digital printing. We'll 

find a way to get digital printed ink deeper into the fabric that might help. Therefore, 

start with mid to light weight fabric such as 10 ounces or lower in your initial work 

would help.” 

Reactive dye penetrates deeper but need more complicated post treatment processing and is not 

as environmental friendly as pigment. Therefore, how to choose the right ink, and get as much 

penetration as possible would be a big issue for digital denim to replicate the traditional denim. 

• Plain Weave Denim 

Expert M2 mentioned that plain weave fabrics could be a good choice for digital denim, 

because printing on plain weaves rather than twill fabrics results in better dye coverage, while 

digital prints can be used to reprint twill visuals. In addition, many denims have “twerking” and 

shrinkage issues in production because of the direction of the twill, the way the yarn is twisted, 

and the structure of the fabric. Therefore, if printed denim is effective on plain weave, it may be 

possible to overcome these problems. 

Expert M2: “I would like to see prints of a twill fabric versus a plain weave fabric just to 

identify if the saturation was different. Because you could actually print on a plain weave 
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fabric and get better dye coverage, but you could print the twill direction. Also, I can tell 

you that a lot of denim has issues with twerking and shrinkage that's because of the twill 

direction, the way the yarns are twisted and then the construction of the fabric. So, with 

print denim effect on a plain weave, you might be able to overcome and not have those 

issues.” 

(3)There are various types of finishing effects for denim fabric. In your opinion, what are 

the main finishing effects in the textile market? And what are the effects that can best be 

replicated by ink-jet printing? 

(3-1)What are the main finishing effects in the textile market? 

• Bleaching, Stone washing, Hand sanding 

Eleven experts (P3, P4, P7, D1, D2, D3, D4, D5, D6, D7, and M3) believed that bleaching, stone 

washing, and hand sanding are the main washing effects of traditional denim production. Expert 

P7 and D1 pointed out that the most popular washing effect of denim is bleach, the second one is 

stone washing, and the third one is hand sanding.  

• Bleaching and Hand sanding 

Expert P5 thought that bleaching and hand sanding are the most popular washing effects 

currently for traditional denim production.  

• Stone washing, Hand sanding 

Expert M2 thought the most common washing method would be stonewash effect, even though a 

lot of people aren't using stones now. Instead of using stone, other abrasives such as enzymes, no 

stone washing are utilized to get the stonewash effect.  
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Expert M2: “Stone washing is an allover washed down effect which should be able to be 

achieved by digital printing. But the effect of seam could be a challenge, I guess you 

could be able to achieve it by some CAD artwork.” 

The other major washing effect that Expert M2 mention is localized sanding, which like hand 

sanding or permanganate spray either in the front or the back. But for localized abrasion, Expert 

M2 thought it is hard to achieve since it is pattern specific, which requires the identification of 

print location. 

Expert M2: “I don't know how you could replicate localized sanding because that's so 

pattern specific. I think it could be done, but just like a print placement. If you're doing a 

transfer and want a print placement, they can line up the marker in the digital print setup 

so that the placement is exactly where you want it. They would have to do that same thing 

for abrasion on the denim.” 

• Bleaching 

Expert P6 and P8 mentioned that bleaching is the most common used washing method. 

• Hand Sanding 

Expert M1 thought that hand sanding are the major traditional denim washing processes. The 

newer popular treatment methods are embossed, which does not belong to the traditional rinsing 

method but can achieve a new appearance. 

• Hand Sanding, Carbon Dioxide or Water Pressure Blasted, Stone washing or 

Discharging chemistry 

Expert D8 thought currently the major washing methods include hand sanding, carbon 

dioxide or water pressure blasted, stone washing or chemical discharging. The popular washing 
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effects are whiskers, abraded areas, holes and localized abrasion, which are usually around the 

pockets in the fly, the waistband, belt loops, hip pocket or sect cuffs 

• Laser 

Expert D6 mentioned that laser treatment is a new application that is now popular in denim 

production. Different washing effects can be obtained by adjusting the energy density of the laser 

treatment. However, it can be obvious that it is a laser effect, and it is difficult to obtain a more 

realistic appearance. 

• Banding 

Expert P1 and P2 thought among many kinds of finishing on the denim market, for denim 

clothing, the most important finishing is banding. Digital printing makes it easier to copy this 

finishing effect. For other finishing effects, it may need to be attained by highly professional 

designers or expensive scanning equipment, so in terms of economic efficiency, banding may be 

the most suitable effect for current digital denim. After all, the ultimate goal of production is to 

sell.  

(3-2) What are the effects that can best be replicated by ink-jet printing? 

• 1.Bleaching; 2.Stone Washing; 3.Hand Sanding 

Eleven experts (P3, P4, P7, D1, D2, D3, D4, D5, D6, D7, and D8) believed that bleaching will be 

the easiest effect that can be achieved by digital textile printing, followed by stone washing and 

hand sanding. 

Expert P7: “For denim finishing effects, number one is going to be bleach downs. 

It will be challenging to replicate on digital denim, but I do think it's possible. Then 

second would be stone washing. I think that will be challenging because you get a lot of 

the design effect at the seams which is hard to match up.  Third would be hand sanding. I 
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do think that digital denim would be a good candidate for replicating hand sanding since 

that's mostly done on the thigh area and to the seat of the garment. It is not near a seam 

where things have to be aligned and match up perfectly across a certain seam. Therefore, 

hand sanding would be an easier effect to replicate.” 

• Replication Areas for Jeans 

For the different replication areas, Expert D8 mentioned that the whiskers, abraded thighs, seat 

of the pants and the wallet in the pocket are easy for digital printing replication. However, 

washing effects on the seams are extremely hard to reproduce. 
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PART III: Digital Printing and Manufacturing 

Part III contains two general questions. The first question is about the major challenges of digital 

textile printing. The last question asks which factors are most important to each participant’s 

company.  

(1) What do you believe are the major challenges of digital textile printing? 

• Labor Training  

Eighteen experts (P1, P2, P3, P4, P5, P6, P8, D1, D2, D3, D4, D5, D6, D7, D8, M1, M2, and 

M3) believed that the demand for labor will change, and labor training will become one of the 

biggest challenges for digital printing. For traditional screen printing and traditional denim 

production, the creativity and skills required for digital technology will be completely different 

for traditional industries. Highly educated and skilled labor will have to be hired or trained to 

meet the demand. 

Expert M1: “It depends on what you're trying to achieve with your digital print. If you're 

trying to mimic traditional indigo denim, then that would be color, accuracy, 

believability of the print. That would require labor, not even labor training, but more 

creative training, being able to get the layers of color in a traditional indigo into a digital 

print. So that would take definitely artists as you would say, digital artists. That's what I'd 

see as the major challenge.” 

Expert D1 believed that the biggest challenge, especially for digital denim printing 

production, is scalability and labor training.  

Expert D1: “If you're looking to mass manufacturing digital denim, then there's a lot of 

roadblocks to speed for creating large quantities of goods as opposed to if you're doing 

short runs. If you are printing before cutting the garments, then there's another layer of 
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accuracy in the cut and sell operation because you have to cut out the actual piece and 

that has to match where the print is. This opposed to doing it and layers of goods where 

you cut fifty layers of fabric at the same time for that batch of sizes. That adds a lot of 

individualized manipulation of the product as its being manufactured. Therefore, I would 

assume higher skilled workforce is needed” 

Expert M2 and P5 thought number one issue is education for everybody, which wasn’t a 

very big issue ten years ago. But the need for education is growing since newer printers are 

showing up as technology develops. Digital printing has come a long way, with modern 

technology, Expert M2 believed that the color, fastness and cost issues do not exist as much. 

However, there's only a few of the digital printers in the market and not all the industry has 

access. 

Expert P5: “Having someone who is able to master the full workflow of using digital 

printing. What I've seen in the past is a lot of companies who invest in a printer but fail to 

make the investment in software, training or finishing. However, they're saying that I 

can't make money because I can't sell my product. Well if you don't approach it as “what 

do we need to have completely to do this right?” Then I think that digital printing will be 

a bit of a letdown.” 

• Printing Speed 

Three experts (D1, M1, P3) mentioned that digital printing runs at a speed that is not as fast as 

standard textile manufacturing operations. Therefore, only the printing speed itself may become 

a major obstacle. 

Expert M1 thought the speed of standard textile manufacturing needs to reach about 

300m per minute. Expert P3 believed that digital printing is still a new technology. Although the 
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emergence of high-speed digital printing machines has increased the printing speed to 100 m per 

minute, this is only a theoretical speed. In the premise of ensuring print quality, hundreds of 

fabrics that require the correct color can be printed at a speed of about 60 to 70 meters per 

minute. 

• Limited Print Head Lifespan 

Expert P3, P7 and D8 mentioned that the limited lifespan of print head would be another issue 

for digital printing. Print head has a limited lifespan for about a year with running full 

production.  

In addition, they're very easily damaged and a lot of the printers, especially older model 

printers, replacing a print head requires an extensive realignment process. That means the 

manufacturing companies could lose one or several days of production to try to get a new aligned 

print head placed. Besides that, recreating the color profile does take a tremendous amount of 

time. Therefore, it is a big hindrance to adopting digital printing. 

Expert P7 also pointed out that the cost for replacing the print head is considerable. 

Expert D8 also mentioned that having someone highly skilled to maintain the prints to avoid the 

breakdown is hard and cost as well. 

Expert P7: “I don't know how expensive the print heads are on a single pass printer. But 

I looked at it recently on the SPG prints digital printer 343 print heads on one of their 

single pass machines. If we say at the low end, one of those print heads would be $3000 a 

piece, times 300 of them. You're looking at a tremendous amount of money tied up in the 

print head. And especially tied up in a something that has such a limited lifespan.” 
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• Color accuracy  

Expert D1, P3 and P6 believed that for digital printing, especially when digital printing is applied 

to replicate traditional industries, such as screen printing and traditional denim effect, color 

accuracy will be the biggest concern. 

Expert P6:  “If you printed the wrong color, what do you do with that fabric? At least 

when you weave and dye with the indigo, you know what you're going to get for the most 

part. But for digital printing, if your goal was to purely replicate, both color and detail 

need to be replicated. There would be so much detail lost, therefore color accuracy will 

be the biggest issue.  

• Color Consistence/ Production Management 

Expert P3, P5, P6 and P8 thought that color/production consistence is challenging for digital 

textile printing.  

Expert P5 mentioned that managing color requires specifying color correctly, delivering 

color correctly from the print head or print engine and maintaining that over a production run. 

Even though those are all much known processes to do, it is rare to find someone employing 

correct color control from start to finish. In addition, they mentioned that it is hard for digital 

printing to maintain the same color on different materials.  

Expert P5: “In my role of the company, we see a lot of times when people say well that's 

not my right color. The reason is because you specified it incorrectly originally. You 

chose the color that can't be reproduced on this material. I mean someone says I want 

this color on this material. To do that and achieve the degree of color fasteners or light 

fasteners that you want will require using a specific combination of color rinse. If you 

don't choose correctly. You may try and make a product that you can't really make.” 
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Expert P8: “That's very hard, if you want to have the same color on different materials 

using different production processes, you have to make sure that you can achieve that 

color first on those different substrates. That usually doesn't happen early enough in the 

process. People specify the color and then try to figure out why they can't get the color 

right. It would be a lot easier if someone said well before we go anywhere are these 

colors achievable using our method on these substrates? Oftentimes the answer is No.” 

They also pointed out that even if the manufactures are able to produce the color 

correctly one-time and many of them do not have processes in place to make sure it consistently.  

Expert P8: “They may do the measurement at the start of the run and determine that 

things are fine, but not do another measurement until the next start of the run.” 

Expert P5: “A lot of people don't have any in-line color control and they don't 

necessarily plan to do measurements throughout the production run.” 

Expert P6: “It's unrealistic to expect any manufacturing process not to have some 

deviation. The key is do we know what the deviation is, and can we control the deviation? 

And at what point do we have to rebalance, reprofile or re linearize to get the correct 

color? That's part art, part skill, part experience.”  

• Ink Saturation/ Penetration  

Expert P3 and D8 believed that the ink saturation/ penetration of digital printing will be an issue, 

how to improve the penetration of dyes would be a worthwhile topic.  

Expert P3: “When you look at the digital prints, depending on your ink chemistry, you 

might have more dithering with reactive dyes, but you're able to hit those brighter, 

saturated colors with reactive dyes. With pigments, maybe the dithering is decreased, but 

you are not as saturated.” 
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Expert D8 also pointed out that compared to digital printing, rotary screen printing has 

high ink penetration.  

• Poor hand property 

Five experts (D2, D3, D4, D5, and D6) said that although high capital investment, color accuracy 

and labor training are huge challenges for digital printing, they believed that the biggest 

challenge for digital printing manufacturing is hand. New pigment ink, new pre-treatment or 

post-treatment process may be a breakthrough to improve it.  

Expert D3: “I feel like for me one of the hardest challenges would be manufacturing as 

well as getting that hand in feel to a point where it's like a typical denim garment today. I 

think  from manufacturing to the marketing standpoint of actually getting a customer 

excited to buy this garment and then also what the customer feels in the garment there. 

However, the high capital investment, color accuracy, labor training touch on each part 

that would be a trouble for printing denim. They're all extreme challenges.” 

Expert D8 pointed out that  

• High Capital Investment 

Six experts (P3, D2, D4, D7, P4, P5, P6, and D8) believed that high capital investment is the 

most important issue of digital printing at present, because the hardware investment required for 

digital printing to achieve mass production is relatively expensive. Expert M2 mentioned that the 

high-speed printers are still expensive, which is about $2 million range. Besides that, installing 

the corresponding rip software, finishing equipment and labor training also requires a 

considerable investment. 

Expert P6 believed that the major challenges of digital textile printing would be high 

capital investment. But it also depends on the print volume. If the print volume is small and 
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biased towards customized order, the price of each unit will be higher and the totally cost may 

not be too high. However, if it is mass production, the cost of digital printing is higher than 

traditional printing methods. However, with the continually development of technology, the 

emergence of high-speed printers, Expert P6 believes that investment costs will continue to 

decrease. 

Expert P4 thought that for tradition screen printing company, investing for a digital 

printer would suspend the same amount of money on a new screen-printing equipment. Expert 

P4 believed it would be better off investing that in a digital printer which have a lot more 

flexibility. 

Expert D8 pointed out that labor is expensive to pay, especially CAD technicians. 

Finishing Facility Investment 

Expert P6 and P7 mentioned that companies interested in buying digital printing machines do not 

necessarily have access to finishing facilities such as steamers and washers that would be needed 

for reactive or acid dye prints. It would be another major hindrance for the investment in digital 

printing technology.  

However, pigment would be a good solution since it does not require complicated 

finishing process. But on the other hand, the color gamut of pigment is not as wide as disperse or 

reactive dye. 

Expert P6: “I do think pigment is going to be a good solution right now, but the color 

gamut of pigment does not compare to that of digital disperse or digital reactive. So, the 

limited color gamut and the dullness of the color is a major hindrance.” 
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• Oversold by the manufactures 

Expert P5 believed that the biggest problem for digital printing is that it tends to be oversold by 

the manufacturers, which means the printer manufacturers always show their consumers the best 

that they can produce. And they do not explain the expertise that was involved in having 

technician who knew how to do that.  

Expert P5: “Printer manufacturers will go and install, oh it'll do this many square meters 

per minute or per hour and they're almost always talking about an unreal situation where 

the printer never stops. The file never has to be produced properly. No one ever comes in 

and says that's not my color. They're always talking best case scenario and people buy 

the systems with that in mind. That's a roadblock because if you invested and it didn't 

meet your expectations because you were given too high expectations, then you're not 

going to go back to that easily. I think that's been something that has hurt the industry in 

terms of adoption.” 

(2) For manufacturing, which factors are most important to your company?  

• 1. Cost; 2.Quality 

Fourteen experts (P1, P2, P3, P4, P6, P8, M1, M2, M3, D1, D2, D3, D4, D5, D6, and D7) 

believed that cost would be the most important factor followed by quality as the second 

important factor.  

Expert D3: “I do think that for the market, product cost is the major factor. Because for 

garment retailers, they're chasing pennies in their supply chain. So, I do think that cost is 

number one.” 

Expert M2: “I think the most important thing that people are looking for is cost. I would 

even put costs above quality because if it's cheaper and a little less quality that would be 
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okay. Most of the consumers concerned right now is about cost. All of the brands and 

retailers, they need to make more money. So, they change sourcing constantly because of 

the cost. Nowadays, honestly, digital printing is not affordable like it used to be.”  

Expert D6, D7, P4 and P8 pointed out that most of their business is mass production. 

Therefore, cost is the most important factor which dictates everything else for them. 

Expert P4:  “Garments are historically low priced, looking at relative costs, compared to 

other goods and wages. Therefore, garments are cheap, and people keep chasing lower 

prices and with online retailing, where you can always find something for a little bit 

cheaper from another supplier. So, cost is the key factor.” 

• Margins 

Two experts (D2, D5) mentioned that besides the cost, margins is definitely a significant factor 

for textile mass production industry.  

Expert D5:  “Cost savings and return on investment is more meaningful. Even if it costs 

$5 and you're only making $2 off of it, I think they would rather have something that cost 

$10 but make $10 off it.  

• Quality 

Expert P5, P7, D8 believed that the most important factor for their company is to ensure product 

quality.  

Expert P5: “If you're looking to produce something at the lowest cost, then you can throw 

away all kinds of restrictions and controls. If you're looking to produce something as 

quickly as possible then that's a different mindset. So, from my viewpoint the people that I 

associate with them that I deal with are focused on how I make a product to a specified 

quality level and then keep the quality consistent.” 
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Expert P7 mentioned that as a research-based company, the quality is considered as the 

most important factor. Expert D8 also pointed out that the quality is especially important for a 

start-up company or when adding a new product line in the company. After that, cost would be 

the second important factor to be considered, then followed by sustainability issue. 

• Sustainability  

Expert D1 and D3 pointed out that as sustainability is keeping a hot topic recently, it is playing a 

more and more important role in some companies that focused on technology improvement. 

5.2.Phase Two Results 

5.2.1. Reproduction Workflow 

A reproduction workflow was developed and six digital denim samples were printed using the 

developed workflow (Figure 64). The traditional denim samples for reproduction were selected 

and scanned using the photo scanner. After scanning, the printing area was selected using CAD 

software and the digital file was saved as tiff file using 1200 x 1200 dpi to obtain the maximum 

image quality. HP Latex 365 printer, six color (CMYK+LC+LM) latex ink with optimizer and 

100% pretreated right-hand cotton twill were selected for printing. A color calibration was 

conducted before printing to ensure the color accuracy. After printing, a post-treatment was 

applied for the printed digital denim fabric samples. This workflow can be used for future 

research or industry purpose.  
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Figure 64: Reproduction Workflow of Denim 

5.2.2. Visual Assessment Part I: Demographics Information 

The questions in Part I were focused on the demographics information, which included four 

questions that identified the expertise and visual assessment experience for the participants. As 

shown in Table 23 and 24, all of the participants were industry professionals working in the 

textile area or PhD students focused on color science or digital textile printing research. In 

addition, all of the experts have experience in conducing visual assessment.  
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Table 23: Demographics Information of Visual Assessment Participants 

List 

1.What is your expertise in the 
textile industry 

2. How long have 
you been working in 
the textile field? 
(Years) 

3. How long have 
you been 
conducting visual 
assessments? 
(Years) 

4.How 
frequently do 
you conduct 
visual 
assessments 

1 Denim Manufacturing Greater than eighteen  Fifteen to eighteen  Three or four 
times a week 

2 
Ink-jet Textile Printing; 
Colorist/Color management; 
Color Science/ Color Matching 

Six to nine Six to nine Three or four 
times a week 

3 
Ink-jet Textile Printing; 
Denim Manufacturing; 
Sourcing/ Consulting; 

Fifteen to eighteen Fifteen to eighteen Once or twice a 
week 

4 Colorist/Color management; 
Color Science/ Color Matching One to three One to three 

Once or twice 
every two 
months 

5 
Colorist/Color management; 
Sourcing/ Consulting 
Color Science/ Color Matching 

Six to nine Six to nine Once or twice a 
week 

6 Colorist/Color management; 
Color Science/ Color Matching Three to six One to three 

Once or twice 
every two 
months 

7 Color Science/ Color Matching Six to nine One to three 
Once or twice 
every two 
months 

8 

Denim Manufacturing; 
Dyeing manufacturing/Chemist; 
Colorist/Color management; 
Color Science/ Color Matching 

Six to nine Three to six Once or twice a 
month 

9 
Ink-jet Textile Printing; 
Colorist/Color management; 
Color Science/ Color Matching 

Three to six One to three 
Once or twice 
every two 
weeks 

10 Colorist/Color management; 
Color Science/ Color Matching Three to six One to three 

Once or twice 
every four 
months 

11 Color Science/ Color Matching Three to six One to three 
Once or twice 
every two 
weeks 

12 Ink-jet Textile Printing; Dyeing 
manufacturing/Chemist Three to six One to three Once or twice 

half year 
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Table 24: Other Answers for Expertise 

Expert Number Other Answers for Expertise 

1 Weaving 

2 Dyeing 

3 Woven Product Development 

 

5.2.3. Visual Assessment Part II: Visual Appearance Assessment Results 

Six traditional denim fabrics with washing effects were provided by a research-based textile 

company, which were labeled as a series of sample A- traditional denim fabric (A1, A2, A3, A4, 

A5, and A6). The warp yeans and filling yeans information, weight and thread count, and the 

finishing effect were different between six samples. Corresponding digitally reproduced fabric 

were scanned and printed by the PI in the Wilson College of Textile, NC State. These were 

labeled as a series of sample B-digitally reproduced fabric (B1, B2, B3, B4, B5, and B6) 

For color matching, the AATCC Gray Scale was used to evaluate the perceived color 

matching between two samples. The question was presented in the form of a semantic 

differential scale with nine values ranging from 5 to 1 with 5 representing no color difference 

and 1 representing the greatest color difference. When analyzing results the closer the mean was 

5 for each sample set compared, indicated a more closely perceived color match.   

Regarding line quality, visual texture, scale and overall appearance, five options were 

given to participants to describe the matching level between two samples which were: Not at all 

(1), Slightly (2), Somewhat (3), Mostly (4), and Exactly (5). Each option was given a number for 

statistical analysis purposes.  

Lightness is the most direct color visual effect and a very important quality index for a textile 

product. After identifying the appearance difference, participants compared the lightness of the pair 
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of sample and chose one option from five that best described the lightness relationship between two 

samples: A is obviously brighter than B (A>>B), A is slightly brighter than B (A>B), A is as 

same brightness as B (A=B), B is slightly brighter than A (A<B) and B is obviously brighter the 

A (A<<B).   

Each pair of samples (in total six pairs of samples) were compared by each expert three 

times using the same evaluation instrument, visual assessment protocol,  and assessment 

environment, and all the answers were recorded by the PI. The results for six pair of samples are 

shown in the following section. All the raw data, means and standard deviations can be seen in 

Appendix N. 

Sample 1 (Pair of Sample A1 and Sample B1) 

Sample 1 Information 

Sample A1 was the original traditional denim sample used for scaning and reprinting, Sample B1 

was the reproduced sample printed by ink-jet digital textile printing. See Figure 65 for scanned 

images of Sample A1 and Sample B1. 
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Figure 65: Sample A1 and Sample B1 

For traditional denim Sample A1, both warp and filling yarns were 100% cotton and 

open-end spined. The warp yarns were indigo dyed and the filling yarns were natural without 

dyeing. The count of yarn for warp yarns and filling yarns were 9/1 Ne and 7/1 Ne respectively. 

The twist multiplier for warp yarns and filling yarns were TM 4.6 and TM 3.8 respectively. The 

weight and thread count for both yarns were 13.0 oz/yd2 (or 441 g/m2) and 68 ends/in × 48 

picks/in (or 27 ends/cm × 19 picks/cm). The finishing effect applied on the fabric were hand 

abraded in garment form, enzyme washed in a garment washing machine and softened in a 

garment washing machine with Cotton Soft 200. See Table 25 for the detailed information of 

Sample A1. 
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Table 25: Traditional Denim Sample A1 Information 

Traditiaonal Denim Sample A1  

Warp Yarns (Open end, Indigo) Filling Yarns (Open end, Natural) 

9/1 Ne. TM 4.6 7/1 Ne. TM 3.8 

Weight Thread Count 

13.0 oz/ yd2 

441 g/m2 
68 ends/in × 48 picks/in 

27 ends/cm × 19 picks/cm 

Finish Effect 
• Hand abraded in garment form 

• Enzyme washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

Sample 1 Visual Assessment Results 

For color matching, the evaluators used the AATCC Gray Scale for Color Change to compare the 

color difference between Sample A1 and B1 and the means for these three trials were 3.0, 3.1, and 

3.0, respectively. For the line quality, the means for these three trials were 3.6, 3.6, and 3.6, 

respectively, falling between Somewhat (3) and Mostly (4). For visual texture, the means for these 

three trials were 3.0, 3.3, and 3.3, respectively, falling between Somewhat (3) and Mostly (4). For 

scale, the means for these three trials were 4.4, 4.6, and 4.5, respectively, falling between Mostly (4) 

and Exactly (5). For overall appearance, the means for these three trials were 3.2, 3.3, and 3.1, 

respectively, falling between Somewhat (3) and Mostly (4). For overall matching, the means for 

these three trials were 2.7, 2.8, and 2.9, respectively, falling between Slightly (2) and Somewhat (3). 

See Figure 66 for a summary of the results of the expert visual assessment comparing Sample A1 and 

B1. 
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Figure 66: Mean Response for Sample 1 

When comparing the two samples for lightness matching, the five options presented were: A 

is obviously brighter lighter than B (A>>B), A is slightly brighter than B (A>B), A is as same 

brightness as B (A=B), B is slightly brighter than A (A<B) and B is obviously brighter the A 

(A<<B). The most of the participants believed Sample A1 was obviously brighter than Sample 

B1, the percentage for trial 1, trial 2 and trial 3 were 58%, 39%, 46%, respectively. Some of 

participants thought Sample A1 was slightly brighter than Sample B1, the percentage for trial 1, 

trial 2 and trial 3 were 17%, 31%, 23%, respectively. However, none of the participants chose 

the option of A is as same brightness as B (A=B) (Figure 67).  
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 Trial 1 (%) Trial 2 (%) Trial 3 (%) 

Sample 1 

A>>B 58.0 39.0 46.0 
A>B 17.0 31.0 23.0 
A=B 0.0 0.0 0.0 
A<B 8.0 15.0 16.0 
A<<B 17.0 15.0 15.0 

Figure 67: Lightness Matching Response Percentage for Sample 1 

Sample 2 (Pair of Sample A2 and Sample B2) 

Sample 2 Information 

Sample A2 was the original traditional denim sample used for scaning and reprinting, Sample B2 

was the reproduced sample printed by ink-jet digital textile printing. See Figure 68 for details of 

the scanned image of Sample A2 and Sample B2. 
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Figure 68: Sample A2 and Sample B2 

For traditional denim Sample A2, both warp and filling yarns were 100% cotton and 

open-end spun. The warp yarns were indigo dyed and the filling yarns were natural without 

dyeing. The yarn count for warp yarns and filling yarns were 10/1 Ne and 7/1 Ne respectively. 

The twist multiplier for warp yarns and filling yarns were TM 4.0 and TM 3.5 respectively. The 

weight and thread count for both yarns were 13.0 oz/yd2 (or 441 g/m2) and 78 ends/in × 48 

picks/in (or 31 ends/cm × 19 picks/cm). The finishing effect applied on the fabric were hand 

abraded in garment form, enzyme washed in a garment washing machine and softened in a 

garment washing machine with Cotton Soft 200. See Table 26 for the detailed information of 

Sample A2. 
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Table 26: Traditional Denim Sample A2 Information 

Traditiaonal Denim Sample A2 

Warp Yarns (Open end, Indigo) Filling Yarns (Open end, Natural) 

10/1 Ne., TM 4.0 7/1 Ne. TM 3.5 

Weight Thread Count 

13.0 oz/ yd2 

441 g/m2 
78 ends/in × 48 picks/in 

31 ends/cm × 19 picks/cm 

Finish Effect 
• Hand abraded in garment form 

• Enzyme washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

Sample 2 Visual Assessment Results 

For color matching, the evaluators used the AATCC Gray Scale for Color Change to compare the 

color difference between Sample A2 and B2 and the means for these three trials were 3.3, 3.0, and 

3.0, respectively. For the line quality, the means for these three trials were 3.5, 3.5, and 3.4, 

respectively, falling between Somewhat (3) and Mostly (4). For visual texture, the means for these 

three trials were 3.4, 3.3, and 3.3, respectively, falling between Somewhat (3) and Mostly (4). For 

scale, the means for these three trials were 4.5, 4.3, and 4.3, respectively, falling between Mostly (4) 

and Exactly (5). For overall appearance, the means for these three trials were 3.3, 3.3, and 3.2, 

respectively, falling between Somewhat (3) and Mostly (4). For overall matching, the means for 

these three trials were 3.1, 2.8, and 3.0, respectively with trial 1 and trial 3 falling between Somewhat 

(3) and Mostly (4), trial 2 falling between Slightly (2) and Somewhat (3). See figure 69 for a 

summary of the results of the expert visual assessment comparing Sample A2 and B2. 
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Figure 69: Mean Response for Sample 2 

The majority of the participants believed Sample A1 was obviously brighter than Sample 

B1, the percentage for trial 1, trial 2 and trial 3 were 59%, 59%, 59%, respectively. A few of the 

participants thought the lightness is matched between the two samples, the percentage for trial 1, 

trial 2 and trial 3 were 8%, 8%, 8%, respectively.(Figure 70).  
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 Trial 1 (%) Trial 2 (%) Trial 3 (%) 

Sample 2 

A>>B 59.0 59.0 59.0 
A>B 8.0 8.0 8.0 
A=B 8.0 8.0 8.0 
A<B 9.0 8.0 17.0 
A<<B 17.0 17.0 8.0 

Figure 70: Lightness Matching Response Percentage for Sample 2 

Sample 3 (Pair of Sample A3 and Sample B3) 

Sample 3 Information 

Sample A3 was the original traditional denim sample used for scanning and reprinting, Sample 

B3 was the reproduced sample printed by ink-jet digital textile printing. See Figure 71 for details 

of the scanned image of Sample A3 and Sample B3. 
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Figure 71: Sample A3 and Sample B3 

For traditional denim Sample A3, both warp and filling yarns were 100% cotton and 

open-end spun. The warp yarns were indigo dyed and the filling yarns were natural without 

dyeing. The yarn count for warp yarns and filling yarns were 9/1 Ne and 7/1 Ne respectively. 

The twist multiplier for warp yarns and filling yarns were TM 4.6 and TM 3.8 respectively. The 

weight and thread count for both yarns were 13.1 oz/yd2 (or 444 g/m2) and 68 ends/in × 49 

picks/in (or 27 ends/cm × 19 picks/cm). The finishing effect applied on the fabric were hand 

abraded in garment form, bleached down in a garment washing machine and softened in a 

garment washing machine with Cotton Soft 200. See Table 27 for the detailed information of 

Sample A3. 
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Table 27: Traditional Denim Sample A3 Information 

Traditiaonal Denim Sample A3 

Warp Yarns (Open end, Indigo) Filling Yarns (Open end, Natural) 

9/1 Ne. TM 4.6 7/1 Ne. TM 3.8 

Weight Thread Count 

13.1 oz/ yd2 

444 g/m2 
68 ends/in × 49 picks/in 

27 ends/cm × 19 picks/cm 

Finish Effect 
• Hand abraded in garment form 

• Bleached down in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

Sample 3 Visual Assessment Results 

For color matching, the evaluators used the AATCC Gray Scale for Color Change to compare the 

color difference between Sample A3 and B3 and the means for these three trials were 3.7, 3.5, and 

3.5, respectively. For the line quality, the means for these three trials are 3.0, 3.3, and 3.2, 

respectively, falling between Somewhat (3) and Mostly (4). For visual texture, the means for these 

three trials were 3.1, 3.1, and 3.0, respectively, falling between Somewhat (3) and Mostly (4). For 

scale, the means for these three trials were 4.5, 4.5, and 4.2, respectively, falling between Mostly (4) 

and Exactly (5). For overall appearance, the means for these three trials were 3.0, 3.0, and 3.1, 

respectively, falling between Somewhat (3) and Mostly (4). For overall matching, the means for 

these three trials were 2.9, 2.8, and 3.0, respectively with trial 1 and trial 2 falling between Slightly 

(2) and Somewhat (3), trial 3 falling between Somewhat (3) and Mostly (4). See figure 72 for a 

summary of the results of the expert visual assessment comparing Sample A3 and B3. 
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Figure 72: Mean Response for Sample 3 

In each trial, part of the participants believed Sample A3 is obviously brighter than 

Sample B3, the percentage for trial 1, trial 2 and trial 3 were 33%, 33%, 25%, respectively. Part 

of the participants believed Sample A3 is slightly brighter than Sample B3, the percentage for 

trial 1, trial 2 and trial 3 were 25%, 25%, 33%, respectively. None of the participants in trial 1 

and trial 2 thought the lightness is matching between two samples, a few (8%) of the participants 

in trial 3 believed lightness is matching between two samples. Part of the participants thought 

Sample B3 is slightly brighter than Sample A3, the percentage for trial 1, trial 2 and trial 3 were 

25%, 25%, 17%, respectively. Part of the participants thought Sample B3 is obviously brighter 

than Sample A3, the percentage for trial 1, trial 2 and trial 3 were 17%, 17%, 17%, respectively 

(Figure73).  
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 Trial 1 (%) Trial 2 (%) Trial 3 (%) 

Sample 3 

A>>B 33.0 33.0 25.0 
A>B 25.0 25.0 33.0 
A=B 0.0 0.0 8.0 
A<B 25.0 25.0 17.0 
A<<B 17.0 17.0 17.0 

Figure 73: Lightness Matching Response Percentage for Sample 3 

Sample 4 (Pair of Sample A4 and Sample B4) 

Sample 4 Information 

Sample A4 was the original traditional denim sample used for scanning and reprinting, Sample 

B4 was the reproduced sample printed by ink-jet digital textile printing. See Figure 74 for 

detailed scan image of Sample A4 and Sample B4. 

 

33%

25%0%

25%

17%

A>>B A>B A=B A<B A<<B

33%

25%0%

25%

17%

A>>B A>B A=B A<B A<<B

25%

33%
8%

17%

17%

A>>B A>B A=B A<B A<<B



201 
 

 

Figure 74: Sample A4 and Sample B4 

For traditional denim Sample A4, both warp and filling yarns were 100% cotton and 

open-end spun. The warp yarns were indigo dyed and the filling yarns were natural without 

dyeing. The yarn count for warp yarns and filling yarns were 10/1 Ne and 7/1 Ne respectively. 

The twist multiplier for warp yarns and filling yarns were TM 4.0 and TM 3.5 respectively. The 

weight and thread count for both yarns were 12.9 oz/yd2 (or 437 g/m2) and 76 ends/in × 49 

picks/in (or 30 ends/cm × 19 picks/cm). The finishing effect applied on the fabric were hand 

abraded in garment form, bleached down in a garment washing machine and softened in a 

garment washing machine with Cotton Soft 200. See Table 28 for the detailed information of 

Sample A4. 
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Table 28: Traditional Denim Sample A4 Information 

Traditiaonal Denim Sample A4 

Warp Yarns (Open end, Indigo) Filling Yarns (Open end, Natural) 

10/1 Ne., TM 4.0 7/1 Ne. TM 3.5 

Weight Thread Count 

12.9 oz/ yd2 

437 g/m2 
76 ends/in × 49 picks/in 

30 ends/cm × 19 picks/cm 

Finish Effect 
• Hand abraded in garment form 

• Bleached down in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

Sample 4 Visual Assessment Results 

For color matching, the evaluators used the AATCC Gray Scale for Color Change to compare the 

color difference between Sample A4 and B4 and the means for these three trials are 3.3, 3.4, and 3.5, 

respectively. For the line quality, the means for these three trials were 3.3, 3.1, and 3.2, respectively, 

falling between Somewhat (3) and Mostly (4). For visual texture, the means for these three trials 

were 3.2, 3.2, and 3.2, respectively, falling between Somewhat (3) and Mostly (4). For scale, the 

means for these three trials were 4.2, 4.1, and 4.2, respectively, falling between Mostly (4) and 

Exactly (5). For overall appearance, the means for these three trials were 3.0, 3.3, and 3.1, 

respectively, falling between Somewhat (3) and Mostly (4). For overall matching, the means for 

these three trials were 2.9, 2.9, and 2.9, respectively, falling between Slightly (2) and Somewhat (3). 

See figure 75 for a summary of the results of the expert visual assessment comparing Sample A4 and 

B4. 
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Figure 75: Mean Response for Sample 4 

In each trial, part of the participants believed Sample A4 is obviously brighter than 

Sample B4, the percentage for trial 1, trial 2 and trial 3 were 25%, 25%, 25%, respectively. Part 

of the participants believed Sample A4 is slightly brighter than Sample B4, the percentage for 

trial 1, trial 2 and trial 3 were 33%, 34%, 25%, respectively. None of the participants thought the 

lightness is matching between two samples. Part of the participants thought Sample B4 is slightly 

brighter than Sample A4, the percentage for trial 1, trial 2 and trial 3 were 25%, 33%, 42%, 

respectively. A few of the participants thought Sample B4 is obviously brighter than Sample A4, 

the percentage for trial 1, trial 2 and trial 3 were 17%, 8%, 8%, respectively (Figure 76). 
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 Trial 1 (%) Trial 2 (%) Trial 3 (%) 

Sample 4 

A>>B 25.0 25.0 25.0 
A>B 33.0 34.0 25.0 
A=B 0.0 0.0 0.0 
A<B 25.0 33.0 42.0 
A<<B 17.0 8.0 8.0 

Figure 76: Lightness Matching Response Percentage for Sample 4 

Sample 5 (Pair of Sample A5 and Sample B5) 

Sample 5 Information 

Sample A5 was the original traditional denim sample used for scanning and reprinting, Sample 

B5 was the reproduced sample printed by ink-jet digital textile printing. See Figure 77 for 

detailed scan image of Sample A5 and Sample B5. 
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Figure 77: Sample A5 and Sample B5 

For traditional denim Sample A5, both warp and filling yarns were 100% cotton and 

open-end spun. The warp yarns were indigo dyed and the filling yarns were natural without 

dyeing. The yarn count for warp yarns and filling yarns were 10/1 Ne and 7/1 Ne respectively. 

The twist multiplier for warp yarns and filling yarns were TM 4.0 and TM 3.5 respectively. The 

weight and thread count for both yarns were 13.0 oz/yd2 (or 441 g/m2) and 76 ends/in × 48 

picks/in (or 30 ends/cm × 19 picks/cm). The finishing effect applied on the fabric were hand 

abraded in garment form, permanganate washed in a garment washing machine and softened in a 

garment washing machine with Cotton Soft 200. See Table 29 for the detailed information of 

Sample A5. 
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Table 29: Traditional Denim Sample A5 Information 

Traditiaonal Denim Sample A5 

Warp Yarns (Open end, Indigo) Filling Yarns (Open end, Natural) 

10/1 Ne. TM 4.0 7/1 Ne. TM 3.5 

Weight Thread Count 

13.0 oz/ yd2 

441 g/m2 
76 ends/in × 48 picks/in 

30 ends/cm × 19 picks/cm 

Finish Effect 
• Hand abraded in garment form 

• Permanganate washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

Sample 5 Visual Assessment Results 

For color matching, the evaluators used the AATCC Gray Scale for Color Change to compare the 

color difference between Sample A5 and B5 and the means for these three trials are 3.6, 3.6, and 3.5, 

respectively. For the line quality, the means for these three trials were 2.3, 2.5, and 2.4, respectively, 

falling between Slightly (2) and Somewhat (3). For visual texture, the means for these three trials 

were 2.4, 2.4, and 2.7, respectively, falling between Slightly (2) and Somewhat (3). For scale, the 

means for these three trials were 3.8, 3.8, and 3.8, respectively, falling between Somewhat (3) and 

Mostly (4). For overall appearance, the means for these three trials were 2.5, 2.6, and 2.8, 

respectively, falling between Slightly (2) and Somewhat (3). For overall matching, the means for 

these three trials were 2.5, 2.5, and 2.5, respectively, falling between Slightly (2) and Somewhat (3). 

See figure 78 for a summary of the results of the expert visual assessment comparing Sample A5 and 

B5. 
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Figure 78: Mean Response for Sample 5 

In each trial, part of the participants believed Sample A5 is obviously brighter than 

Sample B5, the percentage for trial 1, trial 2 and trial 3 were 41%, 41%, 41%, respectively. Part 

of the participants believed Sample A5 is slightly brighter than Sample B5, the percentage for 

trial 1, trial 2 and trial 3 were 42%, 42%, 42%, respectively. A few (17%, 17%, 17%) of the 

participants thought the lightness of Sample A5 matches Sample B5. However, in each trial, 

none of the participants thought Sample B5 is obviously or slightly brighter than Sample A5 

(Figure 79). 
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 Trial 1 (%) Trial 2 (%) Trial 3 (%) 

Sample 5 

A>>B 41.0 41.0 41.0 
A>B 42.0 42.0 42.0 
A=B 17.0 17.0 17.0 
A<B 0.0 0.0 0.0 
A<<B 0.0 0.0 0.0 

Figure 79: Lightness Matching Response Percentage for Sample 5 

Sample 6 (Pair of Sample A6 and Sample B6) 

Sample 6 Information 

Sample A6 was the original traditional denim sample used for scaning and reprinting, Sample B6 

was the reproduced sample printed by ink-jet digital textile printing. See Figure 80 for detailed 

scan image of Sample A6 and Sample B6. 
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Figure 80: Sample A6 and Sample B6 

Both warp and filling yarns were 100% cotton and open-end spun. The warp yarns were 

indigo dyed and the filling yarns were natural without dyeing. The yarn count for warp yarns and 

filling yarns were 9/1 Ne and 7/1 Ne respectively. The twist multiplier for warp yarns and filling 

yarns were TM 4.6 and TM 3.8 respectively. The weight and thread count for both yarns were 

13.3 oz/yd2 (or 451 g/m2) and 70 ends/in × 50 picks/in (or 28 ends/cm × 20 picks/cm). The 

finishing effect applied on the fabric were hand abraded in garment form, permanganate washed 

in a garment washing machine and softened in a garment washing machine with Cotton Soft 200. 

See Table 30 for the detailed information of Sample A6. 
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Table 30: Traditional Denim Sample A6  Information 

Traditiaonal Denim Sample A6 

Warp Yarns (Open end, Indigo) Filling Yarns (Open end, Natural) 

9/1 Ne. TM 4.6 7/1 Ne. TM 3.8 

Weight Thread Count 

13.3 oz/ yd2 

451 g/m2 
70 ends/in × 50 picks/in 

28 ends/cm × 20 picks/cm 

Finish Effect 
• Hand abraded in garment form 

• Permanganate washed in a garment washing machine 

• Softened in a garment washing machine with Cotton Soft 200 

Sample 6 Visual Assessment Results 

For color matching, the evaluators used the AATCC Gray Scale for Color Change to compare the 

color difference between Sample A1 and B1 and the means for these three trials are 3.7, 3.4, and 3.3, 

respectively. For the line quality, the means for these three trials were 3.7, 3.6, and 3.8, respectively, 

falling between Somewhat (3) and Mostly (4). For visual texture, the means for these three trials 

were 3.3, 3.3, and 3.4, respectively, falling between Somewhat (3) and Mostly (4). For scale, the 

means for these three trials were 4.3, 4.3, and 4.3, respectively, falling between Mostly (4) and 

Exactly (5). For overall appearance, the means for these three trials were 3.6, 3.5, and 3.5, 

respectively, falling between Somewhat (3) and Mostly (4). For overall matching, the means for 

these three trials were 3.3, 3.3, and 3.3, respectively, falling between Somewhat (3) and Mostly (4). 

See figure 81 for a summary of the results of the expert visual assessment comparing Sample A6 and 

B6. 
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Figure 81: Mean Response for Sample 6 

In each trial, a few of the participants believed Sample A6 is obviously brighter than 

Sample B6, the percentage for trial 1, trial 2 and trial 3 were 9%, 8%, 8%, respectively. Part of 

the participants believed Sample A6 is slightly brighter than Sample B6, the percentage for trial 

1, trial 2 and trial 3 were 25%, 25%, 25%, respectively. None of the participants in trial 2 and 

trial 3 thought the lightness is matching between two samples, a few (8%) of the participants in 

trial 1 believed lightness is matching between two samples. The majority of the participants 

thought Sample B6 was slightly brighter than Sample A6, the percentage for trial 1, trial 2 and 

trial 3 were 50%, 50%, 59%, respectively. A few of the participants believed Sample B6 is 

obviously brighter than Sample A6, the percentage for trial 1, trial 2 and trial 3 were 8%, 17%, 

8%, respectively (Figure 82). 
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 Trial 1 (%) Trial 2 (%) Trial 3 (%) 

Sample 6 

A>>B 9.0 8.0 8.0 
A>B 25.0 25.0 25.0 
A=B 8.0 0.0 0.0 
A<B 50.0 50.0 59.0 
A<<B 8.0 17.0 8.0 

Figure 82: Lightness Matching Response Percentage for Sample 6 

Summary  

Matching score above three indicates a good matching between two samples (Wang, Chapman, 

Moore, Suh, 2019; Wang, 2017). All of the matching scores for color matching, line quality, 

visual texture, scale, overall appearance are above 3 except sample 5. For samples 5, scale and 

color matching received a high matching for all three trials which is above 3.5. However, the line 

quality, visual texture, overall appearance received low scores (2.3-2.8). 

For the Sample 1 pair (Sample A1 and Sample B1), scale and line quality received the 

strongest ratings for all three trials, where line quality received 3.6 for all three trials and scale 

scores were between 4.4 to 4.6. The color matching, visual texture and overall appearance were 

rated as the second strongest group, with all scores above 3. However, the overall matching 

received the lowest rating which was slightly below 3. 

For the Sample 2 pair (Sample A2 and Sample B2), overall participants rated scale higher 

than any of the other samples.  Color matching, line quality, visual texture, overall appearance 
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were in the second strongest group. Overall appearance and overall matching were rated slightly 

lower than the other aspects. All of the ratings were above 3.  

For the Sample 3 pair (Sample A3 and Sample B3), color matching and scale received the 

strongest match for all three trials. Line quality, visual texture, overall appearance, and overall 

matching were in the second strongest matching group. 

For the pair of Sample 4 (Sample A4 and Sample B4), scale received the strongest match 

for all three trials. Color matching, line quality, visual texture are in the second strongest 

matching group. However, the scores of overall appearance and overall matching are slightly 

lower than the other aspects. All of the received scores are close or above 3. 

For the Sample 5 pair (Sample A5 and Sample B5), color matching and scale received the 

strongest match for all three trials. However, line quality, visual texture, overall appearance, and 

overall matching received significantly lower score for all three trials, which are between 2.3 to 

2.8. 

For the Sample 6 pair (Sample A6 and Sample B6), all of the aspects which includes 

color matching, line quality, visual texture and overall appearance were well matched with high 

matched scores. Overall matching received 3.3 matching score for all three trials, which is also a 

high matching score but slightly lower than other aspects. All of the scores are above 3.3. 

Scale received a good matching all three trials of six samples. Other than scale, line 

quality received a significant higher matching than other aspects for sample 1. Color matching 

received a significant higher matching than other aspects for sample 3 and sample 5. The 

received scores are close between different aspects (color matching, line quality, visual texture, 

and overall appearance) for Sample 2 and 6. In addition, sample 6 received high scores (above 

3.3) for all the aspects.  



214 
 

For overall matching, all of the received scores are above or close to 3. Sample 6 received 

the highest score (3.3) for all three trials with high scores (above 3.3) for other aspects as well. 

Sample 5 received lowest score (2.5) for all three trials. Scale and color matching received a high 

matching for all three trials which is above 3.5. However, the line quality, visual texture, overall 

appearance received scores below (2.3-2.8). Overall, sample A6 and sample B6 are the best 

matching.  

In addition, the overall matching score are slightly lower than other aspects (color 

matching, line quality, visual texture, scale, overall matching) for sample 1, 2, 3, 4, 6. Different 

lightness between digital denim and traditional denim samples could be the reason.  

According to the results, the lightness of the traditional and digitally reproduced samples 

is different. For sample 1, 3, 4, none of the participants believed that the lightness of sample A 

matches the lightness of sample B. Few of the participants thought the lightness of the sample 2 

(one participant), sample 5 (two participants), sample 6 (one participant in trial 1) matches 

between traditional and digitally reproduced samples. The results indicate that digital printing 

cannot fully reproduce the lightness of traditional denim, which may cause by the different ink 

saturation. Traditional denim industry has higher ink saturation than digital printing technology.  

Majority of the matching scores are above three and the rest are close to three, which 

indicates the digitally reproduced denim samples could replicate the traditional denim samples in 

some extent. The digital denim technology can potentially replace the rational denim industry.  
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5.2.4. Variance and Correlation Between Trials 

Pearson Correlation – Between Three Trials for All Samples 

Pearson’s correlation was used to investigate the relationship between all three trails for each 

sample. All of the p-values were < 0.001, which is extremely smaller than 0.05. Therefore, the 

results for the trials were consistent for each sample (Table 31).  

Table 31: Summary of Pearson Correlation Results between Three Trials 

 T1&T2 T1&T3 T2&T3 
 Pearson Correlation 0.898 0.803 0.8940 

Sample 1 Sig. (2-tailed) < .0001* < .0001* < .0001* 
 N 84 84 84 
 Pearson Correlation 0.869 0.838 0.896 

Sample 2 Sig. (2-tailed) < .0001* < .0001* < .0001* 
 N 84 84 84 
 Pearson Correlation 0.884 0.877 0.906 

Sample 3 Sig. (2-tailed) < .0001* < .0001* < .0001* 
 N 84 84 84 
 Pearson Correlation 0.910 0.868 0.859 

Sample 4 Sig. (2-tailed) < .0001* < .0001* < .0001* 
 N 84 84 84 
 Pearson Correlation    0.890          0.889           0.908 

Sample 5 Sig. (2-tailed)    < .0001*          < .0001*           < .0001* 
 N 84 84 84 
 Pearson Correlation 0.853 0.853 0.887 

Sample 6 Sig. (2-tailed) < .0001* < .0001* < .0001* 
 N 84 84 84 

Analysis of Variance (ANOVA) – Between Three Trials for Each Property 

ANOVA was used to test for differences in the mean ratings for each trial for each property 

(Table 32). All of the p-values were greater than 0.05, which indicates that there were no 

significant differences in the means for each trial for each property.  
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Table 32: Summary of ANOVA Test between Three Trials 

  DF SS MS F Ratio P-Value 
 Trial 2 0.64583 0.322917 0.4610 0.6313 
Color Matching   Error 213 149.18750 0.700411   
 C. Total 215 149.83333    
 Trial 2 0.00694 0.003472 0.0047 0.9953 
Line Quality Error 213 157.98264 0.741703   
 C. Total 215 157.98958    
 Trial 2 0.28704 0.143519 0.2257 0.7982 
Visual Texture Error 213 135.47222 0.636020   
 C. Total 215 135.75926    
 Trial 2 0.17593 0.087963 0.1304 0.8778 
Scale  Error 213 143.70833 0.674687   
 C. Total 215 143.88426    
 Trial 2 0.17593 0.087963 0.1824 0.8334 
Overall Appearance Error 213 102.69444 0.482134   
 C. Total 215 102.87037    
 Trial 2 0.02778 0.01389 0.0067 0.9933 
Lightness Matching Error 213 441.59722 2.07323   
 C. Total 215 441.62500    
 Trial 2 0.583333 0.291667 0.6291 0.5341 
Overall matching Error 213 98.750000 0.463615   
 C. Total 215 99.333333    

5.2.5. Variance Between Samples 

Analysis of Variance (ANOVA) – Between Samples 

Using ANOVA, mean differences between each sample for each trial for each property were 

analyzed. There were no significant differences between the six samples on color matching, 

visual texture, and lightness matching at a type I error rate of 0.05 (Table 33).  
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Table 33: ANOVA Results between Samples for Color, Visual Texture and Lightness 

Color Matching Source SS DF MS F Sig 
 Sample 4.323 5 0.865 1.223 0.308 

Trial 1 Error 46.646 66 0.707   
 C. Total 50.969 71    
 Sample 3.167 5 0.633 0.883 0.498 

Trial 2 Error 47.333 66 0.717   
 C. Total 50.500 71    
 Sample 3.073 5 0.615 0.909 0.481 

Trial 3 Error 44.646 66 0.676   
 C. Total 47.719 71    

Visual Texture Source SS DF MS F Sig 
 Sample 7.569 5 1.514 2.216 0.063 

Trial 1 Error 45.083 66 0.683   
 C. Total 52.653 71    
 Sample 6.833 5 1.367 2.333 0.052 

Trial 2 Error 38.667 66 0.586   
 C. Total 45.500 71    
 Sample 4.736 5 0.947 1.919 0.103 

Trial 3 Error 32.583 66 0.494   
 C. Total 37.319 71    

Scale Source SS DF MS F Sig 
 Sample  3.278 5 0.656 0.958 0.450 

Trial 1 Error 45.167 66 0.684   
 C.Total 48.444 71    
 Sample 5.569 5 1.114 2.136 0.072 

Trial 2 Error 34.417 66 0.521   
 C. Total 39.986 71    
 Sample 2.778 5 0.556 0.699 0.627 

Trial 3 Error 52.500 66 0.795   
 C. Total 55.278 71  

 

 

 

 

  
Lightness 

 
Source SS DF MS F Sig 

 Sample 17.778 5 3.556 1.726 0.141 
Trial 1 Error 136.000 66 2.061   

 C. Total 153.778 71    
 Sample 20.111 5 4.022 2.077 0.079 

Trial 2 Error 127.833 66 1.937   
 C. Total 147.944 71    
 Sample 20.792 5 4.158 2.305 0.054 

Trial 3 Error 119.083 66 1.804   
 C. Total 139.875 71    

However, there are significant differences between the six samples by trial for line 

quality, overall appearance and overall matching (Table 34). 
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For the line quality matching between the six samples, the p-values are <0.001, 0.0048 

and 0.0031 for trial 1, trial 2 and trial 3, respectively. Therefore, there are significant mean 

difference for the samples for each of the three trials for line quality. 

Table 34: ANOVA Results between Samples for Line Quality Matching 

Line Quality Source SS DF MS F Sig 
 Sample  15.069 5 3.014 6.232 <.0001* 

Trial 1 Error 31.917 66 0.484   
 C.Total 49.986 71    
 Sample 11.267 5 2.253 3.744 0.0048* 

Trial 2 Error 39.729 66 0.602   
 C. Total 50.997 71    
 Sample 13.958 5 2.792 4.002 0.0031* 

Trial 3 Error 46.042 66 0.698   
 C. Total 60.000 71    

 
To investigate where the mean differences occurred, the Tukey Kramer post-hoc test was 

used and a report was generated. According to the Ordered Differences Report (Table 35), 

sample 5 was significantly differently from samples 1, 2, 4 and 6 in trial 1, with sample 5 having 

the lowest mean. Sample 5 was significantly different from samples 1, 6, 2 in trials 2 and 3, with 

sample 5 having the lowest mean in both trials. Although sample 6 consistently had the highest 

mean, it was not significantly different from any other samples except sample 5. 
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Table 35: Ordered Differences Report Between Samples for Line Quality Matching  

 Level   Mean 

Trial 1 

S6 A  3.6666667 
S1 A  3.5833333 
S2 A  3.5000000 
S4 A  3.3333333 
S3 A B 3.0000000 
S5  B 2.3333333 

Level - Level p-Value 
S6 S5 0.0002* 
S1 S5 0.0006* 
S2 S5 0.0015* 
S4 S5 0.0097* 

Trial 2 

Level   Mean 
S1 A  3.5833333 
S6 A  3.5833333 
S2 A  3.5000000 
S3 A B 3.2500000 
S4 A B 3.0833333 
S5  B 2.4583333 

Level - Level p-Value 
S1 S5 0.0089* 
S6 S5 0.0089* 
S2 S5 0.0193* 

 Level   Mean 
 S6 A  3.7500000 
 S1 A  3.5833333 
 S2 A  3.4166667 
 S3 A B 3.2083333 

Trial 3 S4 A B 3.1666667 
 S5  B 2.3750000 
 Level - Level p-Value 
 S6 S5 0.0019* 
 S1 S5 0.0091* 
 S2 S5 0.0366* 

 

For the overall appearance matching between the six samples (Table 36), the p-values are 

0.0058, 0.0065 and 0.3959 for trial 1, trial 2 and trial 3, respective. Therefore, there are 

significant mean difference for the samples for trials 1 and 2 (p<0.05), but not trial 3 (p>0.05). 

 



220 
 

Table 36: ANOVA Results between Samples for Overall Appearance 

Overall Appearance Source SS DF MS F Sig 
 Sample  7.667 5 1.533 3.636 0.0058* 

Trial 1 Error 27.833 66 0.422   
 C.Total 35.500 71    
 Sample 6.236 5 1.247 3.566 0.0065* 

Trial 2 Error 23.083 66 0.350   
 C. Total 29.319 71    
 Sample 2.792 5 0.558 1.050 0.3959 

Trial 3 Error 35.083 66 0.532   
 C. Total 37.875 71    

To investigate where the mean differences occurred, the Tukey Kramer post-hoc test was 

used and a report was generated. According to the Ordered Differences Report (Table 37), 

Sample 5 was significantly differently from sample 6 in trial 1, with sample 5 having the lowest 

mean. Sample 5 was significantly different from samples 6 and 2 in trial 2, with sample 5 having 

the lowest mean. Although sample 6 consistently had the highest mean, it was not significantly 

different from any other samples except sample 5.  

Table 37: Ordered Differences Report Between Samples for Overall Appearance 

 Level   Mean 
 S6 A  3.5833333 
 S2 A B 3.2500000 
 S1 A B 3.1666667 
Trial 1 S3 A B 3.0000000 
 S4 A B 3.0000000 
 S5  B 2.5000000 
 Level  - Level p-Value 
 S6 S5 0.0016* 
 Level   Mean 
 S6 A  3.5000000 
 S2 A  3.3333333 
 S1 A B 3.2500000 
Trial 2 S4 A B 3.2500000 
 S3 A B 3.0000000 
 S5  B 2.5833333 
 Level  - Level p-Value 
 S6 S5 0.0042* 
 S2 S5 0.0319* 
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For the overall matching between the six samples (Table 38), the p-values were 0.0481, 

0.146 and 0.083 for trial 1, trial 2 and trial 3, respectively. Therefore, there are significant mean 

differences for the samples for trial 1 (p<0.05), but not trials 2 and 3 (p>0.05). 

Table 38: ANOVA Results between Samples for Overall Matching 

Overall  Matching Source SS DF MS F Sig 
 Sample  5.236 5 1.047 2.377 0.0481* 

Trial 1 Error 29.083 66 0.441   
 C.Total 34.319 71    
 Sample 3.736 5 0.747 1.706 0.146 

Trial 2 Error 28.917 66 0.438   
 C. Total 32.653 71    
 Sample 4.278 5 0.856 2.053 0.083 

Trial 3 Error 27.500 66 0.417   
 C. Total 31.778 71    

To investigate where the mean differences occurred, the Tukey Kramer post-hoc test was 

used and a report was generated. According to the Ordered Differences Report (Table 39), 

Sample 5 was significantly differently from sample 6 in trial 1, with sample 5 having the lowest 

mean. Although sample 6 consistently had the highest mean, it was not significantly different 

from any other samples except sample 5. 

Table 39: Ordered Differences Report Between Samples for Overall Matching 

 Level   Mean 
 S6 A  3.3333333 
 S2 A B 3.0833333 
 S3 A B 2.9166667 
Trial 1  S4 A B 2.9166667 
 S1 A B 2.6666667 
 S5  B 2.5000000 
 Level  - Level p-Value 
 S6 S5 0.0347* 
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CHAPTER 6: CONCLUSION 

6.1. Experts Interview 

Potential Market for Digital Denim 

Currently, digital denim can potentially compete with traditional denim in some limited areas or 

create a new market instead of trying to replace the traditional denim market, especially in fast 

fashion product, customization product, high-end product, upscale baby/kids product, colorful 

denim, stretch denim/breathable jeans, specialty pattern denim, 3D denim or high color fastness 

product, where majority of the products are light to mid weight products.  Current CAD software 

applied to digital printing industry such as Photoshop, AI and various Rip software can help 

designers make color or pattern changes simply and efficiently. These features are ideal for the 

high end consumerization market. Besides that, the main competitiveness that digital has over 

traditional, ‘fast-fashion, quick-turn’, which meet fast-fashion’s needs. In addition, digital denim 

could print non-indigo colors or other color that traditional denim couldn’t achieve. Specialty 

products/ creative pattern product that have a limited market would fit into digital denim 

industry, which would add core value to digital denim industry. Elastic denim with knit or other 

synthetic fabric would be a good application as well.  

Benefits for Digital Denim 

Digital denim has a number of benefits. Digital procedures can improve the efficiency, shorter 

the production time by applying color and washing effects simultaneously, which could also 

reduce the error rate to some extent. The labor and storage cost could also be reduced. In 

addition, digital denim has benefits of sustainability and environment compared to traditional 

denim, which can effectively improve the sustainability of traditional denim production. In 

addition, the production type of digital denim production was percievd to be of influence. Some 
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participants felt that priting in garment which be more advantageous than printing roll to roll. As 

a strong competitor to traditional denim, digital denim can effectively promote the technological 

innovation of traditional denim. 

Challenges for Digital Denim Mass Production 

There are many challenges for digital denim mass production, price, ink saturation, appearance, 

texture, hand feel, alignment, market resistance, consumers’ acceptance, industry 

capability/scalability, education and training, industry acceptance and product lifespan may be 

the potential challenges. The cost factor could be a huge challenge for digital denim, where the 

production volume and level of complexity could become the main influence factors. Traditional 

printing is much cheaper than digital for the long-run volumes of denim. High speed printer 

suitable for high volume production are fast but expensive, lower speed, more compact printers 

are a lower capital investment. The market resistance from industry and consumers for accepting 

digital denim will exist. Companies and consumers always want the lower costs of traditional 

denim, marketing campaigns are needed to convince them. Jeggings could be a good 

breakthrough since consumers have already accepted it. 

Although digital denim has problems and is still in the experimental stage, all of the 

experts expressed a very positive attitude towards this emerging technology. They believed this 

is an industry with many opportunities, as digital printing costs drop and technology continues to 

grow, people will become more and more interested. Experts used laser processing as an 

example. A few years ago, laser processing was an expensive technology that small and medium-

sized textile companies could not afford, but with the emergence of more machines and 

technology updates, laser processing has become more and more popular. They believe that 

digital denim will do the same. However, all the experts believed that to more realistically 
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reproduce the effects of traditional denim, it is necessary to delve into the nature of the material 

on which it is printed and how the printed ink interacts with the fibers. They believe that the 

existing textile printing technology will continue to improve and eventually become better. 

Environmental Affects for Traditional Denim 

Traditional denim manufacturing affect the environment particularly because of the large 

demand of water usage and huge energy consumption. In addition, traditional denim creates a 

considerable chemical waste that leads to serious environmental negative impact especially 

during dying and washing process. Besides that, washing process can produce a lot of air residue 

which is a serious air problem. Digital denim could be a potential solution to solve those 

environmental problems. Laser treatment are also used to create some hand washing effects. 

Fabric Type and Washing Effects for Traditional Denim 

The experts stated that 3x1 Twill with 12 ounce weight is the most common construction denim 

fabric type in the textile market especially for men’s wear. In addition, 3x1 Twill with 10/14 

ounce weight and broken twill is also popular for some textile brands. For women’s wear, cotton 

and spandex blended stretch denim is the main fabric type. Ninety eight percent cotton and 2% 

spandex is the most common blended percentage. Ninenty nine percent cotton and 1% spandex is 

also common stretch denim fabric type. In terms of weight of  denim fabric, 8-9 ounces weight 

or 7-12 ounces weight are the most popular weight ranges for denim.  

Bleaching, stone washing, and hand sanding are the main washing effects of traditional 

denim production. Laser treatment is also popular for some textile brands. The majority of the 

textile experts believed that bleaching will be the easiest effect that can be achieved by digital 

textile printing, followed by stone washing and hand sanding. For the replication effect areas, 

whiskers, abraded thighs, seat of the pants and the wallet in the pocket were deemed easy for 
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digital printing replication by the experts. However, washing effects on the seams were 

considered extremely hard to reproduce.  

Challenges for Digital Printing 

Based on the expert interviews, it was found that at the time of this research, digital textile 

printing has made significant improvements, but it is still facing some challenges. Since the 

digital proceess is significantly different from traditional manufacturing, the experts felt that the 

demand for labor will change. For traditional screen printing and traditional denim production, 

the creativity and skills required for digital technology will be completely different for traditional 

industries. Labor training will become one of the biggest challenges for digital printing. High 

educated and skilled labor will have to be hired or trained to meet the demand.  

Speed is a challenge as well, even though high speed, single pass printers are available in 

the market, the majority of printers on the market are scan-type printers  that run at a speed that 

is not as fast as standard textile manufacturing operations. The limited lifespan of print head 

would be another issue for digital printing. Print head has a limited lifespan for about a year with 

running full production.  

Ink saturation could be an issue since digital printing technology cannot achieve high ink 

saturation as dyeing or screen printing process. Color/production consistence and managing is 

another challenging. In addition, it’s hard for digital printing to maintain the same color on 

different materials. The hand feel is also a challenge especially for pigment print. Considerable 

capital investment for printers and finishing facility also influence the acceptance of digital 

printing technology. Finally, digital printing tends to be oversold by the manufacturers, which 

means the printer manufacturers always show their consumers the best print quality and 
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production speeds possible, without fully explaining the expertise and learning curve that was 

involved in in achieving those outcomes. 

Cost, quality, margins and sustainability were considered as the most important factor to 

manufacturing companies with cost and quality were believed to be the important two factors. 

6.2. Experts Visual Assessment 

Six traditional denim fabric with different weights, thread counts and washing affects were used 

for digital reproduction. The printed samples were compared to the original samples through an 

expert visual assessment. According to the results of the visual assessment, the majority of the 

expert participants felt that the digital denim matched the traditional denim samples in terms of 

color, line quality, visual texture, scale, overall appearance and overall appearance. The ability to 

replicate the scale of the traditional denmin with digital denim received the best matching among 

all of the appearance factors.  

The ability to effectively replicate the traditional denim by digital printing varied 

according to the visual appearance, or finishing effect, of the traditional denim fabric. For 

example, Sample pair 5 was scored significantly differently than other the samples according to 

the statistical analysis. While scale and color matching received a significantly high match for all 

three trials, the line quality, visual texture, and overall appearance were rated low between 2.3 to 

2.8. The line quality, specifically, was scored significantly lower by the experts than the other 

samples. This response from the experts could due to the fact that the lightness of the traditional 

and digitally reproduced samples differed from each other, because the digital printing 

technology can’t provide the same ink penetration as the traditional denim dyeing process. The 

lightness difference may have significantly influenced the overall matching between digital 

denim and traditional denim.  
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CHAPTER 7: LIMITATIONS AND FUTURE RESEARCH 

This research provides insight into the digital denim technology. A few limitations and 

recommendations for future research are following. 

• Scan Facility 

An Epson E11000XL-GA Expression Graphic Arts Photo Scanner was used for scanning the six 

traditional denim samples, however a higher resolution textile scanner, such as the new X-Rite 

Total Appearance Capture System (TAC)  is recommended for the future studies. This 

technology was not available for this study. 

• Sustainability Data of Digital Printing 

The majority of the industry experts believed that digital denim is a more sustainable process 

when compared to traditional denim, however, this issue was not quantified as part of this study. 

As the main sustainability concerns of digital denim are chemical usage, water usage, clean 

ability and other different aspects, a study that quantitively compared the two processes would be 

beneficial. Currently, there is no data-supported evidence that digital printing is more  

environmentally friendly than the traditional denim process.  

• Ink Saturation/ Penetration  

Ink saturation/ penetration of digital printing is an issue that appeared to influence the replication 

of traditional denim via ink-jet printing, therefore how to improve the penetration of dyes, or the 

ability to digitally print both sides of the substrate would be a worthwhile research topic.  

• Dual Side /White Interior Problem 

Denim is two-sided fabric, for digital denim, the printed fabric would have a different interior 

color which could effect consumer acceptance. Double sided digital printing, still in an emerging 
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technology stage may solve the dual side/ white interior problem and could be a good future 

research topic for digital denim as well as other applications.  
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Appendix A: Color Calibration Procedure for HP Latex 365 Printer  

1. Chosing New Textile Substrate 
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Figure 83: HP Latex 365 Printer Color Calibration: Chosing New Substrate 

2. Starting Color Calibration 

Step 1: Test Ink Drying and Ink Saturation  
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Figure 84: HP Latex 365 Printer Color Calibration: Test Ink Drying and Ink Saturation 

Printing the test pattern and chosing the suitable pass and ink saturation. For this research, 10 

passes was chosen and 120 % ink saturation was used for printing. 230 F curing temperature was 

used for drying the latex ink. 



240 
 

 

Figure 85: Printed Test Pattern 

Step 2: Automatic Color Calibration  

Input the name of the color profile, clicked the “Start color calibration” button and started the 

qutomatic coor calibration process. 
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Figure 86: Automatic Color Calibration  

The color chart was printed and automatically scanned by HP latex 365 printer. 

 

Figure 87: Printed Color Chart For HP Latex 365 Printer 
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Figure 88: Scanning Printed Color Chart 

Step 3: Creation of ICC Color Profile  

Clicked “choose existing” button, imported the ICC color profile that has already been 

created.According to the HP technical advise, the ICC color profile can be created using the Hp 

latex printer internal spectrophotometer for paper and film substrate. However, external 

spectrophotometer was suggested for textile substrate. ICC color profile was created by the 

Wasatch RIP software and X-Rite i1iO spectrophotometer, the guideline of Wasatch profiling 

can be refered in Appendix B or the link below: 

http://legacy.wasatch.com/profiling_with_pss_tech_note/profiling_with_pss_tech_note.html  

http://legacy.wasatch.com/profiling_with_pss_tech_note/profiling_with_pss_tech_note.html
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Figure 89: Creation of ICC Color Profile 

3. Finishing Color Profiling  

 

Figure 90: New Color Profile Created  
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Appendix B: Wasatch Color Profiling Procedure 
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Appendix C: Recruitment email_Digital Printing Group 

Dear colleagues,   
We are from the Digital Textile Printing Research Group at the Wilson College of Textiles and  
invite you to take part in a research study that seeks to optimize the digital textile printing 
process and quality and explores how textile digital printing technology can be used for new 
applications. We are looking for 44-75 individuals to participate. 
If you agree to be in the study, you will be asked to complete a 15 to 30 minute in-person 
interview and/or an online survey. You may also be asked to complete a visual assessment based 
on your responses during the interview, which will take 20 minutes. The research activities, in 
total, should not take more than 50 minutes. This research will be used to improve printing 
quality, identify market opportunities, and optimize the digital textile printing process. 
Participating in this research is not a condition of your enrollment or employment at NC State. 
There is no compensation for participating in this research. 
If you would like more information about this study or to participate, please click the Qualtrics 
link to access the study’s online consent form here: 
https://qtrial2017q1az1.az1.qualtrics.com/jfe/form/SV_3WbvQ12tMLJrOmx 
If you have any questions about the study, please contact the study PI, Dr. Lisa Chapman, at 
lisa_chapman@ncsu.edu or 919-513-4020.  
 
Thank you for your time and consideration. 
 
Lisa Chapman, NCSU faculty  
Ming Wang, graduate student 
Jiajun Liu, graduate student 
The Digital Textile Printing Research Group 
Wilson College of Textiles 

  

mailto:lisa_chapman@ncsu.edu


253 
 

Appendix D: Informed Consent Form for Digital Denim Research 

Digital Denim Informed Consent Form 
 
Title of Study: Digital Textile Printing (eIRB # 14132) 
Principal Investigator: Lisa Chapman, llparril@ncsu.edu, 9196737916    
 
What are some general things you should know about research studies? 
You are invited to take part in a research study.  Your participation in this study is voluntary. 
You have the right to be a part of this study, to choose not to participate, and to stop participating 
at any time without penalty. The purpose of this research study is to optimize the digital textile 
printing process and quality and explore how textile digital printing technology can be used for 
new applications.. We will do this through asking you to participate in an online survey or in 
person interview.  
 
You are not guaranteed any personal benefits from being in this study. Research studies also may 
pose risks to those who participate. You may want to participate in this research because your 
knowledge and expertise can provide us with a better understanding of the digital printing 
industry. You may not want to participate in this research because there is no direct benefit by 
participating this study.  
 
Specific details about the research in which you are invited to participate are contained below. If 
you do not understand something in this form, please ask the researcher for clarification or more 
information. A copy of this consent form will be provided to you. If, at any time, you have 
questions about your participation in this research, do not hesitate to contact the researcher(s) 
named above or the NC State IRB office. The IRB office’s contact information is listed in the  
What if you have questions about your rights as a research participant? section of this form.  
 
What is the purpose of this study? 
The purpose of the study is to improve printing quality, identify market opportunities, and 
optimize the digital textile printing process. An interview will be conducted to collect general 
information about digital printing and to develop the evaluation metrics and test image for print 
quality evaluation. Interviews will be conducted to understand the application of digital printing 
in denim field and garment production.  
 
Am I eligible to be a participant in this study? 
There will be approximately 44 to 75 participants in this study. 
 
To participate in this study, you must be at least 18 years of age and work in the textile field. 
You cannot participate in this study if you do not meet all of the aforementioned inclusion 
criteria. 
 
What will happen if you take part in the study? 
If you agree to be in the study, you will be asked to complete an interview about digital printing. 
This interview will be recorded and take 30 minutes.  You may also be asked to complete visual 
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assessment which will take 20 minutes. The research activities, in total, should not take more 
than 50 minutes.  
 
Recording 
If you want to participate in this research, you must agree to be recorded. If you do not agree to 
be recorded, you cannot participate in this research. 

Risks and benefits 
There are minimal risks associated with participation in this research.  
 
There are no direct benefits to your participation in the research. The indirect benefits are that 
you are contributing to the greater body of knowledge. 
 
Right to withdraw your participation  
You can stop participating in this study at any time for any reason. In order to stop your 
participation, for survey you can simply exit the online survey link. During the interview, tell the 
research team that you would like to stop. At all times, you can always contact the PI, Lisa 
Chapman, at llparril@ncsu.edu or 919-673-7916 to tell her that you wish to stop participating in 
this research.  
 
Confidentiality, personal privacy, and data management 
Trust is the foundation of the participant/researcher relationship. Much of that principle of trust 
is tied to keeping your information private and in the manner that we have described to you in 
this form. The information that you share with me will be held in confidence to the fullest extent 
allowed by law. Protecting your privacy as related to this research is of utmost importance to me. 
However, there are very rare circumstances related to confidentiality where I may have to share 
information about you. These are limited to instances in which imminent harm could come to 
you or others.  
 
How I manage, protect, and share your data are the principal ways that I protect your personal 
privacy. Data generated about you in this study will be de-identified. 
 

De-identified. De-identified data is information that at one time could directly identify 
you, but that I have recorded this data so that your identity is separated from the data. I 
will have a master list with your code and real name that I can use to link to your data. 
While I might be able to link your identity to your data at earlier stages in the research, 
when the research concludes, there will be no way your real identity will be linked to the 
data I publish. 

 
Data that will be shared with others about you will be de-identified because your personal 
identity or organization’s identity will not be recorded or tracked during data collection. 
  
To help maximize the benefits of your participation in this project, by further contributing to 
science and our community, your de-identified information or bio-specimens will be stored for 
future research and may be shared with other people without additional consent from you. 
 
Compensation  

mailto:llparril@ncsu.edu
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You will not receive anything for participating in this study. If you withdraw from the study 
prior to its completion, you can expect that we will eliminate your data from the analysis. If you 
withdraw consent after the data is published, I will make every attempt to redact your data from 
future use. This is possible in some, but not all, cases. 
 

What if you are an NCSU student? 
Your participation in this study is not a course requirement and your participation or lack thereof, 
will not affect your class standing or grades at NC State.   
 
What if you are an NCSU employee? 
Your participation in this study is not a requirement of your employment at NCSU, and your 
participation or lack thereof, will not affect your job.   
 
What if you have questions about this study? 
If you have questions at any time about the study itself or the procedures implemented in this 
study, you may contact the PI, Dr. Lisa Chapman, at llparril@ncsu.edu or 919-673-7916.  
 
What if you have questions about your rights as a research participant? 
If you feel you have not been treated according to the descriptions in this form, or your rights as 
a participant in research have been violated during the course of this project, you may contact the 
NC State IRB (Institutional Review Board) Office. An IRB office helps participants if they have 
any issues regarding research activities. You can contact the NC State IRB Office via email at 
irb-director@ncsu.edu or via phone at (919) 515-8754.  
 
Consent To Participate 
By signing this consent form, I am affirming that I have read and understand the above 
information. All of the questions that I had about this research have been answered. I have 
chosen to participate in this study with the understanding that I may stop participating at any 
time without penalty or loss of benefits to which I am otherwise entitled. I am aware that I may 
revoke my consent at any time. 
 
Participant’s printed name _____________________________________________ 
 
Participant's signature ___________________________ Date _________________ 
 
Investigator's signature __________________________  Date _________________ 
  

mailto:llparril@ncsu.edu
mailto:irb-director@ncsu.edu
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Appendix E: Research Phase I - Expert Interview Questionnaire  

Interview Questions for Digital Textile Printing  
 

Parts I & III will be administered to all respondents while Part II (A or B) will be administered to 
respondents whose work relates to denim (A) or to t-shirts for DTG printing (B). 
 
PART I (ALL RESPONDENTS) 

1. Can you tell me about your expertise in the textile industry? (Allow respondent to 
answer freely, if they need examples suggest from list below) 
 
• Ink-jet Textile Printing 
• Denim Manufacturing  
• Apparel or home interior product development 
• Dyeing manufacturing/Chemist  
• Colorist/Color management 
• Marketing/Supply Chain 
• Sourcing/ Consulting  
• Other 
 

2. How long have you been working in the textile field?  
 

3. Do you mind telling us how your expertise has changed over the course of your 
professional experience (if applicable)? (Allow respondent to speak freely, but keep it 
focused on experience relevant to textiles/digital printing). 
 

4. Can you describe your current position? 
 

5. What is/are your company’s primary business functions? 
(Allow respondents to respond freely. Refer to list below for examples if they need a 
prompt). 
• Printer manufacture 
• Ink manufacture 
• Substrate manufacture 
• Chemical/ finishing  
• Software developer 
• Printing company 
• Other 
 

6. What are the main target markets for your company?  
Are your markets organized by country, regions or some other designation? 

Part II  (A) FOR DENIM RELATED COMPANIES ONLY 
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I would like to hear your thoughts about the emerging digital print market. I have a few 
specific areas I would like to discuss with you related to digital printing and its potential 
market applications. 
 
1. Do you think digital denim can compete with traditional denim? (ask them also what they 

think about cost if they do not bring it up…) 
2. If digital denim fabric process were suitable for mass production, for what type of 

products do you believe this fabric would best be suited? 
3. Do you have any additional comments or suggestions for digital denim technology? 
4. If digital denim is mass produced, what do you think will drive consumers to buy this 

new product? Who do you think will be the main target consumer group? 
5. What do you think are the possible changes/challenges digital denim will bring to textile 

sourcing/marketing/ manufacturing? 

I would like to know your thoughts about the benefits and challenges of digital printing 
technology for denim.  
 
1. According to your knowledge of the denim industry, do you think denim production 

affects the environment? Why or why not? What are some examples? (Prompts if they 
struggle: does it have high water and energy consumption?)  

2. Which manufacturing process produces the most pollution and why? 
3. What do you think are the possible benefits of digital denim for manufacturing? 
4. (How about benefits to society and the environment)? 
5. What do you think are the potential obstacles or challenges to digital denim being able to 

replicate traditional denim in the market? How could those be overcome? 
 

I would like to know your thoughts about the suitable denim fabric type and finishing 
effect for digital reproduction. 
 
1. There are various kinds of denim fabric in the textile market. In your opinion, what is the 

mainstream denim fabric type in the textile market?  
2. Which type of denim is the most suitable to be replicated through ink-jet printing and 

what do you think is the most appropriate application for replicated digital denim? 
3. There are various types of finishing effects for denim fabric. In your opinion, what are 

the main finishing effects in the textile market? And what are the effects that can best be 
replicated by ink-jet printing? 
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PART II (B) FOR T-SHIRT PRODUCERS ONLY 

I would like to hear your thoughts about the emerging digital print market. I have a few 
specific areas I would like to discuss with you related to digital printing and its potential 
market applications. 
1. Are you producing t-shirts specifically for digital printing? 
2. Do you notice any difference in requirements for screen vs digitally printed t-shirts? 
3. Can you help us define the size of the market from your perspective? 
4. What is the main fiber used for these shirts?  

(Prompts: Cotton, cotton/polyester blends or polyester?) 
5. Have you noticed any problems when printing with specific colors or fiber contents of t-

shirts? 
6. What type of yarns are typically used for these shirts? 

(Prompts: RS (Carded/Combed/Compacted), Open-end or Air Jet) 
7. Which countries are leading in t-shirt production? 
8. Which countries are the most important players in this industry? 
9. Is cost or quality more important to your company? Why? 

I would like to know your thoughts about the production procedure for digital printing. 
(If applicable) 
1. Please describe the procedure for making a T-shirt, especially for DTG, (step by step) 

that you have experienced. Please include the type of fiber, yarn, dyes, finishing process 
and pretreatments you would use and the purpose of each step.  
 

2. There are various types of finishing effects for fabric. In your opinion, what are the main 
finishing effects in the textile market? And what are the effects that can best be replicated 
by ink-jet printing? 

I would like to know your thoughts about the benefits and challenges of digital printing 
technology. 
1. What do you think are the possible benefits of digital printing direct to garment for 

manufacturing? 
2. What do you think are the potential obstacles or challenges to produce a T-Shirt suitable 

for DTP? How could those be overcome? 
3. What do you see as the top advantages of digital textile printing? (allow to answer, may 

prompt with examples below) 
• Print on demand 
• Short runs 
• Flexibility 
• Low cost 
• Better color quality 
• Less labor, Other 
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PART III (All respondents) 
 
I would like to close with two general questions (if the answers are not apparent in the 
previous discussion). 
 

What do you believe are the major challenges of digital textile printing? (allow to 
answer, use below prompts if needed) 
• Poor color fastness 
• Poor hand property 
• High Capital investment 
• Color accuracy  
• Labor training 
• Other  
 
For manufacturing, which factors are most important to your company? (allow to answer, 
use below prompts if needed) 
• Product quality 
• Product cost 
• Time 
• Other 
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Appendix F: Research Phase II - Expert Visual Assessment Instrument  

Visual Assessment Survey Instrument 
 

Six traditional denim fabrics with washing effects were provided by a research-based textile 
company 
 

• Sample A- Traditional denim fabric (A1, A2, A3, A4, A5, A6) 

Corresponding digitally reproduced fabric were scanned and printed by PI in Wilson 
College of Textile, NC State. 
 

• Sample B-Digitally reproduced fabric (B1, B2, B3, B4, B5, B6) 

Each pair of samples (in total six pairs of samples) were compared three times using the 
same evaluation instrument and all the answers were recorded. 
 

Part I Demographics Information 
 

1. What is your expertise in the textile industry? (Choose one or more) 
• Ink-jet Textile Printing 
• Denim Manufacturing  
• Apparel or home interior product development 
• Dyeing manufacturing/Chemist  
• Colorist/Color management 
• Marketing/Supply Chain 
• Sourcing/ Consulting  
• Color Science/ Color Matching 
• Others: ______________ 

 
2. How long have you been working in the textile field? 
• One to three years 
• Three to six years 
• six to nine years 
• nine to twelve years 
• twelve to fifteen years 
• fifteen to eighteen years 
• greater than eighteen years 
• Other: ___________ 
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3. How long have you been conducting visual assessments? 
• Never completed a visual assessment 
• One to three years 
• Three to six years 
• six to nine years 
• nine to twelve years 
• twelve to fifteen years 
• fifteen to eighteen years 
• greater than eighteen years 

Other: ______________ 
 

4. How frequently do you conduct visual assessments? 
• Every day 
• Three or four times a week 
• Once or twice a week 
• Once or twice every two weeks 
• Once or twice a month 
• Once or twice every two months 
• Once or twice every four months 
• Once or twice half year 
• Once or twice a year 
• Less than once a year 
• Other: _____________ 
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Visual Appearance Assessment  
Color Matching 

1. How does the overall color of sample A match that of sample B?  
 
For this question, you will use the AATCC Gray Scale for Color Change 
Note* 5 represents no shade change; 1 represents highest shade change. 
 
 5 4.5 4 3.5 3 2.5 2 1.5 1 

Overall Color          

 
Do you have any comments or suggestions? 
Comments:______________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________ 
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Appearance Matching 
2. How does the appearance of sample A match that of sample B according to the 

following aspects?  
Note*Each option was signed for the statistics analysis purpose 
 
2.1 Line Quality 
 

• Not at all (1) 
• Slightly (2) 
• Somewhat (3) 
• Mostly (4) 
• Exactly (5) 

 
Note*Line quality is defined as the appearance of the line. 
 

Comments: 
Line quality: _______________________________________________________ 
 
 
2.2 Visual Texture 
 

• Not at all (1) 
• Slightly (2) 
• Somewhat (3) 
• Mostly (4) 
• Exactly (5) 

 
Note*Visual texture is defined as the illusion of texture achieved through techniques 
(such as shading) that vary coloration and value. 
 

Comments: 
Visual texture: _____________________________________________________ 
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2.3 Scale 
 

• Not at all (1) 
• Slightly (2) 
• Somewhat (3) 
• Mostly (4) 
• Exactly (5) 

 
Note*Scale is defined as the proportion or ratio that defines size relationship. 
 

Comments: 
Scale: ____________________________________________________________ 
 
 
2.4 Overall Appearance 
 

• Not at all (1) 
• Slightly (2) 
• Somewhat (3) 
• Mostly (4) 
• Exactly (5) 

 

Comments: 
Overall Appearance: ________________________________________________ 
 
 
Overall, do you have any comments or suggestions for the appearance matching? 
Comments:______________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________ 
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Lightness Matching 

3. Overall, what is your perceptions of the Lightness difference between sample A and B? 
• A is obviously brighter than B (A>>B) 
• A is slightly brighter than B (A>B) 
• A is as same bright as B (A=B) 
• B is slightly brighter than A (A<B) 
• B is obviously brighter than A (A<<B) 

 
Do you have any comments or suggestions? 
Comments:______________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________ 
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Overall Matching 
 
4. Overall, what is your perception of the difference between sample A and B? 
 
Overall Matching 
 

• Not at all (1) 
• Slightly (2) 
• Somewhat (3) 
• Mostly (4) 
• Exactly (5) 

 
Do you have any comments or suggestions? 
Comments:______________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________ 
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Appendix G: IRB Protocol Assigned Exempt status 

Dear Lisa Chapman: 
 
Date: June 20, 2019 
IRB Protocol 14132 has been assigned Exempt status 
Title: Digital Textile Printing 
PI: Chapman, Lisa Lynne 
 
The research proposal named above has received administrative review and has been approved 
as exempt from the policy as outlined in the Code of Federal Regulations (Exemption: 46.101. 
Exempt d.2). Provided that the only participation of the subjects is as described in the proposal 
narrative, this project is exempt from further review. This approval does not expire, but any 
changes must be approved by the IRB prior to implementation. 
 

1. This committee complies with requirements found in Title 45 part 46 of The Code of 
Federal Regulations. For NCSU projects, the Assurance Number is: FWA00003429. 

2. Any changes to the protocol and supporting documents must be submitted and 
approved by the IRB prior to implementation. 

3. If any unanticipated problems or adverse events occur, they must be reported to 
the IRB office within 5 business days by completing and submitting the unanticipated 
problem form on 
the IRB website: http://research.ncsu.edu/sparcs/compliance/irb/submission-guidance/. 

4. Any unapproved departure from your approved IRB protocol results in non-
compliance. Please find information regarding non-compliance 
here: http://research.ncsu.edu/sparcs-docs/irb/non-compliance_faq_sheet.pdf. 

Please let us know if you have any questions. 
 
************************************************** 
 
NCSU IRB Office 
 
*Please contact ncsuirboffice@ncsu.edu if an official PDF approval letter with signature is 
required by your funding source.* 

  

http://research.ncsu.edu/sparcs/compliance/irb/submission-guidance/
http://research.ncsu.edu/sparcs-docs/irb/non-compliance_faq_sheet.pdf
mailto:ncsuirboffice@ncsu.edu
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Appendix H: IRB Protocol Renewal/Amendment Approved 

 
Dear Ming Wang: 
   
Date: 11/15/2019 
 
Project Title: Digital Textile Printing 
 
IRB#: 14132 
 
PI: Chapman, Lisa Lynne 
 
The renewal/amendment request for the project listed above has been approved in accordance 
with policy under 45 CFR 46. If your application was to amend your study protocol, and your 
study received expedited or full board review, this letter does NOT change the expiration date for 
your study. If you applied to renew your expedited or full board protocol, your new expiration 
date is shown above. 

1. This board complies with requirements found in Title 45 part 46 of The Code of 
Federal Regulations. For NCSU the Assurance Number is: FWA00003429. 

2. You must use the approved documents which have the status "approved" in the 
document viewer in the eIRB for your study. 

3. Any changes to the protocol and supporting documents must be submitted and 
approved by the IRB prior to implementation via amendment request. 

4. If any unanticipated problems or adverse events occur, they must be reported to 
the IRB office within 5 business days by completing and submitting the unanticipated 
problem form on the IRB website: http://research.ncsu.edu/sparcs/compliance/irb/irb-
forms/ 

5. Any unapproved departure from your approved IRB protocol results in non-
compliance. Please find information regarding how to avoid non-compliance 
here: http://research.ncsu.edu/sparcs-docs/irb/non-compliance_faq_sheet.pdf 

 
 
Please let us know if you have any questions.. 
 
************************************************** 
 
NCSU IRB Office 
 
*Please contact ncsuirboffice@ncsu.edu if an official PDF approval letter with signature is 
required by your funding source.* 
  

http://research.ncsu.edu/sparcs/compliance/irb/irb-forms/
http://research.ncsu.edu/sparcs/compliance/irb/irb-forms/
http://research.ncsu.edu/sparcs-docs/irb/non-compliance_faq_sheet.pdf
mailto:ncsuirboffice@ncsu.edu
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Appendix I: Details and the Twill Direaction (Right-hand) of Scanned Denim Fabric 

 

Figure 91: Denim 01 
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Figure 92: Denim 02 
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Figure 93: Denim 03 
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Figure 94: Denim 04 
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Figure 95: Denim 05 
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Figure 96: Denim 06 
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Appendix J: Scanned Denim Files Prepared for Printing 

 

 

 

 

 

 

 

 

 

 

 

Figure 97: Scanned Denim Images Prepared for Printing - Ordered from Denim_01 to 06 
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Appendix K: AATCC Gray Scale Evaluation Procedure  
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Appendix L: Analysis of Variance (ANOVA) by Samples  

Oneway Analysis of Color Matching By Sample Trial=T1 

 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 4.322917 0.864583 1.2233 0.3081 
Error 66 46.645833 0.706755   
C. Total 71 50.968750    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.04167 0.24269 2.5571 3.5262 
S2 12 3.29167 0.24269 2.8071 3.7762 
S3 12 3.66667 0.24269 3.1821 4.1512 
S4 12 3.29167 0.24269 2.8071 3.7762 
S5 12 3.62500 0.24269 3.1405 4.1095 
S6 12 3.70833 0.24269 3.2238 4.1929 
 
Std Error uses a pooled estimate of error variance 
 

1

2

3

4

5

S1 S2 S3 S4 S5 S6

Sample
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Oneway Analysis of Color Matching By Sample Trial=T2 

 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 3.166667 0.633333 0.8831 0.4975 
Error 66 47.333333 0.717172   
C. Total 71 50.500000    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.08333 0.24447 2.5952 3.5714 
S2 12 3.04167 0.24447 2.5536 3.5298 
S3 12 3.50000 0.24447 3.0119 3.9881 
S4 12 3.37500 0.24447 2.8869 3.8631 
S5 12 3.62500 0.24447 3.1369 4.1131 
S6 12 3.37500 0.24447 2.8869 3.8631 
 
Std Error uses a pooled estimate of error variance 
 

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

S1 S2 S3 S4 S5 S6

Sample
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Oneway Analysis of Color Matching By Sample Trial=T3 

 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 3.072917 0.614583 0.9085 0.4810 
Error 66 44.645833 0.676452   
C. Total 71 47.718750    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.04167 0.23743 2.5676 3.5157 
S2 12 3.04167 0.23743 2.5676 3.5157 
S3 12 3.45833 0.23743 2.9843 3.9324 
S4 12 3.54167 0.23743 3.0676 4.0157 
S5 12 3.50000 0.23743 3.0260 3.9740 
S6 12 3.29167 0.23743 2.8176 3.7657 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Line Quality By Sample Trial=T1 

 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 15.069444 3.01389 6.2324 <.0001* 
Error 66 31.916667 0.48359   
C. Total 71 46.986111    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.58333 0.20075 3.1825 3.9841 
S2 12 3.50000 0.20075 3.0992 3.9008 
S3 12 3.00000 0.20075 2.5992 3.4008 
S4 12 3.33333 0.20075 2.9325 3.7341 
S5 12 2.33333 0.20075 1.9325 2.7341 
S6 12 3.66667 0.20075 3.2659 4.0675 
 
Std Error uses a pooled estimate of error variance 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 
 

q* Alpha 
2.93510 0.05 

 
Connecting Letters Report 
 
Level   Mean 
S6 A  3.6666667 
S1 A  3.5833333 

1

2

3

4

5

S1 S2 S3 S4 S5 S6

Sample

All Pairs

Tukey-Kramer

0.05
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Level   Mean 
S2 A  3.5000000 
S4 A  3.3333333 
S3 A B 3.0000000 
S5  B 2.3333333 
 
Levels not connected by same letter are significantly different. 
Ordered Differences Report 
 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S6 S5 1.333333 0.2838972 0.500067 2.166599 0.0002*  
S1 S5 1.250000 0.2838972 0.416734 2.083266 0.0006*  
S2 S5 1.166667 0.2838972 0.333401 1.999933 0.0015*  
S4 S5 1.000000 0.2838972 0.166734 1.833266 0.0097*  
S6 S3 0.666667 0.2838972  -0.166599 1.499933 0.1900  
S3 S5 0.666667 0.2838972  -0.166599 1.499933 0.1900  
S1 S3 0.583333 0.2838972  -0.249933 1.416599 0.3236  
S2 S3 0.500000 0.2838972  -0.333266 1.333266 0.4974  
S4 S3 0.333333 0.2838972  -0.499933 1.166599 0.8475  
S6 S4 0.333333 0.2838972  -0.499933 1.166599 0.8475  
S1 S4 0.250000 0.2838972  -0.583266 1.083266 0.9499  
S6 S2 0.166667 0.2838972  -0.666599 0.999933 0.9916  
S2 S4 0.166667 0.2838972  -0.666599 0.999933 0.9916  
S1 S2 0.083333 0.2838972  -0.749933 0.916599 0.9997  
S6 S1 0.083333 0.2838972  -0.749933 0.916599 0.9997  
 
Oneway Analysis of Line Quality By Sample Trial=T1 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.143762 
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Adj Rsquare 0.078895 
Root Mean Square Error 0.826487 
Mean of Response 3.069444 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 7.569444 1.51389 2.2163 0.0629 
Error 66 45.083333 0.68308   
C. Total 71 52.652778    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.00000 0.23859 2.5236 3.4764 
S2 12 3.41667 0.23859 2.9403 3.8930 
S3 12 3.08333 0.23859 2.6070 3.5597 
S4 12 3.16667 0.23859 2.6903 3.6430 
S5 12 2.41667 0.23859 1.9403 2.8930 
S6 12 3.33333 0.23859 2.8570 3.8097 
 
Std Error uses a pooled estimate of error variance 
 
Oneway Analysis of Line Quality By Sample Trial=T2 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.150183 
Adj Rsquare 0.085803 
Root Mean Square Error 0.765414 
Mean of Response 3.083333 
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Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 6.833333 1.36667 2.3328 0.0518 
Error 66 38.666667 0.58586   
C. Total 71 45.500000    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.33333 0.22096 2.8922 3.7745 
S2 12 3.25000 0.22096 2.8088 3.6912 
S3 12 3.08333 0.22096 2.6422 3.5245 
S4 12 3.16667 0.22096 2.7255 3.6078 
S5 12 2.41667 0.22096 1.9755 2.8578 
S6 12 3.25000 0.22096 2.8088 3.6912 
 
Std Error uses a pooled estimate of error variance 
 
Oneway Analysis of Line Quality By Sample Trial=T3 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.126907 
Adj Rsquare 0.060764 
Root Mean Square Error 0.702629 
Mean of Response 3.152778 
Observations (or Sum Wgts) 72 
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Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 4.736111 0.947222 1.9187 0.1030 
Error 66 32.583333 0.493687   
C. Total 71 37.319444    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.33333 0.20283 2.9284 3.7383 
S2 12 3.33333 0.20283 2.9284 3.7383 
S3 12 3.00000 0.20283 2.5950 3.4050 
S4 12 3.16667 0.20283 2.7617 3.5716 
S5 12 2.66667 0.20283 2.2617 3.0716 
S6 12 3.41667 0.20283 3.0117 3.8216 
 
Std Error uses a pooled estimate of error variance 
 
Oneway Analysis of Line Quality By Sample Trial=T2 

 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 11.267361 2.25347 3.7436 0.0048* 
Error 66 39.729167 0.60196   
C. Total 71 50.996528    
 
Means for Oneway Anova 
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Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.58333 0.22397 3.1362 4.0305 
S2 12 3.50000 0.22397 3.0528 3.9472 
S3 12 3.25000 0.22397 2.8028 3.6972 
S4 12 3.08333 0.22397 2.6362 3.5305 
S5 12 2.45833 0.22397 2.0112 2.9055 
S6 12 3.58333 0.22397 3.1362 4.0305 
 
Std Error uses a pooled estimate of error variance 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 
 

q* Alpha 
2.93510 0.05 

 
Connecting Letters Report 
 
Level   Mean 
S1 A  3.5833333 
S6 A  3.5833333 
S2 A  3.5000000 
S3 A B 3.2500000 
S4 A B 3.0833333 
S5  B 2.4583333 
 
Levels not connected by same letter are significantly different. 
Ordered Differences Report 
 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S1 S5 1.125000 0.3167431 0.195328 2.054672 0.0089*  
S6 S5 1.125000 0.3167431 0.195328 2.054672 0.0089*  
S2 S5 1.041667 0.3167431 0.111995 1.971339 0.0193*  
S3 S5 0.791667 0.3167431  -0.138005 1.721339 0.1392  
S4 S5 0.625000 0.3167431  -0.304672 1.554672 0.3685  
S1 S4 0.500000 0.3167431  -0.429672 1.429672 0.6153  
S6 S4 0.500000 0.3167431  -0.429672 1.429672 0.6153  
S2 S4 0.416667 0.3167431  -0.513005 1.346339 0.7755  
S1 S3 0.333333 0.3167431  -0.596339 1.263005 0.8981  
S6 S3 0.333333 0.3167431  -0.596339 1.263005 0.8981  
S2 S3 0.250000 0.3167431  -0.679672 1.179672 0.9684  
S3 S4 0.166667 0.3167431  -0.763005 1.096339 0.9949  
S1 S2 0.083333 0.3167431  -0.846339 1.013005 0.9998  
S6 S2 0.083333 0.3167431  -0.846339 1.013005 0.9998  
S6 S1 0.000000 0.3167431  -0.929672 0.929672 1.0000  
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Oneway Analysis of Line Quality By Sample Trial=T3 

 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 13.958333 2.79167 4.0018 0.0031* 
Error 66 46.041667 0.69760   
C. Total 71 60.000000    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.58333 0.24111 3.1019 4.0647 
S2 12 3.41667 0.24111 2.9353 3.8981 
S3 12 3.20833 0.24111 2.7269 3.6897 
S4 12 3.16667 0.24111 2.6853 3.6481 
S5 12 2.37500 0.24111 1.8936 2.8564 
S6 12 3.75000 0.24111 3.2686 4.2314 
 
Std Error uses a pooled estimate of error variance 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 
 

q* Alpha 
2.93510 0.05 

 
Connecting Letters Report 
 
Level   Mean 
S6 A  3.7500000 
S1 A  3.5833333 
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Level   Mean 
S2 A  3.4166667 
S3 A B 3.2083333 
S4 A B 3.1666667 
S5  B 2.3750000 
 
Levels not connected by same letter are significantly different. 
Ordered Differences Report 
 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S6 S5 1.375000 0.3409792 0.374193 2.375807 0.0019*  
S1 S5 1.208333 0.3409792 0.207526 2.209141 0.0091*  
S2 S5 1.041667 0.3409792 0.040859 2.042474 0.0366*  
S3 S5 0.833333 0.3409792  -0.167474 1.834141 0.1565  
S4 S5 0.791667 0.3409792  -0.209141 1.792474 0.2002  
S6 S4 0.583333 0.3409792  -0.417474 1.584141 0.5298  
S6 S3 0.541667 0.3409792  -0.459141 1.542474 0.6089  
S1 S4 0.416667 0.3409792  -0.584141 1.417474 0.8246  
S1 S3 0.375000 0.3409792  -0.625807 1.375807 0.8797  
S6 S2 0.333333 0.3409792  -0.667474 1.334141 0.9235  
S2 S4 0.250000 0.3409792  -0.750807 1.250807 0.9771  
S2 S3 0.208333 0.3409792  -0.792474 1.209141 0.9899  
S1 S2 0.166667 0.3409792  -0.834141 1.167474 0.9964  
S6 S1 0.166667 0.3409792  -0.834141 1.167474 0.9964  
S3 S4 0.041667 0.3409792  -0.959141 1.042474 1.0000  
Oneway Analysis of Visual Texture By Sample Trial=T1 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.143762 
Adj Rsquare 0.078895 
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Root Mean Square Error 0.826487 
Mean of Response 3.069444 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 7.569444 1.51389 2.2163 0.0629 
Error 66 45.083333 0.68308   
C. Total 71 52.652778    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.00000 0.23859 2.5236 3.4764 
S2 12 3.41667 0.23859 2.9403 3.8930 
S3 12 3.08333 0.23859 2.6070 3.5597 
S4 12 3.16667 0.23859 2.6903 3.6430 
S5 12 2.41667 0.23859 1.9403 2.8930 
S6 12 3.33333 0.23859 2.8570 3.8097 
 
Std Error uses a pooled estimate of error variance 
 
Oneway Analysis of Visual Texture By Sample Trial=T2 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.150183 
Adj Rsquare 0.085803 
Root Mean Square Error 0.765414 
Mean of Response 3.083333 
Observations (or Sum Wgts) 72 
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Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 6.833333 1.36667 2.3328 0.0518 
Error 66 38.666667 0.58586   
C. Total 71 45.500000    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.33333 0.22096 2.8922 3.7745 
S2 12 3.25000 0.22096 2.8088 3.6912 
S3 12 3.08333 0.22096 2.6422 3.5245 
S4 12 3.16667 0.22096 2.7255 3.6078 
S5 12 2.41667 0.22096 1.9755 2.8578 
S6 12 3.25000 0.22096 2.8088 3.6912 
 
Std Error uses a pooled estimate of error variance 
 
Oneway Analysis of Visual Texture By Sample Trial=T3 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.126907 
Adj Rsquare 0.060764 
Root Mean Square Error 0.702629 
Mean of Response 3.152778 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
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Source DF Sum of 
Squares 

Mean Square F Ratio Prob > F 

Sample 5 4.736111 0.947222 1.9187 0.1030 
Error 66 32.583333 0.493687   
C. Total 71 37.319444    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.33333 0.20283 2.9284 3.7383 
S2 12 3.33333 0.20283 2.9284 3.7383 
S3 12 3.00000 0.20283 2.5950 3.4050 
S4 12 3.16667 0.20283 2.7617 3.5716 
S5 12 2.66667 0.20283 2.2617 3.0716 
S6 12 3.41667 0.20283 3.0117 3.8216 
 
Std Error uses a pooled estimate of error variance 
Oneway Analysis of Scale By Sample Trial=T1 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.067661 
Adj Rsquare  -0.00297 
Root Mean Square Error 0.827251 
Mean of Response 4.222222 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 3.277778 0.655556 0.9579 0.4500 
Error 66 45.166667 0.684343   
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Source DF Sum of 
Squares 

Mean Square F Ratio Prob > F 

C. Total 71 48.444444    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 4.41667 0.23881 3.9399 4.8935 
S2 12 4.50000 0.23881 4.0232 4.9768 
S3 12 4.16667 0.23881 3.6899 4.6435 
S4 12 4.16667 0.23881 3.6899 4.6435 
S5 12 3.83333 0.23881 3.3565 4.3101 
S6 12 4.25000 0.23881 3.7732 4.7268 
 
Std Error uses a pooled estimate of error variance 
 
Oneway Analysis of Scale By Sample Trial=T2 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.139284 
Adj Rsquare 0.074079 
Root Mean Square Error 0.722125 
Mean of Response 4.263889 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 5.569444 1.11389 2.1361 0.0719 
Error 66 34.416667 0.52146   
C. Total 71 39.986111    
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Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 4.58333 0.20846 4.1671 4.9995 
S2 12 4.33333 0.20846 3.9171 4.7495 
S3 12 4.50000 0.20846 4.0838 4.9162 
S4 12 4.08333 0.20846 3.6671 4.4995 
S5 12 3.75000 0.20846 3.3338 4.1662 
S6 12 4.33333 0.20846 3.9171 4.7495 
 
Std Error uses a pooled estimate of error variance 
 
Oneway Analysis of Scale By Sample Trial=T3 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.050251 
Adj Rsquare  -0.0217 
Root Mean Square Error 0.891883 
Mean of Response 4.194444 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 2.777778 0.555556 0.6984 0.6265 
Error 66 52.500000 0.795455   
C. Total 71 55.277778    
 
Means for Oneway Anova 
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Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 4.50000 0.25746 3.9860 5.0140 
S2 12 4.25000 0.25746 3.7360 4.7640 
S3 12 4.16667 0.25746 3.6526 4.6807 
S4 12 4.16667 0.25746 3.6526 4.6807 
S5 12 3.83333 0.25746 3.3193 4.3474 
S6 12 4.25000 0.25746 3.7360 4.7640 
 
Std Error uses a pooled estimate of error variance 
Oneway Analysis of Overall Appearance By Sample Trial=T1 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.215962 
Adj Rsquare 0.156566 
Root Mean Square Error 0.649398 
Mean of Response 3.083333 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 7.666667 1.53333 3.6359 0.0058* 
Error 66 27.833333 0.42172   
C. Total 71 35.500000    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.16667 0.18746 2.7924 3.5410 
S2 12 3.25000 0.18746 2.8757 3.6243 
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Level Number Mean Std Error Lower 95% Upper 95% 
S3 12 3.00000 0.18746 2.6257 3.3743 
S4 12 3.00000 0.18746 2.6257 3.3743 
S5 12 2.50000 0.18746 2.1257 2.8743 
S6 12 3.58333 0.18746 3.2090 3.9576 
 
Std Error uses a pooled estimate of error variance 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 
 

q* Alpha 
2.93510 0.05 

 
HSD Threshold Matrix 
Abs(Dif)-HSD 
 
 S6 S2 S1 S3 S4 S5 
S6 -0.77814 -0.44481 -0.36147 -0.19481 -0.19481 0.30519 
S2 -0.44481 -0.77814 -0.69481 -0.52814 -0.52814 -0.02814 
S1 -0.36147 -0.69481 -0.77814 -0.61147 -0.61147 -0.11147 
S3 -0.19481 -0.52814 -0.61147 -0.77814 -0.77814 -0.27814 
S4 -0.19481 -0.52814 -0.61147 -0.77814 -0.77814 -0.27814 
S5 0.30519 -0.02814 -0.11147 -0.27814 -0.27814 -0.77814 
 
Positive values show pairs of means that are significantly different. 
Connecting Letters Report 
 
Level   Mean 
S6 A  3.5833333 
S2 A B 3.2500000 
S1 A B 3.1666667 
S3 A B 3.0000000 
S4 A B 3.0000000 
S5  B 2.5000000 
 
Levels not connected by same letter are significantly different. 
Ordered Differences Report 
 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S6 S5 1.083333 0.2651154 0.305194 1.861473 0.0016*  
S2 S5 0.750000 0.2651154  -0.028140 1.528140 0.0652  
S1 S5 0.666667 0.2651154  -0.111473 1.444806 0.1347  
S6 S3 0.583333 0.2651154  -0.194806 1.361473 0.2516  
S6 S4 0.583333 0.2651154  -0.194806 1.361473 0.2516  
S3 S5 0.500000 0.2651154  -0.278140 1.278140 0.4198  
S4 S5 0.500000 0.2651154  -0.278140 1.278140 0.4198  
S6 S1 0.416667 0.2651154  -0.361473 1.194806 0.6198  
S6 S2 0.333333 0.2651154  -0.444806 1.111473 0.8067  
S2 S3 0.250000 0.2651154  -0.528140 1.028140 0.9337  
S2 S4 0.250000 0.2651154  -0.528140 1.028140 0.9337  
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Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S1 S3 0.166667 0.2651154  -0.611473 0.944806 0.9885  
S1 S4 0.166667 0.2651154  -0.611473 0.944806 0.9885  
S2 S1 0.083333 0.2651154  -0.694806 0.861473 0.9996  
S4 S3 0.000000 0.2651154  -0.778140 0.778140 1.0000  
 
 
Oneway Analysis of Overall Appearance By Sample Trial=T2 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.212695 
Adj Rsquare 0.153051 
Root Mean Square Error 0.591395 
Mean of Response 3.152778 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 6.236111 1.24722 3.5661 0.0065* 
Error 66 23.083333 0.34975   
C. Total 71 29.319444    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.25000 0.17072 2.9091 3.5909 
S2 12 3.33333 0.17072 2.9925 3.6742 
S3 12 3.00000 0.17072 2.6591 3.3409 
S4 12 3.25000 0.17072 2.9091 3.5909 
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Level Number Mean Std Error Lower 95% Upper 95% 
S5 12 2.58333 0.17072 2.2425 2.9242 
S6 12 3.50000 0.17072 3.1591 3.8409 
 
Std Error uses a pooled estimate of error variance 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 
 

q* Alpha 
2.93510 0.05 

 
HSD Threshold Matrix 
Abs(Dif)-HSD 
 
 S6 S2 S1 S4 S3 S5 
S6 -0.70864 -0.54197 -0.45864 -0.45864 -0.20864 0.20803 
S2 -0.54197 -0.70864 -0.62530 -0.62530 -0.37530 0.04136 
S1 -0.45864 -0.62530 -0.70864 -0.70864 -0.45864 -0.04197 
S4 -0.45864 -0.62530 -0.70864 -0.70864 -0.45864 -0.04197 
S3 -0.20864 -0.37530 -0.45864 -0.45864 -0.70864 -0.29197 
S5 0.20803 0.04136 -0.04197 -0.04197 -0.29197 -0.70864 
 
Positive values show pairs of means that are significantly different. 
Connecting Letters Report 
 
Level   Mean 
S6 A  3.5000000 
S2 A  3.3333333 
S1 A B 3.2500000 
S4 A B 3.2500000 
S3 A B 3.0000000 
S5  B 2.5833333 
 
Levels not connected by same letter are significantly different. 
Ordered Differences Report 
 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S6 S5 0.9166667 0.2414358 0.208029 1.625304 0.0042*  
S2 S5 0.7500000 0.2414358 0.041362 1.458638 0.0319*  
S1 S5 0.6666667 0.2414358  -0.041971 1.375304 0.0769  
S4 S5 0.6666667 0.2414358  -0.041971 1.375304 0.0769  
S6 S3 0.5000000 0.2414358  -0.208638 1.208638 0.3151  
S3 S5 0.4166667 0.2414358  -0.291971 1.125304 0.5201  
S2 S3 0.3333333 0.2414358  -0.375304 1.041971 0.7383  
S6 S1 0.2500000 0.2414358  -0.458638 0.958638 0.9042  
S6 S4 0.2500000 0.2414358  -0.458638 0.958638 0.9042  
S1 S3 0.2500000 0.2414358  -0.458638 0.958638 0.9042  
S4 S3 0.2500000 0.2414358  -0.458638 0.958638 0.9042  
S6 S2 0.1666667 0.2414358  -0.541971 0.875304 0.9824  
S2 S1 0.0833333 0.2414358  -0.625304 0.791971 0.9993  
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Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S2 S4 0.0833333 0.2414358  -0.625304 0.791971 0.9993  
S4 S1 0.0000000 0.2414358  -0.708638 0.708638 1.0000  
 
 
Oneway Analysis of Overall Appearance By Sample Trial=T3 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.073707 
Adj Rsquare 0.003534 
Root Mean Square Error 0.729085 
Mean of Response 3.125 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 2.791667 0.558333 1.0504 0.3959 
Error 66 35.083333 0.531566   
C. Total 71 37.875000    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 3.08333 0.21047 2.6631 3.5035 
S2 12 3.16667 0.21047 2.7465 3.5869 
S3 12 3.08333 0.21047 2.6631 3.5035 
S4 12 3.08333 0.21047 2.6631 3.5035 
S5 12 2.83333 0.21047 2.4131 3.2535 
S6 12 3.50000 0.21047 3.0798 3.9202 
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Std Error uses a pooled estimate of error variance 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 
 

q* Alpha 
2.93510 0.05 

 
HSD Threshold Matrix 
Abs(Dif)-HSD 
 
 S6 S2 S1 S3 S4 S5 
S6 -0.87363 -0.54029 -0.45696 -0.45696 -0.45696 -0.20696 
S2 -0.54029 -0.87363 -0.79029 -0.79029 -0.79029 -0.54029 
S1 -0.45696 -0.79029 -0.87363 -0.87363 -0.87363 -0.62363 
S3 -0.45696 -0.79029 -0.87363 -0.87363 -0.87363 -0.62363 
S4 -0.45696 -0.79029 -0.87363 -0.87363 -0.87363 -0.62363 
S5 -0.20696 -0.54029 -0.62363 -0.62363 -0.62363 -0.87363 
 
Positive values show pairs of means that are significantly different. 
Connecting Letters Report 
 
Level  Mean 
S6 A 3.5000000 
S2 A 3.1666667 
S1 A 3.0833333 
S3 A 3.0833333 
S4 A 3.0833333 
S5 A 2.8333333 
 
Levels not connected by same letter are significantly different. 
Ordered Differences Report 
 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S6 S5 0.6666667 0.2976479  -0.206959 1.540292 0.2340  
S6 S1 0.4166667 0.2976479  -0.456959 1.290292 0.7269  
S6 S3 0.4166667 0.2976479  -0.456959 1.290292 0.7269  
S6 S4 0.4166667 0.2976479  -0.456959 1.290292 0.7269  
S6 S2 0.3333333 0.2976479  -0.540292 1.206959 0.8714  
S2 S5 0.3333333 0.2976479  -0.540292 1.206959 0.8714  
S1 S5 0.2500000 0.2976479  -0.623626 1.123626 0.9588  
S3 S5 0.2500000 0.2976479  -0.623626 1.123626 0.9588  
S4 S5 0.2500000 0.2976479  -0.623626 1.123626 0.9588  
S2 S1 0.0833333 0.2976479  -0.790292 0.956959 0.9998  
S2 S3 0.0833333 0.2976479  -0.790292 0.956959 0.9998  
S2 S4 0.0833333 0.2976479  -0.790292 0.956959 0.9998  
S3 S1 0.0000000 0.2976479  -0.873626 0.873626 1.0000  
S4 S1 0.0000000 0.2976479  -0.873626 0.873626 1.0000  
S4 S3 0.0000000 0.2976479  -0.873626 0.873626 1.0000  
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Oneway Analysis of Light Matching By Sample Trial=T1 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.115607 
Adj Rsquare 0.048607 
Root Mean Square Error 1.435481 
Mean of Response 2.444444 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 17.77778 3.55556 1.7255 0.1410 
Error 66 136.00000 2.06061   
C. Total 71 153.77778    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 2.08333 0.41439 1.2560 2.9107 
S2 12 2.16667 0.41439 1.3393 2.9940 
S3 12 2.66667 0.41439 1.8393 3.4940 
S4 12 2.75000 0.41439 1.9226 3.5774 
S5 12 1.75000 0.41439 0.9226 2.5774 
S6 12 3.25000 0.41439 2.4226 4.0774 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Light Matching By Sample Trial=T2 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.135937 
Adj Rsquare 0.070478 
Root Mean Square Error 1.391714 
Mean of Response 2.472222 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 20.11111 4.02222 2.0767 0.0794 
Error 66 127.83333 1.93687   
C. Total 71 147.94444    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 2.16667 0.40175 1.3645 2.9688 
S2 12 2.16667 0.40175 1.3645 2.9688 
S3 12 2.66667 0.40175 1.8645 3.4688 
S4 12 2.66667 0.40175 1.8645 3.4688 
S5 12 1.75000 0.40175 0.9479 2.5521 
S6 12 3.41667 0.40175 2.6145 4.2188 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Light Matching By Sample Trial=T3 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.148645 
Adj Rsquare 0.084148 
Root Mean Square Error 1.34324 
Mean of Response 2.458333 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 20.79167 4.15833 2.3047 0.0543 
Error 66 119.08333 1.80429   
C. Total 71 139.87500    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 2.08333 0.38776 1.3091 2.8575 
S2 12 2.08333 0.38776 1.3091 2.8575 
S3 12 2.66667 0.38776 1.8925 3.4409 
S4 12 2.83333 0.38776 2.0591 3.6075 
S5 12 1.75000 0.38776 0.9758 2.5242 
S6 12 3.33333 0.38776 2.5591 4.1075 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Overall Matching By Sample Trial=T1 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.15257 
Adj Rsquare 0.088371 
Root Mean Square Error 0.66382 
Mean of Response 2.902778 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 5.236111 1.04722 2.3765 0.0481* 
Error 66 29.083333 0.44066   
C. Total 71 34.319444    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 2.66667 0.19163 2.2841 3.0493 
S2 12 3.08333 0.19163 2.7007 3.4659 
S3 12 2.91667 0.19163 2.5341 3.2993 
S4 12 2.91667 0.19163 2.5341 3.2993 
S5 12 2.50000 0.19163 2.1174 2.8826 
S6 12 3.33333 0.19163 2.9507 3.7159 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 
 

q* Alpha 
2.93510 0.05 

 
HSD Threshold Matrix 
Abs(Dif)-HSD 
 
 S6 S2 S3 S4 S1 S5 
S6 -0.79542 -0.54542 -0.37875 -0.37875 -0.12875 0.03791 
S2 -0.54542 -0.79542 -0.62875 -0.62875 -0.37875 -0.21209 
S3 -0.37875 -0.62875 -0.79542 -0.79542 -0.54542 -0.37875 
S4 -0.37875 -0.62875 -0.79542 -0.79542 -0.54542 -0.37875 
S1 -0.12875 -0.37875 -0.54542 -0.54542 -0.79542 -0.62875 
S5 0.03791 -0.21209 -0.37875 -0.37875 -0.62875 -0.79542 
 
Positive values show pairs of means that are significantly different. 
Connecting Letters Report 
 
Level   Mean 
S6 A  3.3333333 
S2 A B 3.0833333 
S3 A B 2.9166667 
S4 A B 2.9166667 
S1 A B 2.6666667 
S5  B 2.5000000 
 
Levels not connected by same letter are significantly different. 
Ordered Differences Report 
 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  
S6 S5 0.8333333 0.2710032 0.037912 1.628754 0.0347*  
S6 S1 0.6666667 0.2710032  -0.128754 1.462088 0.1513  
S2 S5 0.5833333 0.2710032  -0.212088 1.378754 0.2740  
S6 S3 0.4166667 0.2710032  -0.378754 1.212088 0.6417  
S6 S4 0.4166667 0.2710032  -0.378754 1.212088 0.6417  
S2 S1 0.4166667 0.2710032  -0.378754 1.212088 0.6417  
S3 S5 0.4166667 0.2710032  -0.378754 1.212088 0.6417  
S4 S5 0.4166667 0.2710032  -0.378754 1.212088 0.6417  
S6 S2 0.2500000 0.2710032  -0.545421 1.045421 0.9393  
S3 S1 0.2500000 0.2710032  -0.545421 1.045421 0.9393  
S4 S1 0.2500000 0.2710032  -0.545421 1.045421 0.9393  
S2 S3 0.1666667 0.2710032  -0.628754 0.962088 0.9896  
S2 S4 0.1666667 0.2710032  -0.628754 0.962088 0.9896  
S1 S5 0.1666667 0.2710032  -0.628754 0.962088 0.9896  
S4 S3 0.0000000 0.2710032  -0.795421 0.795421 1.0000  
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Oneway Analysis of Overall Matching By Sample Trial=T2 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.114419 
Adj Rsquare 0.04733 
Root Mean Square Error 0.661915 
Mean of Response 2.819444 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 3.736111 0.747222 1.7055 0.1456 
Error 66 28.916667 0.438131   
C. Total 71 32.652778    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 2.75000 0.19108 2.3685 3.1315 
S2 12 2.75000 0.19108 2.3685 3.1315 
S3 12 2.75000 0.19108 2.3685 3.1315 
S4 12 2.91667 0.19108 2.5352 3.2982 
S5 12 2.50000 0.19108 2.1185 2.8815 
S6 12 3.25000 0.19108 2.8685 3.6315 
 
Std Error uses a pooled estimate of error variance 
 

2

2.5

3

3.5

4

S1 S2 S3 S4 S5 S6

Sample



312 
 

Oneway Analysis of Overall Matching By Sample Trial=T3 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.134615 
Adj Rsquare 0.069056 
Root Mean Square Error 0.645497 
Mean of Response 2.944444 
Observations (or Sum Wgts) 72 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Sample 5 4.277778 0.855556 2.0533 0.0825 
Error 66 27.500000 0.416667   
C. Total 71 31.777778    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
S1 12 2.91667 0.18634 2.5446 3.2887 
S2 12 3.00000 0.18634 2.6280 3.3720 
S3 12 3.00000 0.18634 2.6280 3.3720 
S4 12 2.91667 0.18634 2.5446 3.2887 
S5 12 2.50000 0.18634 2.1280 2.8720 
S6 12 3.33333 0.18634 2.9613 3.7054 
 
Std Error uses a pooled estimate of error variance 
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Appendix M: Pearson Correlation by Trial (Multivatiate Correlations) 

Sample 1 
Multivariate  
Correlations 
 
 Trial 1 Trial 2 Trial 3 
Trial 1 1.0000 0.8982 0.8028 
Trial 2 0.8982 1.0000 0.8940 
Trial 3 0.8028 0.8940 1.0000 
 
The correlations are estimated by Row-wise method. 
Scatterplot Matrix 

 
 
Pairwise Correlations 
 
Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob  
Trial 2 Trial 1 0.8982 84 0.8469 0.9329 <.0001*  
Trial 3 Trial 1 0.8028 84 0.7107 0.8678 <.0001*  
Trial 3 Trial 2 0.8940 84 0.8408 0.9301 <.0001*  
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Sample 2 
Multivariate  
Correlations 
 
 Trial 1 Trial 2 Trial 3 
Trial 1 1.0000 0.8688 0.8383 
Trial 2 0.8688 1.0000 0.8963 
Trial 3 0.8383 0.8963 1.0000 
 
The correlations are estimated by Row-wise method. 
Scatterplot Matrix 

 
 
Pairwise Correlations 
 
Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob  
Trial 2 Trial 1 0.8688 84 0.8042 0.9131 <.0001*  
Trial 3 Trial 1 0.8383 84 0.7607 0.8923 <.0001*  
Trial 3 Trial 2 0.8963 84 0.8441 0.9317 <.0001*  
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 Trial 1 Trial 2 Trial 3 
Trial 1 1.0000 0.8841 0.8766 
Trial 2 0.8841 1.0000 0.9061 
Trial 3 0.8766 0.9061 1.0000 
 
The correlations are estimated by Row-wise method. 
Scatterplot Matrix 

 
 
Pairwise Correlations 
 
Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob  
Trial 2 Trial 1 0.8841 84 0.8263 0.9234 <.0001*  
Trial 3 Trial 1 0.8766 84 0.8154 0.9184 <.0001*  
Trial 3 Trial 2 0.9061 84 0.8584 0.9382 <.0001*  

Sample 4 
Multivariate  
Correlations 
 
 Trial 1 Trial 2 Trial 3 
Trial 1 1.0000 0.9099 0.8680 
Trial 2 0.9099 1.0000 0.8586 
Trial 3 0.8680 0.8586 1.0000 
 
The correlations are estimated by Row-wise method. 
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Scatterplot Matrix 

 
 
Pairwise Correlations 
 
Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob  
Trial 2 Trial 1 0.9099 84 0.8641 0.9408 <.0001*  
Trial 3 Trial 1 0.8680 84 0.8030 0.9125 <.0001*  
Trial 3 Trial 2 0.8586 84 0.7895 0.9062 <.0001*  

Sample 5 
Multivariate  
Correlations 
 
 Trial 1 Trial 2 Trial 3 
Trial 1 1.0000 0.8897 0.8888 
Trial 2 0.8897 1.0000 0.9083 
Trial 3 0.8888 0.9083 1.0000 
 
The correlations are estimated by Row-wise method. 
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Scatterplot Matrix 

 
 
Pairwise Correlations 
 
Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob  
Trial 2 Trial 1 0.8897 84 0.8345 0.9272 <.0001*  
Trial 3 Trial 1 0.8888 84 0.8331 0.9266 <.0001*  
Trial 3 Trial 2 0.9083 84 0.8617 0.9397 <.0001*  

Sample 6 
Multivariate  
Correlations 
 
 Trial 1 Trial 2 Trial 3 
Trial 1 1.0000 0.8532 0.8192 
Trial 2 0.8532 1.0000 0.8866 
Trial 3 0.8192 0.8866 1.0000 
 
The correlations are estimated by Row-wise method. 
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Scatterplot Matrix 

 
 
Pairwise Correlations 
 
Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob  
Trial 2 Trial 1 0.8532 84 0.7818 0.9025 <.0001*  
Trial 3 Trial 1 0.8192 84 0.7336 0.8792 <.0001*  
Trial 3 Trial 2 0.8866 84 0.8300 0.9251 <.0001*  
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Appendix N: Analysis of Variance (ANOVA) by Trial 

Oneway Analysis of Color Matching By Trial 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.00431 
Adj Rsquare  -0.00504 
Root Mean Square Error 0.836905 
Mean of Response 3.361111 
Observations (or Sum Wgts) 216 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Trial 2 0.64583 0.322917 0.4610 0.6313 
Error 213 149.18750 0.700411   
C. Total 215 149.83333    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
T1 72 3.43750 0.09863 3.2431 3.6319 
T2 72 3.33333 0.09863 3.1389 3.5277 
T3 72 3.31250 0.09863 3.1181 3.5069 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Line Quality By Trial 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.000044 
Adj Rsquare  -0.00935 
Root Mean Square Error 0.861222 
Mean of Response 3.243056 
Observations (or Sum Wgts) 216 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Trial 2 0.00694 0.003472 0.0047 0.9953 
Error 213 157.98264 0.741703   
C. Total 215 157.98958    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
T1 72 3.23611 0.10150 3.0360 3.4362 
T2 72 3.24306 0.10150 3.0430 3.4431 
T3 72 3.25000 0.10150 3.0499 3.4501 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Visual Texture By Trial 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.002114 
Adj Rsquare  -0.00726 
Root Mean Square Error 0.797509 
Mean of Response 3.101852 
Observations (or Sum Wgts) 216 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Trial 2 0.28704 0.143519 0.2257 0.7982 
Error 213 135.47222 0.636020   
C. Total 215 135.75926    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
T1 72 3.06944 0.09399 2.8842 3.2547 
T2 72 3.08333 0.09399 2.8981 3.2686 
T3 72 3.15278 0.09399 2.9675 3.3380 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Scale By Trial 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.001223 
Adj Rsquare  -0.00816 
Root Mean Square Error 0.821393 
Mean of Response 4.226852 
Observations (or Sum Wgts) 216 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Trial 2 0.17593 0.087963 0.1304 0.8778 
Error 213 143.70833 0.674687   
C. Total 215 143.88426    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
T1 72 4.22222 0.09680 4.0314 4.4130 
T2 72 4.26389 0.09680 4.0731 4.4547 
T3 72 4.19444 0.09680 4.0036 4.3853 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Overall Appearance By Trial 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.00171 
Adj Rsquare  -0.00766 
Root Mean Square Error 0.694358 
Mean of Response 3.12037 
Observations (or Sum Wgts) 216 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Trial 2 0.17593 0.087963 0.1824 0.8334 
Error 213 102.69444 0.482134   
C. Total 215 102.87037    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
T1 72 3.08333 0.08183 2.9220 3.2446 
T2 72 3.15278 0.08183 2.9915 3.3141 
T3 72 3.12500 0.08183 2.9637 3.2863 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Light Matching By Trial 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 6.29e-5 
Adj Rsquare  -0.00933 
Root Mean Square Error 1.43987 
Mean of Response 2.458333 
Observations (or Sum Wgts) 216 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Trial 2 0.02778 0.01389 0.0067 0.9933 
Error 213 441.59722 2.07323   
C. Total 215 441.62500    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
T1 72 2.44444 0.16969 2.1100 2.7789 
T2 72 2.47222 0.16969 2.1377 2.8067 
T3 72 2.45833 0.16969 2.1238 2.7928 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Overall Matching By Trial 

 
 
Oneway Anova 
Summary of Fit 
 
Rsquare 0.005872 
Adj Rsquare  -0.00346 
Root Mean Square Error 0.680893 
Mean of Response 2.888889 
Observations (or Sum Wgts) 216 
 
Analysis of Variance 
 
Source DF Sum of 

Squares 
Mean Square F Ratio Prob > F 

Trial 2 0.583333 0.291667 0.6291 0.5341 
Error 213 98.750000 0.463615   
C. Total 215 99.333333    
 
Means for Oneway Anova 
 
Level Number Mean Std Error Lower 95% Upper 95% 
T1 72 2.90278 0.08024 2.7446 3.0610 
T2 72 2.81944 0.08024 2.6613 2.9776 
T3 72 2.94444 0.08024 2.7863 3.1026 
 
Std Error uses a pooled estimate of error variance 
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Appendix O: Visual Assessment Raw Data, Mean, SD 
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