
ABSTRACT 

STRADER, PHILLIP MICHAEL. Front-End of Innovation to Inform the New Product 

Development Process: Identifying Opportunities for Cellulose Diacetate in Nonwoven 

Applications. (Under the direction of Dr. Genevieve Garland, Dr. Behnam Pourdeyhimi, and 

Dr. Marguerite Moore). 

Cellulose acetate has long been an important fiber in textile applications - cellulose diacetate 

(CDA) has dominated the cigarette filter market for decades. As bans on cigarette smoking 

continue to spread and social awareness spreads about the negative health effects smoking 

has on human health, manufacturers of cellulose diacetate fiber are looking to find new 

applications for the highly novel fiber. While the novelty of cellulose acetate fibers has 

shown prior success in traditional textile fabrics such as wovens and knits, the consideration 

of using cellulose acetate in nonwovens has not been explored in depth. In particular, there 

has not been a holistic effort to identify specific application areas where the specialty fiber 

could be used. This work identifies potential applications for Cellulose Diacetate staple fibers 

cut from fiber tow to be used in nonwoven materials. Moreover, this work assesses the 

processibility of CDA on modern nonwoven carding and needle punching equipment and 

characterizes the properties of Cellulose Diacetate webs in comparison to other fibers.   
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CHAPTER 1 – INTRODUCTION 

Cellulose Acetate (CA) was one of the first manmade fibers ever synthesized, and has served 

an important role in textile applications since its introduction1. Cellulose Acetate yarn 

improved on precursor cellulosic fibers (wool, cotton, etc.) in ways that made it appealing for 

use in traditional textile materials like woven and knit fabrics, particularly as an artificial 

silk2. As other synthetic fibers such as polyester became available, demand for cellulose 

acetate yarns dwindled. However, Cellulose Diacetate (CDA), a partially hydrolyzed 

cellulose acetate, is still produced in large quantities to this day for use in cigarette filters. 

There has been recent interest from the cellulose diacetate manufacturing industry to explore 

and find new applications for cellulose diacetate fiber. 

Cellulose acetate yarn is unlikely to be able to contend significantly as a standalone filament 

yarn like it originally was able to before the introduction of nylon and polyester – it can not 

be processed on modern textile equipment as fast as modern synthetic fibers due to its low 

strength properties3. Today, CDA fiber is produced in large quantities as fiber tow, and is 

most notably used to make cigarette filters due to some preferred characteristics inherent to 

the fiber: odorless, non-toxic, preferred taste profile, stability in varying storage 

environments, and biodegradability to name a few4.  

Although CDA fiber is predominantly used for its preferred taste profile in cigarette filters, 

the fiber does have some very appealing properties that could certainly be advantageous in 

other applications, namely it is5: 

 Biodegradable, “renewable” 

 Soft (silk-like hand) 
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 Chemically resistant to: 

o Weak acids and bases 

o Petrochemicals 

o Alcohols 

 Resistant to attack by insects and microorganisms such as mold, mildew, and 

fungi 

 Very high electrical resistivity6 

Although CDA fiber is known to have an interesting combination of characteristics, it has 

low strength properties and is a costly fiber to manufacture in comparison to modern 

synthetic fibers like Polypropylene (PP) and Polyester (PET)7. Ideally, new market 

opportunities would utilize CDA fiber with minimal modifications to the current fiber tow 

manufacturing process, as the cigarette industry will maintain demand for the time being and 

investment into new manufacturing methods could affect production capacity. The fiber tow 

would preferably be simply sold as is to new markets. As is, CDA would be classified as a 

specialty fiber – the cost of manufacture is very high in comparison to other synthetic fibers. 

For this reason, application areas with high sales volume and/or high value potential are most 

suitable for new uses of CDA. 

Purpose of Research 

The nonwovens industry has seen continuous increase in volume and development of new 

applications. There are several ways to manufacture nonwoven materials, and their 

classifications depend mainly on how the web is initially formed. The largest volumes of 

nonwovens are produced via spunlaid processes, followed by carding processes.  Nonwovens 
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made from staple fibers (dry-laid & wet-laid) make up approximately 52% of the global 

nonwovens market; incorporating staple fibers cut from CDA tow is a promising new 

application area CDA fibers8.  

The purpose of this work is to identify new high-value or high-volume applications for 

cellulose diacetate fibers, with a focus on nonwoven applications.  

Research Objectives 

The research objectives for this work are as follows: 

RO1: Considering the attributes of CDA, identify new high value/high volume 

application(s) where CDA staple fiber may bring new value propositions 

RO2: Define end market(s) for potential application of CDA staple fiber 

RO3: Evaluate processibility of CDA staple fiber on nonwoven manufacturing equipment 

RO4: Characterize nonwovens made with CDA staple fiber 
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CHAPTER 2 – LITERATURE REVIEW 

As new opportunities for cellulose diacetate are being sought out, it is not unreasonable to 

think the industry will present new, innovative products using CDA fiber in the near future. 

Before new products are brought to life, there is a significant amount of work to be done to 

gather information that aids in making decisions regarding direction of new product ideas. To 

help gather this information for making decisions, most companies have some sort of 

structured New Product Development (NPD) process9. Despite the abundance of available 

formal NPD processes, businesses have found the generation of innovative product ideas to 

be very difficult. The “fuzziness” and uncertainty of what to do before NPD processes has 

been the focus of recent authors attempting to clarify the activities in this “Fuzzy Front-End” 

that firms can do before deciding which ideas have the potential to be developed into 

successful products. This work reviews the available models for front-end activities, 

identifying the key elements and implementing information-gathering techniques to explore 

the novelty of CDA fiber and propose insights that may be useful in future decision-making 

such as preliminary technical and market assessments, providing insights that should prove 

useful in decision-making processes considering future development of new CDA fiber 

products. The relevant literature regarding Cellulose Diacetate fiber, New Product 

Development, and Front-End of Innovation activities are reviewed herein. 
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2.1 CELLULOSE DIACETATE FIBER 

2.1.1 HISTORY AND BACKGROUND 

Cellulose is a natural linear polymer that is found in nature and harvested from sources like 

wood, cotton, and many other plants. In its most basic form, it has been employed directly 

from the plant source, as wood or natural fibers like cotton or flax, for building materials and  

clothing for millennia10. Currently, it has broader utility and is used in seemingly limitless 

applications. With the advent and development of better understandings of organic 

chemistry, interest was placed in deriving cellulose into other useful embodiments with high 

commercial value. Examples of the evolution of cellulose derivatives into value-added goods 

include commercial-scale papermaking (wood pulp), plastics (cellulose nitrate), and 

regenerated cellulose fibers (rayon), popularized throughout 1830-185011.  

Cellulose, though useful in its natural form, is easily derived to yield polymers that can be 

processed and formed into different resulting materials like three-dimensional objects, fibers, 

or solutions for coatings and castings, such as films and membranes12. The properties of 

cellulose can be intensely modified through derivatization; early attempts to improve on 

basic cellulose by synthesizing derivatives focused on improving shortcomings of cellulose, 

such as poor wet bonding strength and high flammability13. To date, there are numerous 

types of cellulose derivatives or functionalized cellulose, tailoring the parent polymer into a 

new compound that may be more appropriately processed or useful in application. The 

esterification of cellulose is one such technique. The general process steps for producing 

cellulose esters include: 

1. Cellulose extraction/production, selection, and work-up 
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2. Cellulose pre-treatment 

3. Esterification, via one of the following 

a. Acetic Acid Process 

b. Methylene Chloride Process 

c. Fiber Acetate Process 

4. Partial saponification 

5. Ester precipitation 

6. Aftertreatment 

7. Solvent/Reactant recovery 

Most commercially available cellulose esters are organic (Cellulose Acetates, Cellulose 

Acetopropionate, Cellulose Acetobutyrate), but some may be inorganic (Cellulose Nitrate or 

Cellulose Sulfate). Cellulose esters are “characterized by their light resistance, good 

mechanical properties, stress-crack resistance, and resistance to aliphatic petrochemicals”14. 

Their improved chemical resistance can be attributed to the formation of 

intermolecular/intramolecular hydrogen bonds formed via the hydroxyl groups on native 

cellulose, inhibiting the dissolution of the resulting ester.  Important organic cellulose esters, 

their reagents, and their applications are shown in Table 1. 
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Table 1 - Cellulose Esters and Applications1 

Cellulose Ester Reagent Main Applications 

Cellulose Triacetate 

(CTA) 

Acetic acid and acetic 

anhydride 

Photofilms, foils, 

isolation foils 

Cellulose Diacetate 

(CDA) 

Acetic acid and acetic 

anhydride 

Thermoplastic 

compounds, artificial silk, 

foils, lacquer raw 

materials, plates 

Cellulose 

Acetopropionate (CAP) 

Acetic acid and 

propanoic acid 

Thermoplastic 

compounds 

Cellulose Acetobuyrate 

(CAB) 

Acetic acid and butyric 

acid 

Isolated lacquer raw 

materials, foils, films, 

thermoplastic 

compounds, melt dip 

resins 

  

 

Cellulose acetates are applied in a wide array of embodiments such as films, membranes, 

beads, and fibers15. The Dreyfus brothers, Camille and Henri, originally developed the 

process for industrial scale manufacturing of cellulose acetate (CA) fibers in 192416. By the 

1950s, cellulose acetate fibers were commercialized in filament form, initially marketed as an 

artificial silk and used in both knitted and woven fabrics17. Today, CA fibers are also 

manufactured in the form of fiber “tow”: bundled, continuous crimped filaments of cellulose 

acetate as seen in Figure 1.  

 

                                                 
1 Adapted from: Muller. (1996). Cellulose esters. In Engineering thermoplastics: 

Polycarbonates, polyacetals, polyesters and cellulose esters (p. 389). New York: Hanser. 
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Figure 1 - Cellulose Diacetate Fiber Tow 

 

 

CA fiber tow was first introduced into market in 195218, and has since been predominantly 

used to make cigarette filters. Commonly, CA fiber tow is referred to as “filter tow” in the 

literature for this reason.  

2.1.2 PRODUCTION OF CELLULOSE ACETATE FIBER 

Textile fibers are either natural (cotton, flax, wool, etc.) or synthetic (nylon, polyester, 

polypropylene, etc.). While natural fibers are harvested from plants or animals, synthetic 

fibers must be man-made and the process of manufacture depends on the fiber type. 

Synthetic fibers are produced by either: 

 Melt spinning: Polymer chips are melted and extruded through fine holes spinnerette 

and subsequently cooled and wound into filaments 

 Solution spinning, either:  



 

9 

o Dry-spinning: Polymer in solution with solvent is heated and extruded as a hot 

gas stream. The solvent evaporates and the remaining polymer gels and 

solidifies into a fiber 

o Wet-spinning: Polymer in solution with solvent is extruded as a liquid stream 

(as opposed to gas stream in dry-spinning). The solvent evaporates and 

remaining polymer solidifies as fiber. 

Cellulose acetate fibers are made via the dry-spinning process.  The process begins with dope 

preparation: a spinning solution (“dope”) is formed by mixing acetate flakes, acetone, and 

water in a mixer. Other additives, such as pigments like TiO2, may be added to the dope. The 

spinning solution is filtered to remove any large particles or agglomerates so as to prevent 

spin jet blockage or any other hindrance during the spinning process. The filtered dope is 

pumped through a spinnerette and filaments are extruded and solidified while the solvent is 

evaporated using warm through-air. The filaments are drawn using feed rolls and are wound 

onto yarn packages.  
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Figure 2 - Solvent Spinning of Cellulose Acetate Filament2 

 

 

The manufacturing of fiber tow is largely the same as for Cellulose Acetate filament 

manufacture, with slight modifications and additional steps. The spinning unit consists of 

three parts: 1) the spinning head, 2) spinning cells, and 3) tow band guide. The spinning head 

maintains the dope at an exact, defined temperature and feeds the spinning solution into the 

spinning jets via pumps. The spinning cells are where the individual filaments are drawn – 

acetone can be evaporated and recovered for reuse via suction-extraction at this step. The tow 

                                                 
2 Retrieved from: LaNieve, H. L. (2007). Cellulose acetate and triacetate fibers. In Handbook 

of fiber chemistry (p. 788). Boca Raton: CRC Press. 
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band guide forms the individual filaments into a combined “tow” of more than 10,000 

filaments grouped together. The tow band is then fed into through two feed rolls and crimped 

in a “stuffer box”, where a significant amount of crimp is added. The tow is subsequently 

dried and laid loosely into filling boxes and then compressed into bales, which are then 

dispatched for sale. The entire scheme for CDA fiber tow manufacture can be seen in  

Figure 3. 

 

Figure 3 - CDA Fiber Tow Manufacturing Process3 

 

 

                                                 
3 Rustemeyer, P. (2004). Ca filter tow for cigarette filters. In Cellulose acetates : Properties 

and applications (p. 271). Weinheim: Wiley. 
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2.1.3 PROPERTIES OF CELLULOSE ACETATE FIBER 

It is reported that cellulose acetate fibers are not very strong in comparison to other 

commercially available fibers like PET, Nylon, or PP. Depending on the degree of 

acetylation tenacity ranges from 1.13 g/den to 1.36 g/den. Elongation at break is reported to 

range from 25-45%19. Wetting of the acetate fibers decreases the tenacity to a range of 0.8-

1.0 g/den but increases elongation to a range of 35-50%20. 

Cellulose acetate fibers have a partly hydrophobic and hydrophilic nature. In general, 

increased acetylation imparts more hydrophobic characteristics; thus, cellulose triacetate 

(CTA) is more hydrophobic than Cellulose Acetate (CA). Cellulose acetate has a higher 

moisture regain at 6.5% than CTA, which has a moisture regain of 3.5%21.  

Cellulose acetate fibers, no matter their acetylation value, soften and stick in the temperature 

range of 190-205 C. Melting point of CA and CTA range from 260 C to 305 C, the 

acetylation value having a profound effect. Cellulose acetate fibers experience thermal 

degradation before melt flow occurs; this results in an unstable melt and prevents the 

feasibility of melt-spinning cellulose acetate fibers22.  

Cellulose acetate fibers have good chemical resistance properties, being unaffected by weak 

acids and bases. Stronger acids can cause deterioration of the fibers and strong bases can 

saponify the acetate and revert it back to regenerated cellulose. CA fibers are “soluble in 

acetone, other low-boiling ketones, methylene chloride, and methyl acetate”23. Acetate fibers 

can swell when exposed to some alcohols24.  Cellulose acetates are insoluble in petroleum 

ethers such as ethyl ethers, benzene, gasoline, and toluene25. Cellulose acetate fibers are 

resistant to attack by insects, molds, mildews, fungi, and other microorganisms3. CA fibers 
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are biodegradable, but require long periods of exposure to soil and water to lose physical 

integrity and completely degrade. Cellulose acetate fibers have fairly good resistance to 

photodegradation, performing better in light stability than nylon and silk but not as well as 

acrylics or polyesters26. 

2.1.4 APPLICATIONS OF CELLULOSE ACETATE FIBER 

Cellulose acetate fibers primarily are applied in cigarette filters and apparel textiles. Due to 

its silk-like softness, drape, “ease-of-care” and comfort properties, cellulose acetate filaments 

traditionally were used in apparel applications such as fabrics for dresses and suit liners, and 

decorative ribbons among others27. Cellulose acetate filament was sometimes blended with 

stronger fibers like Nylon or PET to impart better strength to the final yarn and fabric for 

suitable use in other textile applications28. Cellulose acetate, in tow form, is an industrial 

standard material for cigarette filters for its preferred taste signature (tasteless and odorless), 

stability under varying storage conditions of humidity and temperature, and 

biodegradability29. 92% of all cellulose acetate fibers produced are in tow form and used in 

cigarette filters30. Cellulose acetate fibers in tow form are also used in other applications 

where the tow structure is preferred (air fresheners and perfume dispensers), and “felt” tips 

for ink pens31.  Predominantly, the literature on Cellulose Acetate fiber applications is 

heavily focused on its use in cigarette filters and apparel applications as an alternative silk. 

Some authors note that Cellulose Acetate staple fibers are also incorporated into nonwovens 

for applications such as wound dressings and absorbent cores, however there are no 

references provided to connect the claims to commercial products or scientific/scholarly 

literature32,33. At best, the accompanying literature regarding CA in nonwovens are patents 
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describing the use of CA staple fiber in wet-laid processes34; one other fee-lapsed patent 

provides for wet-laying CA fiber tow directly into fibrous structures35. Therefore, literature 

exploring the novelty and application of CA in nonwovens is quite scarce. 

 

Table 2 - Filter tow and some applications 

   

Filter tow is converted 

to these filter rods for 

use in niche 

applications. 

 
Image source: 

http://www.businesstob.com/i

mg/news/572_g.jpg 

Filter rods as 

cigarette filters. 

 
Image source: 

http://www.rhodia.com.br

/en/binaries/ACE_10_182

3_240x160.jpg 

Fiber tow as 

marker tips. 

 
Image source: 

http://upload.wikimed

ia.org/wikipedia/com

mons/6/64/Two_highl

ighters,_closeup.jpg 

 

2.1.4.1 FUTURE APPLICATION PROSPECTS 

The novelty of cellulose derivatives and societal pressures favoring bio-based and eco-

friendly materials have helped maintain cellulose esters in the focus of research efforts 

towards understanding their properties and finding new applications36. Particularly for 

Cellulose Acetates, recent research has addressed modification of its thermal properties (melt 

processibility), solubility (water/solvent dispersibility), and altering its properties at the 

molecular level to allow for specialized application in areas such as separation, 

pharmaceutical (controlled-released), and biopolymer fields37,38.  

Regarding cellulose acetate fiber, efforts have been made to improve physical properties 

(improved tenacity and elongation), as well as imparting some added surface functionality 
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such as gas extraction, ion exchange and catalyst immobilization that are advantageous in 

separation processes such as chromatography. While these improvements of acetate fibers 

have been accomplished, their commercial relevance is yet to be explored39. 

2.2 NEW PRODUCT DEVELOPMENT 

The literature on new product development is very broad – there is no shortage of available 

practices and formal templates for developing new products. New product development 

(NPD) is a critical activity for successful manufacturing firms, accounting for 31.1% of 

company sales and 30.8% of company profits by average40. With new products accounting 

for nearly a third of company sales and profits, it comes as no surprise that structured NPD 

practices are commonplace - 69% of manufacturing firms reportedly use some type of formal 

and cross-functional NPD process41.  

2.2.1 DEFINING NEW PRODUCTS AND NEW PRODUCT DEVELOPMENT 

Cooper defines a product as any “external marketplace for sale, use, or consumption”42. A 

product can be any physical product, service, or combination of both. A “new product”, as 

defined by Cooper, is a product that has been on the market for three years or less, including 

any extensions or improvements of the product43. A new product can either be 1) new to the 

company or 2) new to the marketplace (innovative); in some instances for truly innovative 

products, they may be new to both the company and the market. Booz, Allen, and Hamilton 

developed a classification system for new products in the 1980s that is still commonly 

accepted and reiterated in the new product development literature; new products can be 

classified as44: 

 New-to-the-world products that are first of a kind and create an entirely new market. 
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 New-product lines that are new to the firm, but not necessarily new to the 

marketplace.  

 Additions to existing product lines that are new to the firm, but fit within an 

existing product line. They may also be new to the marketplace. 

 Improvements/Revisions to existing products, or “new and improved” versions that 

provide better value or function over previously existing products 

 Product re-positionings that are new applications for existing products, often 

involving targeting an old product to a new market segment or different application. 

 Cost reductions of existing products that may offer similar or better 

performance/benefits, but at lower costs.  

A product development process is any sequence of steps or activities employed to “conceive, 

design, and commercialize a product”45. A new product development process will vary 

depending on what the type of new product or service to be developed, in accordance to the 

classifications listed previously Originally, sequential (linear) models with consecutive steps 

were used and commonly explored the literature, like shown in Figure 4. 
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Figure 4 - Typical New Product Development Process4 

 

 

2.2.2 NEW PRODUCT DEVELOPMENT MODELS 

The variety of available innovation process models were taxonomized by Saren (1984) into 

the following categories, which were subsequently revised and extended by Trott (2008)46,47: 

1. Departmental-stage models: These models are based off linear models of new 

product development processes; one department finishes their tasks for developing 

the new product before throwing the project “over-the-wall” to the next department.  

2. Activity-stage models and concurrent engineering: Similar to the departmental-

stage models, but emphasize activities conducted (strategic planning, concept 

                                                 
4 Adapted from: Trott, P. (2008). New product development. In Innovation management and 

new product development (p. 404). Great Britain: Prentice Hall. 
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generation, technical development, etc.) in each stage rather than each department’s 

activity once at a time. Activities can occur simultaneous and vary in intensity at each 

stage. 

3. Cross-functional models (teams): A dedicated cross-functional product 

development team is formed with representatives from each department to work on 

the project. 

4. Decision-stage models: A series of decisions to be made regarding “go” or “no-go” 

actions, which can incorporate feedback loops from each department. 

5. Conversion-process models: Project inputs (customer requirements, technical 

specifications, manufacturing capabilities), are converted into outputs (products). 

6. Response models: A method inspired by behavioral psychology down the innovation 

process into 4 categories of Stimulus (inspiration to innovate), Conception (idea for 

innovation), Proposal (the product pitch), and Adoption or Rejection by the 

consumer/firm. Not well developed or regularly implemented. 

7. Network models: The accumulation of knowledge (market insights, competitive 

analysis, R&D, manufacturing, etc.) before project kick off, as well as progressively 

during the product development process.  

These model classifications ambitiously try to clearly differentiate new product development 

processes as described in academic literature. Of these models, activity-stage and decision-

stage models are the most discussed in literature. Formal NPD processes, such as Stage-Gate, 

are based on these models. 
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2.2.2.1 STAGE-GATE PROCESS 

A widely employed NPD process is Robert Cooper’s Stage-Gate Process, which incorporates 

activity-stage models with multifunctional teams working on time-sequenced activities, 

separated by “gates” where management must make decisions based on project progress 

before allowing the project to proceed to the next “stage”. The process generally begins with 

project “Discovery”, an ongoing process to identify new opportunities to explore. In some 

illustrations, this Discovery process is presented as a logical step; in implementation, rather, 

it is an ongoing practice that feeds ideas into the NPD process. A basic outline for project 

“Discovery” and a subsequent 5-stage process can be as follows (retrieved from Cooper 

2011)48: 

Discovery: Pre-development work to uncover new opportunities or generate new product 

ideas 

1. Scoping: Preliminary investigation and scoping of the project (secondary market 

research, surface details of technical requirements, etc.) 

2. Building the Business Case: More detailed and thorough investigation to yield a 

product/project definition, project justification, and a project plan. This likely 

includes primary market and technical research. 

3. Development:  Detailed design and development of the new product, as well as 

design of operations and production. 

4. Testing and Validation: Tests or trials in the marketplace, lab, or plant, to verify and 

validate the proposed new product and its marketing/production operations.  
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5. Launch: Commercialization and beginning of full operations of production, 

marketing, and sales. 

Before each stage is a gate where a “Go/Kill” decision is made before moving to the next 

stage. Each stage involves activities where information is gathered by the project team. The 

information is subjected to integrated analysis by the project team and deliverables are 

formed for assessment at the next gate for a Go/Kill decision in order to pass through to the 

next stage. In addition to Go/Kill decision points, gates are intended to serve as quality-

control checkpoints and as points where the next stage’s requirements are determined. Each 

gate is similar, consisting of: 

1. Deliverables: Visible deliverables as required from the decisions made at the 

output of the previous gate. These can be market data, test results, among 

other things. This information aids in making decisions about pursuing the 

project further or scrapping it. 

2. Criteria: A checklist that the project must meet to move forward. “Readiness-

check questions, must-meet or knock-out questions” against which to judge 

the project. Projects can be prioritized based on how many points they score in 

comparison to other projects if different products are being considered.  

3. Defined outputs: These can be some form of decision regarding the project 

(Go/Kill/Hold/Recycle), an agreed action plan regarding time or money for 

the next stage, and/or a list of deliverables needed for review at the next gate. 
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Figure 5 – Rob Cooper’s Stage-Gate Process5 

 

 

 

The conceptual framework shown in Figure 5 can be altered and scaled to fit different sizes 

of organizations or different capabilities. The stage-gate system also relies on constant 

gathering of knowledge from the customer or user, as well as other external sources of 

information. In reality, a manufacturing firm may use any combination of these models. 

Selection of the new process model used will rely on the firm’s capabilities and resources 

available for the project. Moreover, continuous redesign of the NPD process is common: 

47.7% of the “Best” companies in 2012 are reported to change their NPD process on an 

ongoing basis49. The use of cross-functional and specialized teams to drive NPD is also 

becoming more commonplace; individual departments (marketing, R&D, engineering, and 

production) are reported to drive NPD processes 44% of the time, a reduction from 59% in 

                                                 
5 Retrieved and modified from: http://www.stage-gate.com/newsletter/images/Figure-1.png 
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200450. To summarize, this means that modern successful businesses utilize a cross-

functional team with a formal NPD process, while still allowing some flexibility for change 

in approaches depending on the project and the firm’s abilities. 

2.3 THE “FUZZY” FRONT-END OF INNOVATION 

Recently, there has been interest in the New Product Development literature regarding the 

front-end activities of the innovation process by academics and organizations alike. The lack 

of clarity about best practices and formal structure in this front-end work lead to the coinage 

of the term “Fuzzy Front-End” (FFE), first popularized by Smith and Reinertsen in 199151.  

2.3.1 DEFINING THE “FUZZY” FRONT-END 

Among the many NPD processes, the front-end activities may have different meanings when 

steps or stages of the NPD models are considered.  A widely accepted definition of the fuzzy 

front end is that it is the “zone between when the opportunity is known and the time when a 

serious effort is devoted to the development project”52. It includes the search for ideas and 

new opportunities, idea generation, idea screening, preliminary market research, up to the 

generation of product concepts. Once formal development of the concept has begun, the 

fuzzy front-end has ended. From a project timeline perspective, the front-end activities before 

serious commitment to an approved concept can take around 50% of the total development 

time53,54. Initial interest in addressing front-end of NPD was concerned with reducing the 

cycle time of these front-end activities and making the process leaner55. Modern literature 

elaborates on this interest by attempting to define these front-end activities through models 

and formally defining what successful front-end activities are.  
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2.3.2 “FUZZY” FRONT-END PROCESS MODELS  

In attempts to bring structure to this “fuzzy” area, quite a few models have been proposed to 

help in managing front-end work. Koen et al. summarized key differences to be noted when 

comparing Fuzzy Front End processes and New Product Development processes, shown in 

Table 3. 

 

Table 3 - Comparison of Activities in NPD and FFE6 

 Fuzzy Front End (FFE) New Product 

Development (NPD) 

Nature of Work Experimental, often chaotic. “Eureka” 

moments. Can schedule work, but not 

invention 

Disciplined and goal-

oriented with a project 

plan. 

Commercialization 

Date 

Unpredictable or uncertain High degree of certainty. 

Funding Variable – in the beginning phases, 

many projects may be “bootlegged”, 

while others will need funding to 

proceed 

 

Budgeted. 

Revenue 

Expectations 

Often uncertain, with a great deal of 

speculation 

Predictable, with 

increasing certainty, 

analysis, and 

documentation as the 

product release date gets 

closer. 

Activity Individuals and team conducting 

research to minimize risk and optimize 

potential. 

Multifunctional product 

and/or process 

development team 

Measure of 

Progress 

Strengthened concepts. Milestone achievement. 

 

                                                 
6 Adapted from: Koen et al. (2002). Fuzzy front end: Effective methods, tools, and 

techniques. In The pdma toolbook for new product development (p. 6). New York: John 

Wiley & Sons, Inc 
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The distinctions made between the two types of processes noted above are not meant to 

divide the activities into two separate processes, but to provide clarity on how the two 

distinct product processes differ. Up until the past few years, the front-end literature can be 

divided into the following categories, focusing on either56: 

 Behavior and activities that take place in the front-end, (observations of companies 

who already have front-end practices) 

 Definition of the formal and informal roles personnel play in the front-end 

 Descriptions of the elements of front-end work that can be successful 

 Conceptual models outlining front-end work 

Described herein are the three models for front-end work that are most often quoted and 

referenced in available literature57: 

2.3.2.1 STAGE-GATE MODEL: FUZZY FRONT-END ACTIVITIES 

In Cooper’s Stage-Gate process, the FEI work is integrated within the NPD model. The front-

end or “pre-development” stages include Discovery (the generation of ideas), Stages 1: 

“Scoping” and Stage 2: “Building the Business Case”. It ends at Gate 3, before Stage 3: 

Development. Initially, the Discovery phase was not defined as a part of the front-end of this 

process; Cooper has recently suggested that the ideation process is actually part of front-end 

activities58. Figure 6 illustrates what portion of the Stage-Gate Process is considered front-

end activities.  
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Figure 6 - Front-End in Stage-Gate Model7 

 

 

1. Discovery: Also referred to as “Idea Generation”, this ongoing process focuses on 

stimulating the creation of new product ideas through any suitable means. The goal is 

to look for areas where technological possibilities can be matched with market needs 

and expected market demand. Activities that promote good idea generation include: 

 Fundamental, directed technical research looking for new technological 

possibilities; 

 Working with lead or innovative users; 

 Using Voice of Customer (VoC) research to find unknown needs or customer 

problems; 

 Competitive analysis and inverse brainstorming of competitor products; 

 Installation of an idea suggestion scheme to stimulate ideas from employees 

internally; 

                                                 
7 Retrieved from: http://www.intechopen.com/source/html/43555/media/image4_w.jpg 
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 Scanning the outside world and employment of “open innovation” to seek ideas 

externally; and 

 Strategic planning exercises to uncover any disruptions, gaps, or opportunities 

within the marketplace 

Though the generation of ideas may seem simple, proper management of the ideas is critical 

to successful new product development. Of the best management practices for innovation, 

idea management has been shown to have the strongest impact on new product sales, above 

technology & resource management, strategic planning, product development process 

management, and market intelligence59. All ideas generated must pass through the Idea 

Screen, or Gate 1, in the Stage-Gate process. The criteria for “good ideas” are primarily 

concerned with strategic alignment for the company, market attractiveness, product 

advantage, the ability to leverage the firm’s resources towards the project, and how it fits 

with company policies. Ideas that pass through this gate are approved for initial commitment 

of company resources and move on to the next stage of development. 

2. Stage 1 – Scoping:  A small amount of funding ($5-$10,000) and time (one month) is 

allocated for preliminary market, technical, and financial assessments of ideas 

generated in the Discovery stage and accepted for further consideration at Gate 2. The 

purpose is not to spend a lot of time and money to gather detailed information, but to 

provide a quick assessment through internal scoping. Recommended actions in Stage 

1 are as follows: 

 Preliminary Market Assessment – Generate valuable insights through a quick scope 

of the market prospects for the product like market potential, acceptance, and 
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requirements. Primarily achieved through detective or desk research using readily 

available and in-house resources. 

 Preliminary Technical Assessment – An appraisal of technical feasibility, technical 

risks, manufacturability, and approximations regarding product performance 

objectives. Intellectual property issues, regulatory constraints, and any needs for 

business partnership are also in need of consideration for this assessment. 

 Preliminary Business & Financial Assessment – A quick “sanity” check regarding 

business rationale and financial prospect. This assessment should answer whether this 

makes good business sense for the company to invest further. 

 Recommendations and Action Plans for Stage 2: Building the Business Case – 

Proposed timelines, resources to allocate, and deliverables for a Go/Kill decision at 

the next gate for the Business Case. 

3. Stage 2 – Building the Business Case: The final step before serious product 

development work begins, where a refined product concept is proposed and a sound 

basis is established for taking the project into the Development stage. A detailed 

Business Case is required, containing product and project definitions, justification for 

the project, and an Action Plan for the path forward. This stage will require varying 

amounts of time and money depending on the project, but is generally very time-

consuming. Recommended actions in Stage 2 are as follows: 

 Voice-of-Customer (VoC) User Needs-and-Wants Study – In-depth market 

research to determine product requirements and gather insight to build a 

compelling value proposition for the product. Depending on the product  
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 and the consumer, the methodology for gathering these VoC insights will 

change. The idea is to define a winning product concept from the 

perspective of the consumer or user. 

 Competitive Analysis – Detailed analysis of direct and indirect competition 

for the product. Includes product strengths and weaknesses, future 

products from the competition, their strategy, and more. 

 Market Analysis – Much more detailed market information than was 

gathered in Stage 1, including market sizes, segmentation, trends, and the 

competitive environment. The research may be secondary or primary, but 

must provide a detailed portrait of the marketplace. 

 Detailed Technical Assessment – A technically feasible product design or 

concept is produced (on paper) using the information gathered prior. Some 

physical lab-work or modeling may be necessary to justify the business 

case. The means of manufacture, supply, and cost per unit should be 

accounted for. IP and regulatory concerns should also be addressed. 

 Concept Testing with User – If possible, a general idea of the product or 

physical prototype should be presented to potential users to gauge initial 

interest. 

 Financial & Business Analysis – The business rationale for the project is 

revisited in more detail. Strategic and core competency assessment, 

partnerships, additional resources, and outsourcing (if necessary) are 

addressed and mapped out. Financial analysis worth merit in this analysis 
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included calculation of the payback period, net present value (NPV), and 

internal rate of return (IRR). 

 Action Plans for Stage 3: Development – Recommendations for Go/Kill 

decision requirements at the end of the Development stage (timeline, 

resources, proposed launch date). Tentative plans for Testing and Market 

Launch/Operation plans may be drafted. 

 

Though not a model solely dedicated to the Front-End Innovation practices, the integrated 

practices in the Stage-Gate process illustrate the modern acceptance of structured FEI 

strategy for ensuring success and proper investments in the product development stage and 

onward. 

2.3.2.2 THREE PHASE MODEL: FUZZY FRONT-END ACTIVITIES 

The Three Phase Development Model defines structured activities prior to the committed 

funding and launch of a new product development project, derived from an investigation into 

eleven companies’ front-end practices. This model consists of Foundation Elements and three 

phases: Pre-Phase Zero, Phase Zero, and Phase One.  
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Figure 7 - Three Phase Development Model8 

 

 

Foundation Elements: A clearly defined product portfolio strategy must be defined in 

considering new product ideas – this sets a rulebook for hindering any new product ideas that 

may require heavy investment by outreaching the core competencies of the company.  A 

clearly defined product development organization is also required with defined structure, 

roles, incentives, and norms.  

1) Pre-Phase Zero: Preliminary opportunity identification and innovation ideas are 

generated using market and technology analysis. The new innovation project (not 

new product concept) is launched during this phase. 

                                                 
8 Retrieved and modified from: http://sloanreview.mit.edu/files/2008/12/3828-ex1-lo7.png 
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2) Phase Zero: The product concept and definition is formed. Customer needs, 

market segments, competitive analysis, and business prospects should be 

identified in this phase.  

3) Phase One: Product definition and project planning. Feasibility (technological 

and economic) should be assessed, and a business case should be made.  

Similarly to Stage-Gate, the front-end work concludes with a pronounced Business Case for 

the project. At the conclusion of these three phases, a Go/No-Go decision is made before the 

new product development project is launched.  

2.3.2.3 NEW CONCEPT DEVELOPMENT MODEL: FUZZY-FRONT END 

ACTIVITIES 

This model was developed to give a clear illustration and common language to the front-end 

activities to give ideas for better management. Of all the models studied in the literature, the 

NCD model is most widely explored and implemented. Here, the front-end consists of five 

elements that are driven by the engine (leadership of the company or NPD team, business 

strategy, and culture): 

1. Opportunity Identification – Opportunities worth pursuing are identified; they may 

be a short-term response to a competitive threat, a new “breakthrough” for taking 

competitive advantage, an improvement in operations (cost reductions, shorter cycle 

time, etc.), new product platform, new process, or new marketing approach.  The 

methodology for identifying new opportunities may be formal or informal. 

2. Opportunity Analysis – Gathering of information for translating identified 

opportunities into specific business/technology opportunities. This may include any 
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combination of market studies, scientific experiments, focus groups, or other 

methods. Intelligence on existing completion and trend analysis may also be 

necessary. 

3. Idea Genesis (Idea Generation and Enrichment) – The birth, development and 

maturation of the opportunity into a defined idea. The idea may be built and reworked 

constantly before it is finalized. The idea genesis is improved through direct contact 

with consumers/users, the use of cross-functional teams, and cooperation with 

external institutions. The general goal of output is a completely described product 

idea or product concept. 

4. Idea Selection – The critical activity of deciding which ideas to pursue further. The 

difficulty here is that there is limited information and understanding of how to 

determine what projects are worth selecting for further development.  

5. Concept and Technology Development (Concept Definition) – The development 

of a business case based on estimates of market potential, customer needs, investment 

requirements, competitor assessments, technology unknowns, and risk assessment.  

 

Though these elements may look sequential in nature, they are not necessarily approached 

linearly. The illustrated relationship model, shown in Figure 8, suggests that the ideas are 

meant to freely flow among all five elemental activities, influenced by external factors like 

business strategies, competitive factors, organizational capabilities, and technology maturity.  
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Figure 8 - New Concept Development Model9 

 

 

 

The influencing factors are strongest on Idea Genesis (Idea Generation and Enrichment) and 

Opportunity Identification, as they are primary inputs for new ideas. The other three elements 

are meant to refine ideas inspired through influencing factors. The output of the model comes 

from the Concept Definition, which will provide guidance and criteria for the New Product 

Development Process (NDPD) and Technology Development Process (TechDP), if 

necessary.  

                                                 
9 Retrieved and modified from: http://web.stevens.edu/cce/NEW/images/newconcept.gif 
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As with NPD processes, these models can be freely adapted to better suit an individual 

company. While there are multiple models proposed, the essential goals of front-end 

activities are the same60: 

 Reduce market and technical uncertainty; to help distinguish the new products 

advantage that can satisfy an unmet need, or discern if no such advantage exists 

 Reach agreement on further actions, in a timely and efficient manner so as to reach 

time-to-market and not excessively use company resources 

 Stimulate creativity to promote a culture of innovation 

2.4 ROLE OF MARKET RESEARCH IN FRONT-END ACTIVITIES 

Traditional NPD processes focus on guiding the activities of personnel and teams directly 

related to developing the new product (Research & Development, Engineering, etc.). 

Developing successful new products requires defining customer needs and assessing the 

potential markets for the new product(s) – activities that are tasked by management to market 

research teams.  

The role of market research, generally, is to provide information and characterize the markets 

where products/services are sold. Information can be quantitative (measurable, numerical), or 

qualitative (observable, descriptive). This information is either obtained primarily (first-

hand), or secondarily (second-hand). Deciding what type of information required and the 

means of obtaining it is largely dictated by the timeframe and budget of the relevant project.  

Despite the necessity of these inputs in making decisions during the development of new 

products, the role of marketing personnel in structured NPD processes has been minimized in 

recent years – some project managers feel that the information provided by the marketing  
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department can be untimely and sometimes inaccurate; moreover, the activities are often 

expensive and the return on investment is not usually clear61. However, additional studies 

have shown that new product failure rates are much lower in firms where the marketing 

department is heavily involved in the NPD process, specifically in the “fuzzy” front-end62. 

This discrepancy is a result of the role market researchers fulfill in the early stages, or front-

end, of NPD.  

The end-result of the “fuzzy” front-end is a decision: to pass on the product idea to the 

structured NPD process, or to reject it. During this time, there is a high degree of uncertainty. 

In order for a product to move on to the NPD process, the project manager or team needs 

information to reduce these uncertainties. When deciding whether or not an idea moves on to 

the structured NPD process of a firm, the key decision-makers must be convinced that the 

need exists for the customer, and that the product idea can meet that need. The information 

that must be obtained for making these decisions can be classified as either 1) solutions 

information or 2) needs information. This information is used to answer questions the need to 

be answered before further development can occur – some examples of these questions are 

shown in Table 4. 
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Table 4 - Market research topics in front-end activities10 

Solutions Information 

Reduce technical uncertainty 

 

Sample questions: 

Is the product feasible? 

 

How can the product best be realized? 

 

Which technologies and materials should 

be used for the product? 

Needs Information 

Reduce market-related uncertainty 

 

Sample questions: 

Is there a market for the product? 

 

Which features are valued by which 

potential customers? 

 

Which needs do we satisfy with the 

product? 

 

How important are these needs for the 

customer currently, and how relevant will 

they be in the future? 
 

 

 

Solutions information is generally technical-oriented information; it translates customer 

needs into technical solutions. The difficulty with using VoC research to find solutions 

information is that customers tend to not be technical experts, at least in the case of consumer 

products. Needs information is gathered primarily through market research: assessing 

potential markets, voice-of-customer (VoC) investigations, and other activities. Studies have 

shown that these distinct functions of a marketing department are important for reducing 

uncertainty in the front-end and driving innovation success63.  

                                                 
10 Adapted from: Schweitzer, F. (2014). Integrating customers at the front end of innovation. 

In Management of the fuzzy front end of innovation (pp. 31-48). Switzerland: Springer 

International. 
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Despite the growing body of literature surrounding front-end activities, the focus is still 

primarily observational64. Moreover, the most focus heavily on the personnel elements, 

assessing the effectiveness of leadership roles, team structures (“Innovation Boards” etc.) and 

communities of practice (CoPs or “Knowing Communities”)65,66. The literature on market 

research activities in front-end elements is predominantly oriented on its application in 

consumer products67. To date, there are only a few publications practically using front-end 

market research on non-consumer products (ie. industrial B2B products)68,69. To date, no 

practical application and observation on the use of FEI market research has been applied in a 

textile research project as it has been in this work. 
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CHAPTER 3 – RESEARCH METHODOLOGY 

Cellulose diacetate (CDA) is currently produced in large quantities as fiber tow and primarily 

used as filters in cigarettes.  There has been recent interest from the CDA manufacturing 

industry to explore and find new applications for CDA fiber.  One possible application for 

CDA fibers that would offer minimal modifications to the current manufacturing process is 

use in nonwoven staple applications.  

 

To identify new applications for CDA as a staple fiber the following research objectives were 

developed. 

RO1: Considering the attributes of CDA, identify new high value/high volume 

application(s) where CDA staple fiber may bring new value propositions 

RO2: Define end market(s) for potential application of CDA staple fiber 

RO3: Evaluate processibility of CDA staple fiber on nonwoven manufacturing equipment 

RO4: Characterize nonwovens made with CDA staple fiber 

 

Research Design 

 

To meet all research objectives the research design was structured into the following tasks, 

illustrated in Figure 9 paired with their accompanying relevant Front-End of Innovation 

activities gathered from the current models. 
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Figure 9 - Research Methodology 

 

 

Task 1: Market and Product Intelligence Study 

RO1: Identify new high value/high volume application(s) for CDA staple fiber 

RO2: Define end market(s) for potential application of CDA staple fiber 

The first task focused on market and product intelligence gathering to identify the most 

suitable nonwoven applications for cellulose diacetate. Nonwovens can be simply divided 

into these basic categories based on their method of production:  

1. Spunlaid webs, where polymers are formed into fibrous webs in a single process 

and can be bonded in a separate step(meltblown, spunbonds, and combinations 

thereof) 

Preliminary Market 
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(Manufacturing 
Feasibility, Testing)

Opportunity Analysis
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Product 

Intelligence Study
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application of CDA staple fiber

Product 
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Final Assessment

•Determine most promising application of 
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gathered
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2. Dry-laid webs where pre-made fibers are formed into webs via carding or air-lay 

and subsequently bonded mechanically, thermally, or chemically  

3. Wet-laid webs, where fibers (typically shorter than fibers used in dry-laid 

processes) are formed into a web via a paper-making style process where a liquid 

slurry of fibers are laid down and dried and are bonded chemically, mechanically, 

or thermally. 

The vast majority of CDA is produced in fiber tow form; in ideal circumstances, this tow 

could be directly converted into nonwoven structures. There does exist an adaptation of a 

spunlaid process where a two-step process decouples fiber formation from lay-down, the 

original spunlaid version is called the Lurgi-Docan process70. In the adapted process, pre-

made spools of filament yarns are assembled on a creel (similar to those needed in woven 

and knit textile processes), and the filaments are then laid down using a Lurgi air aspirator71. 

Under initial speculation, it is reasonable to believe that this process could be further adapted 

to accommodate bales of CDA fiber tow. However, forming a uniform web using large fiber 

tows (as opposed to standalone filament yarns) will likely prove difficult; laydown requires 

full separation of bundles before laydown, which may be very challenging on the existing 

process. Nonetheless, there does exist a patent that claims formation of nonwovens directly 

from bulked CDA fiber tow is possible72. 

With the potential means of producing nonwovens directly from CDA fiber tow unexplored 

and/or protected, this leaves the dry-laid process as the most likely candidate for producing 

nonwovens with CDA fiber. This requires cutting the CDA fiber tow to manageable and 

processible lengths in order to produce nonwovens with the fiber. While wet-lay processes  
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could accommodate CDA fibers, the research is focusing on high volume applications; dry-

laid processes make up the vast majority of nonwovens produced globally in terms of weight 

(~47%) and products produced73. 

 

This constraint, together with the full understanding of the characteristics of CDA, helped 

guide the selection of possible markets to review initially. Selecting potential product 

application areas for CDA fiber required full appreciation of the markets, knowledge of the 

state-of-the-art regarding the technologies and products used, and insight on the role of 

nonwovens in the market. Since cellulose diacetate is a specialty fiber, the research started 

with high value nonwoven areas like filtration (liquid, fuel, bio), then extended to investigate 

opportunities in applications in the automotive market. While somewhat extraneous, an 

opportunity was also discovered and explored where degradable fibers are used in the 

hydraulic fracturing process. The approach to Task 1 was a combination of exploratory and 

descriptive research using a vast number of science and engineering, bibliographic, and 

citation databases covering basic research, patents, businesses, and popular press. These 

databases, along with other published resources, were referenced to identify markets and 

product characteristics for use of cellulose diacetate. Research topics included market size, 

potential, segmentation, maturity, drivers and restraints, trends, product performance 

criterion, competing products and technologies, among others. The research began with a 

broad scope of potential applications and was narrowed to identify the most attractive 

applications. Task 1 also included some basic fiber testing and characterization. This 

information was used to aid in the selection of applications. 
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Task 2: Product Feasibility and Testing Study 

RO3: Evaluate processibility of CDA staple fiber on nonwoven manufacturing equipment 

RO4: Characterize nonwovens made with CDA staple fiber 

The second task was to consider the most attractive applications identified and develop 

sample materials for testing and evaluation. Considering the limiting requirement of cutting 

the fiber tow into staple fiber lengths, Task 1 identified the highest volume of potential 

applications for CDA would be in carded nonwovens. Since CDA has never been processed 

on nonwoven equipment, it is of utmost importance to evaluate the processibility of CDA 

staple fibers on full-scale nonwoven manufacturing equipment as part of Task 2.  

Moreover, it is important to benchmark the processibility and performance of CDA carded 

nonwovens to other materials. Two other fibers were selected as control materials to serve as 

benchmarks in assessing the CDA carded materials:  

1. Polyester (PET) fiber: a commodity fiber often used in the applications identified in 

Task 1 

2. Poly-Lactic Acid (PLA) fiber: a renewable and compostable fiber that is of 

considerable interest in recent research; it is reasonable to consider PLA as a future 

competitor fiber in nonwoven applications where CDA could be used 

This task utilized the Nonwoven Institute’s staple nonwoven pilot facility to form carded 

webs using these 3 fiber types, which were then bonded mechanically via needle punching. A 

series of materials were produced for each fiber type using additional needle punching passes 

to observe the effect of bonding on structural or physical properties. All materials formed 
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were tested to evaluate their structural and physical characteristics using typical and well-

established nonwoven testing and characterization procedures.  

Task 3: Final Assessment 

The third and final task was simply to assess results from Task 2, and revisit the applications 

identified in Task 1 to organize conclusions about the potential for CDA staple fiber in the 

applications identified. 

3.1 RESEARCH SCOPE AND LIMITATIONS 

 

This work explores new application opportunities of staple fibers cut from parent cellulose 

diacetate (CDA) fiber tow for use in new applications, with a focus on nonwovens. While the 

production of nonwovens directly from CDA fiber tow bales is claimed to be possible,74; 

there is little to no information publically available and there is a scarcity of relevant 

literature in this area. Therefore, this work does not consider applications of nonwovens 

made directly from CDA fiber tow. Cutting the CDA fiber tow into staple fiber lengths 

allows more flexibility for integration into future products.  

It is important to note that the budget and timeline for this project did not allow for the 

development of the products/applications identified. Instead, the purpose of this research was 

to use market research to identify the most promising applications of CDA staple fiber and 

define the end markets, providing as much information as possible for use in making 

decisions on where further research and development should occur.  

Moreover, the time frame and budget did not allow for exuberant material study using CDA 

staple fiber as a raw material in different nonwoven manufacturing processes.  Globally, 
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staple nonwovens (formed by either carded, air-laid, or wet-laid technologies) make up the 

slight majority of nonwovens produced by weight at 51%75. Of these staple nonwoven 

manufacturing processes, carded nonwovens make up the undisputed majority and are 

projected to continue to dominate the market: by 2016, an estimated 442,100 tons of carded 

nonwovens are expected to be produced, while air-laid and dry-laid nonwoven production are 

projected to reach a combined 933 tons76. From a strictly “weight-produced” standpoint, is 

more interesting to focus the work on studying the processibility of CDA staple fiber in 

carded nonwoven manufacturing equipment; the volume of carded nonwoven production 

matches the criteria set in the research objectives, and carded nonwovens reach more 

markets. The only known study of cellulose acetate in carded nonwovens prior to this work 

includes a study of a fee-lapsed patent on cotton/cellulose acetate blends77; however, in the 

published study, it is noted that the fibers were blended by hand and produced on a very 

small scale78.  To date, CDA staple fiber has not been studied modern carding equipment to 

the knowledge of the researcher.  

Simply observing the processibility of CDA staple fiber in the high speed carding process is 

useful for future development; furthermore, comparatively assessing the CDA carded webs 

against other carded nonwovens made with different materials is useful in understanding how 

CDA staple fiber will fare against competitive materials. Needle punching was selected as 

the bonding; hydroentangling is suspected to considerably damage the CDA fibers and 

calendaring would require the use of binder fibers. Unquestionably, studying CDA as a raw  
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material for nonwovens using different web formation, bonding techniques and fiber blend 

ratios would be of great interest; however, the budget and timeline for the project limits the 

breadth of study to 100% fiber type carded and needle punched materials. 
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CHAPTER 4 – DETAILED FINDINGS: MARKET AND PRODUCT 

INTELLIGENCE STUDY 

Three markets were selected for study based on known growth and high volume and high 

value applications of staple fibers in dry laid applications. 

4.1 WATER AND LIQUID FILTRATION 

4.1.1 BACKGROUND 

Water and liquid filtration applications were amongst the first markets reviewed due to the 

broad reach and high value that nonwovens have within the market. 

Filtration, as defined by INDA, is “a mechanism for separating one substance from another”. 

It may be used to separate contaminants from a fluid or separate/harvest high value materials 

like minerals, chemicals, or foodstuffs in a process operation. In this context, a “fluid” can be 

any gaseous or liquid stream. Herein, fluid is exclusively referring to a water or liquid fluid 

stream.  Liquids can be classified as either aqueous (water, wastewater, food & beverage, 

etc.) or hydrocarbon fluids (petrochemicals, fuels, hydraulic fluids, oils, etc.); some examples 

of these types of fluid distinctions are shown in Table 5.  
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Table 5 - Fluid Streams - Water and Liquid Filtration11 

Aqueous Fluids Hydrocarbon fluids 

 Water Treatment Plants 

 Water Desalinization 

 Water Discharge 

Treatment 

 Industrial Process 

Streams 

 Industrial Chemicals 

 Drinking Water 

 Beverage and Aqueous 

Foods 

 Medicinal and 

Pharmaceutical 

 Aquarium 

 Industrial Hydrocarbon 

Processing 

 Aviation/Diesel Fuel 

 Hydraulic Fluids 

 Machine Tool Coolant 

 Edible Oil Filtration 

 Engine Filtration 

 

 

The fluid is passed through a filter medium, which either traps particles on its surface 

(surface straining and cake filtration) or within its porous structure or voids (depth filtration 

and depth straining). The resulting fluid, satisfactorily free of contaminants, is referred to as 

the filtrate. An entire filtration scheme may consist of multiple steps, or unit operations, to 

achieve the desired filtration effect economically and efficiently. These unit operations vary 

drastically depending on the fluid and scale of the filtration operation. The entire filtration 

process can be generally summarized as shown in Figure 10. 

                                                 
11 Adapted from: Hutten, I. M. (2007). Hanbook of non-woven filter media. In Liquid filter 

applications (pp. 291-292). Burlington: Elsevier. 
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Figure 10 - Typical Water & Liquid Filtration Process12 

 

 

The solids separation phase is where filter media are used to remove contaminants from the 

fluid stream. Within this unit, there can be multiple sub-units, often referred to as separate 

unit operations themselves. The multitude and sequence of these unit operations will differ 

depending on the fluid and scale of the operation, but are generally arranged and defined by 

the particle size of the contaminant to be removed. Sizes of contaminant particles are most 

often expressed in micrometers, or microns (µm).  

                                                 
12 Adapted from: Wakeman, R. J. (2005). Solid/liquid separation: Principles of industrial 

filtration. (p.2) New York: Elsevier 
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Figure 11 - Micron Ranges and Filtration Stages13 

 

Filter Media can be made of inorganic minerals, carbon, charcoal, glass, metals, metal 

oxides, ceramics, natural fibers, synthetic fibers, or membranes. Each material can be 

fabricated in a variety of ways and are classified in Table 6. 

 

 

 

 

 

 

 

                                                 
13 Modified from: Hutten, I. M. (2007). Filtration mechanisms and theory. In Handbook of 

non-woven filter media (p. 35). Burlington, MA: Elsevier. 
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Table 6 - Filter media and smallest particles removes14 

Media Type Subdivisions Smallest Particle 

Retained (µm) 

Solid Fabrication Flat, wedge-wire screen 100 

Metal Sheet Perforated 20 

Sintered woven wire 1 

Unbonded mesh 5 

Rigid Porous Media Ceramics/stoneware 1 

Carbon 1 

Sintered plastic powder or 

fiber 

<1 

Cartridge Yarn-wound 5 

Bonded granule or fiber 1 

Pleated sheet <1 

Membrane Ceramic <0.1 

Metallic <0.1 

Polymeric <0.1 

Woven Media Staple fiber yarn 5 

Polymeric filament 5 

Non-woven Media Dry-laid 10 

Wet-laid 2 

Spun-bond, meltblown 0.1 

Loose Media Fibers 1 

Powders <0.1 

 

4.1.2 MARKET 

Water & liquid filtration is a huge market that encompasses the treatment of many different 

types of fluid streams. Previously, the entire global filtration market (air and liquid) was 

estimated to reach $42 Billion USD by 2009, with liquid/solid separation expecting to reach 

$35 Million USD (about 83% of market share) in the same year79. Some current estimates 

suggest the global liquid filtration market was valued at $42 Billion USD in 2009 (about 70% 

of total filtration market, valued in total at $60 Billion USD), and growing with a CAGR of 

                                                 
14 Adapted from: Purchas, D. B. (2002). Handbook of filter media. (p. 9) New York: Elsevier 
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6% until 201480. This could either mean that the liquid filtration market has grown faster than 

originally anticipated, or that there may be some disparity in the estimates found. 

Nonetheless, the liquid filtration market is certainly a high value market.  

A distinction is made between Water and Wastewater Filtration and Liquid Filtration for the 

sake of clarity. For Water and Wastewater Filtration, the fluid stream is being purified to 

yield water free of a determined amount of contamination depending on its intended use after 

treatment (potable water, high purity process water, discharge, etc.) For Liquid Filtration, the 

fluid stream is any other liquid that has a desired product in solution or valuable liquid 

component that is to be sold or reclaimed for reuse (oil, beverages, solutions, etc.) 

Considering this distinction, the markets are segmented as shown in Figures 12 and 13. 
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Figure 12 - Market Segmentation: Water & Wastewater Filtration15 

  

                                                 
15 Adapted from: Frost & Sullivan M3AC-15 [Oct. 2010] 
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Figure 13 - Market Segmentation: Liquid Filtration16 

  

                                                 
16 Adapted from: Frost & Sullivan M7DE-15 [Aug. 2012] 
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The development of the filtration industry is attributed to forces of changing global/regional 

economies, continued consolidation of the corporate structure within the industry, and a 

growing demand by end-users for increasingly cleaner and purer products81. Furthermore, a 

variety of factors affect how the filtration industry has developed, which includes: 

 Environmental Pressures, such as concerns about wastewater or industrial process 

effluent quality for discharge into the environment, or reuse of process liquids to 

conserve resources 

 Growing International Presence, as the industry caters to larger markets globally, 

affecting sales volumes and corporate structure through mergers and acquisitions 

 Water Quality and Availability – Growing scarcity and increasing standards of 

clean, potable water worldwide leads to an increased demand for purification 

technologies for natural water sources and treatment of brackish or salt water 

 Internal Demands regarding improved reliability and longer lifetimes of operation 

equipment, and reduction of operation costs 

Other trends in this market include population growth and increasing health awareness, 

which also extends to environmental protection and sustainability.  

Market Structure 

The filtration and separation industry has many players – the companies involved include 

filter media manufacturers, filter equipment manufacturers, and/or special equipment 

manufacturers (sedimentation equipment, hydrocyclones, centrifuges, flocculators).  

Filter media manufacturers include: 
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 Natural and synthetic fiber/filament manufacturers, bulk granular or other material 

manufacturers of which filter media can be made (raw material inputs) 

 Roll good manufacturers or other manufacturers who convert raw material into filter 

media 

 Manufacturers who convert bulk media to a size and shape to which a filter or filter 

element is easily made 

 Manufacturers who assemble the cut and shaped media into filter elements 

Filter equipment manufacturers include: 

 Manufacturers of filtration components (ie. Discs, plates, belts, and/or screen 

assemblies) 

 Final producers of filtration equipment, which incorporate the simple media or 

complex elements into suitable housings or containment systems. These may be as 

simple as cartridges or screens, or as complex as rotary vacuum filters, belt filters, or 

filter presses. 

The supply value chain for the filtration market is as shown in Figure 14. 

 

 

Figure 14 - Filtration Industry Value Chain17 

 

 

 

                                                 
17 Adapted from: Avedon Capital Partners. Filtration & Separation Industry Study Excerpt. 

(p. 7) 
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The companies can range in nature and size; there exists small companies who only 

manufacture a single type of specialized equipment or simple media for niche markets, as 

well as large companies who are multi-functional suppliers of equipment and/or media and 

reach many different market segments. 

Regulation in the Liquid Filtration Industry 

The assessment of filter media materials is a very difficult task; there are multiple trade and 

standards organizations that govern and assess filter products. Even then, “best practices” in 

assessment can change multiple times a year and end-users may have their own preferred test 

for evaluating filter media. In general, filter media (both air and liquid) is tested for 

mechanical strength (tensile, burst), filtration characteristics (pore size and permeability), 

filtration efficiency (particle retention/penetration), as well as pressure drop82,83. Some well-

established trade and standards organizations that provide guidance on assessment of non-

woven filter media include: 

ASTM: American Society of Testing and Materials 

ASHRAE: American Society of Heating, Refrigerating and Air-Conditioning 

Engineers 

BSI: British Standards Institution 

CEN: European Committee for Standardization 

EDANA: European Disposables and Nonwovens Association 

INDA: Association of the Nonwovens Fabric Industry 

ISO: International Standards Organization 

TAPPI: Technical Association of the Pulp and Paper Industry 
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Any considerations for new products entering the filtration market should include some 

investigation into the appropriate standards and methods for testing the filter media and 

product. In this most cases, discussions with potential end-users of the product are the best 

means of obtaining the information, as they can provide their own guidelines on the criteria 

for which they use to select components for their filter products.  

4.1.3 MATERIAL INFORMATION 

Nonwovens play important roles in liquid filtration as filter media or as support materials for 

filter media, such as membranes. Nonwovens are attractive in this market for their low cost 

(in comparison to competing materials like wovens or membranes) and unique structures 

attainable through different web formation and bonding techniques. In liquid filtration, 

nonwovens of all types (needlefelts, spunbonds, meltblowns, etc.) are used, and can serve 

one of two roles in the filtration process: 

1. Filter media, or 

2. Backing (support) materials for filter media 

Backing/support materials are not a high value product concept; they are usually made of 

commodity fibers like Polypropylene (PP) or Polyester (PET) to impart strength to an 

otherwise weaker filter media, such as membranes. Because CDA is a specialty fiber, the 

price point per weight will be too high to compete with commodity fibers like PP or PET, so 

only applications for filter media products are explored herein. 

Nonwovens are used in both filtration of aqueous fluids and the filtration of hydrocarbon 

fluids. The advantages of nonwovens in filtration include84: 
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 Large and adjustable surface area, which has a profound effect on filtration efficiency 

filtration characteristics 

 Easy to form composite structures with other material 

 Thick cross-section and bulk, which can improve dirt holding capacity and filtration 

efficiency 

 High permeability – some nonwovens have a low pressure drop, which can lead to 

energy-savings in constant flow applications 

 Pleatable – some nonwoven materials are pleated to increase surface area, which 

improves filtration efficiency of the initial media 

Nonwovens of all types have some role in liquid filtration applications. Needle felts, though 

more prominent in air filtration, are common media used in replaceable filter elements, such 

as bag filters. Needle felts can incorporate a broad range of fiber types, and blends, to meet 

specific requirements in different operations. Selection of fiber for needle felt media should 

consider filtration efficiency, operation temperature, and chemical exposure during the 

process85. Some common needle felt liquid filter media properties and their 

temperature/chemical resistance has been presented by Hutten (2007), are summarized in 

Table 7. 
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Table 7 - Properties of Needle Felt Liquid Filter Media18 

Fiber Basis 

Weight 

(g/m2) 

Air 

Permeability 

(m3/m2/min @ 

20 mm H2O) 

Thickness 

(mm) 

Tensile Strength 

(N/m) 

MD CD 

Polyester 
Stable in acids, 

oxidizing agents, 

and most organic 

solvents up to 

150°C 

 

640 1.6 1.4 30 55 

640 1.0 1.1 30 55 

800 9.5 3.2 90 55 

800 3.0 3.0 90 55 

Nylon 
Stable in alkalis 

and solvents 

(except alcohols) 

up to 150°C 

830 4.4 2.6 55 75 

830 2.0 2.7 55 75 

830 1.3 2.2 60 80 

830 1.5 2.4 60 80 

1050 3.5 3.3 65 90 

1075 2.2 3.0 65 90 

1050 2.5 3.4 65 90 

1050 1.5 2.8 60 85 

Polypropylene 
Stable in acids, 

alkaline solutions, 

and aliphatic 

solvents up to 

110°C 

400 8.9 1.5 60 50 

500 9.8 2.4 60 35 

500 6.0 1.8 60 35 

610 0.8 1.6 30 50 

640 20.0 3.8 50 75 

Viscose (Rayon) 
Stable in aliphatic 

and aromatic 

solvents up to 

150°C 

No accompanying data available: see Table 9 and Table 10 for 

properties of commercially available filter media containing 

Rayon fiber. 

 

 

Needle felts made from staple fibers generally have lower tensile strength than other 

nonwoven filter media. There also is a risk that staple fibers can be released from the filter 

                                                 
18 Hutten, I. M. (2007). Liquid filter applications. In Handbook of non-woven filter media (p. 

293). Burlington, MA: Elsevier. 
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media and contaminate the output fluid stream; for this reason, resin printing or additional 

bonding (chemical/thermal) is usually applied to the web to prevent migration from the 

material86. Other nonwovens commonly used in liquid filters include: 

Meltblowns: Commonly used in food and drink applications, such as coffee bags, 

milk filters, and edible oil filters. They are also used in reverse osmosis applications 

and ultrafiltration. Often incorporated into composite structures such as Spunbond-

Meltblown-Spunbond (SMS)87. Recently, meltblown media has been mostly used for 

filtering large quantities of liquid, such as drinking water and smaller fluid quantities 

such as blood filters and depth cartridges88.  

Spunbond: Used in many types of applications, most notably as roll filter media for 

the filtration of cutting oils and lubricant oils in metalworking operations89. 

Wet-laid: Applications of wet-laid nonwovens in liquid filtration include tea bags, 

coffee filters, swimming pool filters, and coolant oil filters90.  

Though there is an appropriate distinction made between Water & Wastewater Filtration and 

Liquid Filtration, it is important to note that the same filter technologies are used in both. 

Thus, they are no longer discussed separately.  The filtration technologies found to utilize 

nonwovens as filter media include, but are not limited to the equipment highlighted in Table 

8. 
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Table 8 – Some Filter Equipment that Utilize Nonwoven Filter Media 

Filter Equipment Brief 

Filter Presses 

 

Fluid is pumped through sheet(s) of filter media. 

Sheets are placed into sequential frames. 

 
Image Source: 

http://img.21food.com/userimages/filter5398/filter5398$1224

1449.jpg 

Bag Filters 

 

Fluid is pumped through filter media, assembled in 

the shape of a bag. In high pressure operations, a 

housing is often needed to support the bag. 

 
Image Source: 

http://www.pelmareng.com/images/arctic/arctic_bag_filter.jpg 

Cartridge Filters 

 

Fluid is pumped through filter media assembled 

within a cartridge or as an integral cartridge shape 

itself. Media may be pleated to increase surface 

area. 

 
Image Source: 

http://www.sartorius.com/typo3temp/pics/FiT_ProdRange_11

39_RGB_e04958be4b.jpg 

Roll Filters 

 

 

 

Roll of filter medium is unwound into “filtering 

zone” where filtrate is suctioned through for reuse 

and cake forms on filter media. Similar to belt 

filters, but used media is wound onto separate roll 

and disposed of. 

 
Image source: 

http://www.trumplerclancy.com/mc_images/category/21/deep

bed.jpg 
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While some liquid filtration operations have been “mastered” and have impeccably tailored 

unit operations for specific applications, there can be a variety of approaches to achieving the 

filtration effect required for specific operations. Furthermore, selection of the appropriate 

filter media takes extensive consideration as well. To explain all of filtration theory and 

principles, as well as all unit operations, and technologies, would be unnecessary for this 

work. Instead, the breadth of information is reported in a manner that provides necessary 

information to help in assessing potential application of CDA in liquid filter media. For 

brevity, only technologies found to utilize nonwoven filter media made from staple fibers will 

be described in more depth this section. It is important to note that staple fiber media is not 

the sole media type utilized in these filter products, and that nonwovens are used in other 

filter equipment not explored here. This consideration narrows the potential application of 

CDA staple fiber as filter media into the following filtration technologies:  

 Replaceable Filter Elements 

o Bag Filters 

o Cartridge Filters  

  Roll Filters  

A somewhat extraneous opportunity is also addressed regarding potential application of 

CDA fiber in “Depth Filters” used in bioprocessing operations.  

Nonwoven Media Market – Liquid Filtration 

Previously in 2011, The Association of the Nonwoven Fabrics Industry (INDA) estimated 

that nonwoven media consumed by liquid filtration end uses in North America reached 
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48,700 tons in 2010, valued at around $306 Million USD. This market has experienced a 

growth rate of about 4% since 2005 – a growth rate expected to continue until 2015, when 

volume should reach 59,600 tons valued at $384 Million USD91. A more recent assessment 

on volume estimates that nonwoven consumption in liquid filtration was 55,500 tons in 2013, 

having increased by 4.1% per year from 2008-2013; this volume is now project to increase 

by 5.1% through 201892
. 

Globally, it is harder to estimate the market volume for nonwovens sold for liquid filtration 

purposes specifically, as reports often include both air and liquid filtration – it is expected 

that 744,000 tons of nonwovens will be sold in the entire filtration market by 2016. 

Replaceable Filter Elements: Bag Filters 

These can be as simple as a filter medium “bag” attached to the end of a pipe. Filtration is 

achieved via pressure-driven operations; the fluid stream is pumped through the bag and 

contaminants are trapped within the filter media that the bag is made of. Higher pressure and 

higher volume operations may require a housing and/or mesh support to ensure the bag 

maintains integrity. Bag filters are applied in the liquid filtration areas such as the production 

of bulk chemicals, food & beverage, coolant oils (recycle for reuse), cleaning fluids, paints & 

varnishes, and many more. Generally, bag filters are used in operations where small solid 

particle removal is necessary from a low solids concentration fluid stream (about 0.2-10% 

w/w). Particle size range to be removed may range from 10-300 microns. Flow rates range 

from 1-1000 m3/hr93. 

Bag filter products are often marketed for use in both air and liquid filtration operations – the 

world fabric filter bag market in 2012 had revenues of $2,439 Million USD, with the media 
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market alone drawing revenues of $1,364 Million USD.94. The nonwoven market is not 

frequently reported in focus, but it is known that nonwovens used in all filter bags (air and 

liquid) was estimated at a value of $200 Million USD in North America in 200595. 

Replaceable Filter Elements: Cartridge Filters 

The essential features of a cartridge filter includes a cylindrical housing in which a 

replaceable filter element sits, which is the “cartridge”. As with bag filters, cartridge filters 

are usually used in a pressure-driven operation. They are used for the clarification of liquids 

with contaminant levels less than 0.01% w/w of the fluid stream96. The particle size range of 

contaminants to be removed can range from submicron to 200 microns, sometimes even 

higher. The global cartridge filter market is one of the largest in the liquid filtration market, 

expected to reach $15 Billion USD in 201497.  Water and liquid filtration processes cartridge 

filters applications include: Engine Filtration (lubrication oil), Water Pretreatment for 

Reverse Osmosis Processes, Clarification/Polishing Operations, Water Treatment, Medical & 

Biopharmaceutical, Food & Beverage, to name a few.   

Replaceable filter elements such as bag and cartridge filters are finished products, ready for 

installation into filter equipment. The information regarding these filter elements include 

characteristic pertinent to the end-user facility such specifications of material type, seal ring 

material/style, retention ratings (smallest particle size retained), filter area, size, max pressure 

differential, maximum flow rates, and recommendations for when to replace the filter. The 

filter element manufacturer uses media (ie. Nonwovens) to make the filter product, and then 

tests the product to provide specified operating conditions that are well understood by the 

end-user.  Filter manufacturers internally specify requirements (tensile strength, pore size 
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distribution, among others) for filter media that they incorporate into their products that 

provide the filtration performance the customers require. This makes specifically 

characterizing the properties of nonwoven media used to make replaceable filter elements 

somewhat difficult.  

Roll Filters 

Roll filters are simply rolls of filter medium that are unwound into a filtration area where 

vacuum pressure or gravity removes the fluid stream while the contaminants remain on or 

within the roll filter media. When the filter cake begins getting too thick and the flow rate of 

the liquid through the media becomes too slow, the used media is wound onto a separate roll 

while fresh media is advanced into the filtering compartment. The primary applications of 

roll filters are98: 

 Wastewater discharge: removal of sludge (waste) to yield a water of acceptable purity 

for reuse or discharge into the environment 

 Coolant oil/lubricating fluid filtration: Metalworking grinding/machine shop 

operations use coolant oil to protect machinery from damage. Metal shavings can 

contaminate the coolant oil and cause damage to the metal product being produced. 

Coolant oil is also expensive and can be reused multiple times; filtration is required to 

remove the metal particles and other contaminants that may be introduced in the 

manufacturing process 

Nonwoven Media Used in Roll Filters: 

For this application, most media available is spunbonded polypropylene or polyester, such as 

Reemay’s Reemay ®, Synergex ®, and Typar®/Tekton®99. Polyester is advantageous in 
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comparison to Polyester in that it does not extract oils like polypropylene, which can lead to 

premature blinding100. Though most available media is spunbonded, a variety of roll filter 

media made from dry-laid and/or wet-laid staple fibers are available101. Dry-laid and wet-laid 

media seem to be preferred in applications where strength is not critical for their cost  

effectiveness in comparison to spunbond media102. Spunbonded media, in comparison to 

media made with staple fibers, is much stronger and minimizes potential contamination of 

the filtrate due to the continuous filaments used make the structure being not readily 

releasable. A variety of composite structures are also available. Some currently available roll 

filter media and their readily accessible properties, as well as typical applications, are 

reported in Table 9 and Table 10. 

 

 

Table 9 - Reemay Roll Filter Products103 

Product Material Basis-

Weights 

(g/m2) 

Applications Additional Info 

Typar®/ 

Tekton® 

100% 

Spunbonded 

PP 

54-270 Die cutting, 

slitting 

4-20 denier per filament, 

no binders 

Snofil® Carded 

Rayon/PET 

blend 

16-95 Coolant 

filtration 

Operating temperatures 

<180°F and pH 8-10 

SnoWeb 

EFP 

Wet-laid 

PET/Cellulose 

blend 

27-125 Wire drawing, 

steel rolling, 

metalworking 

Controls free “tramp” oil 
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Table 10 - Direct Filtration Roll Filter Products104 

Product Material Basis Weights 

(g/m2) 

Applications Tensile 

Strength 

(N/5cm)  

MD CD 

Viscose (filter 

paper) 

100% Viscose 

w/ binder 

20-65  Milling, 

Turning, 

Normal/Fine 

Grinding, 

Horning, 

Lapping 

32-

115 

10-

40 

Polypropylene 

Needle felt 

100% Needle 

punched PP 

100-150 Fine Grinding, 

Milling 

130-

185 

100-

150 

Polyester 

Needle felt 

100% Needle 

punched PET 

100-150 Effluent/Final 

Coolant Filter 

170-

250 

220-

350 

  

 

Depth Filters in Bioprocessing 

A specialized filtration application worthy of note for potential use of CDA fiber in liquid 

filtration is in depth filters that are used in bioprocessing. Bioprocessing is the production of 

biologically active therapeutic and diagnostic proteins expressed from either mammalian or 

bacterial cells105. Filtration is crucial for cell culture and fermentation feed streams – they 

require upstream process filters to ensure quality inputs for the process, as well as 

downstream process filters for clarification and sterile filtration of the filtrate to eliminate 

particulate and microbiological contamination before recovery of the product from the 

fermentation broth. After cell culture and disruption, filtration is needed to remove large 

bioburden particles like cells, cell fragments, and colloids by using centrifugation and/or 

depth filtration, with a combination of both being most preferred on commercial scales106. 
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The overall purpose of these clarification steps is to separate biomass from the desired 

product in solution, so as to protect downstream membrane filters and final sterilizing 

membrane filters.  

While the name “depth filter” may seem vague, it is a specific type of filter product used 

exclusively in bioprocesses. Depth filters are disposable, reducing the risk of contamination 

and eliminating sterilization costs for equipment. A variety of companies provide systems 

and accompanying media for these filtration purposes: Zeta Plus by 3M (formerly Cuno), 

POD by Millipore, Stax by Pall, and Sartoclear P by Sartorius-Stedim107. These depth filter 

technologies are among many other technologies that have recently seen increased sales as 

the bioprocessing industry has favored disposable single-use technologies that can allow for 

reduced capital from validation costs related to sterilization, and allowing flexibility in 

product manufacture among other benefits108. 

 

Media Used in Depth Filters: 

Depth filters utilize filter sheets comprised of milled cellulose fibers, with filters aids (such 

as Diatomaceous Earth (DE) or perlite), and polymeric resins – these materials are formed 

together via a wet-lay process similar to papermaking109. They are integrated into depth 

filters of different cartridge sizes. The cellulose fibers provide the matrix for the media, while 

the filter aids impart increased internal surface area. The polymeric resin itself is similar to 

wet-strength resins used in papermaking processes and serves to cross-link the cellulose 

fibers.  
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There is interest in finding an alternative to cellulose for depth filter media with a cleaner, 

more controllable alternative that requires fewer steps to produce. Cellulose fibers are used 

primarily due to their low cost, but require extensive cleaning to remove organic/inorganic 

matter to be usable in depth filter media; even then, contaminants (i.e. soluble metals) can 

still be present after cleaning110. Cellulose Diacetate fibers, though more expensive, may 

have a value proposition as a derivative of cellulose in this application; however, as cellulose 

fibers are used primarily for low cost, CDA may not be attractive for its high cost in 

comparison. Further discussion is needed in assessing the opportunity CDA may have in this 

application. 

4.1.4 CDA OPPORTUNITY ASSESSMENT 

In considering opportunities for applying CDA staple fiber in nonwoven liquid filter media, 

prior uses of cellulose acetates in separation/filtration technology were reviewed. It was 

found that cellulose acetates provide useful benefits in separation technology; in the context 

of membranes or polymeric beads: 

 Reverse Osmosis membrane (Desalination): Cellulose acetates have good 

rejection of salt, likely as a result of its partly hydrophilic/partly hydrophobic 

nature. CDA membranes are particularly suitable for “brackish” water, while 

CTA can handle more concentrated salt water111 

 Ultrafiltration membrane (Drinking Water Purification): Used primarily because it 

has a good flux due to CA’s hydrophilic nature, suspected to be a result of CA’s 

large negative potential in comparison to other membranes (ie. Polyethersulfone, 

polyacrylonitrile)112 
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Other properties of Cellulose Acetate identified that may provide value in separation 

applications as staple fiber filter media include: 

 Chemical resistance properties: 

o Stable in weak (dilute) acids and bases, up to a pH of 9.5113, but high 

temperatures (>85°C) can weaken CA’s resistance114 

o Unaffected by alcohols such as methanol, ethanol, propanol, butanol115, 

though some alcohols swell acetate fibers116 

o Unaffected by hydrocarbons such as benzene, xylene, toluene, petroleum 

ether, and gasoline117,118 

 Cellulose acetates hydrophilic nature improves its resistance to biofouling, 

oxidation by chlorine, and resistance to solvents119 

 Cellulose acetate is known to selectively adsorb leukocytes, monocytes, and 

granulocytes (and do not significantly adsorb lymphocytes); however, the reason 

for this inherent property is not definitively known120. This makes CA useful in a 

variety of therapeutic applications such as treatments for ulcerative colitis. 

It is reasonable to expect that some of these properties are inherent to the CA polymer itself, 

and that some of the values they present will translate well into liquid filter media using CDA 

staple fibers. Compared to the price of commodity fibers like PP and PET, liquid filter 

products should strategically add value to justify the increase in price for raw materials by 

providing improved functionality in the intended application. Additionally, CDA is a much 

weaker fiber in comparison to other available fibers; filtration applications where strengths 

are not critical are likely to be more attractive for new uses of CDA fiber. There may also be 
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potential for incorporating CDA fiber tow directly into filter media. Filter media made of 

PET fiber tow has been found to have an unusual characteristic of capturing fine particles 

through surface filtration, albeit while allowing intermediate sized particles to  

pass through121. However, no further studies on filter tow media has been studied to the 

knowledge of the researcher. Nonetheless, developing a process for manufacturing filter 

media directly made from CDA fiber tow may be limited by the Celanese patent U.S. No. 

8,461,066 B2 specifying “filter media” as a potential application. 

4.2 AUTOMOTIVE ACOUSTIC INSULATION 

4.2.1 BACKGROUND 

All forms of textiles (wovens, knits, nonwovens, and composites) are used as integral 

materials of automobiles. It is estimated that 20 kg of textile materials are used in each car 

produced; about two thirds are interior materials like headliners, trims, seats, seatbelts, 

airbags, and filters122. Though textiles make up a small amount of the vehicle by weight 

(about 3%), the market is nonetheless significant to the textile industry and is a consistent 

growth area for textile suppliers. Some estimates suggest that the average weight of textiles 

per vehicle will reach 35 kg by 2020123. With automotive sales growing with a CAGR of 

4.6% and projected to reach near 110 million units in 2020 (from 70.7 Million in 2010)124, 

this means interior automotive textiles volume could reach 3.8 billion kilograms in the same 

year.  The automotive industry heavily utilizes nonwoven materials to a variety of effects as 

components in automobiles, both as interior materials (headliner materials, carpets, etc.) and 

as filter media (cabin/engine air, transmission fluid, oil filters). 
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 The capability for nonwovens to be customized and engineered for specific uses at low costs 

are the main reason that nonwovens are favored by Original Equipment Manufacturers 

(OEMs) for an array of application in automobiles. Additionally, nonwovens are attractive in 

the automotive industry because they are able to125: 

 Be integrated into multi-layer, modular components with other materials (i.e. Foam) 

 Be incorporated into lightweight and low density modules 

 Meet stringent cost-performance targets amid a very price-sensitive industry 

 Be deep draw molded into complex shapes at relatively low temperatures 

 Contain recycled raw materials and still meet performance requirements 

 Be compatible with emerging recycling processes 

A breakdown of nonwoven usage by application area is shown in Figure 15; these figures 

represent each area’s respective use by volume of all nonwovens used in a car. 

 



 

73 

 

Figure 15 - Nonwoven applications in automobiles by weight19 

 
 

 

Though this separation seems to illustrate clear distinctions between material types, it is 

important to note that many of these materials may incorporate multiple functions and cross-

classify, particularly insulation.  

4.2.2 MARKET 

The North American automotive market consumed about 183 Million square meters of 

nonwovens in 2010, valued at $159 Million USD. Nonwoven volume sales in this market is 

expected to grow 5% until 2015, reaching an estimated 233 Million square meters. Insulation 

materials made up 30% of nonwoven consumption in the automotive segment in 2010 (about 

                                                 
19 Adapted from: Chen, J. Y. (2010) Nonwoven Textiles in Automotive Interiors. (p. 186) 

Woodhead. 

Nonwoven Use by Application

Passenger Carpet - 43%

Insulation - 17%

Trunk Trim - 13%

Rear Shelf/Package Tray - 3%

Hoodliner - 10%

Headliner - 6%

Seat - 6%

Other (Door Trims, Misc.) -
2%
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55 million square meters); assuming 5% growth, nonwoven automotive insulation material 

sales will reach about 70 million square meters in 2015126. A more recent assessment 

specifies that 97,000 tons of nonwovens were used in the automotive category, having grown 

14.4% per year since 2008; nonwoven consumption (per ton) is expected to continue growing 

at a rate of 10.8% per year until 2018127 

Globally, it is difficult to specify or forecast nonwoven sales or volume by specific 

application. Nonwoven volume in the entire automotive segment (not solely insulation) is 

currently forecasted to grow by 8.1% per year through 2016 and reach 505,000 tons in that 

year128. On average, every vehicle produced uses 5.5-6.5 square meters of nonwovens for 

insulation materials. If this average is correct, and growth estimates are correct for the 

production of automobiles (110 million units in 2020) are realized, that means at least 605 

million square meters of nonwovens will be used for insulation materials in the automotive 

segment in 2020. These insulative materials have historically been very cheap commodity 

materials – mostly being made from recycled fibers known as “shoddy” reclaimed from  

textile fabric waste129. While shoddy can be expected to be seeing continued use for the 

foreseeable future, some recent trends have begun to favor value added materials. Current 

trends in this market include130: 

 Lightweight materials that reduce overall weight of the vehicle (federal regulation 

regarding fuel efficiency) 

 Natural-based fibers in composites for renewability 

 Micro- and nano-fibers can provide more porous structures 

 More tunable noise barriers 
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 Biodegradable polymers or single-type recyclable polymers (“Design for 

disassembly”) 

 

Material Regulation 

Materials used in automotive interiors must meet a variety of technical specifications set 

forth by federal bodies and OEMs regarding safety, price, ecology, and comfort. Increasing 

specifications suggest it could take almost six months for new production standards to be 

approved131. Multiple regulatory bodies govern materials used in automobiles. In North 

America, these include: 

 Environmental Protection Agency (EPA) 

 U.S. Dept. of Transportation – National Highway Traffic Safety Administration 

(NHTSA) 

 U.S. Dept. of Defense 

 U.S. Dept. of Energy 

These regulations may be direct (flame resistance of a material) or indirect (vehicle weight 

limits). In addition to federal regulation, OEMs typically have their own product 

requirements and may sometimes be more stringent.  Table 13 shows an example of one 

global automobile manufacturer’s Technical Regulation Document that each material must 

be evaluated by before incorporating into an automotive interior product.  
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Table 11 - Sample Technical Regulation (TR) Document20 

 

 

 

OEMs set forth requirements in the design of the vehicle before approving for manufacture. 

These material regulations must be communicated from the OEMs and met by Tier 1 and 

Tier 2 suppliers. Tier 1 suppliers are auto component and interior part manufactures that 

supply the OEMs. These also must be communicated to the Tier 2 suppliers, whom source 

materials from Tier 3 and Tier 4 suppliers. Figure 16 illustrates this supply chain. While 

                                                 
20 Adapted from: Söderbaum, E. (2008). Requirements for automotive textiles - a car 

producer's view. In Textile advances in the automotive industry (pp. 8-11). Boca Raton: CRC 

Press. 

Technical 
Regulation 
Document

Flammability – FMVSS302 [Federal rqmt: Slower than 
102mm/min]

Light-fastness – ISO105 –B02 or ISO105-B06 

Aging – Deterioration and discoloration observed in “climate 
chamber”

Fogging – ISO 6452

Soiling and Cleanability

Abrasion - ISO 12947 (Martindale) or ISO 5470 (Taber)

Metamerism (change of color under different sources of light)
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some companies may serve cross-tier roles, textile manufacturers (such as nonwoven roll-

good producers) are typically considered Tier 3 or Tier 4 suppliers132.  

 

Figure 16 - Automotive Interior Material Supply Chain21 

 

Automotive Acoustic Insulation – Materials  

 To aid in helping identify opportunities for CDA fiber in nonwoven insulation materials for 

automobiles, characterization and nomenclature of materials used in automobiles is 

necessary. Décor materials (surface materials like carpets and seat upholstery) are usually 

wovens, knits, or tufted nonwoven fabrics that require good aesthetics and durability. It is 

unlikely for CDA to succeed in these types of applications due to its relative weakness in 

comparison to commodity fibers. However, it is reasonable to consider CDA fiber for 

“hidden”, yet functional, application in nonwovens where a structure property is desired (i.e. 

                                                 
21 Adapted from: Powell et al. (2008). Mapping the automotive textile supply chain. In 

Textile advances in the automotive industry (pp. 17-18). Boca Raton: CRC Press 
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Insulation). It is important to note that in any acoustic insulation application, the structure 

properties of the final material are more important than the fiber properties alone. Though 

Figure 15 may seem to indicate that only 17% of all nonwovens used in cars are engineered 

for an insulation function, the reality is that insulation properties are imparted to nearly every 

area (headliner, hoodliner, carpet, etc.) to aid in combatting and reducing unwanted interior 

noise from the many sources they originate from, often by using composite structures. 

Acoustic insulation in automobiles is important for reducing unwanted noise in the interior of 

the vehicle cabin to reduce the negative effects of noise pollution imposed on the driver and 

passengers (distraction, adverse health effects, etc.). The sources of these unwanted noises 

can be: 

 Vehicle noise (engine, intake, exhaust) 

 Road and wind (aerodynamic) 

 Miscellaneous 

 

Interior noise in automobiles can be structure-borne or airborne. Materials selected to reduce 

interior noise must possess a specific property that contribute to at least one of the following 

functions: noise absorption, noise insulation, vibration insulation, and/or vibration 

dampening. Noise absorbers and barriers are used primarily for the control of airborne noise. 

Conversely, vibration isolators and dampers are primarily used to control structure-borne 

noise. Structure-borne noise can be controlled using cheap commodity materials; with CDA’s 

classification as a specialty fiber, it is unlikely that the price point increase in raw material 
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will be justified; thus, vibration isolators and vibration dampers are not worth consideration. 

Applications in noise barrier and noise absorber materials are only considered herein.  

4.2.3 MATERIAL INFORMATION 

Textiles (primarily nonwovens) and some foam materials are used as liners to trap and absorb 

sound energy within their porous structure. The material demands and desired properties are 

specified by their placement area, which are distinguished simply as: 

 Engine Area 

 Passenger Area, or 

 Trunk Area 

Engine Area Materials 

Needle punched nonwovens are commonly used for these parts. Other bonding 

(hydroentanglement, thermobonding) may be used and depends on what type of fiber is 

selected. Basis weights of these materials are high (generally around 1200 g/m2)133. These 

materials also must meet various requirements regarding acoustical performance, flame 

resistance, liquid repellence, and stain resistance. 

 

Table 12 - Engine Area Materials22 

Interior Part Component Material 

Hood Absorber Single layer Foams: polyurethane, melamine 

Outer Side-Dash 

Absorber 

Single layer Felts: Cotton/phenolic resin, 

glass/thermoset resin 

                                                 
22Adapted from: Chen, J. Y. (2008). Reducing noise in automotive interiors. In Textile 

advances in the automotive industry (p. 221). Boca Raton: CRC Press. 
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Table 13 - Passenger Area Materials23 

Interior Part Component Material 

Floor Carpet Décor Needle punched PET nonwovens; PA or PET 

tufts 

Insulator Foams, thermobonded felts 

Inner Dash 

Insulator 

Single Layer, 

Heavy Layer 

Foams, thermobonded felts 

Headliner Décor Nonwovens, warp-knits 

Insulator Phenolic resin-bonded felts, natural fiber/PP, 

PUR foam and glassmat sandwich, PET felts 

Retainer Spunbonded nonwovens 

Door Panel, Door 

Trim 

Décor Wovens, warp and weft knits, nonwovens, 

PVC skins, leather 

Door Insert Soft touch Foams 

Substrate Thermoset resins, natural fiber/PP 

Retainer Spunbond nonwovens 

Instrument Panel Décor PVC skins, leather 

Soft touch Natural/PP, trilaminate 

Seats Cover Wovens, warp and weft knits, PVC skins, 

leathers 

Pad Foams 

 

 

Passenger Area Materials 

                                                 
23 Adapted from: Chen, J. Y. (2008). Reducing noise in automotive interiors. In Textile 

advances in the automotive industry (p. 221). Boca Raton: CRC Press. 
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Carpet materials usually consist of two layers: a décor layer (needle punched nonwovens or 

tufted fabrics) and an insulating layer (foam layer or nonwoven felt). Basic properties 

required are excellent pilling and wearing resistance, easy/safe material handling, excellent 

mechanical resilience, low extensibility, moderate stiffness, and cost effectiveness. PP may 

be added to the insulating layer as binder fibers with natural fibers/recycled fibers to allow 

for thermal bonding. 

 

 

Figure 17 - Nonwoven Carpet Layer Example24 

 

Table 14 - Nonwoven Carpet Materials25 

Décor 

layer 

Fiber Type PP, PET 

Fiber fineness and 

length 

3-20 dtex, ~40mm 

Carpet weight 260-550 g/m2 

Carpet thickness 5-7 mm 

Surface Structure Flat felt, random or patterned velour 

Back structure Latex or PE coating, thermobonded PP 

Insulating 

Layer 

Fiber type Recycled or natural fibers 

Fiber fineness and 

length 

Various 

Felt weight 400-1200 g/m2 

Felt thickness 10-20mm 

 

                                                 
24,25 Retrieved and adapted from: Chen, J. Y. (2010) Nonwoven Textiles in Automotive 

Interiors. (p. 193) Woodhead. 
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Floor structure materials can also be made of nonwovens – they are usually composites in the 

form of rigid sandwich structures or air-space twin wall structures. Air-space twin wall 

structures are formed by two separate layers of needle punched nonwovens and a one-step 

molding and air-blowing process - the entire structure usually weighs about 3,000 g/m2 

 

 

   

 

Figure 18 - Rigid Sandwich Structure26 

 

 

Figure 19 - Twin-Wall Panel Structure27 

 

 

Headliner materials (Figure 20) were traditionally multi-layer structures incorporating 

fiberglass mats, PU foams, and thin nonwoven retainers (scrims), covered with a tricot knit 

or PVC sheet (a). Use of natural fibers (cotton, flax, kenaf, etc.) has led to new designs using 

nonwoven composites (b). Monopolymer structures are becoming popular to improve 

headliner recyclability (c). 

 

                                                 
26,27 Retrieved from: Chen, J. Y. (2010) Nonwoven Textiles in Automotive Interiors. (p. 194) 

Woodhead. 
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Figure 20 - Headliner Material Examples28 

 

 

Door trim materials are similar to headliner materials: they are typically sandwich structures 

made of natural fiber and polypropylene blends. 

Seat materials are divided in classification by whether they are “visible” or “invisible”. 

Materials for the visible area of the seat are usually wovens, knits, or leathers for aesthetics. 

However, artificial suede made from microfiber nonwovens are slowly gaining market share 

in this application. “Invisible area” materials are all other materials within the seat, 

underneath the visible facing fabrics. These materials can be needle punched nonwovens, 

spunbond-needle punched (SNP) polypropylene, or three-layer nonwoven composites. The 

variety of seat materials, their requirements, typical materials, and basis weights are shown in 

Table 15. 

 

                                                 
28 Retrieved from: Chen, J. Y. (2010) Nonwoven Textiles in Automotive Interiors. (p. 195) 

Woodhead. 
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Table 15 - Seat Materials29 

 

 

Table 16 - Trunk Area Materials30 

Interior Part Component Material 

Side Trim Décor  Nonwovens 

Insulator Natural fiber/PP, trilaminate 

Liner (Floor 

Cover) 

Décor Nonwovens 

Insulator Recycled fiber felts 

Load Floor Single Wall Natural fiber/PP, wood/resin, baypreg sandwich 

Double 

Wall 

Twinwall (glass/PP, natural fiber/PP 

Package Tray/ 

Parcel Shelf 

Décor Nonwovens 

Rigid Layer Natural fiber/PP, wood/resin, baypreg sandwich 

                                                 
29 Retrieved from: Chen, J. Y. (2010) Nonwoven Textiles in Automotive Interiors. (p. 196) 

Woodhead Publishing. 

 
30 Adapted from: Chen, J. Y. (2008). Reducing noise in automotive interiors. In Textile 

advances in the automotive industry (p. 221). Boca Raton: CRC Press. 
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Trunk Area Materials 

Trunk area materials do not differ much from passenger area materials. The load floor cover 

is similar to the passenger floor cover, comprising a carpet layer (flat felt without backing), 

and a padding layer (shoddy fibers). The trunk side trim is typically an uncoated flat felt that 

is molded to shape. The trunk load floor is a twin wall structure – a top and bottom panel 

made of 50/50 Natural Fiber/PP or Glass Fiber/PP blends at 2500 g/m2, with different 

thicknesses and a variable air gap between. 

 

 

Figure 21 - Twin-Wall Panel Structure (Trunk Area)31 

 

Package trays are included in some car models, usually hatchbacks or SUVs. The package 

tray can be a fiberboard laminate with a décor material, formed from natural fiber nonwovens 

and bonded with thermoplastic fibers blended within. The décor layer is often needle 

punched PP or PET. The package tray may also be formed with a twin wall structure similar 

                                                 
31 Retrieved from: Chen, J. Y. (2010) Nonwoven Textiles in Automotive Interiors. (p. 198) 

Woodhead Publishing. 
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to the twin wall structure shown in Figure 21, but with thinner panel materials (1.5mm-

3.0mm) and basis weights of about 1250 g/m2. 

4.2.4 CDA OPPORTUNITY ASSESSMENT  

Automotive acoustic insulation is an attractive market based on the known volume and 

estimated growth of the automobile industry through 2020. Increasing vehicle sales directly 

means increasing sales of textile materials used in vehicles. The trends favoring lightweight 

and/or biodegradable, or renewable materials means new product opportunities are available. 

CDA has potential in this market due to the attractiveness of bio-based/ecofriendly materials. 

Additionally, its chemical resistance properties, thermal resistance properties, and resistance 

to attack by mold or mildew mean CDA fiber could propose a strong value proposition in 

material life-time or the variety of safety standards regulating automotive materials. The 

main interest for further assessing CDA’s opportunity in this application area moving 

forward will lie in examining the structure properties of webs made from CDA: web density 

(basis weight), and thickness. 

4.3 HYDRAULIC FRACTURING: FIBERS FOR PROPPANT TRANSPORT 

4.3.1 BACKGROUND 

Hydraulic fracturing is a process for optimizing extraction and production of hydrocarbons 

from a wellbore. After a wellbore is drilled, fluids are pumped down into the wellbore to 

fracture rocks outward to release trapped oil or gas from a rock formation. Fracturing fluid is 

most often water-based and mixed with dilute chemical additives. The fracture is propped 

open using a “proppant” (propping agent) to keep the fracture open once pump pressure is 

released and to form conductive channels, allowing the freed oil or gas to be extracted. The 
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proppant may be organic or inorganic materials such as sand, man-made ceramics, or 

sintered bauxite. 

 

Figure 22 - Hydraulic Fracturing Process Overview32 

 

In addition to fluid and proppant, chemical additives are necessary to increase productivity 

and protect equipment. Common additives and their purposes are described in Table 17. 

Gelling agents (guar gum or cellulose), cross-linking agents, and scale inhibitors may also be 

used. 

 

 

 

 

                                                 
32 Retrieved from: 

http://upload.wikimedia.org/wikipedia/commons/7/73/Hydraulic_Fracturing-

Related_Activities.jpg 



 

88 

 

 

Table 17 - Common Fracturing Fluid Additives33 

Additive Purpose 

HCl acid (5-25% in solution) Dissolve minerals: remove damage near 

wellbore, initiate fractures 

 

Corrosion inhibitor/O2 Scavenger 

[ex. ammonium bisulfate] 

 

Prevents pipe corrosion from acid and/or 

oxygen 

 

Friction reducers  

[polyacrylamide-based compounds] 

Reduce pipe friction and pressure 

 

Iron Control/Stabilizing Agents 

[ex. Citric acid or acetic acid] 

Keeps iron compounds in soluble form to 

prevent precipitation 

 

Surfactant Promotes flow of fluids 

 

Biocides  

[Sodium Hypochlorite or Chlorine 

Dioxide] 

Control bacterial growth in water 

 

 

 

Role of fibers in hydraulic fracturing 

Conventional fracking fluids (without fibers) rely on the use of chemical additives to increase 

the viscosity of the fracking fluid to transport proppant and prevent the rapid settling of 

proppant within the fracture134. These highly viscous fluids have been found to cause 

excessive fracture growth outside of the “pay zone” where the oil or gas is trapped. The 

effects of fluid viscosities on fracture morphologies are compared in Figure 23. 

                                                 
33 Holloway, M. D., & Rudd, O. (2013). Frack fluids and composition. In Energy 

sustainability: Fracking: Fhe operations and environmental consequences of hydraulic 

fracturing (pp. 50-52). Hoboken, NJ: Wiley. 
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Fracturing Fluid with Excessive Fluid 

Viscosity 

Fracturing Fluid with Low Fluid Viscosity 

  

 

Figure 23 - Effect of Fluid Viscosity on Fracture Morphology34 

 

The addition of glass or polymer fibers in fracturing fluids allows the use of low viscosity 

fluids by contrast to conventional treatment fluids, while enhancing proppant transport 

capabilities of the fracturing fluid and stabilizing the proppant pack within the fracture by 

reducing particle-settling velocities of the proppant and improving the proppant placement 

profile. Without fibers, proppant particles in fracturing fluid settle according to Stokes Law, 

where settling velocity V (in cm/s): 𝑉 =  
(2𝑔𝑟2)(𝑑1−𝑑2)

9𝜇
 , where 𝑔 is gravity’s acceleration 

(cm/s2), 𝑟 is radius of the proppant particle (cm), 𝑑1 is the proppant particle density (g/cm3), 

                                                 
34 Retrieved from: Schlumberger. (Summer 2005) New fibers in hydraulic fracturing. 

Oilfield Review (34-43). Web. 
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𝑑2 is the fluid density (g/cm3), and 𝜇 is viscosity of the fluid (dyne-s/cm2)135. Adding fibers 

to the fracturing fluid increases hydrodynamic interference that reduces the sedimentation of 

the proppant particles136. Fibers minimize the effect of fluid viscosity as present in 

sedimentation by Stokes Law; the fiber/proppant mixture instead settles according to Kynch 

sedimentation, whereby no solid-liquid boundary is formed137. This effect is best illustrated 

with a visual, as can be seen in Figure 24. 

 

 

 

Figure 24 - Effect of Fibers on Particle Sedimentation35 

 

                                                 
35 Retrieved from; Schlumberger. (Summer 2005) New fibers in hydraulic fracturing. 

Oilfield Review (34-43). Web. 
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This reduction in settling velocities of proppant particles using fiber translates into better 

fracture morphology once pump pressure is released, an illustrative comparison of which is 

shown in Figure 25. 

 

Figure 25 - Comparison of fracture morphologies with/without fibers36 

 

 

 

An entire fracturing stage job is made up of multiple fracturing cycles, herein referred to as 

“treatments” (4-8 cycles per job). A fracturing treatment comprises two basic fluid stages138: 

1. Pad: Does not contain proppant; it’s main function is to break down the rock 

formation and create the fracture 

2. Proppant slurry: Contains proppant (and fibers, if used); main function is to prop 

the fracture open before pump pressure is released and fracture closes onto proppant. 

 

There is an important distinction to be made between the two types of fiber additives used 

and their intended effects, which are defined separately as fibers for: 

                                                 
36 Retrieved from; Schlumberger. (Summer 2005) New fibers in hydraulic fracturing. 

Oilfield Review (34-43). Web. 
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1. Flowback Control, or 

2. Proppant Transport 

Fiber selection depends on which of the two functions they are to fulfill. Fibers for flowback 

control are usually long fibers with high strength. They are intended to create an entangled 

network to support the proppant pack during drawdown. Fibers for proppant transport are 

shorter in comparison and their role is to provide a fiber-based network to improve the 

proppant placement profile within the fracture. A key difference between the two fiber types 

is that fibers for proppant transport are intended to degrade in bottomhole conditions after 

the proppant is placed so that conductive “wormholes” can form for easier extraction of 

hydrocarbons. Fibers for flowback control, by contrast, are meant to remain part of the 

proppant pack to maintain the proppant placement profile. For this reason, CDA is hereby 

only considered in application for a fiber for proppant transport duo to its degradation 

characteristics.  

 

Table 18 - Proppant Transport Fiber Requirements37 

Fibers for proppant transport: 

 Must have correct combination of length, diameter, flexibility, and temperature 

stability* 

 Must be easy to disperse in a proppant slurry 

 Must be able to pass through pumping equipment, tubulars, and perforations 

without breaking or bridging 

 Must not separate from proppant during treatment 

 Must be stable until fracture closes 

                                                 
37 Adapted from: Schlumberger (Summer 2005) New Fibers for Hydraulic Fracturing. 

Oilfield Review (34-43). Web. 
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 Should dissolve/degrade completely (within days or weeks) after fracture closure 

to maximize efficiency** 

*”Low temperature” reservoirs: 150-250°F [66-121°C] 

 “High temperature” reservoirs: 250-400°F [121-204°C] 

** Proppant pack conductivity is a direct function of void space between proppant particles 

4.3.2 MARKET 

Hydraulic fracturing is a technology that is primarily implemented in North America, so the 

scope of this market analysis is focused on the North American market.  

Hydraulic fracturing has only recently gained traction in regular oil and gas field operations. 

However, it has had a profound impact on the productivity of operations. With the advent of 

horizontal drilling and hydraulic fracturing, there have been rapid increases in shale gas 

production from previously inaccessible thin shale deposits. The Barnett Shale in Texas went 

from less than 400 horizontal producing wells in 2004 to over 10,000 wells in 2010139.  

 

From 2006-2010, there was an average of 43,237 wells drilled per year, costing an average of 

$2.38 Million USD per well140. As a rule of thumb for onshore wells, fracturing and 

completion accounts for 25% of total drilling operations costs: this means that the average 

fracturing cost per well from 2006-2010 was $595,000.141 

 

To this point, hydraulic fracturing has been referred to a means of accessing both oil and gas 

reserves; however, in practice, it is most often used for harvesting “unconventional” natural 

gas. “Unconventional gas” is defined as gas that cannot be produced economically or 

efficiently without well stimulation via large hydraulic fracturing treatments, horizontal 

wellbores, or multilateral wellbores to expose it for extraction through the wellbore. These 
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technologies are all providing access to previously unrecoverable gas resources142. Figure 26 

from the Oil and Gas Journal illustrates the increased volume, value, and cost to harvest as 

the gas reservoir becomes more “unconventional” to access. 

 

Figure 26 - Gas reserve classifications and respective volumes38 

 

Fiber-laden Fracturing Fluid Market 

Assessing the market for fibers used in hydraulic fracturing fluids is difficult and requires 

some estimation – no formal study has actually been conducted. It is important to note that 

oil and gas field operations, and the techniques used for extraction, are often kept trade 

secrets by oil/gas-field companies such as Halliburton, Schlumberger, etc. However, The 

                                                 
38 Retrieved & Modified from: http://www.ogj.com/articles/print/vol-110/issue-3/drilling-

production/special-report-drilling/maximizing-postfrac.html 
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Society of Petroleum Engineers has published some literature that is useful in providing 

insight on the potential market. Available literature shows that fiber concentration in 

fracturing fluid can range from 15 lb. – 70 lb. of fiber per 1,000 gallons of water143. The fiber 

concentration varies to the discretion of on-site engineers and depends on pounds of proppant 

added (PPA) to the fracturing fluid. 

Up to 2005, 120 fracturing treatments placed 7,000,000 gallons of fiber-laden fracturing 

fluid144; this averages out to about 58,300 gallons of fiber-laden fluid per treatment. The 

average amount of total freshwater used per fracturing job is 4,640,00 gallons145. Assuming 

these averages are correct, and that each fracturing stage requires 4-8 treatments per job, this 

means that fibers are added to 5-10% of total fluids used. 

Fiber Additive Volume 

To get an idea of how much fiber is placed in a hydraulic fracturing job, a cycle in the 

Bakken play is considered. In the Bakken play, fiber concentration ranges from 15 lb/1,000 

gallons of water for 1 PPA increasing to 40 lb/1,000 gallons of water for 5 PPA146.  

Assuming incremental increases from 15-40lb/1,000gal, Table 19 shows a sample breakdown 

of fiber concentrations, clean fluid volume, and cumulative proppant placed (lbs.). This cycle 

is generally repeated 4-8 times per stage job. 
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Table 19 - Typical Bakken Shale Fracturing Cycle 

 

Stage 

 

Fiber Concentration* (/1000gal) 

Clean Fluid Volume 

(gallons) 

Cumulative 

Proppant 

(Lbs.) 

Pad - 10,000 - 

1 PPA 15lb 10,000 10,000 

2 PPA 21.25 lb 10,000 20,000 

3 PPA 27.5 lb 10,000 30,000 

4 PPA 33.75 lb 10,000 40,000 

5 PPA 40 lb 5,000 50,000 

Diverter N/A 2,500 - 

 

 

Based on these assumptions, this means that the amount of total fiber-laden volume per cycle 

is 45,000 gallons, with about 1,200 pounds of fiber placed. As an entire stage job consists of 

4-8 of these cycles (treatments), each job could place an estimated 4,800 lb. - 9,600 lb. of 

fiber. 

The only confirmed fiber known to be used for proppant transport is Polylactic Acid (PLA) 

fiber, a biopolymer most often derived from corn147. About 300,000kg/year (~660,000 

lb/year) of PLA fiber are sold for use in hydraulic fracturing treatments. Priced at $5.50/kg 

($2.50/lb)148, the estimated market value for PLA proppant transport fiber is roughly worth 

$1.65 Million USD/year. If it is assumed that all of the fiber placed in a typical Bakken Shale 

stage job (shown in Table 19, placing between 4,800 lb. – 9,600 lb. of fiber per stage job) is 
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PLA fiber, this means that between 68-137 stage jobs per year are conducted using PLA fiber 

as a proppant transport additive. Comparing this estimation to the reported average of 43,237 

wells being drilled per year, this is a very small amount. This could mean any of the 

following: 

 There is a large untapped market 

 Proppant transport with fibers is not yet fully adopted/validated, or 

 The fibers for proppant transport market may be underreported 

 

4.3.3 MATERIAL INFORMATION 

As noted, the only known fiber to be used in proppant transport is PLA fiber. A patent search 

was conducted to investigate the state of the art. Patent application WO 2013090652 A1, 

titled “Polylactide fibers”, issued to NatureWorks LLC, describes PLA fibers with 

accelerated degradation properties for use in plant coverings and subterranean formations. It 

explicitly details intended use in hydraulic fracturing treatments. Some properties of this 

fiber retrieved from the patent include149: 

 Staple fiber length: 12-50 mm 

 Denier: 0.8-2.5 dpf 

 Degradation time: 1-3 days in ambient well temperatures (after placement into well) 

 1-20% by volume of fracturing fluid 

Though PLA can be processed to possess stronger tensile properties than CDA, the low 

strength properties of CDA may not be concerning, as the fiber is meant to degrade. The 
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degradation rate of CDA fiber has not yet been observed in bottomhole conditions, so 

comparisons to PLA cannot be made at this time. 

 

4.3.4 CDA OPPORTUNITY ASSESSMENT  

Cellulose Diacetate fiber has the means to compete with PLA fiber in this market. The 

relevant degradation properties, particle settling properties, and proppant transport 

capabilities of CDA fiber remain to be explored and experimented to assess how competitive 

CDA could be. Communication with oil-field companies like Schlumberger may be 

necessary to gather more insight on the potential of CDA fiber for use in proppant  

Transport. 
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CHAPTER 5 – DETAILED FINDINGS: PRODUCT FEASIBILITY AND TESTING 

STUDY 

Although Task 1 included a small-scale, low-speed trial run of cutting and carding of the 

CDA fiber, the proccesibility of CDA staple fiber still needed to observed on full-scale 

manufacturing equipment to anticipate any issues in future production CDA carded 

nonwovens. Crimped Cellulose Diacetate (CDA) tow was cut to staple fibers with 2.25” 

lengths and processed at the Staple Pilot plant at the Nonwovens Institute in Raleigh, NC. 

5.1 MATERIALS 

To evaluate the properties of the CDA samples, identical samples were created through the 

same facility and under the same conditions using competitive fibers of similar lengths and 

denier to that of CDA. The fibers used in the study are detailed in Table 20. 

 

Table 20 - Fibers used 

Fiber Denier 

(g/9000m) 

Staple 

Length 

(Inches) 

Tenacity  

(gf/Denier) 

Cross-

Sectional  

Shape 

Diameter 

(micron) 

Density(g/cm3) 

𝜌𝑓𝑖𝑏𝑒𝑟 

Cellulose 

Diacetate 

(CDA) 

3.2 2.25 0.8 Trilobal 28.7 1.30 

Polyester 

(PET) 

3.0 2.00 4.7 Round 19.2 1.38 

PolyLactic 

Acid (PLA) 

3.0 3.00 2.1 Round 20.4 1.24 

 

 

100% samples of each fiber were made using the Truetzschler card at the Nonwovens 

Institute’s Staple Pilot Plant. Machinery used and specifications for production of the 

materials are shown in Figure 27. 
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Figure 27 - Manufacturing process of materials 

 

 

Figure 28 shows some images through the process of carding and needle-punching the 100% 

CDA materials. 

Parkinson Winder

Asseslin A.50 RL Needle Loom

Board Arrangement: Top + Bottom 
Tandem

Needle Depth: 9mm Needle Density: 70/cm2

Treutzscler Pre-Needle Loom ENL

Needle Depth: 8mm Needle Density: 62/cm2

Asseslin Profile 415-D Crosslapper

3 Folds

Truetzschler High Speed Card (1 meter)

30 m/min

Truetzschler Bale Opener, Mixer and Finer Opener
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Figure 28 - Carding/Needlepunching CDA 

 

 

The production of 100% carded and needle-punched CDA materials was a success in that the 

fiber could be formed into a web on full-scale manufacturing equipment at reasonable 

speeds. However, fiber opening could be improved. From the chute feed, it can be seen that 

large bundles of fiber are still clumped together. This has a profound effect on the output of  

Bale Opener Fiber Opener

Chute Feed Carded Web

Needled web (Top/Bottom 
Tandem)

Roll Take-Up
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the card; in the carded web, there is significant streaking occurring and some fibers are still 

bundled together. The carded web should look much more uniform than the cellulose 

diacetate materials look coming out of the card; a benchmark for comparison is provided in 

Figure 29.  

 

Figure 29 - Carding output comparisons 

 

 

The non-uniform output can affect final roll good properties, especially uniformity and can 

cause inconsistent properties throughout the roll good pertaining to both structural and 

physical characteristics. While cross-lapping can limit the effects, it is nonetheless still 

desired to have a uniform carding output. 

 

The nominal fabric basis weight for all material was aimed to be 200 g/m2. A series of  

100% CDA 100% PET
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materials were made for each fiber type with additional passes through needle puncher, up to 

three needling passes (excluding pre-needler for subsequent materials). A total of nine 

materials were made for testing – Table 21 shows the materials made and nomenclature used. 

 

Table 21 - Material Nomenclature 

Sample ID Fiber Bonding 

CDA [1 Pass] 

100% CDA 

1x Needle punched 

CDA [2 Pass] 2x Needle punched 

CDA [3 Pass] 3x Needle punched 

PET [1 Pass] 

100% PET 

1x Needle punched 

PET [2 Pass] 2x Needle punched 

PET [3 Pass 3x Needle punched 

PLA [1 Pass] 

100% PLA 

1x Needle punched 

PLA [2 Pass] 2x Needle punched 

PLA [3 Pass] 3x Needle punched 

 

 

The Sample ID nomenclature is designed to readily identify the fiber type of the material and 

the amount of times the carded web was subjected to the needle punching process. For 

example, “CDA [2 Pass]” signifies 100% carded Cellulose Diacetate, needle punched twice 

with top-bottom tandem needle punching. The materials are herein sometimes referred to 

using this identification system. 
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5.2 METHODS 

To characterize the materials formed during Task 2, the structural and physical properties 

were evaluated for each material, outlined in Table 22. Before testing, all materials were 

conditioned for 24 hours at 70 degrees Fahrenheit and 65% Relative Humidity. 

 

Table 22 - Properties evaluated in this study 

Structural Physical 

Basis Weight 

Thickness 

Solidity 

Fiber Orientation Distribution Function (ODF) 

Tensile Strength 

Tear Strength 

Burst Strength 

Air Permeability 

 

 

Basis Weight 

Five 100 cm2 specimens cut from different locations of each material were weighed using a 

Denver Instrument Company XD-4K balance. The readings were recorded and multiplied by 

100 to report the basis weight for each specimen in grams per square meter (g/m2). The 

average of these five specimens were reported as basis weight for each material. 

Thickness 

The same five specimens used for measuring basis weights were measured twice each for 

thickness using an AMES Logic Basic Model No. BG1110-1-04, a dead-weight thickness 

gauge with an applied pressure of 0.6 psi, in accordance with ASTM D1777. The ten 

measurements were averaged to calculate an average thickness to attribute to each material 

type and reported with standard error. 
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Solidity 

Solidity, or Solid Volume Fraction (SVF) is a measure of the solids content (ie. Fibers) of a 

volume element, reported as a percentage. For example, a material with 10% solidity is 90% 

empty space. In the context of textiles, it is the ratio of the solid fiber volume to the total 

fabric volume. SVF can be easily calculated as a function of Basis Weight (BW), Thickness 

(t), and known fiber density (ρ), using the following equation: 𝛼 =
𝐵𝑊

𝜌𝑓𝑖𝑏𝑒𝑟∗𝑡
∗ 100. 

To calculate the solidity for the materials in this study, the solidity was calculated for the five 

specimens used for measuring basis weight and thickness, and fiber density is known for 

each fiber. NOTE: The thickness value (t) used in calculations was an average from each 

specimen. By using the unique Basis Weight and Thickness measurements specimen is 

believed to give a truer solidity percentage for each specimen. The average of these five 

solidity measurements was then calculated and reported with standard error. 

Orientation Distribution Function 

In traditional textile materials like wovens and knits, the geometry of the fabric can be well 

defined in terms of warp/pick densities and course/wale densities. In many ways, the fiber 

geometry affects the properties of the final fabric. The same is true for nonwoven materials; 

however, nonwovens, especially thick webs, can have very complex internal geometries with 

varying pore sizes, pore shapes, and the constituent fibers of the web are oriented in multiple 

directions in a three-dimensional plane. The pore size and distribution of a web determines 

parameters such as permeability and particle retention, whereas the directional distribution of 

fibers influences physical parameters such as tensile strength, load-elongation, and tear 

strength properties150. The most common way of expressing the orientation of fibers in a  
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nonwoven web is through the fiber Orientation Distribution Function (ODF). The ODF is a 

function of angle α; the integral of this function from angles α1 to α2 is the probability that a 

fiber is oriented between those angles (α1 and α2)
151. In the context of a textile material (ie. 

Nonwovens), the Machine Direction (MD) is the direction in which the fabric/web comes off 

the machine; a fiber oriented in the MD would be considered oriented at 90°. Conversely, a 

fiber oriented horizontally in the Cross Direction (CD) would be considered to be oriented at 

0°.  

 

 

Figure 30 - MD and CD in Textile materials39 

 

 

 

 

In characterizing the ODF of a nonwoven material, the following assumptions can be made: 

1. Mass distribution (basis weight) is uniform throughout the web 

2. The pattern of the orientation distribution of the web does not change 

                                                 
39 Image source: 

http://www.iggesund.com/ImageBank/AnchorMaterial/RM/Illustrations%20EN/s130machin

e.png 



 

107 

Essentially, the assumption is that the ODF would stay the same throughout the web. For the 

purposes of measuring the ODF of the materials in this work, the fibers in the materials 

formed are assumed to be in a two dimensional (2D) plane, with only x and y axes. In reality, 

the materials have complex three-dimensional geometries with fibers oriented in the 

thickness direction (z axis). While 3D structural characterization of nonwovens is possible 

using sophisticated modeling systems such as Digital Volumetric Imaging (DVI), it is much 

more expensive and timely to conduct in comparison to the conventional 2D planar 

methods152. 

To assess the ODF of the materials in this work, an image analysis technique using the Fast 

Fourier Transform (FFT) method was used. An image of a nonwoven material will have 

transitions between light and dark as a result of the fibers; the rate at which the transitions 

from dark to light occur are considered spatial frequencies. These spatial infrequencies can 

be related to the orientation of the fibers in the web. By imaging the materials using a backlit 

microscope and reducing the image to grayscale, the fibers that make up the nonwoven will 

appear black on an off-white background. FFT orientation image analysis software uses the 

rate of light intensity transitions in the image to calculate the ODF (probability of a fiber 

being oriented in a range of given angles)153. In the context of FFT, the range of angles (α1 - 

α2) that a fiber may be oriented in is referred to as “bin range”. In this way, setting the bin 

range to 10 will report the probability of a fiber being oriented in the ranges of 0° to 9°, 10° 

to 19°, and so on. 

Using this technique, five replicates of each materials were processed via FFT orientation 

and their averages for each bin range (bin range=10) were reported graphically. 



 

108 

Tensile Strength 

Tensile strength for each material were measured in both the Cross Direction and Machine 

Direction. Five die-cut rectangular “strip” specimens were cut from each material in each 

direction to be tested, in accordance with ASTM D5035. The max load to break was measure 

in (kgf) and the five measurements were averaged and reported with standard error. 

Tear Strength 

Tear strength for each material were measured in both the Cross Direction and Machine 

Direction. Five die-cut rectangular “tongue” specimens were cut from each material in each 

direction to be tested, in accordance with ASTM D2261. The max load to break was measure 

in (kgf) and the five measurements were averaged and reported with standard error. 

Burst Strength 

Five circular 100 cm2 specimens were cut and tested for burst strength, measuring the max 

load to break in kgf for a metal ball to burst through, in accordance with ASTM D6797. The 

five measurements were averaged and reported with standard error. 

Air Permeability 

The air permeability of each material was tested using a TEXTEST FX3300 in accordance 

with ASTM D737, using a pressure differential of 125 Pascals. Ten specimens were tested 

and the results were measured in m3/m2/min. The results were averaged and reported with 

standard error. 
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5.3 RESULTS 

Basis Weight, Thickness, and Solidity 

 

Table 23 - Results: Basis Weight, Thickness & Solidity 

Test # Needle 

passes 

100% CDA 100% PET 100% PLA 

Basis Weight 

(g/m2) 

1 Pass 195.4 ± 6.9 211.8 ± 6.5 217.0 ± 5.7 

2 Pass 184.6 ± 8.2 194.6 ± 3.6 181.4 ± 6.4 

3 Pass 146.8 ± 5.4 188.8 ± 2.9 199.9 ± 3.7 

Thickness 

(mm) 

1 Pass 2.87 ± 0.05 2.57 ± 0.03 2.43 ± 0.04 

2 Pass 2.27 ± 0.03 2.10 ± 0.05 1.69 ± 0.04 

3 Pass 1.78 ± 0.01 1.73 ± 0.05 1.55 ± 0.02 

Solidity 

(%) 

1 Pass 5.25 ± 0.23 5.97 ± 0.13 7.20 ± 0.14 

2 Pass 6.27 ± 0.30  6.73 ± 0.10 8.66 ± 0.22 

3 Pass 6.36 ± 0.24 8.10 ± 0.12 10.38 ± 0.23 

 

 

 

 

In general, the 100% CDA samples had lower solidity in comparison to the PET and PLA 

samples. This could mean that the CDA fibers resist permanent consolidation under 

compressive stress in comparison to other materials. Further work is needed to assess 

compressive properties on Cellulose Diacetate nonwovens. 
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Orientation Distribution Functions  

 

 

Figure 31 - ODF of materials 

 

 

 

ODF of fibrous materials is useful in determining any sources discrepancies in 

isotropic/anisotropic characteristics in materials. If a material is perfectly isotropic, there is 

an even distribution of fibers in every direction. Generally, nonwoven carded materials 

should have an ODF curve that is shaped closely to a bell. If the bell-shape is not present, 

there may have been issues with the processing of the fiber in the carding process. Without 

3D characterization of these materials, no meaningful conclusions about the structure 

properties can be obtained. However, this 2D observation does allow for observations to be 



 

111 

made in comparing the processibility of CDA in comparison to the benchmark materials; it is 

also useful in identifying any discrepancies in directional strength properties (ie. Tensile 

strength in the CD and MD directions). As can be seen, the CDA materials have similar ODF 

curves in comparison to the PET and PLA materials. This means there are no immediate 

concerns regarding the cardability of CDA. As is, the CDA can be processed in high volumes 

and reasonable speeds on modern carding equipment.  

 

Tensile Strength 

 

Table 24 - Tensile Strength 

Material 
Basis Weight 
(g/m2) 

Tensile Strength (kgf) 

MD CD 

100% CDA 

1 Pass 195.4 1.14 0.88 

2 Pass 184.6 1.02 0.69 

3 Pass 146.8 1.30 0.48 

100% PET 

1 Pass 211.8 15.62 12.73 

2 Pass 194.6 20.19 12.43 

3 Pass 188.8 23.64 10.47 

100% PLA 

1 Pass 217 14.27 11.36 

2 Pass 181.4 14.32 12.00 

3 Pass 199.4 14.98 10.18 
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The CDA materials were considerably weaker than the benchmark materials. This is to be 

expected, as the tensile strength of the individual CDA fibers are much lower than the 

benchmark fibers. 

 

Tear Strength 

 

Table 25 - Tear Strength 

Material 
Basis Weight 
(g/m2) 

Tear Strength (kgf) 

MD CD 

100% CDA 

1 Pass 195.4 0.77 ± .04 0.80 ± .05 

2 Pass 184.6 0.53 ± .02 0.60 ± .02 

3 Pass 146.8 0.38 ± .02 0.48 ± .02 

100% PET 

1 Pass 211.8 8.09 ± .18 8.64 ± .14 

2 Pass 194.6 7.15 ± .18 8.25 ± .56 

3 Pass 188.8 6.06 ± .21 7.14 ± .23 

100% PLA 

1 Pass 217 6.50 ± .35 5.61 ± .18 

2 Pass 181.4 4.95 ± .19 5.50 ± .35 

3 Pass 199.4 3.42 ± .09 4.95 ± .10 

 

 

Again, the CDA materials are much weaker in comparison to the benchmark materials made 

with stronger materials. 
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Burst Strength 

 

Table 26 - Burst Strength 

Material 

Basis Weight 

(g/m2) 

Burst Strength (kgf) 

100% CDA 

1 Pass 195.4 3.58 ± .15 

2 Pass 184.6 3.68 ± .28 

3 Pass 146.8 2.53 ± .19 

100% PET 

1 Pass 211.8 62.92 ± 2.2 

2 Pass 194.6 62.75 ± 3.0 

3 Pass 188.8 55.14 ± 2.3 

100% PLA 

1 Pass 217 47.33 ± 2.3 

2 Pass 181.4 33.49 ± 2.0 

3 Pass 199.4 42.93 ± 1.9 

 

 

CDA materials have much lower burst strength than the PET and PLA materials, most likely 

as a result of the inherently weak tensile properties of CDA in comparison to PET and PLA. 
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Air Permeability 

 

Table 27 - Air Permeability 

ft3/min/ft2 @ 125 Pa 100% CDA 100% PET 100% PLA 

1 Pass 164 ± 2 256 ± 2 208 ± 11 

2 Pass 197 ± 4 238 ± 3 164 ± 3 

3 Pass 230 ± 6 242 ± 2 156 ± 3 

 

 

Due to the wide range of Basis Weights measured for each material (see Table 23), the 

values obtained from the air permeability tests cannot be fairly compared to draw meaningful 

conclusions on CDA in comparison. Instead, it would be more interesting to look at the 

property in dimensionless parameters. For this analysis, the normalized pressure drop of each 

material can be calculated. The calculation of dimensionless pressure drop of a nonwoven 

can be calculated as a function of the Solid Volume Fraction, or SVF (α). Multiple 

expressions have been offered in calculating dimensionless, or normalized, pressure drop. 

The expression proposed by Davies has been experimentally proven to be accurate for 

materials with SVF ranging from 0.6%-30%, where normalized pressure drop can be 

calculated as 𝑓(𝛼) = 64𝛼
3

2(1 + 56𝛼3).154  
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As the materials in this study have solidity ranging from 5% to 11%, the Davies expression 

should be sufficiently accurate in calculating the dimensionless pressure drop. The calculated 

dimensionless pressure drops of these materials are presented in Table 28. 

 

Table 28 - Dimensionless pressure drop of materials 

Dimensionless 

Pressure Drop 

100% CDA 100% PET 100% PLA 

1 Pass 0.78 0.94 1.26 

2 Pass 1.02 1.14 1.69 

3 Pass 1.04 1.52 2.27 

 

 

It can be seen that the CDA materials had lower dimensionless pressure drops in comparison 

than the other materials studied. Something important to consider in this data is that these 

were fibers with similar lengths and denier – the only difference from a fiber standpoint is 

that the CDA fibers have a larger cross-section and were trilobal in shape. Each fiber types 

were subjected to the same web formation and needle punching parameters. Additional 

bonding significantly increased the pressure drops of the PET and PLA materials; the same 

mechanical bonding yielded much lower pressure drops for the CDA materials. This may 

translate to some added value benefits in CDA nonwovens, such as filter materials, where 

pressure drop can cause increased energy use in filtration operations due to the increased 

energy required by power systems that pump air or fluid through media155. More work is 
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needed to accurately assess these results; comparisons of CDA to other materials with similar 

cross-section size and shape, as well as crimp, would be most ideal.  
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CHAPTER 6 – TASK 3: FINAL ASSESSMENT AND CONCLUSIONS 

6.1 FINAL ASSESSMENT 

 

Manufacturing Feasibility of CDA dry-laid nonwovens 

While this work has shown that CDA staple fibers cut from tow can be processed at 

reasonable speeds on full-scale nonwoven manufacturing equipment, it is likely that there is a 

more immediate need to improve the processibility of CDA staple fibers in nonwoven 

manufacturing equipment. While fiber crimp is necessary for staple fiber nonwoven 

production, CDA could have too much crimp and this can cause fiber cohesion, which can 

affect fiber opening. Alternatively, fiber opening may be improved with the use of a spin 

finish or blending in other fibers. The timeframe and budget of this research did not allow for 

extravagant and expensive manufacturing trials using multiple forms of CDA staple fiber 

(varying lengths, diameter, etc.), nor experimentation with blend, and is a shortcoming of this 

work. Future work should explore these potential outlets for improving fiber processability. 

Strength properties of CDA may be a limiting factor 

The strengths of the CDA materials were found to be much weaker in comparison to the 

control samples. This is believed to be a result of the inherently weak properties of the fiber 

itself in comparison to the other fibers used in this work. It is possible that fiber damage 

occurred during the manufacturing process – this may be limited by slight changes in the 

processing parameters, but it is unlikely to have any significant effect. The strength of the 

CDA samples may be improved by incorporating other fibers in a blend. Moreover, 

incorporating binder fibers to CDA materials in a blend of carded nonwovens in the same 

manner as this work, and subsequently thermally bonding the needle punched webs, may also 
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present better strength properties. Future work should explore the effect of blend ratios; spin 

finishes, or other means to improve strength properties of the resulting webs. Additionally, it 

would be of interest to try varying levels of crimp, fiber length, and different forms of CDA 

fiber and see how they affect the web properties. While the search for new uses of CDA fiber 

could limit focus into applications where strength is not critical, long-term success of CDA in 

nonwovens would likely rely on improving strength properties. This could expand the 

amount of potential application areas where CDA nonwoven products can be used.  

Secondary modifications of CDA fiber may provide significant value 

Recent research has suggested that cellulose acetates are capable of being modified 

secondarily to yield new products; in these cases, CA is actually considered a raw material156. 

These are primarily achieved through surface modifications of the fiber to improve properties 

related to separation (gas extraction, ion exchange, catalyst immobilization)157 Moreover, the 

properties of CA fibers can be improved in the upstream manufacturing process through 

block co-polymerization of other materials158. While these have been successful on the lab 

scale, not many commercial products have actually been realized from these secondary 

modifications. This work has only explored the use of CDA fiber as is direct from a CDA 

manufacturer. These added functionalities could increase the value CDA nonwovens have in 

future applications and should be explored in future works.  

Consideration for CDA in the application areas identified in this study 

A few high value and high volume product concepts were identified in the initial task. 

However, there is a considerable amount of work to be done for honing in on the specific 

product requirements for incorporating CDA into end products. The information included in 
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this work should be used as a tool for discussions between CDA manufacturers and potential 

product developers to more finely tailor the CDA fiber if anything needs to be addressed 

upstream in the manufacture of the fiber tow. It is also important to note that in the 

application areas identified, the products themselves are not simply carded and needle 

punched nonwovens: they require further processing. Future work should include 

investigating the manufacturing processes for the products identified (ex. Filters, acoustic 

batting) and designing a program for seeing how CDA roll goods can be converted into final 

products. 

 For the liquid filtration, CDA obviously presents some significant value propositions with its 

noted value in other separations applications. Being unaffected by hydrocarbons, CDA may 

be very useful in filter media for filtration of hydrocarbon fluids such as roll filters used in 

machine shop operations. Moreover, the renewability and degradability of CDA fiber may 

present some selling points as the industry trends toward disposable filter products in some of 

the applications identified. Regardless, the CDA materials produced in this study are not 

filter media, as is. The information on strength properties of some needle felt filter media as 

seen in Table 7, Table 9 and Table 10 suggest the CDA materials of this work are not of 

acceptable strength and that the strength properties should be improved. Moreover, the 

filtration properties of CDA nonwovens have not yet been explored. These shortcomings 

should be noted in future work incorporating CDA into new liquid filter media.  

Similarly, acoustic properties of CDA materials will need to be explored for better 

assessment of the opportunities in the automotive acoustic insulation market. The trends in 

this market towards “eco-friendly” materials will likely favor CDA as opposed to fully 
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synthetic materials like polyester and polypropylene. The difficulty of entry to this market for 

CDA will likely stem from its high cost – the automotive industry is always striving for cost 

reduction of components, a characteristic that will strongly favor commodity materials like 

PET and PP159.  

This research suggests the most readily accessible application of CDA staple fiber identified 

would be as a fiber for proppant transport in hydraulic fracturing. While the manufacturing 

feasibility trial can be considered a success in that the CDA material could be formed into an 

acceptable web at reasonable speeds, there is more research needed in optimizing the 

production of nonwoven materials with CDA. The project focused on finding new 

opportunities for CDA in fiber form with minimal modification to the current manufacturing 

process: the CDA fibers cut from tow could essentially be sold directly to an oilfield 

company, pending acceptable results in the appropriate tests that oilfield companies conduct 

to select proppant transport fibers.  

Cost-to-value ratio of CDA fiber is still unknown 

If it is assumed that CDA remains classified as a specialty fiber and cost remains the same, it 

will be a more expensive alternative to the current commodity materials made from PET and 

PP. While CDA presents value in the application areas identified, it is still unknown whether 

the value will justify the cost increase. Regardless, reduction in price of CDA as a raw 

material will increase its cost-to-value ratio. If flexibility in price is not an option, the value 

of using CDA as an alternative to current products will have to be significant. This type of 

assessment cannot be carried out in absence of existing final products. Future work should 
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include this type of detailed assessment in the application areas selected to pursue from any 

new product development team developing new products with CDA fiber. 

6.2 CONCLUSIONS 

6.2.1 MARKET AND PRODUCT INTELLIGENCE STUDY 

 

 Water & Liquid Filtration 

Cellulose Acetates are used extensively in separation applications already; properties 

inherent to CA such as chemical resistance (stability in weak acids/bases, chlorine, 

hydrocarbons, and alcohols) will likely translate into value propositions for filter 

media products made with CDA. Additionally, the high crimp of CDA fiber tow may 

present added value in filtration applications, as increased crimp has been found to 

improve filtration efficiency and reduce drag (lower pressure drop) in nonwoven air 

filter media160, and this could provide some value in liquid filter media. The strength 

properties of nonwovens made with CDA should be improved, and the filtration 

properties of such media should be observed. Liquid filtration applications identified 

where CDA staple fiber may be incorporated include:  

o Filter Media (Roll Filters, Cartridge Filters, Bag Filters) 

o Depth Filter Media (Pre-filter for bioprocessing) 

 Hydraulic Fracturing 

CDA staple fiber is degradable, and will likely degrade even faster in the presence of 

the harsh chemicals present in hydraulic fracturing fluids. As fibers for proppant 

transport are intended to degrade completely, this means that CDA may present a 
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valuable proposition in this application. The sedimentation properties of CDA and 

relevant degradation properties should be studied next to further assess this 

opportunity. In this market, the identified application for CDA fiber is: 

o Fiber for proppant transport 

 Automotive 

Trends in this market favoring bio-based materials favor CDA as opposed to 

commodity materials like polyester and polypropylene. However, cost is likely to be a 

significant hurdle in this market, as the automotive industry strongly favors cost 

reduction per component. Future work should assess the acoustic properties of 

nonwoven materials made with CDA fibers. In this market, identified application area 

for CDA staple fiber is: 

o Acoustic insulation 

6.2.2 PRODUCT FEASIBILITY AND TESTING STUDY 

 

 Cellulose Diacetate staple fiber can be processed at reasonable speeds on nonwoven 

carding and needle punching equipment.  

 Fiber opening could potentially be improved; fiber cohesion may be too high, 

possibly as a result of the high fiber crimp. 

 100% CDA materials are much weaker in comparison to PET and PLA materials; 

most likely as a result of the fibers’ low tenacity. 
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6.2.3 FINAL ASSESSMENT 

 Using Cellulose Diacetate as a staple fiber as a proppant transport fiber in hydraulic 

fracturing operations is a high value, high volume product concept requiring minimal 

modification to the current manufacturing process of CDA fiber tow 

 CDA will likely need to be modified and/or blended with other materials to increase 

strength properties for more suitable application as filter media in water/liquid 

filtration and automotive acoustic insulation, and may extend new product 

opportunities in other markets 
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CHAPTER 7 – RECOMMENDATIONS FOR FUTURE WORK 

The recommendations for future work pertaining to finding new uses for CDA are explored 

in Chapter 6. This section focuses on the observations made using front-end activities related 

to informing textile new product development. This work served to reduce market and 

technical uncertainty for the endeavor of finding new uses for cellulose diacetate. This 

reduction of uncertainty is one of the key elements identified in all front-end models. Table 

29 shows the front-end activities utilized in this work. 

 

Table 29 - Front-end activities in this work 

Reduction 

of: 

Type of Information Action Source  

Market 

Uncertainty 

Market Data Secondary Market Research 

(Desk) 

Trade 

Publications, 

Market Reports  

Market Environment 

-Regulatory 

-Competitive 

-Trends 

 

Desk Research 

Patent Review 

Scholarly/Scientifi

c Literature,  

Trade 

Publications, 

Market Reports, 

Mfg. websites 

Technical 

Uncertainty 

Technical 

Feasibility 

Manufacturing Trial Internal 

Experiment 

Technical 

Requirements 

Desk Research 

Patent Review 

Literature Review 

 

Manufacturer, 

Publications/Webs

ites 

Patents, 

Scholarly/Scientifi

c Literature 

Technical 

Assessment 

Testing Study 

Benchmarking 

Internal 

Experiments 
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Observations 

In this work, the largest difficulty seemed to be finding timely information secondarily. The 

best information will always be the most recent information. Primary market research  

techniques rely on using investigative processes to assess markets; although the information 

can be received quickly, it nonetheless takes a long time to analyze the data and report it in a 

useful manner. Moreover, primary market research is very costly in comparison to secondary 

market research. Manufacturers more often rely on secondary market research techniques (ie. 

Desk research) as it is more cost effective. There is, then, a need to provide more timely and 

accurate market information to new product development teams. Future work that may prove 

useful in the context of textile NPD, specifically in the information gathering FEI work, 

would include some construction of a model that can relate more to the markets and products 

that textiles reach. The construction of a readily accessible database that outlines regulatory 

information, market data highlights, and standards particular to certain textile end-uses would 

be another useful extension of the observations made in this experience. 
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